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SUMMARY: 29 

Presented here is a protocol for efficient CRISPR/Cas9 ribonucleoprotein-mediated gene editing 30 

in mammalian cells using tube electroporation.  31 

 32 

ABSTRACT: 33 

Gene editing nucleases, represented by CRISPR-associated protein 9 (Cas9), are becoming 34 

mainstream tools in biomedical research. Successful delivery of CRISPR/Cas9 elements into the 35 

target cells by transfection is a prerequisite for efficient gene editing. This protocol 36 

demonstrates that tube electroporation (TE) machine-mediated delivery of CRISPR/Cas9 37 

ribonucleoprotein (RNP), along with single-stranded oligodeoxynucleotide (ssODN) donor 38 

templates to different types of mammalian cells, leads to robust precise gene editing events. 39 

First, TE was applied to deliver CRISPR/Cas9 RNP and ssODNs to induce disease-causing 40 

mutations in the interleukin 2 receptor subunit gamma (IL2RG) gene and sepiapterin reductase 41 

(SPR) gene in rabbit fibroblast cells. Precise mutation rates of 3.57%–20% were achieved as 42 

determined by bacterial TA cloning sequencing. The same strategy was then used in human 43 

iPSCs on several clinically relevant genes including epidermal growth factor receptor (EGFR), 44 
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myosin binding protein C, cardiac (Mybpc3), and hemoglobin subunit beta (HBB). Consistently, 45 

highly precise mutation rates were achieved (11.65%–37.92%) as determined by deep 46 

sequencing (DeepSeq). The present work demonstrates that tube electroporation of 47 

CRISPR/Cas9 RNP represents an efficient transfection protocol for gene editing in mammalian 48 

cells.  49 

 50 

INTRODUCTION: 51 

CRISPR/Cas9 is the most commonly used programmable nuclease for gene editing. It works 52 

through single guide RNA (sgRNA)-mediated recognition of both target sequences and an 53 

adjacent protospacer adjacent motif (PAM) sequence in the genome. The Cas9 nuclease 54 

generates a double-stranded DNA break (DSB) located three nucleotides upstream of the PAM 55 

sequence1. The DSBs are repaired either through error-prone non-homologous end joining 56 

(NHEJ) or homology-directed repair (HDR) pathways. To achieve precise gene editing through 57 

the HDR pathway, donor templates are often provided in the format of plasmid DNA (pDNA) or 58 

single-stranded oligodeoxynucleotide (ssODN). 59 

 60 

CRISPR/Cas9 and the sgRNA can be delivered to the cells in three formats: the 61 

ribonucleoprotein (RNP) complex of Cas9 protein and gRNA2,3; Cas9 mRNA and sgRNA4,5; or 62 

plasmid DNA (pDNA) that contains the necessary promoters, driven sgRNA, and Cas9 coding 63 

region6-8. Many groups have demonstrated that when CRISPR/Cas9 is delivered as RNP, the 64 

gene editing efficiency often outperforms those achieved in pDNA or mRNA formats, 65 

attributable to the much smaller size of RNP compared to the nucleic acids9. Furthermore, it 66 

has been previously shown that a novel tube electroporation (TE) machine is particularly 67 

effective in gene editing applications in several cell types9.  68 

 69 

Presented in the present work is a step-by-step protocol in utilizing TE for the delivery of 70 

CRISPR/Cas9 RNP to mammalian cells of different species at several clinically relevant loci. This 71 

novel TE transfection technique and high HDR rate phenomenon may find broad applications in 72 

biomedical research.  73 

 74 

PROTOCOL: 75 

All animal maintenance, care, and use procedures were reviewed and approved by the 76 

Institutional Animal Care and Use Committee (IACUC) of the University of Michigan.  77 

 78 

1. Preparation of cells 79 

 80 

1.1. Acquire human iPSCs (ACS-1030) from the American Type Culture Collection (ATCC). 81 

Culture iPScs on artificial extracellular matrix with feeder-free cell culture medium (see Table of 82 

Materials) in a cell culture incubator (5% CO2 at 37 °C) following the supplier’s instructions. 83 

 84 

1.1.1. 2 h prior to transfection, treat the iPSCs with 10 µM Rho-associated, coiled-coil 85 

containing protein kinase (ROCK) inhibitor Y27632 (use of which reduces apoptosis of 86 

dissociated human hiPSCs and increases survival and cloning efficiency of hiPSCs without 87 

affecting their pluripotency). 88 



 89 

1.1.2. When transfecting, dissociate iPSCs with cell detachment solution (see Table of 90 

Materials) to single cells at 37 °C for 5 min. Count the cell number.  91 

 92 

1.2. Establish a rabbit fibroblast cell culture using a primary culture of rabbit ear skin tissue 93 

biopsies, as previously described10.  94 

 95 

1.2.1. A 0.5 cm x 0.5 cm ear skin biopsy is obtained from the tip of the rabbit ear. Shave the hair 96 

off the ear tissue. 97 

 98 

1.2.2. Rinse 2x with Dulbecco's phosphate-buffered saline (DPBS) with 5% penicillin-99 

streptomycin. Transfer the ear tissue to a new 6 cm tissue culture dish, then cut the tissue into 100 

small pieces (~1.0 mm x 1.0 mm). Add a few drops of fetal bovine serum to prevent the tissue 101 

from drying out. 102 

 103 

1.2.3. Spread the shredded tissue to a 10 cm tissue culture dish, then add 10 mL of culture 104 

medium. Rabbit fibroblast cells are cultured in Dulbecco's Modified Eagle's Medium (DMEM) 105 

with 10% fetal bovine serum. Put the tissue culture dish in the cell culture incubator (5% CO2 at 106 

37 °C). 107 

 108 

1.2.4. Three to five days after plating, use trypsin-EDTA to digest cells at 37 °C for 2 min. Count 109 

the cell number. 110 

 111 

2. Design and synthesis of gRNAs and donor oligos  112 

 113 

2.1. For each gene, design guide RNA based on the sequence of the targeted locus using an 114 

online tool (for example, <http://crispor.tefor.net/>).  115 

 116 

2.2. Paste in the DNA sequence of interest.  117 

 118 

2.3. Select a genome and protospacer-adjacent motif (PAM). Possible guide sequences in input 119 

DNA sequences will be displayed on the output page. It is recommended to select gRNA with 120 

higher predicted efficiency and lower off-target potentials. 121 

 122 

2.4. Synthesize DNA by a commercial vendor for transcribing gRNAs. Perform in vitro 123 

transcription of gRNA using a gRNA synthesis kit according to the manufacturer’s instructions.  124 

 125 

2.5. Purify the gRNA using an RNA purification micro column included in the gRNA synthesis kit. 126 

Measure the concentration, then store the gRNAs at -80 °C. 127 

 128 

2.6. Design an ssODN donor template for each mutation site. The ssODNs can be synthesized by 129 

commercial vendors such as IDT. In general, each ssODN is 120–160 nucleotides (nt) in length, 130 

consisting of 60–80 nt in the left homology arm and 60–80 nt in the right homology arm. To 131 

prevent recutting of the edited DNA, a silent mutation at the PAM should be introduced in the 132 



ssODN whenever possible. The CRISPR cut site should be located as close to the intended 133 

genomic change as possible. 134 

 135 

3. Tube electroporation of Cas9 RNP and ssODNs 136 

 137 

3.1. Prepare the cells as described in section 1.  138 

 139 

3.2. Resuspend 2–3 x 105 cells in 20 µL of electroporation buffer. Pipette up and down carefully 140 

to produce a single-cell suspension. 141 

 142 

3.3. For Cas9 RNP transfection, premix 2 µg of Cas9-NLS protein with 0.67 µg of gRNA at room 143 

temperature (RT) for 10–15 min. Next, gently mix the formed RNP complex along with 2 µg of 144 

ssODN with cells.  145 

 146 

3.4. Transfer the cell mixture to a 20 µL electroporation tube using universal fit pipette tips 147 

provided by the tube electroporation kit. To achieve better electroporation, try to avoid the 148 

formation of air bubbles during transfer.  149 

 150 

3.5. Place the electroporation tube into the slot of the electroporator and press “Go” to finish. 151 

Follow manufacturer’s suggested parameters for each cell type. For example, for human iPSCs 152 

and rabbit fibroblast cells, the voltage set is 420 V and pulse time is 30 ms. A successful 153 

electroporation cycle is indicated by the pulse report on the display screen of the 154 

electroporator.  155 

 156 

3.6. After the electroporation, transfer the human iPS cells to 1 mL of pre-warmed Y-27632-157 

containing culture medium described in cell culture part. For rabbit fibroblast cells, transfer 158 

them to DMEM with 10% fetal bovine serum.  159 

 160 

3.7. Plate the resuspended cells to one well of a 12 well cell culture plate.  161 

 162 

3.8. Change the culture medium every day. Y-27632 is removed from the human iPSC culture 163 

medium 24 h post-electroporation.  164 

 165 

4. Analysis of gene editing events 166 

 167 

4.1. Harvest cells 72 h after electroporation. Digest cells from the culture plate using trypsin-168 

EDTA for rabbit fibroblast cells or cell detachment solution for human iPSCs. After centrifuge, 169 

resuspend cells with 350 mL of lysis buffer (1 M Tris HCl, 5 M NaCl, 0.5 M EDTA; pH 8.0, 10% 170 

SDS, add 20 µL of 20 mg/mL proteinase K stock per 1 mL of lysis buffer), then incubate at 55 °C 171 

overnight. 172 

 173 

4.2. Extract the genomic DNA with phenol-chloroform using standard procedures.  174 

 175 



4.3. Amplify 100–200 bp DNA fragments containing targeted region using high-fidelity DNA 176 

polymerase, then purify the DNA fragments from gels using a gel extraction kit or directly from 177 

PCR products using a PCR SV mini kit.  178 

 179 

4.4. To determine gene editing efficiency by bacterial colony sequencing, ligase the purified PCR 180 

products into a pCR4-TOPO vector using a TOPO TA cloning kit. Randomly pick up bacterial 181 

clones, then sequence the inserts using a universal sequencing primer provided by the TOPO TA 182 

cloning kit. 183 

 184 

4.5. To determine gene editing efficiency by deep sequencing, send the purified PCR products 185 

(~100–200 bp) from step 4.3 for CRISPR amplicon sequencing in a DNA sequencing core. 186 

 187 

REPRESENTATIVE RESULTS: 188 

 189 

TE of Cas9 RNP and ssODNs to rabbit fibroblast cells 190 

The overall process of TE-mediated delivery of Cas9 RNP to mammalian cells is illustrated in 191 

Figure 1. First, C231Y and Q235X mutations were produced in the IL2RG gene, and the R150G 192 

mutation was produced in the SPR gene in rabbit fibroblast cells. Loss-of-function mutations in 193 

IL2RG and SPR genes are known to cause primary immunodeficiency11 and motor and cognitive 194 

deficits12, respectively.  195 

 196 

The specific sgRNA designs are illustrated in Figure 2A. The primers used to amplify the 197 

targeted regions are listed in Table 3. Sequences of ssODNs are shown in Table 1. The gene 198 

editing rates were determined by bacterial TA cloning (Figure 2B). At the IL2RG C231 locus, out 199 

of the 28 clones that were sequenced, one (3.57%) carried the precise C231Y mutation, four 200 

(14.28%) carried insertion or deletion (indel) mutations, and the remaining 23 (82%) were wild-201 

type. At the IL2RG Q235 locus, out of the 27 clones that were sequenced, two (7.41%) carried 202 

the precise Q235X mutation, three carried indel mutations (11.11%) and the remaining were 203 

wild-type. At the SPG R150 locus, of the 20 clones sequenced, five (25%) carried the precise 204 

R150G mutation, 10 (50%) carried indel mutations, and the remaining were wild-type.  205 

 206 

TE of Cas9 RNP and ssODNs to human iPSCs 207 

TE was then used to deliver Cas9 RNP and ssODNs to human iPSCs and target clinically relevant 208 

loci in EGFR, Mybpc3, and HBB genes. Point mutations in the EGFR T790 proximal region confer 209 

resistance to EGFR tyrosine kinase inhibitors in patients of non-small cell lung cancer (NSCLC) 210 

harboring activating mutations of EGFR13. A frameshift mutation in exon 16 in Mybpc3 is 211 

implicated in hypertrophic cardiomyopathy14. The E6V point mutation in the HBB gene leads to 212 

sickle cell disease15.  213 

 214 

The specific sgRNA designs are illustrated in Figure 3A. The primers used to amplify the 215 

targeted regions are listed in Table 3. Sequences of ssODNs are shown in Table 1. The gene 216 

editing rates were determined by DeepSeq (Figure 3B). At the EGFR locus, 15.68% of alleles 217 

carried the precise point mutations (6,315 reads), 22.75% carried indel mutations (9,162 reads), 218 

and the remaining 61.57% were wild-type (24,797 reads). At the Mybpc3 locus, 37.92% carried 219 



the precise 4-bp TGAA deletion (11,654 reads), 2.24% carried indel mutations (410 reads) and 220 

the remaining 59.84% were wild-type (18,692 reads). At the HBB locus, 11.65% carried the 221 

precise E6V mutation (6,565 reads), 23.35% carried indel mutations (13,163 reads) and the 222 

remaining 65% were wild-type (36,644 reads).  223 

  224 

FIGURE AND TABLE LEGENDS: 225 

 226 

Figure 1: Flow chart of tube electroporation of Cas9 RNP.  227 

 228 

Figure 2: Gene editing of rabbit fibroblast cells. (A) Illustration of target sequences. Boxes 229 

indicate targeted loci. Underlined letters correspond to gRNA sequences. Red colored letters 230 

indicate PAM sequences. (B) TA cloning results of gene editing events. Boxes indicate precisely 231 

mutated loci. Indel sequence shown is only representative of one allele type. Other indel 232 

sequences are not shown.  233 

 234 

Figure 3: Gene editing of human iPSCs. (A) Illustration of target sequences. Boxes indicate 235 

targeted loci. Underlined letters correspond to gRNA sequence. Red colored letters indicate 236 

PAM sequences. (B) Deepseq results of gene editing events. Boxes indicate precisely mutated 237 

loci. Red colored letters indicate silent mutations that were introduced in the donor templates. 238 

Indel sequence shown is only representative of one allele type. Other indel sequences are not 239 

shown. 240 

 241 

Table 1: Sequences of ssODNs.  242 

 243 

Table 2: Troubleshooting guides for frequent problems.  244 

 245 

Table 3: Primers used in step 4.3. 246 

 247 

DISCUSSION: 248 

 249 

The tube electroporation method was effective in delivering CRISPR/Cas9 RNP and ssODNs to 250 

rabbit and human cells, leading to robust precise gene editing (PGE). The primary difference 251 

between TE and other conventional electroporation devices is the use of a tube, in which two 252 

electrodes are on the top and bottom of the tube and the sample is loaded in full then sealed 253 

upon electroporation (Figure 1). In contrast, in a conventional cuvette, the electrodes are on 254 

the sides and the sample is not fully sealed during electroporation. This new design reduces air 255 

bubble generation and compresses air bubble size, which consequently improves even 256 

distribution of electric voltage, and as a result leads to reduced cell death and high transfection 257 

efficiency9. In the present work, high PGE rates (15%–37%) were achieved targeting EGFR, 258 

Mybpc3 and HBB genes in human iPSCs. These results are consistent with a prior report in 259 

which high PGE rates were achieved in human stem cells9.  260 

 261 

Disease-causing mutations were targeted in IL2RG and SPR genes in rabbit cells. Recently, 262 

IL2RG-knockout rabbits have been produced as models for human X-linked severe combined 263 



immunodeficiency (SCID-X1)16,17. The present work shows that patient IL2RG mutations (e.g., 264 

C231Y and Q235X) can be efficiently generated in rabbit cells, demonstrating the feasibility of 265 

creating SCID-X1 rabbit models carrying patient mutations. It was also demonstrated that SPR 266 

R150G mutations can be efficiently created in rabbit cells. This mutation causes motor and 267 

cognitive deficits in children12. These IL2RG and SPR mutation rabbit models, once generated, 268 

may serve as valuable preclinical models for translational studies. They may also be used to 269 

establish gene editing-based therapeutics for these monogenic diseases.  270 

 271 

One concern for CRISPR/Cas9-mediated gene editing applications is the off-target editing 272 

events. Indel rates were analyzed at predicted top off-target sites for sgRNAs used in this study 273 

(Table S1), using methods previously described9. In total, seven potential top off-target loci 274 

were analyzed for sg-rb-IL2RG-01, five for sg-rb-SPR, seven for sg-hEGFR, five for sg-hMybpc3, 275 

and seven for sg-hHBB), using the primers listed in Table S2. No off-target indels were revealed 276 

by the T7E1 assays (Figure S1), indicating minimal off-target risks for CRISPR/Cas9-mediated 277 

gene editing using these sgRNAs. It also indicates that the tube electroporation method itself 278 

does not cause or increase off-target edits. Nevertheless, efforts should be dedicated to reduce 279 

or eliminate undesirable off-target edits. Whole-genome sequencing may be necessary to 280 

exclude such events for cells that are intended to be used in clinical applications.  281 

 282 

At the technical level, the following are considered key factors to achieving efficient precise 283 

genome editing by CRISPR/Cas9 RNP tube electroporation. First, it is advised to select an 284 

efficient sgRNA with predicted low off-target potential. It is important to validate the indel 285 

efficiency of the selected sgRNA before using it for PEG applications. It is not rare that a 286 

software predicted good sgRNA fails at the validation step.  287 

 288 

Second, to achieve high PGE, it is recommended to induce a PAM mutation to the ssODN donor 289 

whenever possible. The rationale is that by doing so, CRISPR/Cas9 re-cutting after donor 290 

template integration is prevented. In certain cases, the PGE itself introduces PAM mutations. In 291 

other cases, it is possible to introduce silent mutations to the PAM sequence. In the event that 292 

a PAM mutation is not possible, it is advised to try to include several silent mutations in the 293 

donor that corresponds to the sgRNA sequence.  294 

 295 

Thirdly, particularly relevant to TE, it is important to avoid the formation of air bubbles when 296 

transferring cells and RNP mixture to the electroporation tube. While the design of a TE tube 297 

already minimizes air bubble formation, careful handling will further reduce and may even 298 

complete avoid air bubble formation. A trouble shooting guide for frequent problems that may 299 

be encountered in the application of tube electroporation for CRISPR/Cas9 ribonucleoprotein 300 

mediated precise gene editing is provided in Table 2.  301 

 302 

In conclusion, it is demonstrated here that tube electroporation is an effective means for the 303 

delivery of CRISPR/Cas9 RNP and ssODNs to mammalian cells to achieve high PGE rates. This 304 

new TE transfection technique and its robust precise gene editing rate may facilitate the 305 

development of gene editing applications. 306 

 307 
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Locus 

(targeted 

mutation

)

Rabbit 

IL2RG 

(C231Y)

AGCGTG

GATGGG

CAGAAA

CTCTACA

CGTTCCG

AGTCCG

GAGCCG

TTTTAAC

CCTTTGT

ATGGGA

GTGCTCA

GCATTGG

AGTGAAT

GGAGCC

ACCCGAT

CCACTGG

GGGAGC

AAAACTT

CAAAGG

GTAAAAT

GGGCCT

Oligo 

sequence
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Rabbit 

IL2RG 

(Q235X)

AGCGTG

GATGGG

CAGAAA

CTCTACA

CGTTCCG

AGTCCG

GAGCCG

TTTTAAC

CCTTTGT

GTGGGA

GTGCTTA

GCATTGG

AGTGAAT

GGAGCC

ACCCGAT

CCACTGG

GGGAGC

AAAACTT

CAAAGG

GTAAAAT

GGGCCT

Rabbit 

SPR

(R150G)

gacctccat

gctctgcct

gacctcctg

catcctgaa

ggcgtttcc

tgccagtcc

tggCctcag

cgggactgt

ggtgaacat

ctcgtcgct

gtgtgccct

gcagccctt

caagggct

gggcgctgt

ac



Human 

EGFR

(Point 

mutation

s 

proximat

e to

T790)

ACGTGAT

GGCCAG

CGTGGA

CAACCCC

CACGTGT

GCCGCCT

GCTGGG

CATCTGC

CTCACCT

CTACAGT

CCAACTG

ATTACCC

AGCTCAT

GCCCTTC

GGCTGCC

TCCTGGA

CTATGTC

CGGGAA

CACAAA

GACAATA

TTGGCTC

CCAGTAC



Human 

Mybpc3

(4-bp 

deletion)

GCCCCCT

GTGCTCA

TCACGCG

CCCCTTG

GAGGAC

CAGCTG

GTGATG

GTGGGG

CAGCGG

GTGGAG

TTTGCGA

GGTATCG

GAGGAG

GGGGCG

CAAGTCA

AATGGT

GAGTTCC

AGAAGC

ACGGGG

CATGGGT

GTTGGG

GGCAT



Human 

HBB 

(E6V)

TCTGACA

CAACTGT

GTTCACT

AGCAACC

TCAAACA

GACACCA

TGGTGCA

TCTGACT

CCTGTGG

AGAAGT

CTGCAGT

TACTGCC

CTGTGG

GGCAAG

GTGAAC

GTGGAT

GAAGTT

GGTGGT

GAGGCC

CTGGGC

AG



Step Problem
Possible 

reasons
Solutions

2.1
Low indel

rate

Poor 

guide RNA

design, 

Guide 

RNA 

stocks >6

months,  

low guide

RNA 

concentra

tion

Redesign 

guide 

RNA, 

produce/o

rder new

guide 

RNA.

2.3
Low PGE

efficiency

poor 

donor 

DNA 

design, 

low 

efficient 

guide 

RNA, 

incorrect 

amount of

donor 

DNA or

poor 

quality 

DNA

Increase 

homology 

arm 

length, 

introduce 

PAM 

mutation, 

introduce 

silent 

mutations 

to the

donor 

DNA, use

a more

efficient 

guide 

RNA, 

Optimize 

the ratio

of Cas9

protein 

over guide

RNA.

Table 2 Click here to access/download;Table;Table_2.xlsx

https://www.editorialmanager.com/jove/download.aspx?id=1016261&guid=c5b9e36b-4af1-4e41-a96f-e2d3e13c2e08&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1016261&guid=c5b9e36b-4af1-4e41-a96f-e2d3e13c2e08&scheme=1


4.1 Failed PCR

High GC

contents, 

or 

repetitive 

sequence

Optimize 

PCR 

condition, 

add DMSO 

to PCR

system.

3.4

Failed 

transfecti

on

Air 

bubbles 

formed 

during 

transferrin

g cells-

buffer 

mixture to

electropor

ation 

tube, 

incorrect 

voltage/d

uration 

setting

Try to

avoid the

formation 

of air

bubbles, 

adjust the

voltage/d

uration 

setting.

3.6

low cell

viability 

after 

electropor

ation

Low 

survival of

single 

human 

ipsc

Add ROCK

inhibitor 

after 

electropor

ation, 

increase 

number of

cells.



Primer 

name
sequence note

Rb-IL2RG-

F

CATGACA

GTGACA

GGGTCCC

Rb-IL2RG-

R

TGCCAGA

GACACA

AGCGAA

C

Rb-SPR-F

GTACTTT

GGAGGG

ACAGAG

G

RB-SPR-R

CTCAGCA

CCCTGAC

ACTGGG

H-EGFR-F

TGATGGC

CAGCGT

GGACAA

C

H-EGFR-R

ACCAGTT

GAGCAG

GTACTGG

G

H-

Mybpc3-

F

ATGCCCC

GTGCTTC

TGGAAC

H-

Mybpc3-

R

TCAGGG

GAGCCA

ACCCTCA

T

H-HBB-F

TAACCTT

GATACCA

ACCTGC

H-HBB-R

CATTTGC

TTCTGAC

ACAACT

For 

amplifyin

g rabbit

IL2RG 

DNA 

fragment

For 

amplifyin

g rabbit

SPR DNA

fragment

For 

amplifyin

g human

EGFR 

DNA 

fragment

For 

amplifyin

g human

Mybpc3 

DNA 

fragment

For 

amplifyin

g human

HBB DNA

fragment

Table 3 Click here to access/download;Table;Table_3.xlsx

https://www.editorialmanager.com/jove/download.aspx?id=1016262&guid=d23bf7a5-a41a-4fe1-b093-4163fbc57a61&scheme=1
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Name of Material/ Equipment Company Catalog Number
Accutase STEMCELL Technologies 792

Cas9 Nuclease 3NLS IDT 1074182

DMEM Thermo Fisher 11965092
DPBS Thermo Fisher 1708075

EDTA Lonza 51201

Electroporation buffer Celetrix 13–0104

Electroporation tubes Celetrix 20 μL: 12–0107; 120 μL: 12–0104

Electroporator Celetrix CTX-1500A LE

Fetal bovine serum Sigma Aldrich 12003C

Forma CO2 Incubators Thermo Fisher Model 370

Gel Extraction Kit Qiagen 28115

Human  induced pluripotent stem cells American Type Culture Collection ACS-1030

Matrigel                           Corning 354277
mTeSR 1 medium STEMCELL Technologies 85850

PCR SV mini GeneAll 103-102

Penicillin-Streptomycin Thermo Fisher 15140163

Phenol-chloroform Thermo Fisher 15593031

Precision gRNA Synthesis Kit Invitrogen A29377

Proteinase K Solution Thermo Fisher AM2548

Q5 high-fidelity DNA polymerase NEB M0491

Sodium dodecyl sulfate Sigma Aldrich L3771

TA Cloning Kit Thermo Fisher K457502

Tissue Culture Dish (10 cm) FALCON 353003

Tissue Culture Dish (12 well) FALCON 353043

Tissue Culture Dish (6 cm) FALCON 353004

Tris HCl Thermo Fisher BP1757-500

Trypsin-EDTA Thermo Fisher 25200056

Universal Fit Pipette Tips Celetrix 14-0101

Y27632 LC Labs Y-5301

Table of Materials Click here to access/download;Table of Materials;031819-R2-03-materials.xlsx

https://www.editorialmanager.com/jove/download.aspx?id=1016259&guid=cf7d4485-19ec-40ba-84a8-de3f6b498447&scheme=1
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Comments/Description
Cell detachment solution for human iPSCs, first used in Step 1.1.2. 

Cas9 protein, first used in Step 3.3. 

For cell culture, first used in Step 1.2.3. 
For preparing cell culture, first used in Step 1.2.2. 

For making lysis buffer, first used in Step 4.1. 

The electroporation buffer, first used in Step 3.2. 

The electroporation tube, first used in Step 3.4. 

The tube electroporation machine, first used in Step 3.5

For cell culture, first used in Step 1.2.2. 

For cell culture, first used in Step 1.1. 

For gel purification, first used in Step 4.3. 

Human iPSCs, first used in Step 1.1. 

Artificial extracellular matrix; for precoating cell culture plate, first used in Step 1.1. 
Feeder-free cell culture medium for human iPSCs, first used in Step 1.1. 

For PCR product purification, first used in Step 4.3. 

For preparing cell culture, first used in Step 1.2.2. 

For DNA extraction, first used in Step 4.2. 

For the generation of full length gRNA (guide RNA), first used in Step 2.4. 

For DNA extraction, first used in Step 4.1. 

For PCR amplification, first used in Step 4.3. 

For making lysis buffer, first used in Step 4.1. 

For TA clone sequencing, first used in Step 4.4. 

For cell culture, first used in Step 1.2.3. 

For cell culture, first used in Step 3.7. 

For cell culture, first used in Step 1.2.2. 

For making lysis buffer, first used in Step 4.1. 

For cell digestion, first used in Step 1.2. 4.

For electroporation, first used in Step 3.4. 

The apoptosis inhibotor, first used in Step 1.1.1. 
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Mar 18 2019 

 

Phillip Steindel, Ph.D. 

Review Editor 

JoVE 

 

 

Dear Dr. Steindel,  

 

I am submitting our revised manuscript titled “CRISPR/Cas9 ribonucleoprotein mediated precise gene 

editing by tube electroporation”.  

 

Please find below our point-to-point responses to Editorial (E) comments.  

 

E1. 1.1.1/1.2.3: What culture media are used in these steps? 

Response: iPS cells were cultured with mTeSR™1 medium (STEMCELL Technologies, 85850). 

Sentence included in the revision.  

 

E2. 1.2.1: Please include more information or a reference regarding this biopsy. 

Response: Reference added.  

 

E3. 2.4: There seems to be a step missing-is DNA synthesized first? 

Response: Thank you for pointing this out. Yes, DNA is synthesized first. Text updated in the manuscript 

to “2.4. Synthesize DNA transcribing guide RNA by Integrated DNA Technologies (IDT), then perform 

in vitro transcription of gRNA using gRNA synthesis kit (Invitrogen, A29377) according to the 

manufacturer’s instructions”.  

 

E4. 4.1: Are there any steps (e.g., lysis) done between harvest and phenol-chloroform? Please include 

more information on harvesting or a reference. 

Response: Yes. Text updated.  

 

E5. 4.3: What primers are used here? 

Response: Thank you. We added Table 3 to include primer information.  

Rebuttal Letter Click here to access/download;Rebuttal Letter;031819-R2-00-
rebuttal.docx

https://www.editorialmanager.com/jove/download.aspx?id=1004024&guid=b12af0f9-db4c-4d9b-b1f8-19a705f173ea&scheme=1
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Supplementary information 
 
Table S1. Top off-target sites for sgRNAs used in the present study predicted by the CRISPOR 
program (http://crispor.tefor.net/). Red highlighted letters indicate mismatches with the sgRNA 
sequence.  
 
No. Genomic 

location 

Locus details sequence # 

mismatch 

indel 

 sgRNA Human HBB CTTGCCCCACAGGGCAGTAA   

1 chr9:10183358

4-101833606:+ 

intergenic_GR

IN3A 

TCAGCCCCACAGGGCAGTAA 3 no 

2 chrX:10029699

7-100297019:- 

intron_PCDH19 CTTGTCCCAAAAGGCAATAA 4 no 

3 chr9:13211956

0-132119582:+ 

intergenic_FA

M101A 

CCTGCCCCACAGGGCAATTA 3 no 

4 chr12:1243192

82-

124319304:- 

intergenic_AR

HGEF3 

GCTGCCCCACAGGGCAGCAA 3 no 

5 chr14:9411898

4-94119006:- 

intergenic_FA

M20A 

ATGGCCCCACAAGGCAGAAA 4 no 

 

6 chr1:23228668

0-232286702:- 

intergenic_SE

RPINE2 

CTTGCAGCACAGAGCAGTAG 4 no 

7 chr3:56928987

-56929009:+ 

intergenic_RP

11-511B23.2 

CTTGCTGCACAGGACAATAA 4 No 

      

 sgRNA Human EGFR CTGCGTGATGAGCTGCACGG   

1 chr8:97108956

-97108978:- 

intergenic_RP

11-134J21.1 

CTGAGGGATGAGCTGAACGG 3 no 

2 chr19:1680811

8-16808140:+ 

exon_NWD1 ATTCGAGATGAGCTACACGG 4 no 

3 chr13:5075996

4-50759986:- 

intergenic_DL

EU7 

CTGACTGATGAGCTACATGG 4 no 

4 47774205-

47774227:+ 

intergenic_CT

D-2130O13.1 

CTGCCAGGTGAGCTGCACTG 4 no 

5 chr21:4064998

6-40650008:+ 

intergenic_DS

CAM-IT1 

CTGTGAGATGAGCAGCACAG 5 no 

6 chr12:1320381

14-

132038136:+ 

intron_EP400 CTGGCTGAAGAGTTGCACGG 4 no 

7 chr12:8397765

-8397787:+ 

intron_LINC00

937 

CTGTGTGATGAGCTGAACTC 4 no 

      

 sgRNA Human Mybpc3 GGAGTTTGAGTGTGAAGTAT   

1 chr3:82053700

-82053722:- 

intron_RP11-

260O18.1 

GGAGTTTTAATGTGAAAAAT 4 no 

2 chr6:71110725

-71110747:- 

intergenic_B3

GAT2 

GAAGTATGAGTGTGAAGAAA 4 no 

3 chr2:10057562

0-100575642:+ 

intron_PDCL3 TGATTTTAAGAGTGAAGTAT 4 no 

4 chr10:5609056

-5609078:- 

intron_RP11-

336A10.5 

GGGGTTTGAGAGTGAAGCAT 3 no 

5 chr3:46644118

-46644140:+ 

intergenic_TD

GF1 

TGAATTTGACTGTGAAGTTT 4 no 

      

Supplemental File (Figures, Permissions, etc.) Click here to access/download;Supplemental File (Figures,
Permissions, etc.);022619-R1-04-suppl.docx
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 sgRNA Rabbit IL2RG GCCGTTTTAACCCTTTGTGT   

1 X:54285883-

54285905:- 

intergenic_ 

ENSOCUG000000

24906 

TCAGTTTTAACCCTTTGTCT 3 no 

2 GL018700:5350

11-535033:+ 

intergenic_ 

ENSOCUG000000

23570 

TACGTTTTAACTTTTTGTGT 4 no 

3 chr16:6885235

-6885257:+ 

intergenic_MK

X 

GATGTATTAACCCATTGTGT 4 no 

4 chr1:54212607

-54212629:+ 

intron_DOCK8 GCCCCTTTAACCTTTTGTTT 4 no 

5 chr3:89176005

-89176027:- 

intergenic_RD

H10 

GCCGCGTTAAACCTTTGTGA 4 no 

6 chr2:14735916

0-147359182:- 

intron_SOS1 GCTGTTTTTAACCTTTGTTT 4 no 

7 chr3:66892955

-66892977:+ 

intergenic_ 

ENSOCUG000000

26814 

GCTGCTTAAAGCCTTTGTGT 4 no 

      

 sgRNA Rabbit SPR CTGCCAGTCCTGGCCTCAGC   

1 Chr8:4837632-

4837651:- 

intron_CNTN1 CTGCCAGCCCAGACCTCAGC 3 no 

2 Chr13:3131088

3-31310902:- 

intron_ATF6 GTGCCTGTCCTGGCCACAGC 3 no 

3 Unplaced 

genomic 

scaffold 

exon_ 

ENSOCUG000000

28072 

CCGCCTGCCCTGGCCACAGC 4 no 

4 chr1:10496558

0-104965602:- 

intergenic_BT

G4 

GTGCGAGCCCTGGCCTCAGC 3 no 

5 chr11:7505790

5-75057927:+ 

intron_PDE4D CAGCCAGCGCTGGCCTCAGC 3 no 

 
 
 

Table S2. Primers used for off-target analysis.  
Primer name Sequence Gene/locus Note 

hEGFR-OT-F1 CACTGCATTCATCCTTGGAACA Human EGFR off target1 For off target 
detection hEGFR-OT-R1 CCTCCAGGCACATGAATCCA 

hEGFR-OT-F2 GATGCCCTGCTGTGTCTCTG Human EGFR off target2 

hEGFR-OT-R2 TAGCATGAACATGGGGAGGC 

hEGFR-OT-F3 CCAGCCACCTTCCATCCTTT Human EGFR off target3 

hEGFR-OT-R3 GGAACCAGGTAGAGCTGACA 

hEGFR-OT-F4 GGGTGTGCTGATGACGATCA Human EGFR off target4 

hEGFR-OT-R4 TTTACTGACCACCCCAGCTG 

hEGFR-OT-F5 GTCTCACTTCCAGGGTGCTC Human EGFR off target5 

hEGFR-OT-R5 ATTGCTCACTTCTCCCCTGC 

hEGFR-OT-F6 CGGAAACCATTGCACCCAAA Human EGFR off target6 

hEGFR-OT-R6 GAAGAGTGGGGACTGAGCAC 

hEGFR-OT-F7 GTCAGTGTGGAGCTCCTTCC Human EGFR off target7 

hEGFR-OT-R7 AGCTGCTGGTGCTCACTTAG 

hHBB-OT-F1 GGTGAAGTCAGAGCAGTGCT Human HBB off target1  



hHBB-OT-R1 AGCACAGCCAGATTTGGGAA  

hHBB-OT-F2 ATATCCACAGGCCCTTGTGG Human HBB off target2 

hHBB-OT-R2 AGAGGGAGATCTTCAGCCTT 

hHBB-OT-F3 AGGAAAGCTTGTCTGGAGCC Human HBB off target3 

hHBB-OT-R3 TGTAGAAGGAGACCTGGCCA  

hHBB-OT-F4 CAGTGAGGAGGTGGAATGGC Human HBB off target4 

hHBB-OT-R4 GCCTTTTGCTGACCTTGTGG 

hHBB-OT-F5 GGAAAGGGTGGAGCTGAACT Human HBB off target5 

hHBB-OT-R5 TTCCCGTATCTCCCTCCACA  

hHBB-OT-F6 CATGCTCAGGTGGGTGAGAG Human HBB off target6 

hHBB-OT-R6 CTCCCTGGTCTCTTCTGGGA  

hHBB-OT-F7 TGTGTGGGATGCTGAGAGAA  Human HBB off target7 

hHBB-OT-R7 CAAAGAAGGTTGCAGGGAAAA  

hMybpc3-OT-F1 CCCCACCCCACACACAAATA Human Mybpc3 off 
target 1 

 

hMybpc3-OT-R1 TCCCTACTCTGGTTTTCAGCA 

hMybpc3-OT-F2 CCAGCTAGTCAAGACTGTACCC Human Mybpc3 off 
target 2 hMybpc3-OT-R2 AGGAGGAGAGTTCAGCAGTCT 

hMybpc3-OT-F3 TGCTTCACTTGGTCTCAGAC Human Mybpc3 off 
target 3 hMybpc3-OT-R3 CCCTAGAACTTACACATTTGTTCCA 

hMybpc3-OT-F4 GGGGCAGAGGAGACAGGATT Human Mybpc3 off 
target 4 hMybpc3-OT-R4 AGGAGCCAAGTGGTATTGCC 

hMybpc3-OT-F5 TCCTTAGTCAACAATGGAGCTT Human Mybpc3 off 
target 5 hMybpc3-OT-R5 AGAAGGTTCAGGAGCATGGC 

rIL2RG-OT-F1 GTCCACATTTGAAAGCGCTGT Rabbit IL2RG off target 1  

rIL2RG-OT-R1 TTTCTGATTTCCTATAGGCTTTGC 

rIL2RG-OT-F2 GCAATGCACTGCTGTTGCTA Rabbit IL2RG off target 2 

rIL2RG-OT-R2 TGAAGGCGTCTTTGTCTTGTCT 

rIL2RG-OT-F3 AAGCATTAACCACAGCCACG Rabbit IL2RG off target 3 

rIL2RG-OT-R3 ACTGTGTCTGCCTCCCCTAT 

rIL2RG-OT-F4 GTCAGAGTGGGAGCTGCAAT Rabbit IL2RG off target 4 

rIL2RG-OT-R4 GAAGGGAGGGTTGGTCTTGG 

rIL2RG-OT-F5 TGCCAACAAATAATGAGACAGTGT Rabbit IL2RG off target 5 

rIL2RG-OT-R5 ACTTTTCCATGCTGAAACTGAGT 

rIL2RG-OT-F6 TCTTTGGGCTTGGCACTTGA Rabbit IL2RG off target 6 

rIL2RG-OT-R6 CCCCACAGGACCTATGGATC 

rIL2RG-OT-F7 TGCTAATGGATGGAGTTGGGT Rabbit IL2RG off target 7 

rIL2RG-OT-R7 TCCACACCCAAACATCCACA 

rSPR-OT-F1 TACCTTAGCTTCCACGGCTG Rabbit SPR off target 1  

rSPR-OT-R1 GTCGGCATCCCAGATCAGAG 

rSPR-OT-F2 GGGCGACAGCTACTCCAATT Rabbit SPR off target 2 

rSPR-OT-R2 ATGAGACCACTCGTCGCTTC 

rSPR-OT-F3 GACACTGACCTGCTTGAGCT Rabbit SPR off target 3 

rSPR-OT-R3 TACCAAAGATGCTTCCCGGG 

rSPR-OT-F4 ACGTACTTCTCAGGGAGCCT Rabbit SPR off target 4 

rSPR-OT-R4 CAGAGGGAACTTGCAGGGAG 

rSPR-OT-F5 ATCAGAAACCAGCCCTCAGA Rabbit SPR off target 5 

rSPR-OT-R5 ACCAGGCTGCCCTGCTGA 

 



 

Figure S1. Off target detection by the T7EI assay. No off-target indels were revealed in the loci 
analyzed.  
 

 
 


