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Abstract 

Current approaches for Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/CRISPR-

Associated-9 (Cas9)-mediated genome editing in human pluripotent stem (PS) cells mainly employ 

plasmids or ribonucleoprotein complexes. Here, we devise an improved transfection protocol of in vitro 

transcribed Cas9 mRNA and crRNA:tracrRNA duplex that can effectively generate indels in four genetic 

loci (two active and two inactive) and demonstrate utility in four human PS cell lines (one embryonic and 

three induced PS cell lines). Our improved protocol incorporating a Cas9-linked selection marker and a 

staggered transfection strategy promotes targeting efficiency up to 85% and biallelic targeting efficiency 

up to 76.5% of total mutant clones. The superior targeting efficiency and the non-integrative nature of our 

approach underscores broader applications in high-throughput arrayed CRISPR screening and in 

generating custom-made or off-the-shelf cell products for human therapy.  

 

Graphical abstract 
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Introduction 

Using the CRISPR platform it is found that human PS cell populations, like human primary cells, 

consistently displayed from at least 2 up to 5 folds less targeting events than immortalized human cell 

lines, such as HEK293T and K562 (1,2). With a plasmid-based schematic where DNA plasmids delivered 

the Cas9 transgene and single-guide RNAs, human PS cell populations could be edited with an efficiency 

ranging from 2 to 4% of non-homologous end joining (NHEJ) events in the actively transcribed AAVS1 

locus (2). Enriching human PS cells that were transiently expressing Cas9 plasmid through antibiotic 

selection or flow cytometry resulted in enhanced NHEJ-mediated targeting events to 50% or more (3,4). 

Biallelic targeting efficiency however still ranged only from <10% to around 20% (3,5). To promote 

biallelic targeting efficiency in human PS cells, cell lines with inducible or constitutive Cas9 expression 

were constructed and they yielded biallelic knockout efficiencies ranging from 20% to 60%, depending 

on gene targets (6). This latter approach however requires the generation of parent human PS cells with 

Cas9 transgene integrated into the genome.  

Cas9 RNP has been successfully delivered into human PS cells or other in vitro cell lines using 

lipofection, electroporation, nucleofection, or virus-like particles (1,7-12). The targeting efficiency 

mediated by Cas9 RNP varied among different studies and was highly dependent on the delivery 

methods. A most recent study found that introduction of Cas9 protein and chemically modified guide 

RNA into human PS cells by electroporation and a delayed delivery of an adenovirus donor template led 

to an efficient homology directed repair rate and a biallelic targeting efficiency ranging from 10% to 74% 

depending on the targeting loci (13). This method however results in elevated off-target frequency 

(~90%) of the top two off–targets. The use of a high-fidelity Cas9 protein appears to reduce off-target 

events but sacrifices biallelic targeting efficiency (reduced from 76% to 20%) and shifts the majority of 

the mutations instead to monoallelic (13). 

As an alternative approach to Cas9 RNP, Cas9 and its variants had been introduced as mRNA 

species together with a plasmid expressing sgRNA and episomal reprogramming factors into human 

fibroblasts by electroporation to simultaneously generate human induced PS (iPS) cells and to knock-in 
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EGFP gene into the DNMT3B gene locus. The resulting human iPS cells displayed 52% of EGFP knock-

in efficiency and >60% of these knock-in clones had both alleles modified (14). Of the rest of the EGFP-

negative clones, 90% contained indels in both alleles (14), a targeting efficiency equivalent or even 

superior to the Cas9 RNP approach. This targeting efficiency however may reflect targeting events that 

occurred in reprogramming human fibroblasts prior to the establishment of stable human iPS cells. On the 

other hand, this high efficiency could be due to efficient delivery of Cas9 mRNA into human cells by 

electroporation and the use of a sgRNA plasmid that allowed stable expression of sgRNA for efficient 

gene editing as it was suggested that sgRNA became labile without the presence of circulating Cas9 

protein (15,16). Cas9 mRNA and synthetic sgRNA had also been directly introduced into human PS cells 

by simple transfection in an attempt to edit the Emx1 locus. The resultant efficiency as detected by the 

semi-quantitative T7 endonuclease assay appeared to be quite low (17). The lack of extensive transfection 

and targeting efficiency data with Cas9 mRNA mediated genome editing in human PS cells highlights the 

need for this study and further protocol optimization and standardization in large mRNA species delivery 

into human PS cells and ways to control gRNA stability.  

To achieve these goals, we aim to develop an improved RNA transfection method coupled with 

antibiotic selection for CRISPR-mediated mutagenesis in human PS cells.  

Results 

Enhanced Targeting Efficiency of Cas9 Messenger RNAs Through Coupled Antibiotic Selection and a 

Staggered Delivery Protocol 

Cas9 mRNA delivery in single cell suspension consistently resulted in 50% or fewer of the 

transfected cells expressing Cas9 protein (Fig. S1E, S3D). We reasoned that targeting efficiency could be 

further promoted if we incorporated a selection step for Cas9-expressing cells. We therefore cloned an 

antibiotic selection marker gene, puromycin N-acetyl-transferase (Pac), linked by a self-cleaving 

Thoseaasigna virus 2A (T2A) peptide sequence (18), to the downstream of the Cas9 mRNA. We first 

demonstrated that Pac gene was functional by transfecting Cas9 or Cas9-T2A-Pac mRNAs into human 

PS cells and applied puromycin to transfected cells (data not shown). A previous study suggested that 
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guide RNAs introduced into human cells were susceptible to degradation (15). We speculated that 

introducing Cas9 mRNA prior to the crRNA:tracrRNA duplexes would increase the circulating amount of 

translated Cas9 proteins to interact with the newly transfected crRNA:tracrRNA duplexes. We therefore 

designed the following experimental conditions in an attempt to optimize our approach to maximize 

targeting efficiency (Fig. 1A): Condition A (co-lipofection), the same as the condition shown in 

Supplementary data (Fig. S5), consisted of Cas9 mRNA co-transfecting with the crRNA:tracrRNA 

duplexes simultaneously; Condition B (co-lipofection + antibiotic selection) consisted of Cas9-T2A-Pac 

mRNA co-transfecting alongside the crRNA:tracrRNA duplexes with subsequent puromycin antibiotic 

selection overnight; Condition C (staggered lipofection + antibiotic selection) consisted of Cas9-T2A-Pac 

mRNA delivery preceding transfection of the crRNA:tracrRNA duplexes by 4 hours, and antibiotic 

selection was performed thereafter for 24 hours. An interval of 4 hours between first (Cas9 mRNA) and 

second (crRNA:tracrRNA duplex) delivery was chosen because we observed the percentage of Cas9
+
 

protein peaked at 4 hours after Cas9 mRNA transfection (Fig. S3D). For condition C, after the first 

transfection, cells were seeded at non-clonal densities to preserve cell survival. Unlike most previous 

studies that examine the targeting efficiency in a bulk population, under all conditions, cells were seeded 

after the first (conditions A and B) or second (condition C) transfection at clonal densities to mimic an 

actual targeting experiment and harvested after clonal expansion for genotyping.  

To test these different conditions, we designed a guide RNA targeting a sequence shortly after the 

translation start site of a differentiation gene, alpha–fetoprotein (AFP) (Fig. 1B). AFP is a serum protein 

secreted from fetal liver and yolk sac, and is re-expressed in hepatocellular carcinomas, but is not 

expressed in human ES and iPS cells. We selected AFP gene because we wanted to test the efficiency of 

our approach on a locus containing a differentiation gene which only expresses during differentiation and 

may contain highly condensed chromatin structures. After clonal expansion of transfected GM23720B 

human iPS cells, we screened 40 to 90 clones by Sanger sequencing for each of the three conditions 

(corresponding to experiments 6, 7, and 8 in Table 1). In order to more accurately assess targeting events 

that RFLP was prone to omit, as well as to simultaneously deduce the type of mutations, we employed 
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Tracking of Indels by Decomposition (TIDE) analysis (19). TIDE analysis utilizes a decomposition 

algorithm to identify major mutations from a projected guide RNA-targeting site on sequence traces 

obtained by Sanger sequencing. Targeting efficiency predicted by TIDE analysis has been shown to be 

more accurate than the commonly used T7 endonuclease assay, and is closest to those determined by deep 

sequencing (20). To quantify targeting efficiencies for AFP targeting under the 3 conditions, TIDE 

analysis outputs from wildtype (Fig. 1C), monoallelic (Fig. 1E), biallelic (Fig. 1D), and mixed (indicates 

non-clonal populations, Fig. 1F) clones were categorized according to their mutation types as displayed in 

Tables S2, S3, and S4 for conditions A, B, and C, respectively. As expected, we detected increasing 

frequency of total mutant clones obtained under co-lipofection only (29.17%), co-lipofection + antibiotic 

selection (47.19%), and staggered lipofection + antibiotic selection (67.44%) conditions, demonstrating 

that antibiotic selection (co-lipofection + antibiotic selection vs co-lipofection only) and earlier 

introduction of Cas9 mRNA (staggered lipofection + antibiotic selection vs co-lipofection + antibiotic 

selection) promoted CRISPR-mediated NHEJ events in GM23720B human iPS cells (Fig. 1G). Earlier 

introduction of Cas9 mRNA species, i.e., staggered lipofection + antibiotic selection (condition C), 

reversed the trend of inducing a majority of monoallelic mutant clones under co-lipofection only 

(condition A) and co-lipofection + antibiotic selection (condition B) conditions to promoting biallelic 

targeting events to close to half of the total targeting events (Fig. 1G) (48.84% of the total clones or 

72.41% of the edited clones, experiment 8 in Table 1).  

To confirm that the targeting events indeed resulted in the loss of protein function, we first 

differentiated the parent GM23720B cells, an isogenic wildtype (C18) clone, and a knockout (C21) clone 

into fetal hepatocytes by following our published protocol (21) and then performed western blot analysis 

to detect the expression of AFP protein. Proteins from human liver cancer cell line HepG2 were used as 

positive control in western blot analysis. We detected the 69 kDa AFP protein expression in the HepG2 

cells, the isogenic wildtype C18 cells, and the parent GM23720B cells, but not in the C21 knockout cells 

(Fig. 1H).  

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

7 
 

To examine if the improved staggered transfection + antibiotic selection approach resulted in any 

off-target effects, we examined by PCR followed by Sanger sequencing of six of the top predicted off-

target exonic regions (OT1 to OT6) targeted by the AFP guide RNA. We found no modifications in all 

regions examined in the clonal AFP isogenic wildtype (C18) and knockout (C21) cell lines (Fig. S6).   

Improved RNA-based CRISPR Method Mediated Efficient Multiplex crRNA Targeting  

To verify this improved staggered transfection plus antibiotic selection protocol and test if this 

method could accommodate multiplex targeting experiments to facilitate larger deletions, we devised a 

dual–guide RNA approach. To this end, we designed two crRNAs ~250 base pairs apart that targeted the 

second exon of FOXB1 (Fig. 2A). We first transfected Cas9-T2A-Pac mRNA, and, 4 hours later, 

transfected the two crRNA:tracrRNA duplexes, as outlined in condition C (Fig. 1A). We performed this 

experiment on two different cell lines: WA01 ES and Y6 iPS cells. For WA01, up to 75% of the clones 

(n=54, out of 72) contained at least a 250 base pair deletion in one of the two alleles (Fig. 2B) 

(Experiment 9 in Table 1). Among these mutant clones, 44.4% (24 clones or 33.3% when all the clones 

were taken into account) were shown to be biallelic for the expected deletion. All of these biallelic clones 

were confirmed by Sanger sequencing as containing only deletions without the presence of wildtype 

allele. Western blotting performed on differentiating cells from 3 selected FOXB1 knockout and isogenic 

cell lines confirmed that the expression of FOXB1 proteins was abolished (22). Similarly, for the Y6 cell 

line, we observed up to 85% (17 out of 20 clones) targeting efficiency, with up to 76.5% (13 of the edited 

clones or 65% of the total clones) displaying biallelic deletions (Fig. 2C) (Experiment 10 in Table 1). 

Biallelic deletion efficiency varies from 33.3% to 65% between the two PS cell lines we have tested for 

this multiplex approach (Fig. 2D). Lastly, using this staggered transfection plus antibiotic selection 

approach, we successfully generated double knockout of FOXB1 and GBX2 using 4 pairs of crRNAs that 

respectively targeted the DNA binding domains of these transcription factors in a single targeting 

experiment (Fig. 2E, F, n=1/48, 2.1%). The targeting efficiency for the same pair of FOXB1 crRNAs, 

however, was lower than the previous experiment that targeted only the FOXB1 locus (n=13/48, 27% in 
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Experiment 11 compared to 75% in Experiment 9). This suggests that delivery of increasing number of 

crRNA:tracrRNA duplexes might have hindered the targeting efficiency of individual crRNAs.  

Discussion 

Using our RNA-based delivery platform, we have accomplished editing efficiency ranging from 

5% up to 30% (of total clones) in human PS cells without the use of any selection markers—an efficiency 

similar to that previously reported for Cas9 RNP in human ES cells (1). With the introduction of our 

staggered delivery protocol coupled with antibiotic selection, we augmented total targeting efficiency up 

to 85% and biallelic targeting efficiency between ~30% and ~70% in multiple genetic loci in different 

human PS cell lines. This biallelic targeting efficiency is as efficient as that reported with an inducible 

Cas9 genome-integrated cell line (6) and comparable to that with a high-fidelity mutant of Cas9 protein 

with superior on-target efficiency in human hematopoietic progenitors (23). Our targeting efficiency is 

superior to plasmid-based methods with transient selection markers (3,5) and is generally higher than that 

observed when Cas9 RNP was co-delivered with chemically modified guide RNA molecules in human 

PS cells (13). Our current data therefore serve as a proof-of-concept experiment for efficient CRISPR-

mediated genome editing in human PS cells via lipofection using in vitro transcribed Cas9 mRNA and 

chemically synthesized crRNA:tracrRNA duplexes, and serve as a non-integrative alternative to Cas9 

RNP method for genome editing in human PS cells. 

In vivo delivery of Cas9 and other mRNA species has wide applications in many therapeutic 

areas, for instance, systemic delivery or local administration of Cas9 and other mRNAs assisted by lipid-

based nanoparticles or other biocompatible formulations has been used to rescue disease phenotypes in 

animal models of human diseases such as myocardial infarction (24), heart injury (25), and other inborn 

genetic errors such as Factor IX deficiency (26,27), methylmalonic acidemia (28), familial 

hypercholesterolemia (29), and hereditary tyrosinemia (30). For in vitro research, delivery of in vitro 

synthesized messenger RNA has been employed as a strategy to engineer lymphocytes to target human 

mesothelin expression, which is associated with poor prognosis, for pre-clinical CART cell therapy in a 

mouse solid tumor model for ovarian cancer (31). Messenger RNA transfection has been used to direct 
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differentiation of human PS cells (32,33) and to reprogram adult somatic cells into human PS cells 

(14,17,33). GFP and Cas9 mRNAs have been transfected with lipo-based reagent into human PS cells but 

with no reported statistics on transfection efficiency (17). Using our modified transfection protocol that 

takes advantage of the increased survival of single human PS cells in the presence of the Rho kinase 

inhibitor (34,35), we are able to achieve transfection efficiency of reporter gene and Cas9 mRNAs in 

multiple cell lines from ~50% up to 90% and over, depending on the mRNA species. For disease 

modeling, our method can be used to generate cell lines with the removal of specific genetic sequences 

targeting neurodegenerative diseases such as myotonic dystrophy type 1 and 2 (DM1/2), Huntington's 

disease, and C9orf72-linked amyotrophic lateral sclerosis (C9-ALS) associated with microsatellite 

nucleotide repeat expansion (36,37). Lastly, as our method is integration-free, it can be readily applied to 

preclinical research on genome editing applications involving generation of patient or “off-the-shelf” iPS 

cell lines. 

Additional details 

The additional Results, detailed Materials and Methods, and additional Acknowledgement can be found 

in Supplementary data published online. 
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Figure legends  

Fig. 1. Improved CRISPR targeting efficiency with antibiotic selection and a modified lipofection 

protocol. (A) Testing different transfection and antibiotic selection protocols (experimental conditions A, 

B, and C) for targeting experiments using Cas9/Cas9-T2A-Pac mRNA and AFP-crRNA:tracrRNA 

complex. (B) Targeting strategy on human AFP locus. (C-F) Examples of TIDE analysis results of 

wildtype and different types of mutant clones derived from GM23720B human iPS cells. (G) Chart 

showing the proportion of monoallelic and biallelic mutant clones, and clones with more than 2 alleles 
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(mixed clones) under experimental conditions A, B, and C from transfected GM23720B cells. (H) Since 

AFP is expressed in fetal liver and liver cancer, but not in human iPS cells, to assess whether AFP locus 

is disrupted by our CRISPR method, we first differentiated the parent GM23720B cells, an isogenic 

wildtype C18 clone, and a biallelic knockout C21 clone for 18 days to generate fetal hepatocytes. Western 

blot analysis of AFP expression was performed in the derived fetal hepatocytes and a positive control 

human liver cancer cell line HepG2. A single band at 69 kDa was detected in HepG2, fetal hepatocytes 

derived from GM23720B cells, and fetal hepatocytes derived from wildtype C18 cells, but not in fetal 

hepatocytes derived from biallelic knockout C21 cells.  

Fig. 2. Multiplex targeting using the staggered lipofection protocol. (A) Targeting strategy on human 

FOXB1 locus using 2 crRNAs. (B-C) PCR genotyping results of individual clones harvested from WA01 

ES cells and Y6 iPS cells transfected with Cas9-T2A-Pac mRNA and 2 FOXB1-crRNA:tracrRNA 

complexes as shown in panel A. Condition C in Figure 1 was employed. M: marker lane. +: positive 

control. Blue bold case: monoallelic truncation/deletion. Red bold case: biallelic truncation/deletion. (D) 

Chart showing the proportion of monoallelic and biallelic truncation mutant clones summarized from data 

presented in panels B and C. n indicates total number of clones harvested. (E) Targeting strategy on 

human GBX2 locus using 2 crRNAs. (F) PCR genotyping results of an isogenic wildtype (clone #2) and a 

double FOXB1
-/-

GBX2
-/-

 knockout clone (clone #1). 

 

 

  

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

14 
 

Table 1. Experimental details and summary statistics for the CRISPR-targeting experiments 
performed in this study  
  
Exp
. 

Locus Cell line crRNA 
:tracrRN
A duplex 

Cas9 species 
and 
lipofection 
method 

Clones 
harveste
d 

Clones 
successful
ly 
screened 

Screeni
ng 
strategy 

Targeting 
efficiency
1
, %[N] 

Biallelic 
targeting 
efficiency
2
,  %[N] 

1 FOXB
1 

WA01 
ESC 

Single Co-lipofection 
of Cas9 
mRNA & 
crRNA:tracrR
NA  

72 58 RFLP & 
Sanger 
seq 

6.90 [4] nd 

2 FOXB
1 

WA01 
ESC 

Single Co-lipofection 
of Cas9 
protein & 
crRNA:tracrR
NA 

64 60 RFLP & 
Sanger 
seq 

3.33 [2] nd 

3 PHC2 WA01 
ESC 

Single Co-lipofection 
of Cas9 
mRNA & 
crRNA:tracrR
NA 

96 95 RFLP & 
Sanger 
seq 

3.16 [3] nd 

4 PHC2 GM25256
B iPSC 

Single Co-lipofection 
of Cas9 
mRNA & 
crRNA:tracrR
NA 

53 53 RFLP & 
Sanger 
seq 

3.77 [2] nd 

5 PHC2 GM23720
B iPSC 

Single Co-lipofection 
of Cas9 
mRNA & 
crRNA:tracrR
NA 

100 100 RFLP & 
Sanger 
seq 

5.00 [5] nd 

6 AFP GM23720
B iPSC 

Single Co-lipofection 
of Cas9 
mRNA & 
crRNA:tracrR
NA 

84 72 PCR & 
Sanger 
seq 

29.17 
[21] 

8.33 [6] 

7 AFP GM23720
B iPSC 

Single Co-lipofection 
of Cas9-T2A-
Pac mRNA & 
crRNA:tracrR
NA plus 
selection 

89 89 PCR & 
Sanger 
seq 

47.19 
[42] 

5.62 [5] 

8 AFP GM23720
B iPSC 

Single Staggered 
lipofection of 
Cas9-T2A-Pac 
mRNA & 
crRNA:tracrR
NA plus 
selection 

44 43 PCR & 
Sanger 
seq 

67.44 
[29] 

48.84 
[21] 

9 FOXB
1 

WA01 
ESC 

Double Staggered 
lipofection of 

72 72 PCR  75.00 
[54] 

33.33 
[24] 
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Cas9-T2A-Pac 
mRNA & 
crRNA:tracrR
NA plus 
selection 

10 FOXB
1 

Y6 iPSC Double Staggered 
lipofection of 
Cas9-T2A-Pac 
mRNA & 
crRNA:tracrR
NA plus 
selection 

20 20 PCR  85.00 
[17] 

65.00 
[13] 

11 FOXB
1 
GBX2 

WA01 
ESC 

Quadrup
le 

Staggered 
lipofection of 
Cas9-T2A-Pac 
mRNA & 
crRNA:tracrR
NA plus 
selection 

48 41 PCR 31.71 
[13] -
FOXB1 
4.88 [2] -
GBX2 

17.07 [7] 
-FOXB1 
4.88 [2] -
GBX2 

 
1Percentage of mutated clones out of total number of screened clones. Confirmed by Sanger 
sequencing and/or PCR genotyping. Numbers in brackets indicate the number of clones 
identified as mutants. Targeting efficiencies for experiments 9 to 11 represent percentage of 
clones with at least one allele containing a large deletion as detected by PCR genotyping   
2Biallelic targeting efficiency was deduced by TIDE analysis and PCR genotyping for 
experiments 6-8 and 9-11 respectively. Numbers in brackets indicate the number of clones 
identified as mutants. Biallelic targeting efficiency for experiments 9 to 11 indicates 
percentage of clones containing large deletion alleles without the presence of wildtype 
alleles as detected by PCR genotyping. nd – not determined 
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Highlights: 

 A genome editing method using Cas9 mRNA and crRNA:tracrRNA duplex for hPSCs 

 Total targeting efficiency up to 85% in multiple genetic loci in various hPSC lines 

 Biallelic targeting efficiency up to 70% in multiple loci in various hPSC lines 
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