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A B S T R A C T   

Mutagenesis studies have rapidly evolved in the era of CRISPR genome editing. Precise manipulation of genes in 
human induced pluripotent stem cells (iPSCs) allows biomedical researchers to study the physiological functions 
of individual genes during development. Furthermore, such genetic manipulation applied to patient-specific 
iPSCs allows disease modeling, drug screening and development of therapeutics. Although various genome- 
editing methods have been developed to introduce or remove mutations in human iPSCs, comprehensive stra
tegic designs taking account of the potential side effects of CRISPR editing are needed. Here we present several 
novel and highly efficient strategies to introduce point mutations, insertions and deletions in human iPSCs, 
including step-by-step experimental protocols. These approaches involve the application of drug selection for 
effortless clone screening and the generation of a wild type control strain along with the mutant. We also present 
several examples of application of these strategies in human iPSCs and show that they are highly efficient and 
could be applied to other cell types.   

1. Introduction 

Genome-editing tools have greatly evolved in the past decade, ever 
since the groundbreaking investigations on clustered regularly inter
spaced short palindromic repeats (CRISPR) [1–4]. Discoveries on 
CRISPR drove the rapid development of convenient, flexible and effi
cient genome-editing tools, and CRISPR tools quickly took over the 
territories that were first innovated by Zinc finger nucleases (ZFN) and 
Transcription activator-like effector nucleases (TALENs) [5–9]. 

The Class 2 CRISPR system consists of a single nuclease protein to 
cleave target sequences, in contrast to the requirement of a complex of 
multiple proteins for the Class 1 system. One Class 2 system, type II-A 
CRISPR-Cas9, provided the first CRISPR tools for genome editing in 
cultured human cells [3,4] and is still the most commonly used genome- 
editing tool in a variety of organisms. The engineered CRISPR-Cas9 
system consists of a single Cas9 nuclease (most commonly from Strep
tococcus pyogenes, SpCas9) and a single guide RNA (sgRNA). The Cas9- 
sgRNA ribonucleoprotein complex cleaves the target DNA segment 
complementary to the sgRNA, and the recognition also requires a 3–5 
base pair protospacer adjacent DNA motif (PAM). SpCas9 utilizes a PAM 
with a very short sequence of NGG, which is relatively abundant in 
mammalian genomes. Therefore, SpCas9 has been widely applied in 
mammalian genome editing. In contrast, the type V Cas12a system 

recognizes a T-rich PAM and can be used for editing A/T rich regions 
[10]. 

Stem cell research plays a key role in understanding cell differenti
ation and tissue development. Induced pluripotent stem cells (iPSCs) are 
derived from somatic cells through reprogramming [11]. iPSCs are 
extremely valuable in human disease study, because human iPSCs 
(hiPSCs) bypass the ethical concerns of using human embryonic stem 
cells (hESCs) and can be derived in a patient-matched manner. It is 
conceivable that genetic mutations in patients could be corrected using 
CRISPR genome-editing tools, and then the edited hiPSCs could be 
differentiated into healthy tissues for disease treatment. Besides treat
ment purposes, iPSCs have been widely used in biomedical research to 
study consequences of mutations, importance of individual exon/introns 
and functions of specific genes. All these applications require targeted 
mutagenesis in iPSCs using genome editing. 

Here we provide comprehensive guides to three main schemes for 
precise and efficient genome editing in iPSCs: base substitutions or point 
mutations, insertion of additional sequences, and deletions (Fig. 1). We 
explain that drug selection facilitates successful and efficient editing 
[8,12]. In addition, making wild type control cell lines by the same 
procedure is essential for downstream functional and phenotypical in
vestigations, as the CRISPR-edited locus differs from the parental gene in 
several ways, and the editing can also cause off-target alterations 
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Fig. 1. Schematic design for genome editing 
of point mutations, insertions and deletions 
using CRISPR-Cas9. A. Strategy 1 to intro
duce point mutations. SpCas9 is used to 
generate a double-stranded break at an early 
exon-intron junction (e.g., exon 2 and intron 
2), and homologous recombination fuses the 
remaining cDNA with the mutations to the 
end of this exon along with a LoxP-flanked 
selection cassette. Removal of the selection 
cassette using Cre is optional. A wild type 
control is made exactly the same way but 
without the mutations. B. Strategy 2 to 
introduce point mutations. SpCas9 cleaves 
near the exon-intron junction of the sequence 
targeted for mutation, and the point mutation 
present in the homology arms is introduced 
by homologous recombination. The selection 
cassette is inserted in the antisense direction 
to minimize interference with target gene 
expression. C. Strategy to insert sequences at 
specific genomic loci. In the example here, 
polyadenylation (poly(A)) signals (indicated 
by the STOP signs) are inserted immediately 
after the transcription start site of a gene. 
This insertion results in a truncated RNA 
transcript compared to the wild type control. 
D. Strategy to delete sequences at specific 
genomic loci. The example here represents 
deletion of Exon 4 of a gene. Two Cas9 
cleavage sites flank the targeted exon, and 
the exon is replaced with a selection cassette 
by homologous recombination. The wild type 
control differs in that the targeted exon is 
reintroduced along with the selection 
cassette. PuroR: puromycin-resistant gene.   
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including large sequence deletions and complex rearrangements [13]. 

2. Materials and methods 

Here we present an optimized protocol for introducing mutations in 
human iPSCs (Fig. 2), and this protocol could also be easily adapted for 
other cell types. 

2.1. iPSC feeder-free culture 

Most iPSC strains have been adapted to feeder-free culture nowa
days. We routinely use a well-characterized human iPSC strain WTC-11 
made by Dr. Bruce R. Conklin’s group (Gladstone Institute of Cardio
vascular Disease, UCSF, cell line distributed by the Coriell Institute 
#GM25256). A variety of iPSC culture media and coating matrix for
mulations have been developed in the past two decades, and many of 
them are available commercially: (a) medium – Essential 8 medium 
(Thermo Fisher A1517001) and mTeSR1 (StemCell Technologies 
85850); (b) coating matrix – Vitronectin (Thermo Fisher A14700), 
Matrigel (Corning 356234) and Geltrex (Thermo Fisher A1413201). 
These media and coating materials can be used in any combination. We 
regularly maintain our iPSC strains in Essential 8 Flex medium (E8 Flex, 
Thermo Fisher A2858501) combined with Vitronectin as the coating 
matrix. This combination maintains the cell pluripotency very well, and 
E8 Flex medium offers every-other-day medium change instead of the 
regular daily medium change with most other media. 

For preparing the culture medium  

• E8 Flex Medium Preparation  
o For a 500 ml E8 Flex Medium Bottle  

▪ Thaw E8 Flex supplement (stored in –20 ◦C freezer) at 
room temp (takes ~ 2–3 h on bench, or ~ 30 min in a 
water bath or metal block)  

▪ The remaining steps are done in a sterile hood  
• Mix E8 Flex supplement by shaking the bottle several 

times  
• Transfer entire E8 Flex supplement bottle (10 ml) to the 

500 ml E8 Medium bottle  
▪ Add 2.5 ml of 100x Penicillin-Streptomycin (Sigma- 

Aldrich P4333) to the medium. Aliquot in 50-ml conical 
tubes and store for up to two weeks at 4 ◦C 

For passaging the cells  

• Coating plates with Vitronectin (VTN-N)  
o Recombinant VTN-N (Gibco A14700) is aliquoted into 30 or 60 µl 

that can coat 3 or 6 wells of a 6-well plate. These aliquots are then 
stored in a − 80 ◦C freezer.  

o To coat a 6-well plate, remove an aliquot of VTN-N from the 
− 80 ◦C Freezer. Thaw at room temp (takes ~ 1–2 min)  

o Add VTN-N to sterile dPBS (Dulbecco’s Phosphate-Buffered Saline)  
▪ 6 ml for 60 µl aliquot  
▪ 3 ml for 30 µl aliquot  
• Note: Use a 200 µl pipette and rinse the tube with dPBS 

to collect all the VTN-N solution  
o Mix the VTN-N solution by capping the tube and inverting several 

times  
o Add 1 ml of VTN-N solution to each well that will be coated  
o Leave plate in a sterile hood for at least 1 h  

▪ Note: Take the E8 medium out of the fridge at this point 
and place in the hood to warm up  

• Passaging  
o Let E8 medium and VTN-N coated plates equilibrate to room 

temperature (if the 6-well plates were stored at 4 ◦C)  
o Aspirate old E8 medium from the 6-well plate  
o Rinse each well with 2 ml of dPBS  

o Aspirate dPBS and add 1 ml of 0.5 mM EDTA in dPBS  
o Place in incubator for 5–8 min  
o Aliquot E8 Flex Medium into a separate tube  

▪ For most passages use a 1:6 or 1:8 dilution –> for each 
well passaging, dilute cells into 6 ml of new medium  

o After 5 min, look at cells under microscope – cells will separate and 
colonies will appear to round up. Colonies will also have holes in 
them.  

o Aspirate out EDTA solution  
o To recover cells, add E8 Flex medium into the well (~2 ml per well 

of the 6-well plate) from the aliquoted medium  
▪ Gently squirt medium to remove cells from the entire 

well. Try to avoid making bubbles and pipetting too much 
because mechanical stress is deleterious.  

▪ Use a 5 or 10 ml pipette tip to avoid creating too much 
mechanical stress  

o Collect and add the recovered cells to the aliquoted E8 Flex 
medium  

o Gently mix the cell solution by capping the tube and inverting 
several times  

o Remove the VTN-N solution from the new plate by aspiration  
o Add 2 ml of the cell solution to each well (recommended: add 5 µM 

inhibitor of ROCK (Rho-associated, coiled-coil containing protein 
kinase), Tocris 1254)  

o Place the new 6-well plate into the incubator and shake back and 
forth several times to spread the cells evenly across the surface  

o Change medium on the next day  
o After the first medium change, E8 Flex medium can be changed 

every other day until confluency 

For freezing of iPSCs  

o Prepare Freezing Medium  
▪ Combine 0.9 ml of E8 Flex Medium with 0.1 ml of DMSO for 

each well of a 6-well plate to be frozen down  
▪ Place freezing medium into the 4 ◦C fridge until ready to use  

o Aspirate old E8 medium from the 6-well plate  
o Rinse each well with 2 ml of dPBS  
o Aspirate out dPBS and add 1 ml of 0.5 mM EDTA (in dPBS)  
o Place in incubator for 5–8 min. Meanwhile, take the E8 Flex medium 

out of fridge.  
o After 4 min, look at cells under microscope – cells will separate and 

colonies will appear to round up. Colonies will also have holes in 
them.  

o Aspirate out EDTA solution  
o To recover cells, add freezing medium into the well (1 ml per well) 

from the aliquoted medium  
▪ Gently squirt medium to remove cells from the entire well. 

Try to avoid making bubbles and over-pipetting to avoid 
mechanical stress.  

▪ Use a 5–10 ml pipette again to avoid creating too much 
mechanical stress  

o Combine the contents of all identical wells into a tube and then 
aliquot 1 ml of cell suspension into each cryotube  

o Place into the cell cryofreezing container (Thermo Scientific 
5100–0001) and move to − 80 ◦C overnight  

o After overnight storage at − 80 ◦C, transfer the cells to the large liquid 
nitrogen tank. 

For thawing iPSCs  

• Coat 6-well plates with Vitronectin as described above  
• Thaw iPSCs  

o Add 10 ml of room temperature E8 medium into a 15 ml tube  
o Remove iPSCs from the liquid nitrogen storage tank  
o Immerse vial in 37 ◦C water bath and swirl it gently 
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Fig. 2. Genome editing procedure to 
introduce gene mutations in human 
iPSCs. 1. The workflow starts with four 
parallel transfection experiments in a 
6-well plate culturing human iPSCs: a 
CRISPR plasmid expressing the SpCas9 
and sgRNA and a mutant donor DNA, 
CRISPR plasmid and a WT donor, and 
two donor DNA-only controls. 2. The 
transfected cells are passaged to a 
larger 10-cm petri dish, and drug (pu
romycin) selection is applied at con
fluency. While the two donor-only 
controls generally have very few or no 
surviving colonies, the CRISPR + donor 
transfections generally have many 
more surviving clones. 3. After two 
weeks of selection, undifferentiated 
colonies are hand-picked under a ste
reomicroscope into 24-well plates. 4. 
These clones will be cryo-preserved or 
cultured continuously, and their geno
type (successful integration, homozy
gous or heterozygous) will be screened 
using genomic PCR usually followed by 
Sanger sequencing of the PCR products. 
5. PCR-validated clones will be further 
characterized by western blot to 
examine the expression of the edited 
genes. The one-step edited clones are 
now ready for downstream analysis 
such as directed differentiation, next- 
generation sequencing, and proteomic 
analysis. If desired, the LoxP-flanked 
selection cassette can be removed by 
transfection of Cre. The Cre trans
fection could be done after validation 
of single clones or could be applied 
immediately in the polyclonal popula
tion after the drug selection. Cre- 
expression plasmid contains a blastici
din S resistant gene for drug selection 
after transfection, and clonal screening 
is performed as in the earlier steps.   
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o When only a small ice crystal is left, move to the hood (use caution 
as the label might come off)  

o Collect the cells with a 5 ml pipette and add dropwise into 10 ml of 
E8 Flex medium  

▪ Drop-wise prevents osmotic damage to the cells  
o Rinse the vial with 1 ml of E8 Flex medium to collect any 

remaining cells  
o Spin down the cell suspension in a 15 ml tube at 200 g for 5 min  
o Aspirate the supernatant  
o Resuspend cells in 2 ml (or appropriate volume based on the cell 

number and dish to be used) of E8 medium (per vial thawed) by 
pipetting up and down several times. Add 5 µM ROCK inhibitor 
(important for robust cell survival after thawing).  

o Aspirate the VTN-N solution from the plate  
o Add 2 ml of cell solution per well  
o Place in the incubator and shake plate back and forth several times 

to spread the cells evenly  
o Change medium on the next day to E8 Flex medium without ROCK 

inhibitor  
o After the first medium change, E8 Flex medium can be changed 

every other day until confluency 

2.2. Transfection of CRISPR and donor plasmids 

Two plasmids are used for the delivery of the editing machinery: a 
CRISPR plasmid containing the SpCas9 and sgRNA and a donor plasmid 
containing the homologous recombination cassette with homology arms 
and antibiotic resistance cassette (Fig. 2). 

It is generally more difficult to transfect iPSCs than other commonly 
used immortalized cell lines (e.g., HEK293T), but several relatively 
effective methods have been developed including electroporation and 
lipid-mediated transfection [14,15]. As electroporation-based trans
fection may have low cell survival rate, we routinely use Lipofectamine 
3000 (Thermo Fisher L3000015) or Stem Reagent (Thermo Fisher 
STEM00015) to deliver the CRISPR and donor plasmids.  

• Seeding iPSCs for transfection  
o Passage the cells on the day before the transfection, aiming to 

obtain ~ 40–50% confluency at transfection in a 6-well plate.  
• Transfection using Lipofectamine 3000  

o Prepare an appropriate volume (2 ml per well for 6-well plates) of 
regular E8 medium (Thermo Fisher A1517001) without antibi
otics, warm up to room temperature. Note: we have found that 
transfection works better in regular E8 medium compared to the 
E8 flex medium, and removal of the antibiotics is essential for cell 
survival after transfection.  

o For each well of a 6-well plate, dilute 3 µg DNA (1.5 µg of the 
CRISPR plasmid and 1.5 µg of the donor plasmid) in 125 µl Opti- 
MEM medium (Thermo Fisher 11058021). Add 6 µl P3000 re
agent (2 µl/µg DNA), mix well. It is important to include a “donor 
DNA only” control to differentiate stable genomic integration from 
transient expression. For this control, omit the CRISPR plasmid 
and only include 1.5 µg donor plasmid.  

o For each well of a 6-well plate, dilute 7.5 µl Lipofectamine 3000 
reagent in 125 µl Opti-MEM medium. Mix well.  

o Combine the diluted DNA and the diluted lipofectamine reagent. 
Mix it well and incubate at room temperature for 15 min.  

o During the 15 min, take out the cultured iPSCs (in 6-well plates) 
from the incubator. Aspirate the medium and replace it with the 
freshly prepared E8 medium without antibiotics.  

o Add 250 µl of the DNA-lipid complex to each well. Gently stir the 
plate to mix well.  

o After 6 h or on the next day, replace the medium with E8 flex 
medium. mCherry fluorescence can be examined to determine 
transfection efficiency. mCherry intensity and transfection 

efficiency are expected to be similar between the experiment and 
the “donor DNA only” control. 

As an alternative to our plasmid-based CRISPR delivery system, pre- 
assembled ribonucleoprotein preparations of Cas9 and sgRNA may be 
able to achieve high efficiency [16,17], but we have not tested this 
approach in iPSCs. 

2.3. Drug selection 

The purpose of the drug selection is to select not only the transfected 
cells, but also the successful genomic integration. In general, iPSCs lose 
the transient transfected plasmids gradually and completely at around 
two weeks post-transfection. This means that the selection needs to be 
performed at least for two weeks. A key to successful selection is to use 
Matrigel or Geltrex, rather than vitronectin, as the coating matrix.  

• Passage cells on to Matrigel or Geltrex coated 10-cm plate  
o Maintain the growth of transfected iPSCs in the 6-well plate by 

changing E8 flex medium every other day.  
o When the wells reach 80% confluency, passage the cells in each 

well to a new 10-cm plate coated with Geltrex (Thermo Fisher 
A1413301) or Matrigel (Corning 354277).  

o To coat a 10-cm plate with Geltrex or Matrigel, take out a 70 µl 
aliquot of Geltrex or Matrigel that was stored in − 80 ◦C. Place it 
immediately on ice and bring the ice bucket in a sterile hood.  

o In the hood, add 1 ml of cold DMEM (Dulbecco′s Modified Eagle′s 
Medium) basal medium without any supplement (Gibco 12800- 
082) to the Geltrex/Matrigel. Pipette up and down to thaw and 
dilute the Geltrex/Matrigel.  

o Add 6 ml of the cold DMEM medium to a new 10-cm plate, and 
then add the diluted Geltrex/Matrigel. Rock back and forth to mix 
the solutions.  

o Place the plate in 37 ◦C incubator for at least 30 min, and then the 
plate is ready to be used for iPSC culture. If the coated plate won’t 
be used on the same day, wrap it in parafilm and store it at 4 ◦C.  

o Cell passaging is done similar to what is described above. In detail, 
cells grown in each well of the 6-well plate are detached using 0.5 
mM EDTA in dPBS (note: try breaking cell clusters when pelleting) 
and transferred to 11 ml of E8 flex medium in a 10-cm plate. 
Importantly, 5 µM Rock inhibitor is added to the medium to pre
vent cell death during matrix change. Place the 10-cm plate in 
37 ◦C 5% CO2 incubator for overnight.  

o On the next day, replace medium with 11 ml fresh E8 flex medium 
to remove the Rock inhibitor. Check cell survival and attachment 
under a microscope.  

• Drug selection  
o Perform medium change every other day until the confluency 

reaches 70–80%.  
o Thaw a 1 mg/ml puromycin aliquot (diluted from Gibco 

A1113802). Add 5.5 µl to 11 ml fresh E8 flex medium (final con
centration of puromycin is 0.5 µg/mL) and mix it well.  

o Replace the old medium in the 10-cm plate with the fresh medium 
supplemented with 0.5 µg/ml puromycin.  

o On the next day, a large fraction of cells should have lifted from the 
plate, while some cell clusters remain attached. Change medium to 
E8 flex supplemented with 0.25 µg/ml puromycin. This medium 
change also helps to remove the lifted cells.  

▪ Note: we use half concentration of puromycin starting at 
the second day of the selection, because we observed that 
a lower concentration of puromycin is required at lower 
cell density. In other words, on the first day of selection a 
higher concentration is needed when the cell density is 
high, while a reduced concentration is required for sur
vival of the positive clones. We have confirmed that the 
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optimal concentration of puromycin positively correlates 
with the cell density by performing drug killing curves.  

o Replace medium every other day with E8 flex supplemented with 
0.25 µg/ml puromycin for around two weeks until the survival 
colonies are almost touching each other.  

o During the two-week selection process, the “donor DNA only” 
control gradually loses its viable colonies, and successful genomic 
integration is indicated by a large difference in the number of 
surviving colonies between the experiment and the “donor DNA 
only” control. 

2.4. Colony isolation and clonal screening 

How many colonies need to be screened may depend on several 
factors: (a) the efficiency of the homologous recombination using the 
transfected DNA donor, (b) the accessibility of the specific genomic 
locus, (c) whether homozygous or heterozygous mutants are desired. 
Factors 1 and 2 can be optimized in experimental design. Regarding 
factor 3, 48–72 colonies would be ideal to obtain a homozygous mutant, 
while 24 colonies are often sufficient to screen for a heterozygous 
mutant.  

• Pick colonies using a stereo microscope  
o Prepare Matrigel/Geltrex-coated 24-well plates similar to what 

was described above for 10-cm plates. The volume of DMEM- 
diluted Matrigel/Geltrex to be add in each well is 300 µl. Incu
bate the plates at 37 ◦C for at least 30 min.  

o Prepare the culture medium by supplementing E8 flex medium 
(already contains 0.5 × Penicillin-Streptomycin as described 
earlier) with 5 µM Rock inhibitor and 0.5 µg/ml Amphotericin B 
(Gibco 15290018). Amphotericin B prevents fungal contamination 
and can be omitted if the colony picking environment is sterile (e. 
g., the stereo microscope is placed in a sterile hood).  

o Remove the Matrigel/Geltrex solution from the 24-well plates. 
Distribute 500 µl of prepared E8 flex medium in each well of the 
24-well plates. 

o Under a stereo microscope (Nikon SMZ1500), examine the sur
viving colonies and select the ones with circular shape, smooth and 
well-defined edge, single layer and uniformed organization of 
cells. Using an ethanol-wiped pipetman with a 10 µl sterile filtered 
tip (USA Scientific 1180-3810), scrap the selected colony in stripes 
carefully under the microscope without touching other colonies. 

o Aspirate the stripes of the picked colony carefully under the mi
croscope and place them in a well of the coated 24-well plates. 
Label the well with a check mark on the lid, to avoid cross- 
contamination.  

o Repeat the picking process for other undifferentiated colonies until 
the number of desired colonies is reached (48–72 colonies for 
homozygous and 24 for heterozygous).  

o Rock the plates back and forth several times to evenly distribute 
the scraped cells.  

o (optional) Spin down the plates in a swinging-bucket tabletop 
centrifuge at 200g for 4 min.  

o Place the 24-well plates in a 37 ◦C 5% CO2 incubator.  
• Maintaining the picked colonies  

o Change medium on the next day with regular E8 flex medium 
without Rock inhibitor and Amphotericin B.  

o Perform medium change every other day until the cells are 
confluent enough to be passaged. Please note that different wells 
will reach confluency at different days. 

o Examine the wells that are ready to be passaged under the mi
croscope. Mark the wells with cells that have good stem cell 
morphology (smooth colony edge, tight cell-to-cell contact in each 
colony and so on). Omit the wells that have a significant fraction of 
undifferentiated cells. Only proceed with the marked wells for 
passaging.  

o Aspirate the medium, wash cells once with dPBS, and add 300 µl 
0.5 mM EDTA in dPBS. Incubate at 37 ◦C for 7 min, aspirate the 
EDTA solution, and resuspend the detached cells in 1 ml E8 flex 
medium.  

o Split the 1 ml resuspended cells into two fractions: 400 µl for cryo- 
preservation and 600 µl for genomic DNA extraction.  

o For cryo-preservation, mix the 400 µl resuspended cells with 500 
µl E8 flex medium and 100 µl DMSO. Perform slow freezing as 
described earlier.  

o Spin down the remaining 600 µl at 800 g for 5 min. Discard the 
supernatant and store the pellet in − 20 ◦C until ready for genomic 
DNA extraction. 

2.5. Validation of successful integration using PCR and western blot 

PCR validation is key to characterization of the guided repair at the 
Cas9 cleavage site, and it can help to determine the homozygous or 
heterozygous status of the mutation. Besides the conventional PCR ap
proaches, droplet digital PCR (ddPCR) can be used to decipher homo
zygous from heterozygous mutations with precision and sensitivity [18]. 
Sanger sequencing of the PCR products is recommended to further 
validate the sequence alteration. We have adapted a previously devel
oped quick genomic DNA extraction procedure [19], and here we 
describe a comprehensive protocol for genomic DNA PCR. 

While correct repair at the DNA level is primary, correct expression 
of the edited gene also needs to be examined. This is important because 
mRNA processing, translation and protein stability may be perturbed as 
a result of a DNA sequence alteration.  

• Genomic DNA PCR  
o Supplement the lysis buffer (100 mM Tris-HCl pH 8.5, 5 mM 

EDTA, 0.2% SDS, 200 mM NaCl, stored at room temperature) with 
100 µg/mL Proteinase K (Invitrogen AM2544)  

o Resuspend the cell pellet in 200 µl supplemented lysis buffer. 
Incubate at 55 ◦C for 30 min.  

o Add 200 µl isopropanol to each tube at room temperature. Invert 
several times to mix. A white precipitate may be visible.  

o Spin down at 13,000 g for 15 min.  
o Aspirate the supernatant and air-dry the pellet for 3–5 min.  
o Resuspend the pellet in 20 µl of TE buffer (10 mM Tris-HCl, 0.1 mM 

EDTA, pH 8). Incubate the solution at 55 ◦C for 30 min to dissolve 
the nucleic acids.  

o Set up two PCR reactions (e.g., primer pairs P1 + P2 and P1 + P3 
in Fig. 3A) for each clone and a parental genomic DNA control: 
0.02 U/µl Phusion DNA polymerase (Thermo Scientific F530), 1X 
Phusion GC buffer, 200 µM each dNTPs, 3% DMSO, 0.5 µM each 
primer, 0.5 µl genomic DNA in a 20 µl reaction.  

o Proceed with the following thermal cycles: 98 ◦C for 30 s; 30 cycles 
of {98 ◦C for 10 s, X(calculated using the ThermoFisher Tm cal
culator)◦C for 30 s and 72 ◦C for 30 s per kilobase of the amplicon}; 
72 ◦C for 30 s; 4 ◦C hold.  

o Add 4 µl 6X loading dye (New England Biolabs B7024S), and load 
12 µl on a 1% agarose 1XTAE gel with 0.5 µg/mL ethidium bro
mide (Sigma-Aldrich E1510). Also load a lane with 1 µg of the 1 kb 
plus DNA ladder (Invitrogen 10787018). Run gel at 120 V for 35 
min (adjust the time according to amplicon sizes). Visualize the gel 
using an Alpha Innotech FluorChem HD2 chemiluminescent 
imager (ProteinSimple, Inc).  

o PCR fragments for validated clones are gel-extracted using a gel 
extraction kit (Omega Bio-Tek D2500-02) and the DNA is 
sequenced by the Sanger method.  

• Western blot to validate expression  
o PCR-validated clones are thawed and grown in E8 flex medium. 

For well-behaved (undifferentiated and proliferating normally) 
clones, cells are passaged to two wells in 6-well plates. One well is 
used for cryo-preservation or downstream applications, while the 
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other one is used for western blot analysis of the protein product of 
the edited gene.  

o At cell confluency, aspirate the medium and add 20 µl lysis buffer 
(1X NuPAGE LDS Sample Buffer (Invitrogen NP0008) supple
mented with 1.25 unit of Benzonase (Millipore E1014, to degrade 
DNA and RNA)) directly to the adherent cells.  

o Incubate the 6-well plate in a 37 ◦C incubator for 10 min. Rock the 
plate every 3 min.  

o Transfer the lysate to a 1.7 ml Eppendorf tube and resume 37 ◦C 
incubation for another 20 min.  

o The lysate can be immediately used for western blot analysis or 
stored at − 20 ◦C.  

o For western blot analysis, load 10 µl of each lysate in a NuPage 
4–12% Bis-Tris gel (Invitrogen # NP0322BOX, 12 well) and 
include a protein ladder (SeeBlue Plus2 Pre-stained Protein Stan
dard, Invitrogen LC5925). 

o Run gel(s) at 140–150 V for 1 h in 1X MES running buffer (Invi
trogen NP000202).  

o Transfer the proteins from the gel to a nitrocellulose membrane 
(Amersham Protran 0.45 NC, GE Healthcare 10600002) in cold 1X 
Western buffer (25 mM Tris base, 192 mM glycine, 0.1% SDS). Run 
at 0.5 Amp constant for 1 h.  

o Disassemble and examine that the pre-stained protein ladder has 
been transferred to the nitrocellulose membrane. 

o Place the membrane in a square petri dish, and block the mem
brane with 10 ml blocking buffer for 15 min (StartingBlock T20 
PBS Blocking, Thermo Scientific 37539).  

o Discard the blocking buffer and add 10 ml of diluted primary 
antibody in the blocking buffer. Incubate overnight with rotation.  

o Remove the primary antibody solution and store it at 4 ◦C with a 
supplement of 0.02% sodium azide (can be used for at least 5 more 
times). Wash the membrane with PBST (1X PBS pH 7.4, 0.05% 
Tween) for three times.  

o Add secondary antibody diluted in the blocking buffer. Incubate 
for one hour with rotation.  

o Wash the membrane with PBST for three times, and 1XPBS once.  
o Develop western with SuperSignal West Pico Chemiluminescent 

Substrate kit (Termo Scientific 34080). Mix 5 ml of SuperSignal 
West Pico Stable Peroxide Solution (#1856135) and 5 ml of 
SuperSignal West Pico Lumino/Enhancer Solution (#1856136) 
first, and then add the 10 ml solution to the membrane.  

o Wait for one min, and image with an Alpha Innotech FluorChem 
HD2 chemiluminescent imager.  

• Verified iPSC clones can be sent to WiCell (https://www.wicell.org) 
for karyotyping to confirm that there is no genome abnormity. Plu
ripotency of the clones can be examined by immunofluorescence 
using SOX2, OCT4 and SSEA4 antibodies as described previously 
[20]. Moreover, p53 loss of function and other associated effects 
have been seen in CRISPR-manipulated stem cells [21]. To help 
guard against genome sequence mutations acquired during the 
CRISPR process, which could be misleading, multiple independent 
clones should be obtained and tested.  

• The validated clones are now ready for downstream analysis, which 
can include directed differentiation, next-generation sequencing, 
and proteomic analysis. 

2.6. Optional removal of the LoxP cassette using Cre 

The LoxP-flanked cassette can be removed by transfection of the Cre 
recombinase. This transfection can be performed after validation of the 
single clones from the last step, but more efficiently it can be performed 
immediately in the polyclonal population after the puromycin selection. 
The latter avoids repeating the clonal screening steps and significantly 
saves time and effort.  

o [continued from the end of 2.3] All colonies in the 10-cm petri dish 
are detached using 0.5 mM EDTA in dPBS. Half of cells are split into a 
well of a 6-well plate for Cre transfection, while the other half are 
cryo-preserved in E8 flex medium with 10% DMSO.  

o On the next day, transfect the cells with a Cre expression plasmid 
with a Blasticidin S resistance gene (e.g., addgene 140284). Trans
fection protocols are same as described earlier.  

o Blasticidin S selection is performed similar to what was described 
earlier for puromycin, except for the concentration: 2 μg/mL blasti
cidin is applied on the first day of selection, 1 μg/mL on the second 
and third day (drug concentration is reduced for the same reason as 
mentioned above in the puromycin selection), and 0 μg/mL 
afterwards.  

o Clonal screening and western validation are performed exactly as 
described earlier. 

3. Results 

Here we describe comprehensive guides and examples of three main 
schemes of genome editing to introduce mutations (Fig. 1). Two 
important features of the design are:  

(a) Construction of a WT control alongside the mutant is essential for 
downstream analysis. Other sequence changes beyond the 
desired mutations have been made to the genome. Introns have 
been removed, and they can contain regulatory sequences. An 
additional DNA sequence (LoxP) has been added as well. More
over, recent studies have shown that CRISPR editing generates 
unexpected changes to the genome [13,22,23], and therefore for 
mutational study it is extremely important to obtain a WT control 
that is edited exactly the same way except for the mutated se
quences. In addition, the Cre transfection could lead to significant 
alteration to the cell [24], and a WT control that has undergone 
the same Cre transfection step is much more justified as the 
control than the parental cell lines. 

(b) Application of drug selection is usually more efficient than pro
tocols relying on screening. We found that drug selection often 
eliminates the vast majority of the cells after transfection of the 
CRISPR and donor plasmids, indicating that most cells do not 
have the donor DNA integrated as desired. Clonal screening using 
PCR in this unselected population would cost significantly more 
effort, and many clones would need to be screened to find the rare 
successful integration events.  

(c) Regarding the CRISPR system, we have chosen the conventional 
Cas9 from Streptococcus pyogenes (SpCas9), which has been 
widely used in editing of mammalian genomes due to the 
commonly found PAM sequence (NGG). The conventional SpCas9 
generates a double-stranded break using one sgRNA. In contrast, 
SpCas9 D10A nickase has been engineered to increase specificity 
of Cas9 cleavage, due to the requirement of two adjacent single- 
stranded nicks to generate a double-stranded break [4,25,26]. 
Both regular and nickase version of the SpCas9 can be used in the 
strategies described in this study. We used the regular Cas9 for 
examples described in Figs. 3 and 5 and the Cas9 nickase in Fig. 4. 
The Sanger Institute CRISPR finder (https://wge.stemcell.sanger. 
ac.uk//find_crisprs) offers location-oriented guide RNA selection 
for both the regular and nickase versions of SpCas9 on a genome 
browser with customized specificity filters [27], and thus it is 
extremely suitable for selecting guide RNAs in our approach. 

3.1. Manipulation of point mutations in individual genes 

Manipulation (removal or introduction) of point mutations has been 
vital to modern biomedical research. These mutations include disease 
mutations, loss-of-function mutations and gain-of-function mutations, 
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and introduction of these mutations in vivo plays a key role in under
standing their functional consequences. Previous studies have success
fully introduced point mutations using single-stranded donor 
oligodeoxynucleotides (ssODN) as the donor DNA for guided repair 
[28–30]. However, the fraction of successfully mutated cells is generally 
extremely low due to the lack of selection, and clonal screening can be 
very labor and time consuming [30,31]. 

Here we describe two strategies for introducing point mutations 
(Fig. 1A and B), both of which utilize drug selection to achieve high 
efficiency of guided repair. Strategy 1 includes a single CRISPR-Cas9 
cleavage at an early exon (usually exon 2 to preserve at least one 
intron for appropriate mRNA processing) followed by insertion of all 
remaining cDNA sequences at the cleavage site using homologous 
recombination. This strategy does not require a second step to remove 
the selection cassette, which simplifies the experimental procedure. In 
addition, the cDNA fusion conveniently enables mutations of several 
distant locations at the same time and the addition of epitope tags for 
downstream applications (e.g., live-cell imaging). This strategy has been 
used in two of our recent studies [20,32]. Although Strategy 1 serves as 
our primary method for introducing point mutations, it could be difficult 
when editing genes with extremely large size (for example, TTN, the 
gene coded for titin) due to the overwhelming size of the donor plasmid. 
For editing genes with large cDNA, Strategy 2 is very advantageous. This 
strategy similarly employs a single Cas9 cleavage site and introduces the 
mutation at one of two homology arms of the donor DNA (Fig. 1B). The 
selection cassette is inserted in the intron adjacent to the mutated site. 
Removal of the selection cassette with Cre may not be required if the 
cassette is inserted in an antisense direction of the edited gene, but it 
could still be optimal to leave only a LoxP scar in the intron because 
strong transcription from the LoxP cassette may cause abnormal gene 
expression in nearby genomic areas [33]. 

The optimal Cas9 cleavage site is at the exon-intron junction at the 
3′-end of the edited exon (exon 2 for Strategy 1 and the exon to be 
mutated for Strategy 2). We choose to cleave the exon-intron junction, 
rather than regions inside the exon, to facilitate the insertion of the 
complete donor DNA sequence. If the cleavage occurred in the middle of 
an exon, homologous recombination could occur directly using the 
cDNA sequence (for Strategy 1) or only the left homology arm (for 
Strategy 2), leaving out most of the donor sequences including the entire 
selection cassette. As shown in previous studies, this misguided repair 
happens because HDR repair can efficiently occur using as short as 35 bp 
sequences that match the two sides of the dsDNA break created by Cas9 
cleavage [34–36]. This cleavage site design strategy applies to all 
protein-coding genes with the purpose of avoiding misguided HDR 
repair. 

To test Strategy 1, we aimed to mutate three residues in the EZH2 
gene in human iPSC strain WTC-11, generating the homozygous mutant 
to study the physiological importance of these three residues. A CRISPR 
plasmid encoding the SpCas9 and the guide RNA was made by inserting 
the sgRNA sequence (CAGACGAGCTGATGAAGTAA) targeting the exon 
2 – intron 2 junction of the EZH2 gene in pX330 (Addgene 42230 [3]). 
Two donor plasmids carrying either the WT or mutant EZH2 cDNA were 
made by assembling the following fragments into a previously described 
donor plasmid [12]: left homology arm (-951 to − 14, relative to the ATG 

start codon), remaining EZH2 cDNA, EZH2 3′UTR (872 bp immediately 
after the stop codon), 3X SV40 polyadenylation sites, 1X bGH poly
adenylation site, SV40 promoter, puromycin resistance ORF, T2A self- 
cleavage site, mCherry ORF, SV40 polyadenylation site and right ho
mology arm (+25 to +830, relative to the ATG start codon). 

We co-transfected the CRISPR and donor plasmids into the WTC-11 
strain, and we also included a donor plasmid only control to differen
tiate permanent integration from the transiently present drug resistant 
gene. After two weeks of drug selection, distinct colonies appeared on 
both WT and mutant plates, while the control transfection with only the 
donor plasmids usually had no or many fewer colonies. 24 colonies were 
picked from each WT and mutant plate, and PCR was performed with 
their genomic DNA to characterize the integration. Three primers were 
used in the PCR characterization: P1 and P2 binding sites are outside of 
the two homology arms, and P3 matches sequence in the promoter of the 
selection cassette (Fig. 3A). The original screening identified two ho
mozygous clones of WT and mutant, with most of the remaining clones 
being heterozygous (Fig. 3B). While both homozygous and heterozygous 
clones have a P1 + P3 PCR product of 4066 bp, they could be differ
entiated by the P1 + P2 PCR product based on the absence (homozy
gous) or presence (heterozygous) of the 1925 bp band. Homozygous 
clones are characterized by the presence of a 6797 bp band and the 
absence of the 1925 bp band (for example, mutant #5, 16, and wild type 
#5, 18). However, the 6797 bp band could be missing in the P1 + P2 
PCR product of some homozygous clones, due to the difficulty in 
amplifying large genomic fragments. Therefore, MT #1, 3, 21 and WT 
#10, 24 may be homozygous clones as well, since they are all missing 
the 1925 bp P1 + P2 product but contain the 4066 bp P1 + P3 product. 
In summary, out of the 48 clones that we picked for WT and MT strains, 4 
(or 9) of them (8 or 19%) are likely to be homozygous clones, while 31 of 
them (65%) are heterozygous clones. These heterozygous clones only 
have one allele correctly integrated, while the other allele is either un
edited or has undergone non-homologous end joining (NHEJ) at the 
Cas9 cleavage site. We continued the culture of two MT and one WT 
clones for further studies, and PCR validation was performed again to 
confirm the homozygous status of these clones at this later stage 
(Fig. 3C). These clones exhibit a convincing homozygous genotype as 
illustrated by the clean single 6797 bp band in the P1 + P2 PCR product. 
Because a PCR product of the correct length could still contain indels or 
other mutations, we always sequence the PCR product before using the 
clone for downstream analysis [20,37]. 

We also tested our strategy for mutating multiple sites and adding 
epitope tags. We aimed to mutate two distant sites in the EZH2 gene and 
add two epitope tags (3XFLAG- and Halo-Tags) at the beginning of the 
open reading frame. Conventional approaches would require at least 
three steps of genome editing to make the final product, but here we 
used only a single step to achieve the goal. The CRISPR plasmid 
including the guide RNA was exactly the same as used in Fig. 3A-C. The 
WT donor DNA encoded N-terminal Halo- and 3XFLAG-tags similar to 
what was used previously [38,39], and the MT donor DNA also included 
the mutations at two distant sites of the EZH2 gene (site 1: F32A R34A 
D36A K39A; site 2: PRKKKR489-494NAAIRS) in addition to the epitope 
tags (Fig. 3D). Because heterozygous clones were sufficient for the 
downstream imaging and immunoprecipitation applications, we only 

Fig. 3. Genome editing to introduce point mutations in EZH2 gene in human iPSCs. A. Schematic design of the editing strategy. Red arrows (P1, P2 and P3) indicate 
the binding sites of the primers used in the PCR validation. B. PCR screening of 24 mutant and 24 wild type clones using P1 + P2 or P1 + P3 as the primer pair. PCR 
products were resolved on a 1% agarose TAE gel, and a 1 kb plus DNA ladder (Invitrogen) was used as the marker. Green arrows indicate potential homozygous 
clones, and red clone numbers indicate heterozygous clones. Size (base pairs) of representative bands in the ladder is labeled on the side the gels. Expected sizes of the 
PCR products in either edited or parental cells are shown in the table below the gels. C. PCR validation of selected clones (WT#5, MT#5&16) with parental cells as 
the negative control. D. Schematic design for introducing mutations at two distant sites of the EZH2 gene. At the same time, 3XFLAG- and Halo-tags are added at the 
N-terminus of the EZH2 ORF. E. PCR validation of six clones (2 wt and 4 MT) picked after the puromycin selection. Expected sizes (base pairs) of PCR products are 
listed in the table beside the gel. F. Sanger sequencing of the major P1 + P2 PCR product from all six clones indicated indels (shaded pink) at the Cas9 cleavage site 
for all six clones. Parental sequence is shown on the top and red arrow indicates the Cas9 cleavage site. Alignment was generated by the SnapGene software. G. 
Western blot analysis of the lysates from the six clones using anti-FLAG antibody. β-actin is used as the loading control. The purpose here was to assess successful 
genome editing at the protein level; differential expression of the edited gene may exist among clones. 
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Fig. 4. Insertion of Polyadenylation signals at the start of EZH2 and SUZ12 genes in human iPSCs. Schematic design of the poly(A) signal insertion in EZH2 gene for 
transcription perturbation. Poly(A) signals are indicated with the STOP signs, and PCR validation primers (P1-4) are marked with red arrows. B. bright field and 
mCherry fluorescence images of a representative iPSC colony after a week of puromycin selection. Scale bar represents 200 µm. C. PCR screening of 12 clones in the 
EZH2 poly(A) signal insertion experiment. Three primer combinations (up: P1 + P3; dn: P2 + P4; w: P1 + P2) were used in the PCR. Expected PCR product size for 
edited or unedited (parental) cells are shown in the table. Green arrows indicate potential homozygous clones, and red clone numbers indicate heterozygous clones. 
D. Western blot analysis of two EZH2 insertion and three SUZ12 insertion clones using anti-EZH2, SUZ12, H3K27me3 and H3 antibodies. H3 level is used as a loading 
control. In the EZH2 blot, the proteins that run faster than EZH2 in lanes 6, 8 and 2 have not been identified, and could be truncated EZH2 polypeptides initiated from 
a downstream alternative transcription start site or potential contaminants. 
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Fig. 5. Application of insertion and deletion editing in HEK293T cells. A. Schematic design of poly(A) signal insertion near the TSS of a lncRNA gene 
(TCONS_00023251). PCR primer binding sites are labeled with red arrows. Dashed arrow at bottom shows approximate truncated transcript (which could truncate at 
any of the poly(A) sites). B. Genomic PCR analysis of the polyclonal population before and after the puromycin selection. Three primer pairs (see table) were used. C. 
PCR validation of two clones from each experiment (Parental + Cre control, Insertion, Insertion + Cre). D. RT-PCR analysis of the lncRNA gene in the two clones of 
final edited product (Insertion + Cre) and a negative control (Parental + Cre). Three primer pairs targeting different regions of the lncRNA were used, and lncRNA 
levels were normalized to GAPDH mRNA and the negative control. E. Schematic design of the deletion of a lncRNA gene (TCONS_00023268). Cas9 cleavage sites 
flank the gene, which is replaced by a puromycin-resistance gene expression cassette using homologous recombination. F. Genomic PCR analysis of the polyclonal 
population before and after the puromycin selection with the expected PCR product sizes listed in the table. 
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needed to characterize the genotypes of two WT and four MT clones 
using PCR (Fig. 3E). P1 + P2 are same as the ones used in the previous 
experiment, and P3 is a new forward primer matching the puromycin- 
resistant gene sequence. The P3 + P2 PCR products of all six clones 
exhibited a 4491 bp band, indicating successful integration at one allele 
at least of the EZH2 gene. The P1 + P2 PCR products of all clones 
included the parental size 2154 bp band, suggesting that the other allele 
of all clones did not contain the insertion of the donor DNA sequence. P1 
+ P2 PCR on three of clones (WT #2, MT#1 and 3) successfully picked 
up the edited 8605 bp band, amplified from the inserted allele. However, 
PCR reactions are usually strongly biased towards amplifying the 
smaller amplicons, making detection of the 8605 bp band difficult. 
When using CRISPR to target a gene locus, it is always essential to un
derstand what is occurring on both alleles of an autosomal gene. In 
addition to correct targeting one allele, more often than not, the other 
allele is mutated with an indel mutation. To test this “indel” hypothesis, 
we further gel-extracted the 2154 bp P1 + P2 product band, and Sanger 
sequencing indicated that all the “parental” alleles contained indels that 
would cause frame shift in the parental allele (Fig. 3F). WT #2 and MT 
#1 contained a single T insertion in exon 2, WT #1 and MT #2&4 
contained a 5-nucleotide deletion at the end of exon 2, and MT #3 had a 
6-nucleotide deletion at the exon-intron junction (3 in exon and 3 in 
intron). These sequencing results indicated that the uninserted allele 
would not express a functional WT EZH2 protein, making these het
erozygous clones suitable for phenotypic and functional downstream 
studies. Lastly, the western blot using anti-FLAG antibody successfully 
detected the expression of the inserted allele in all clones (Fig. 3G). 

3.2. Insertion of sequences at a specific genomic location 

Mutagenesis via sequence insertion is an important tool for biolog
ical studies. For example, gain-of-function studies rely on the de-novo 
insertion of sequence elements in genes of interest; insertion of 
expression-control elements (e.g., doxycycline switches) at the promoter 
region allows regulation of gene expression; and loss-of-function can be 
achieved by insertion of polyadenylation (poly(A)) signals immediately 
downstream of the transcription start site of genes. Furthermore, 
insertion of sequences encoding epitope tags allows the protein product 
to be tracked or recovered by immunoprecipitation. Finally, insertion of 
sequences encoding fluorescent proteins or the HaloTag allows cyto
localization and live-cell imaging. 

Our insertion strategy (Fig. 1C) again involves the incorporation of a 
LoxP-flanked selection cassette using homologous recombination (e.g., a 
puromycin-resistance gene for drug selection and a mCherry gene for 
fluorescence-activated cell sorting). Removal of the LoxP cassette using 
Cre recombinase may be unnecessary if the cassette has been inserted in 
intronic or intergenic regions, but is absolutely essential if the cassette is 
in exonic regions even if it is oriented in the antisense direction of the 
gene. The WT control is made exactly the same way without the inserted 
sequences (for the example of poly(A) insertion in Fig. 1C, the poly(A) 
sequences are missing in the WT). 

Here we applied our CRISPR editing scheme to insertion of poly(A) 
signals just downstream from the promoters of EZH2 and SUZ12 genes, 
in order to curtail their expression in human iPSCs [40–46]. In this case 
we utilized the engineered SpCas9 D10A nickase (in pX335, addgene 
42335) to achieve the best specificity and least off-target effects. Guide 
RNA pairs were designed using the Sanger Institute CRISPR finder, 
aiming at creating the double-stranded break adjacent to the ATG start 
codon. Donor plasmids contained left and right homology arms flanking 
the two DNA nicks. Four polyadenylation signals (3X SV40 and 1X bGH 
poly(A) signals) were inserted before the LoxP-flanked puromycin- 
resistant gene and mCherry expression cassette (Fig. 4A). The usage of 
multiple poly(A) signals is a much underappreciated factor of successful 
transcription termination, and previous studies have shown than mul
tiple tandem poly(A) signals are often necessary for eliminating tran
scription [47,48]. Post-transfection puromycin selection eliminated 

most cells, and surviving cells grew into individual colonies with distinct 
boundaries. Most of these colonies expressed the mCherry signal 
(Fig. 4B), which could be used for flow cytometry cell sorting in place of 
the puromycin drug selection or for enriching the cells that lose the LoxP 
cassette after Cre transfection (if necessary). For EZH2 poly(A) insertion, 
PCR characterization of 12 picked clones identified one homozygous 
(#8, and two potentially homozygous, #6 and 11) and two heterozygous 
(#7 and 10) clones (Fig. 4C). Correct integration was characterized by 
the 1724 bp band in the up (P1 + P3) PCR reaction and 2120 bp band in 
the dn (P2 + P4) reaction. Heterozygous clones showed two bands in the 
w (P1 + P2) PCR reaction, while homozygous clones were missing the 
smaller parental band (2154 bp). Several other clones may have had 
correct integration as well, but failure to amplify up or dn PCR reaction 
was concerning. Similar results were obtained for the SUZ12 insertion 
experiment, and we proceeded with five homozygous clones from EZH2 
and SUZ12 poly(A) insertion experiments. Western blot analysis indi
cated the poly(A) signal insertion abolished expression for all edited 
genes (Fig. 4D). The residual band of smaller size in the EZH2 blot is 
clearly non-functional (unable to maintain H3K27me3 level) and is 
potentially a truncated isoform that is translated from an mRNA product 
initiated from a downstream transcription start site. Since EZH2 and 
SUZ12 are inter-dependent for formation of a protein complex (Poly
comb Repressive Complex 2, or PRC2), both EZH2 and SUZ12 proteins 
were greatly diminished in all five clones even though only one of the 
two genes was inactivated. PRC2′s catalytic product – trimethylation of 
lysine 27 in histone H3 (H3K27me3) – was also much diminished in all 
five clones compared to the parental iPSCs (Fig. 4D). 

Conveniently, the same mutagenesis strategy including this insertion 
approach can also be applied in other cell types. For example, we used a 
very similar approach to insert poly(A) signals in a long noncoding RNA 
(lncRNA) gene in human HEK293T cells. We also included the Cre step 
to show the convenience of performing the LoxP cassette removal. 
Regular SpCas9 was used in this experiment, and the guide RNA targeted 
the sequence immediately preceding the transcription start site (TSS) of 
the lncRNA TCONS_00023251. Donor DNA was designed similarly 
except that: [a] the poly(A) signals were inserted after the LoxP cassette, 
[b] the mCherry gene was omitted, and [c] the puromycin expression 
cassette was oriented in the reverse direction (Fig. 5A). PCR character
ization was performed before and after the puromycin selection, to 
evaluate the efficiency and specificity of the selection. Surprisingly, the 
selection resulted in an almost completely homozygous population for 
all cells in the polyclonal pool, indicated by the shift of the P1 + P2 PCR 
band from 3111 bp to 4781 bp characteristic of the insertion (Fig. 5B). 
This suggests that the guided DNA repair via homologous recombination 
is extremely efficient for this genomic locus and strategic editing design 
in HEK293T cells. 

To obtain single clones, we used flow cytometry and sorted the single 
cells in the polyclonal population after puromycin selection. Without 
much difficulty, two homozygous clones were verified in the PCR 
screening (Fig. 5C, insertion #1 and 2). For removal of the LoxP cassette, 
we transfected the post-selection polyclonal population with a Cre-GFP 
expression plasmid, and sorted single cells expressing GFP on the day 
after the transfection. Two homozygous clones were also obtained with 
the complete loss of the LoxP cassette on all alleles, which was indicated 
by the absence of any PCR product for P1 + P3 or P2 + P4 and the 
presence of a 3763 bp band in the P1 + P2 PCR reaction (Fig. 5C, 
Insertion + Cre #1 and 2). Acknowledging that Cre transfection could 
cause inevitable changes to cells [24,49–51], we also included a 
parental + Cre control, and two single clones were obtained using the 
same experimental flow starting from Cre transfection. To validate the 
loss of lncRNA expression by insertion of the poly(A) signals, we 
extracted the total RNA and performed RT-qPCR on the four clones with 
Cre transfection using three different primer pairs targeting this lncRNA. 
The results indicated that lncRNA expression was largely abolished (and 
certainly reduced to below 20% of the parental cell level) (Fig. 5D). 
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3.3. Deletion of a segment, exon/intron or the complete CDS of individual 
genes 

Mutagenesis by deletion is common in loss-of-function studies. For 
example, to study the physiological effect of exon skipping, one would 
benefit from a homozygous mutant that deletes this skipped exon. 
Deletion genome editing is also important in studies of the function of 
specific genomic elements including sequence motifs, enhancers and 
insulators. Our deletion strategy (Fig. 1D) involves two Cas9 cleavage 
events flanking the region to be deleted, which is replaced by a LoxP- 
flanked selection cassette using homologous recombination. Designing 
the WT control for the deletion editing can be less straightforward: the 
best strategy is to use the identical Cas9 cleavage sites but include the 
deletion sequence in the donor DNA (right panel of Fig. 1D); however, if 
the region to be deleted is too large (>5 kb), the strategy to make the WT 
control can be adjusted to only use one of the two Cas9 cleavage sites 
and insert the LoxP cassette at this site. Removal of the LoxP cassette 
using Cre is often optional if the cassette is left in an antisense direction 
inside an intron. 

Here we tested our deletion strategy to delete a lncRNA gene in 
HEK293T cells and demonstrated that it is very efficient. Two guide 
RNAs were designed to create two double-stranded breaks flanking the 
lncRNA gene TCONS_00023268 using the regular SpCas9 (Fig. 5E). The 
donor plasmid contained two homology arms flanking the lncRNA genes 
and a puromycin-resistance gene expression cassette. We collected the 
polyclonal population before and after the puromycin selection and used 
three PCR pairs to characterize the genotype of the populations. Similar 
to the results in Fig. 5B, puromycin selection efficiently converted most 
parental alleles to deleted alleles, indicated by the downshift from a 
7815 bp band before selection to a 4220 bp band after selection in the 
P1 + P2 PCR reaction of the Del sample (Fig. 5F). 

4. Discussion 

As genome-editing tools evolve rapidly, more and more biomedical 
investigations and applications require precise targeted mutagenesis of 
genomic loci. Human iPSCs have been one of the most popular and 
versatile platforms for these genome-editing experiments, due to their 
self-renewal ability, differentiation potential and ability to be custom
ized to disease models or patients. In this study we describe a compre
hensive guide for introducing precise mutations in human iPSCs, 
mutations which include point mutations, insertion and deletions. These 
experimental strategies are not only efficient in human iPSCs but can 
also be applied in other mammalian cell types including the HEK293T 
cells used in our study. 

Here we used Cas9 as the effector nuclease to create double-stranded 
breaks. SpCas9 recognizes an NGG PAM sequence and generates blunt 
ends at the break. The guided repair in our study utilizes homologous 
recombination, which requires proliferating cells. For editing non- 
dividing cells such as primary cells, homology-independent integration 
methods using Cas9 have been developed [52–54], and an approach 
using either zinc finger nucleases (ZFNs) or Tale nucleases (TALENs) has 
been reported as well [55]. Alternatively, Cpf1 could be a very useful 
option. Cpf1 creates a staggered cut with a 5′-overhang of four nucleo
tides, enabling the precise insertion of sequences with a matching sticky 
end [10,56]. In addition, Cpf1 recognizes a T-rich PAM sequence 
(TTTN), which is more widespread in some organisms including Dic
tyostelium discoideum [57] and Plasmodium falciparum [10]. 

Application of drug selection significantly enhances the efficiency of 
obtaining clones with successful integration [8,12,58,59]. The puro
mycin selection we used in human iPSCs generally eliminates more than 
95% of cells that don’t have the correct integration, and this makes clone 
screening hassle-free since most of the surviving cells are either homo
zygous or heterozygous clones. The selection is extremely important for 
difficult-to-transfect cells as the low delivery rate further reduces the 
editing efficiency. Puromycin serves as our top choice for drug selection 

due to its high specificity, and alternatively blasticidin S or hygromycin 
B could be used if multiple mutation experiments need to be performed 
in tandem. G418/Geneticin is not recommended because of its high false 
positive rate in mammalian cell selections. Drug selection may also in
crease the risk of unexpected insertions of the donor vector containing 
the resistance cassette [60]. Besides obtaining multiple clones for 
downstream applications, techniques including vector backbone PCR 
screening and Southern blot analysis can be performed to screen against 
such unexpected insertions. 

Other selection-free strategies have also been developed and used to 
make the editing fully scarless and avoid the potential side effects of 
antibiotic selection. For example, a method has been developed by the 
Conklin lab to efficiently capture rare mutational events and enable 
isolation of mutant lines with single-base substitutions [61]. The editing 
efficiency in the selection-free strategies can also be enhanced using the 
pre-assembled ribonucleoprotein (RNP) delivery method, short ssDNA 
oligos or overexpression of other protein factors [62–64]. Thus, both 
selection-based and selection-free strategies are of great value to the 
research community, and which to use may depend on the specific needs 
and concerns of each experiment. 

In summary, our study presents genome-editing strategies to intro
duce point mutations, insertions and deletions in human iPSCs, and 
provides a step-by-step guide to application of these strategies. Most of 
these editing strategies offer the convenience of one-step editing and 
effortless clone screening thanks to the selection cassette. We emphasize 
the importance of generating a WT control strain along with the mutant, 
which helps to filter-out any side-effects of CRISPR editing and the po
tential complexity of perturbing genome integrity and cellular homeo
stasis via the procedure. 
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J. Roth, S.G. Meuth, H. Pavenstädt, J. Sherwood, T. Pap, R. Wedlich-Söldner, 
C. Sunderkötter, Y.B. Schwartz, J. Brosius, T.S. Rozhdestvensky, Pervasive head-to- 
tail insertions of DNA templates mask desired CRISPR-Cas9-mediated genome 
editing events, Sci. Adv. 6 (7) (2020) eaax2941, https://doi.org/10.1126/sciadv. 
aax2941. 

[61] Y. Miyaoka, A.H. Chan, L.M. Judge, J. Yoo, M. Huang, T.D. Nguyen, P.P. Lizarraga, 
P.-L. So, B.R. Conklin, Isolation of single-base genome-edited human iPS cells 
without antibiotic selection, Nat. Methods 11 (3) (2014) 291–293. 

[62] J. Jacków, Z. Guo, C. Hansen, H.E. Abaci, Y.S. Doucet, J.U. Shin, R. Hayashi, 
D. DeLorenzo, Y. Kabata, S. Shinkuma, J.C. Salas-Alanis, A.M. Christiano, CRISPR/ 
Cas9-based targeted genome editing for correction of recessive dystrophic 
epidermolysis bullosa using iPS cells, Proc. Natl. Acad. Sci. U.S.A. 116 (52) (2019) 
26846–26852. 

[63] X.-L. Li, G.-H. Li, J. Fu, Y.-W. Fu, L.u. Zhang, W. Chen, C. Arakaki, J.-P. Zhang, W. 
Wen, M. Zhao, Highly efficient genome editing via CRISPR-Cas9 in human 
pluripotent stem cells is achieved by transient BCL-XL overexpression, Nucl. Acids 
Res. 46 (2018) 10195–10215. 

[64] R.M. Martin, K. Ikeda, M.K. Cromer, N. Uchida, T. Nishimura, R. Romano, A. 
J. Tong, V.T. Lemgart, J. Camarena, M. Pavel-Dinu, C. Sindhu, V. Wiebking, 
S. Vaidyanathan, D.P. Dever, R.O. Bak, A. Laustsen, B.J. Lesch, M.R. Jakobsen, 
V. Sebastiano, H. Nakauchi, M.H. Porteus, Highly efficient and marker-free genome 
editing of human pluripotent stem cells by CRISPR-Cas9 RNP and AAV6 donor- 
mediated homologous recombination, Cell Stem Cell 24 (5) (2019) 821–828.e5. 

Y. Long and T.R. Cech                                                                                                                                                                                                                         

http://refhub.elsevier.com/S1046-2023(21)00002-5/h0290
http://refhub.elsevier.com/S1046-2023(21)00002-5/h0290
http://refhub.elsevier.com/S1046-2023(21)00002-5/h0290
https://doi.org/10.1126/sciadv.aax2941
https://doi.org/10.1126/sciadv.aax2941
http://refhub.elsevier.com/S1046-2023(21)00002-5/h0305
http://refhub.elsevier.com/S1046-2023(21)00002-5/h0305
http://refhub.elsevier.com/S1046-2023(21)00002-5/h0305
http://refhub.elsevier.com/S1046-2023(21)00002-5/h0310
http://refhub.elsevier.com/S1046-2023(21)00002-5/h0310
http://refhub.elsevier.com/S1046-2023(21)00002-5/h0310
http://refhub.elsevier.com/S1046-2023(21)00002-5/h0310
http://refhub.elsevier.com/S1046-2023(21)00002-5/h0310
http://refhub.elsevier.com/S1046-2023(21)00002-5/h0320
http://refhub.elsevier.com/S1046-2023(21)00002-5/h0320
http://refhub.elsevier.com/S1046-2023(21)00002-5/h0320
http://refhub.elsevier.com/S1046-2023(21)00002-5/h0320
http://refhub.elsevier.com/S1046-2023(21)00002-5/h0320
http://refhub.elsevier.com/S1046-2023(21)00002-5/h0320

	Targeted mutagenesis in human iPSCs using CRISPR genome-editing tools
	1 Introduction
	2 Materials and methods
	2.1 iPSC feeder-free culture
	2.2 Transfection of CRISPR and donor plasmids
	2.3 Drug selection
	2.4 Colony isolation and clonal screening
	2.5 Validation of successful integration using PCR and western blot
	2.6 Optional removal of the LoxP cassette using Cre

	3 Results
	3.1 Manipulation of point mutations in individual genes
	3.2 Insertion of sequences at a specific genomic location
	3.3 Deletion of a segment, exon/intron or the complete CDS of individual genes

	4 Discussion
	Declaration of Competing Interest
	Acknowledgements
	Author contributions
	Appendix A Supplementary data
	References


