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Abstract 

CRISPR/Cas9-mediated homology-directed repair (HDR) allows precise gene editing, but its efficiency remains low for certain cell types, 
such as human induced pluripotent stem cells (hiPSCs). In this study, we aimed to introduce the CTNNA1: c.2023C>T (p.Q675�) genetic 
alteration, which is associated with Hereditary Diffuse Gastric Cancer, into hiPSCs using CRISPR/Cas9. We designed a single-guide RNA 
targeting the alteration site and a single-stranded oligonucleotide donor DNA template for HDR-based repair. Herein, we report the 
successful introduction of the CTNNA1: c.2023C>T homozygous alteration in one hiPSC line, which resulted in severe phenotypic 
changes, including impaired colony formation and cell proliferation. Additionally, we established a straightforward protocol to assess 
hiPSCs karyotype integrity, ensuring the chromosomal stability required for the gene-editing process. This protocol involves routine 
G-banding analysis that is required for regular quality controls during handling of hiPSCs. This study demonstrates an efficient approach 
to precisely edit hiPSCs by CRISPR/Cas9 and highlights the essential role of CTNNA1 expression in maintaining hiPSC viability. Our 
methodology provides a valuable framework for modeling disease-associated alterations in human-derived cellular models that can be 
reproduced for other genes and other types of cell lines.
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Introduction
Recent advances in genome editing have revolutionized molecular 
biology in the past decade, with CRISPR/Cas9 emerging as a power
ful tool for precise genetic manipulation. This editing technique, 
originally derived from bacterial adaptive immune system, allows 
for highly specific DNA targeting and the introduction of specific ge
netic alterations in the correct site. Being so versatile, CRISPR/Cas9 
has become the method of choice for researchers studying gene 
function, disease modeling, and developing therapeutic strategies 
in various biological systems, including human cells [1, 2].

Genetic editing by CRISR/Cas9 occurs due to two major DNA re
pair pathways, non-homologous end joining (NHEJ) and homology- 
directed repair (HDR). When Cas9 induces a double-strand break 
(DSB), NHEJ, the predominant pathway, quickly repairs the DSB, of
ten introducing small insertions or deletions (indels) in the DSB re
gion that can disrupt gene function [3]. This makes NHEJ very 
useful for gene knockout applications, where precision is not the 
main goal. In contrast, HDR, which occurs less frequently, uses a 
homologous DNA template to repair the DSB, allowing highly pre
cise gene editing at the single-base level. Therefore, HDR is the best 
approach for precise introduction of specific genetic alterations 

such as point mutations or corrections [4]. Achieving high efficiency 
in HDR-mediated CRISPR/Cas9 remains challenging [5] and over the 
past years, researchers have optimized CRISPR/Cas9 protocols to 
improve HDR efficacy [6]. Some of the strategies included optimiz
ing the length and understanding the maximum conversion tract of 
HDR DNA donor templates [7–9]. Furthermore, strategies including 
a PAM silent alteration have shown to improve editing efficiency by 
preventing Cas9 re-cutting at the PAM site [10]. In particularly hard- 
to-edit cells cell types, such as human induced pluripotent stem 
cells (hiPSCs), these optimizations can be imperative to achieve a 
good efficiency in CRISPR/Cas9 precise gene editing.

HiPSCs research achieved a lot of success since their discovery 
in 2006 by Shinya Yamanaka [11]. These cells are derived by 
reprogramming adult somatic cells into a pluripotent state, 
which in turn, allows them to be differentiated virtually into any 
type of human cell [11]. Besides being an excellent research 
model due to their ability to give rise to different tissues, they 
have been considered a promising strategy for regenerative ther
apy, personalized human genetics, pharmacogenomics, and 
drug-screening studies [12, 13]. Particularly for rare diseases re
search, the use of hiPSCs is highly valuable to overcome many of 
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their associated challenges, such as the establishment of cell 
lines that mimic the genetic background of affected individuals, 
which not only avoids some of the ethical concerns associated 
with the use of embryonic stem cells but also decreases the use 
of animal models for research purposes [14]. Especially for cancer 
research, hiPSCs allows to study the biological and molecular 
part of tumor initiation and development, and enables the 
modeling of genetic alterations that drive cancer progression 
[15]. Despite all these advantages, hiPSCs cell culture conditions 
are associated with genomic instability [16]. Therefore, it is im
portant to guarantee the quality and integrity of these cells when 
in culture for long-term. G-banded karyotyping allows to detect 
numerical and structural chromosomal abnormalities and is a 
straightforward and low-cost technique [17]. If any abnormality 
is detected, hiPSCs should be discarded.

In this study, we aimed to establish a protocol to introduce a 
disease-relevant single nucleotide alteration in hiPSCs using 
HDR-mediated CRISPR/Cas9, while also optimizing hiPSC charac
terization methods, such as the G-band karyotyping protocol. For 
this, we selected the CTNNA1 gene. CTNNA1 encodes αE-catenin, 
a key player in the cadherin-catenin adhesion complex. Germline 
truncating alterations in CTNNA1 have been associated with 
Hereditary Diffuse Gastric Cancer (HDGC), a very aggressive and 
rare hereditary cancer syndrome that predisposes for develop
ment of early onset diffuse gastric cancer and invasive lobular 
breast cancer [18, 19]. In our approach, we introduced one of the 
truncating CTNNA1 variants associated with HDGC, the CTNNA1: 
c.2023C>T nonsense variant [20], that causes a premature termi
nation codon in CTNNA1 exon 15. We used a single-guide RNA 
(sgRNA) targeting the site of the alteration, alongside a single- 
stranded oligonucleotide (ssODN) donor DNA template designed 
for HDR-based DNA repair. We were further successful in imple
menting a G-band karyotyping protocol for hiPSCs culture main
tenance, that could be easily performed in different labs.

We report an efficient HDR-mediated CRISPR/Cas9 strategy 
for precise gene editing in hiPSCs and provide novel insights into 
the role of CTNNA1 in non-differentiated cells. Our findings fur
ther demonstrate that introducing a nonsense alteration in 
CTNNA1 in a homozygous state results in severe phenotypic 
changes, suggesting a role for αE-catenin in maintaining stable 
hiPSCs. This methodology can be applied broadly to investigate 
gene function in hiPSCs and model disease-relevant alterations 
in a controlled and reproducible manner, consistent with good 
handling of hiPSCs cultures.

Methodology
Cell maintenance
GibcoTM episomal hiPSC line (#A18945) was purchased from 
ThermoFisher (Waltham, MA, USA) and is a viral-integration-free 
hiPSC line, adapted to feeder-free, serum-free culture conditions. 
Cells were maintained in Matrigel-coated six-well plates 
(Corning® Matrigel® hESC-qualified Matrix, #354277, Corning, 
NY, USA) and seeded in mTeSRTM1 medium (#85850, StemCell 
Technologies, Vancouver, Canada) under 37�C and 5% CO2 in a 
humidified incubator.

Immunofluorescence for phenotypic assessment 
of pluripotent markers in hiPSCs
Immunofluorescence analysis was performed to confirm the plu
ripotent state of GibcoTM episomal hiPSC line. For that we used 
the ES/iPSC Cell Characterization Kit from EMD Millipore 
(#SCR001; Burlington, MA, USA). Cells grew in glass coverslips for 

3 days. Next, cells were washed in 1× PBS and fixed in 4% PFA (v/ 
v) (Merck, Darmstadt, Germany) for 20 min at room temperature 
(RT). All subsequent cell washes were performed using TBST 
(TBS with 0.1% Tween-20). Cells were incubated in 0.2% TritonX- 
100 (v/v) (Sigma, St Louis, MO, USA) in 1× PBS (5 min at RT) to per
meabilize cell membrane. Afterwards, cells were incubated in 
the blocking solution (4% normal goat serum in 1× PBS for 30 min 
at RT), and subsequently, primary antibodies from the character
ization kit were added: mouse anti-SSEA-1, mouse anti-SSEA-4, 
mouse anti-TRA-1-60, and mouse anti-TRA-1-81 (1:50; 1 h incu
bation at RT). Secondary antibodies goat anti-mouse IgGs conju
gated with Alexa Fluor 488 or Alexa Fluor 546 from Invitrogen 
were used (1:250; 1 h incubation at RT). Finally, cells were incu
bated for 10 min at RT in 1 µg/ml DAPI (#28718-90-3, Sigma- 
Aldrich, Poole, UK) in 1× PBS and coverslips were mounted in 
Vectashield anti-fade mounting media (Vector Laboratories, 
Burlingame, CA, USA). Fluorescence was measured using the 
Leica SP5 confocal microscope and analysed using Leica 
Application Suite X (Leica, Wetzlar, Germany).

Immunofluorescence for adherens’ 
junction molecules
Immunofluorescence analysis was performed to determine αE- 
catenin and E-cadherin protein expression in hiPSCs. Cells were 
plated and allowed to grow for 3 days in glass coverslips. 
Subsequently, media was discarded, cells were washed in 1x PBS 
and fixed in 4% PFA (v/v). Afterwards, NH4Cl 50 mM (v/v) in 1× 
PBS was added to decrease cell autofluorescence, cells were 
washed, and 0.2% TritonX-100 (v/v) in 1× PBS was added. Next, 
5% BSA (w/v) in 1× PBS was used as blocking solution and, subse
quently, cells were incubated at 4�C overnight in a humidified 
chamber in αE-catenin and E-cadherin primary antibodies: 
mouse anti α-Catenin monoclonal antibody alpha-CAT-7A4 
(1:200; ThermoFisher) or rabbit anti E-cadherin monoclonal 
antibody 24E10 (1:100; Cell Signalling). Furter incubation with sec
ondary antibodies was performed: Goat anti-Mouse or Goat anti- 
Rabbit IgG (HþL) Highly Cross-Adsorbed Secondary Antibody, 
Alexa FluorTM Plus 647 (1:500, 2 h incubation at room tempera
ture). In the end, cells were incubated for 5 min in 1 µg/ml DAPI 
and coverslips were mounted in Vectashield. Fluorescence was 
measured using the Leica SP5 confocal microscope and analyzed 
using Leica Application Suite X (Leica, Wetzlar, Germany).

Karyotype analysis for hiPSC
Chromosome slides were prepared and GTL-banding was per
formed using Leishman stain (#L6254, Sigma) in accordance with 
established laboratory protocols. To analyze hiPSCs, a minimum 
of 20 metaphases were analyzed, following the guidelines of the 
International System for Human Cytogenomic Nomenclature 
(ISCN) [21]. Metaphases were karyotyped using the CytoVision/ 
v3.932 software (Applied Imaging Cytovision). The detailed proto
col for this technique is available in the Supplementary material.

Design of sgRNA and a single-stranded 
oligonucleotide DNA donor template
sgRNA was designed with the WTSI Genome Editing (WGE) online 
tool (https://www.sanger.ac.uk/tool/wge-crispr-design-tool/). The 
gRNA was designed to target CTNNA1 exon 15, specifically to 
perform the nonsense CTNNA1: c.2023C>T (p.Q675�) variant in a 
homozygous state. The gRNA was purchased from Alfagene 
(Carcavelos, Portugal) as forward and reverse sequences for further 
annealing to create a double stranded sgRNA: 50-CACCGGATC 
ATGGCTCAGCTTCCCC-30 (forward) and 50-AAACGGGGAAGCT 
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GAGCCATGATCC-30 (reverse). Underlined nucleotides correspond 
to the BbsI digestion motif, for proper ligation to the BbsI digested 
plasmid during the cloning protocol. A ssODN donor template was 
designed containing the desired alteration, as well as a silent muta
tion on the PAM site (CTNNA1: c.2034G>A; p. Q678=), and was pur
chased from IDT (Coralville, IA, USA): 50-GCTTCTGATCACAGGCGA 
TCATGGCTTAGCTTCCCCAAGAGCAAAAAGCGAAGATTGCGGAAC 
AGGTGGCCAGCTTCCAGGAAGAAAAGAGCAAGCTGGATGCTGAA 
GTGTCCAAATGGGACGACAG-30. This further contained an Alt-R 
HDR modification variation from IDT to improve stability upon 
delivery to cells.

The sgRNA was cloned into the pSpCas9(BB)-2A-GFP (PX458) 
vector from Addgene (#48138; Watertown, MA, USA), which con
tains the Cas9 gene from S. pyogenes, a GFP selection marker cas
sette and the PX458 vector backbone. 1 µg of pSpCas9(BB)-2A-GFP 
(PX458) vector was digested using 10 units of the BbsI restriction 
enzyme from New England Biolabs (#R0539S; Ipswich, MA, USA). 
sgRNA forward and reverse sequences were annealed to form a 
double chain sequence and ligated to the vector using 200 units 
of T4 DNA ligase from New England Biolabs (#M0202S). A 1:1 vec
tor: sgRNA ligation ratio was used and ligation was performed at 
16�C overnight. Two microliter of ligation reaction were further 
transformed in 50 µl of competent E. coli cells (Stbl3). Three colo
nies were picked for subsequent sanger sequencing to confirm 
the insertion of the sgRNA. One positive colony was then ex
panded and the QIAGEN Maxiprep kit (#12362, Hilden, Germany) 
was used to isolate highly pure plasmids, following the manufac
turer’s instructions.

Cas9 plasmid and ssODN donor template electroporation
The plasmid containing the Cas9 and the sgRNA, as well as the 
ssODN donor template was delivered to hiPSCs through electro
poration. Briefly, fresh mTeSRTM1 medium containing 10 mM 
ROCK inhibitor was added to hiPSCs for one hour. Afterwards, 
cells were detached and resuspended to a single cell state. Cells 
were counted and 6 × 106 cells were resuspended in nucleofector 
reagent from the P3 Primary Cell 4D-NucleofectorTM X Kit from 
Lonza (Basilea, Switzerland). Cells were then placed carefully in a 
nucleocuvette vessel to avoid the presence of bubbles and were 
subsequently electroporated in the Lonza 4D-nucleofector sys
tem. After electroporation, the nucleocuvette vessels containing 
the cells were incubated at 37�C for 15 min. Finally, electropo
rated cells were plated in Matrigel-coated plates containing fresh 
mTeSRTM1 medium with 10 mM ROCK inhibitor. After 24 h, 
10 mM ROCK inhibitor was retrieved from cells and these were 
allowed to grow before cell sorting. For the optimization step of 
the electroporation protocol, three programs already used in hu
man iPSCs were tested (CM-100, CM-130, CB150) [22–24]. Only the 
most successful electroporation program was used in the 
CRISPR/Cas9 experiment, namely the CM-130 program.

FACS cell sorting
After electroporation, cells were allowed to recover and grow for 
72 h. Before starting the cell sorting protocol, cells were incubated 
in 10 mM ROCK inhibitor for 1 h. Afterwards, media was removed, 
cells were detached and resuspended in mTeSRTM1 with 10 mM 
ROCK inhibitor. Next, cells were centrifuge at 200 g for 10 min and 
resuspended in 400 µl of mTeSRTM1 containing 10 mM ROCK inhib
itor. Cell suspension was filtered using a 40 µm pore filter and 
placed in a sterile cytometer tube. Cells were then sorted for GFP 
positive expression using the FACS Aria II cell sorter from BD 
Biosciences (Franklin Lakes, NJ, USA). Finally, GFPþ cells were 
plated in a 10 cm Matrigel-coated petri dish containing fresh 

mTeSRTM1 medium with 10 mM ROCK inhibitor. After 24 h, cells 
were retrieved from the 10 mM ROCK inhibitor and allowed to 
grow. GFP positive expression was analyzed using the ZOETM 

Fluorescent Cell Imager from Bio-Rad (Hercules, CA, USA).

Genotyping of CRISPR/Cas9 hiPSC clones
Clones derived from cell sorting were isolated and allowed to grow 
separately in 12-well plates. Afterwards, gDNA was extracted using 
the NZY Tissue gDNA Isolation kit from NZYTech (Lisbon, Portugal), 
according to the manufacturer’s protocol. DNA concentration and 
quality was measured with NanoDrop® One UV-Vis. DNA quality 
was assessed by Abs260/Abs280 ratio above 1.80. The extracted ge
nomic DNA was then used to perform a set of genotyping PCRs. 
Multiplex PCR kit from Qiagen was used to amplify CTNNA1 exon 15 
by using primers in the adjacent intronic areas. A short �400bp and 
a long �2 Kb sequence spanning from intron 14 to intron 15 were an
alyzed. The primers used for the short analysis were the following: 
50-ACCTATGCCACAGATTGCCT-30 (forward); 50-GCCCCTCACAGTT 
GGAGTAG-30 (reverse). The primers used for the long analysis were 
the following: 50-AGAAAGCCAGTCAGAGCCAT-30 (forward); 50-GA 
GGCTCCCAGATTAGGACC-30 (reverse). PCR products were analyzed 
by electrophoresis through a 1.5% agarose gel with GreenSafe pre
mium dye from NZYTech and a Gel DocTM XRþ Gel Documentation 
System from Bio-Rad was used to reveal the electrophoresis. In 
clones with more than one band, bands were cut and DNA was puri
fied using the illustraTM triplePrep kit from GE HealthCare (Chicago, 
IL, USA). In clones presenting only one band, PCR product was puri
fied with ExoSAP-IT PCR Product Cleanup Reagent from Applied 
Biosystems (Waltham, MA, USA). All clones were sanger sequenced 
to confirm the presence or absence of genetic editing using the 
BigDyeTM Terminator v3.1 Cycle Sequencing Kit from Applied 
Biosystems and the same genotyping primers, and were analyzed us
ing the Applied Biosystems 3130xl Genetic Analyzer. Samples pre
senting more than one sequence in the Sanger sequencing file were 
deconvoluted using the Mutation Surveyor v5.2.0 tool (State College, 
PA, USA) and manually confirmed.

Results
To test the HDR-mediated CRISPR/Cas9 protocol, we mimicked 
the CTNNA1: c.2023C>T (p.Q675�) nonsense variant, causing 
CTNNA1 truncation and CTNNA1 loss-of-function [19, 20]. The 
entire study workflow is described in Fig. 1.

Characterization of genomic stability and 
expression of pluripotency markers is essential 
prior to genomic editing in hiPSCs
Confirming the pluripotency potential of the hiPSC line to be used is 
the first step before starting genetic editing with the HDR-mediated 
CRISPR/Cas9 protocol. For this, it is essential to select markers, not 
only to characterize hiPSCs, but also to monitor pluripotency in cul
tures over time. We selected TRA-1-60, TRA-1-81 and SSEA-4 as 
pluripotency markers, and SSEA-1 as a negative control. TRA-1-60 
and TRA-1-81 are high-molecular-weight cell surface glycoproteins 
expressed by human ESCs and hiPSCs. SSEA-4 and SSEA-1 are cell 
surface antigens, while SSEA-4 is commonly expressed in hiPSCs, 
SSEA-1 expression is negative in these cells [25].

We used the Gibco Episomal hiPSC Line (A18945, ThermoFisher), 
derived from the cord blood of a newborn female, confirmed 
cultures were mycoplasma-free (data not shown), and used immu
nocytochemistry to characterize the expression of TRA-1-60, TRA- 
1-81, and SSEA-4 and SSEA-1. This analysis confirmed that the 
Gibco Episomal hiPSC Line is negative for SSEA-1, while SSEA-4, 
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TRA-1-60, and TRA-1-81 are expressed at the membrane (Fig. 2A). 
The expression profile of these markers supports the pluripotency 
of the selected cell line to be used.

Since we wanted to edit the CTNNA1 gene to mimic a genetic 
alteration predicted to cause CTNNA1 loss of expression, it was 
important to confirm that the cadherin–catenin adhesion com
plex was intact, validating the proper expression of αE-catenin, 
as well as E-cadherin adhesion molecule. We confirmed, by im
munohistochemistry, that both αE-catenin and E-cadherin pro
teins display a membranous expression and are concomitantly 
expressed in hiPSCs (Fig. 2B).

To assess chromosomal stability and exclude potential chromo
somal abnormalities that can occur during hiPSC line culture, we 
performed the karyotype using GTL-banding. The cytogenetic 
analysis consisted in the observation of at least 20 metaphases, 
counting and analyzing the structure of all chromosomes by an ex
perienced cytogeneticist. For all the cells analyzed, a normal female 
chromosomal complement (46, XX) was observed (Fig. 2C).

Development of an HDR-mediated CRISPR/Cas9 
strategy for targeting the CTNNA1: 
c.2023C>T variant
Proximity to the target mutation site is a priority for 
optimized sgRNA and ssODN donor template design for 
efficient editing
To design the sgRNA, we used WGE online tool. Here, we ana
lyzed the presence of Cas9 PAM in the vicinity of the position to 

be modified. We identified an “AGG” PAM motif 9 bp downstream 
of the c.2023 nucleotide. Cas9 is expected to cause a DSB 3-4bp 
upstream this motif. Thus, the c.2023 nucleotide is expected to 
be located 5-6bp upstream the DBS site. Previous studies have 
demonstrated that the efficacy of HDR-mediated CRISPR/Cas9 
significantly drops with the increasing distance to the mutation 
site, with efficacy dropping to half if this distance is longer than 
10 bp [26]. We designed a 21 bp long sgRNA that target the se
quence right upstream of the PAM motif mentioned above 
(Fig. 3A). This sgRNA was selected especially due to its proximity 
to the mutation target site. The 21 bp length for the sgRNA was 
selected to ensure a favorable on-target specificity, while not in
creasing the off-target effects.

We next designed a ssODN HDR donor template to be used 
as a template to correct the DSB caused by Cas9. For this, we 
used the Alt-R HDR Design Tool (IDT) and further optimized 
donor DNA templates to improve HDR-mediated CRISPR/Cas9 
editing [27]. With this tool, we designed a 127 bp long ssODN, 
containing asymmetric homology arms with 36 bp on the PAM- 
distal arm and 91 bp on the PAM-proximal arm of the DSB 
(Fig. 3B). This ssODN contained the desired alteration 
(c.2023C>T), as well as a silent alteration in the 2nd nucleotide 
of the PAM sequence (AGG to AAG). This alteration, CTNNA1: 
c.2034G>A, is synonymous and does not change αE-catenin 
amino acid sequence (p.Q678=) (Fig. 3B). Cas9 can be active in 
cells for several hours, leading to Cas9 recutting after introduc
ing the desired alteration, because it still recognizes the PAM 

Figure 1. Study design. We introduced the CTNNA1: c.2023C>T (p.Q675�) nonsense variant into hiPSCs. For that, we designed a sgRNA to drive Cas9 
into the target location of the c.2023C>T alteration, and a ssODN HDR donor template to be used by cells as a DNA repair template, after Cas9 DSB. We 
cloned the sgRNA into a pSpCas9(BB)-2A-GFP(PX458), which contains the Cas9 gene and a GFP selection marker. We delivered both the plasmid and the 
ssODN template to hiPSCs by electroporation and submitted them to FACS cell sorting to select GFPþ cells. Sorted cells were allowed to grow and the 
new colonies were isolated and genotyped to assess the success of HDR-mediated CRISPR/Cas9 genetic editing.
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sequence [28]. The introduction of the PAM silent mutation 

was intentional, as it leads to non-recognition of the PAM se

quence by Cas9, once the ssODN template is integrated, pre

venting recutting of edited cells.

Validation of off-target effects in HDR-mediated 
CRISPR/Cas9
One key point of CRISPR/Cas9-mediated genetic editing is the 
high specificity for the target site. For this, the sgRNA sequence 

Figure 2. Molecular characterization of wild-type hiPSCs. Immunocytochemistry analysis of the expression of: (A) SSEA-1 (red), SSEA-4 (red), TRA-1-60 
(green) and TRA-1-81 (green); (B) αE-catenin (red) and E-cadherin (green). The coloring of DAPI is represented in blue. (C) Karyotype analysis of wild- 
type hiPSCs.
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must present a low off-target effect. We used the WGE online 

tool to further identified candidate off-target regions with se

quence similarity to the on-target Cas9 site. We identified 241 

off-target sites associated with the sgRNA sequence. Of these, 

89.1% (215) presented at-least four mismatches to the sgRNA se

quence, while 25/241 (10.4%) presented three mismatches, signif

icantly impairing the recognition of these regions by the sgRNA 

[29–31]. One off-target presented only one mismatch (0.4%) to the 

sgRNA sequence in the most 3’ nucleotide of the sequence, right 

before the PAM site. This off-target site was located in chromo

some 5:115390356-115390378, a non-coding intergenic region 

identified as CTNNA1P1 [32]. A detailed description of all off- 

target sites is provided in Supplementary Table 1.

Optimization of electroporation and flow cytometry allows 
selection of CRISPR-edited hiPSCs using HDR-mediated 
CRISPR/Cas9
To introduce the Cas9þsgRNA plasmid and the ssODN HDR do

nor template, we electroporated hiPSCs. For that, we used the P3 

Primary Cell 4D-NucleofectorTM X Kit and the 4D-nucleofector 

system from Lonza. To assess the successful introduction of plas

mid DNA using this method, we carried out an optimization step 

using a GFPþ commercial plasmid (Fig. 4A). Here, we electropo

rated hiPSCs using three different electroporation programs (CM- 

100, CM-130, and CB-150) to introduce the pmaxGFP ® plasmid, a 

control commercial vector containing the GFP fluorescent 

marker. CM-130 electroporation program presented the higher 

percentage of GFPþ cells (13.5%) when comparing to CM-100 

(1.17%) or CB-150 (6.42%) (Fig. 4A). Qualitative analysis of GFP 

expression further confirms that CM-130 electroporation pro
gram displayed more cells expressing GFP fluorescent marker.

Afterwards, we electroporated the Cas9 plasmid and ssODN 
donor template under the CM-130 program, and further selected 
GFPþ cells with FACS sorting. GFPþ cells selection was performed 
72 h after electroporation, which allowed cell recovery. Cells 
were detached to achieve a single cell state and, right after, 
hiPSCs were sorted for GFP. Our results demonstrate that 2.5% of 
all cells expressed GFP (Fig. 4B). The 522 GFPþ cells were all 
plated in one 10 cm Petri dish coated in Matrigel®. For the subse
quent 24 h, cells were maintained in mTeSR1 with 10 mM ROCK 
inhibitor to help single-cells recovering. GFP expression qualita
tive analysis confirmed expression of GFP in FACS sorted cells.

Genotypic analysis reveals variable editing efficiency and 
outcomes in hiPSC clones following HDR-mediated  
CRISPR/Cas9 editing
After FACS sorting, 522 cells were plated in one 10 cm Petri dish, 
from which 24 clones grew and were selected for colony picking 
and expansion. For the colony-picking technique, it is crucial that 
colonies are large and isolated with well-established borders.

Each picked colony was transferred to a new freshly Matrigel® 

coated well of a 12-well plate using a 10 µl pipette tip, cultured in 
cell medium with 10 mM ROCK inhibitor. Of the 24 transferred 
clones, 29% (7/24; clones #7, 9, 14, 15, 19, 21, and 22) did not sur
vive the post-transfer period. The remaining 17 clones were ex
panded (Fig. 5A), and gDNA was extracted for genotyping 
analysis (Fig. 1). Our results demonstrate that 47% (8/17) of all 
clones presented only mutated cells (Fig. 5A and B). One clone 
(#1) presented both mutated and WT sequences. Of all clones, 

Figure 3. Design and optimization of sgRNA and ssODN donor template for CTNNA1 editing. (A) The WTSI Genome Editing (WGE) online tool was used 
to design the sgRNA. A BbsI motif was added to the sgRNA sequence in order to proper ligate to PX458 vector after BbsI digestion. (B) The ssODN HDR 
template was designed using the Alt-R HDR Design Tool from IDT. We also followed the guidelines provided by Addgene blog to optimize donor DNA 
template to improve HDR-mediated CRISPR/Cas9 genetic editing.
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the DNA repair mechanism used after Cas9 cutting was HDR in 
1/17 (6%) and NHEJ in 8/17 (47%) (Fig. 5A). Clone #8, the only 
where HDR-mediated DNA repair was achieved, presented in a 
homozygous state the CTNNA1: c.2023C>T (p.Q675�) target alter
ation, as well as the PAM silent CTNNA1: c.2034G>A (p.Q678=) 
that was added to the ssODN HDR donor template to prevent 
Cas9 recutting. Three clones (#16, 20, and 23) also presented the 

PAM silent alteration, but were WT for the c.2023C>T target alter
ation. This indicates that the HDR template was integrated, how
ever, the c.2023C>T desired alteration did not occur (Fig. 5A). 
Regarding the NHEJ-mediated DNA repaired clones, a pleiotropy of 
different indels could be observed (Fig. 5A and B). Clone #1 pre
sented a 13 bp deletion, as well as two different insertions of 
�500bp and �400bp, respectively. Clones #2, 12, 13, and 24 all 

Figure 4. Selection of CRISPR/Cas9 edited hiPSCs. (A) Optimization of the electroporation program for hiPSCs. Graphs represent FACS cell sorting 
experiments and images represent the respective GFP expression analysis. (B) Selection of GFPþ cells after CRISPR/Cas9 editing. The 1st graph selected 
the population of cells expected to be alive (live cells); the 2nd graph selected the population of cells expected to be in a singlet state (single cells); the 
3rd graph selected the GFPþ cells that were further sorted to a 10 cm petri dish with fresh Matrigel® and medium and allowed to grow for the 
subsequential days. The table follows the same scheme, presenting the quantification of cells and the respective percentage. Image represents the 
respective GFP expression analysis. Scalebars represent 100 µm.

Protocol for karyotyping and genetic editing | 7  



Figure 5. Characterization of CRISPR/Cas9 genetic edited hiPSCs. (A) Detailed description of the clones that were successfully genotype for the 
presence/absence of HDR-mediated CRISPR/Cas9 genetic alterations; (B) Electrophoresis displaying the genotyping of the CTNNA1 sequence in the 
vicinity of the DSB Cas9 site of the clones; (C) Sanger sequencing and macroscopic phenotype of WT hiPSCs, hiPSCs presenting only the homozygous 
silent PAM alteration (c.2034G>A), and hiPSCs presenting both the homozygous target alteration (c.2023C>T) and the homozygous silent PAM 
alteration (c.2034G>A).
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presented two different sequences containing small deletions, with 
one being in-frame and one frameshift. Clones #5 and 6 presented 
two different sequences, one containing a 1 bp deletion causing a 
frameshift alteration, and one 238 bp-long deletion that leads to the 
in-frame deletion of 24 bp in exon 15. Moreover, clone #18 presents 
one 226 bp out-of-frame large insertion and one 1098 bp large dele
tion. In this case, the large deletion leads to a premature stop codon 
only in the end of exon 18, CTNNA1 last exon, that is predicted to 
escape nonsense mediated mRNA decay, thus leading to a shorter 
but functional protein [33, 34]. Of all successfully edited clones, 
only clone #8 presented a drastic change in cell phenotype, while 
all other clones revealed no phenotypic alterations (Fig. 5C). These 
results further demonstrated that the PAM silent homozygous al
teration, alone, does not cause any phenotype changes. 
Furthermore, 29% (5/17) of all clones (#3, 4, 10, 11, and 17) did not 
presented any genetic edition, either in the target site nor in the 
PAM motif (Fig. 5A and B).

Genotyping analysis of the CTNNA1P1 off-target site revealed 
that off-target Cas9 cleavage occurred in 63% (10/16; clone #13 
was not successfully sequenced) of all clones (Supplementary 
Fig. 1). Herein, eight clones (#1, 2, 8, 12, 16, 18, 20, 23) presented 
two sequences of the CTNNA1P1 off-target site, one WT and one 
containing small indels. Furthermore, clones #5 and 6 contained 
only a 150 bp deletion around the off-target site, and no WT se
quence was found.

hiPSCs require an intact CTNNA1 locus for 
colonies viability and proliferation
We performed a microscopic analysis on the edited clones and 
our results demonstrated that only the nonsense CTNNA1 vari
ant c.2023C>T (p.Q675�) was deleterious to hiPSCs. This homozy
gous genetic alteration resulted in a severe loss of adhesion 
phenotype and in a critical impact in cell viability, incompatible 
with colony survival. Ultimately, this clone was not viable due to 
impaired cell proliferation, resulting in the total loss of this iso
genic hiPSC line (Fig. 5B and C). Furthermore, all other edited 
clones presented a phenotype identical to the WT hiPSC line. 
This was expected since all edited clones presented at least a WT 
or an in-frame mutated sequence that is predicted to not disrupt 
the open reading frame of CTNNA1/αE-catenin.

Discussion
In the current study, we report the use of HDR-mediated CRISPR/ 
Cas9 to cause a specific nucleotide alteration (CTNNA1: 
c.2023C>T) in hiPSCs in less than 2 months, as well as a fully op
timized unexpensive karyotyping protocol for proper iPSCs cul
ture maintenance. The correct characterization of hiPSC cultures 
regarding genomic instability and pluripotency is mandatory be
fore their experimental applications. In vitro culture of hiPSCs 
and their associated genetic reprogramming can cause chromo
somal abnormalities. Therefore, the lack of genomic instability is 
an important safety concern that can hamper studies with 
hiPSCs and their applications.

CRISPR/Cas9-induced DBS can be primarily repaired by either 
HDR or NHEJ [3, 35]. To obtain a precise genetic editing, HDR is the 
preferred pathway [4, 35], as the mutation we induced in the cur
rent study. The introduction of precise single base editions by HDR- 
mediated CRISPR/Cas9 into human in vitro models, such as hiPSCs, 
holds significant importance to study the functional impact of spe
cific genetic alterations. This is imperative in the study of heredi
tary syndromes, where specific disease-relevant single nucleotide 
alterations are found in affected individuals [36]. Previous studies 

have demonstrated that delivering a HDR donor DNA template can 
significantly improve the precision of repair, when comparing to 
traditional NHEJ [35]. Nevertheless, HDR presents a lower efficiency 
in most cells when compared to NHEJ, because it is restricted to the 
S and G2 phases of the cell cycle, when a homologous template is 
available [5]. Herein, we confirmed that HDR efficiency rate (6%) 
was considerably lower than NHEJ efficiency rate (47%). Thus, it is 
important to apply other strategies besides the donor DNA tem
plate that will allow cells to correct DNA through HDR to the detri
ment of NHEJ. Several studies have shown that, instead of inducing 
DSBs, which leads to correction by both HDR and NHEJ, inducing 
single-strand breaks favor HDR over NHEJ. This can be achieved by 
using nickase variants of Cas9 [37]. Furthermore, the low success 
rate of integrating the Cas9 vector into cells is a limitation in the 
present study. Although we present a very fast cell selection 
method with GFPþ cells being selected only 72 h after plasmid elec
troporation, our results still demonstrate that only in 2.5% of cells, 
the delivery of the Cas9 vector was successful. hiPSCs are known 
to be a challenging type of cells to perform CRISPR/Cas9. 
Furthermore, plasmid delivery techniques present an inherent tox
icity to cells [15]. It is likely that many of the hiPSCs do not survive 
the successful delivery of the plasmid, resulting in death. Thus, im
proving the method to deliver Cas9 and sgRNA to the cells is an ur
gent need. It has been demonstrated that using Cas9-sgRNA 
ribonucleoprotein complexes (RNPs) instead of Cas9 plasmids holds 
significant improvements in genetic editing efficacy. A study per
formed by Xu and colleagues in 2021 demonstrated that using 
RNPs to introduce a 34 bp sequence in a hiPSC line resulted in a 
40% efficiency [38]. Since the delivery occurs in a protein complex, 
it is not dependent on Cas9 translation, leading to a faster Cas9 ac
tivity [39]. Furthermore, RNPs have been shown to improve editing 
efficiency in hard-to-transfect cells [40], which is the case of 
hiPSC lines.

We successfully developed a CTNNA1: c.2023C>T (p.Q675�) ho
mozygous isogenic hiPSC line using our CRISPR/Cas9 strategy, 
which further enabled us to understand the functional impact of 
this genetic alteration in non-differentiated cells. However, in cer
tain disease contexts, obtaining a heterozygous cell line could be 
important. To achieve this, altering the cell sorting protocol from 
bulk to single cell sorting would be required. Our results demon
strate that inducing the CTNNA1: c.2023C>T (p.Q675�) homozygous 
nonsense alteration in a hiPSC line leads to a severe phenotype. 
Indeed, cells from clone #8, the homozygous edited cells containing 
the CTNNA1: c.2023C>T nonsense alteration, present an impacted 
capacity to form colonies and a severely impacted capacity to di
vide and proliferate. Nevertheless, other studies developed in our 
laboratory have demonstrated that homozygous editing of CTNNA1 
in terminally differentiated cells does not causes such a severe phe
notype, pinpointing toward the important role of CTNNA1/αE-cate
nin proper expression in non-differentiated cells [41]. Studies have 
demonstrated that αE-catenin is a known critical molecule for cel
lular adhesion and signaling pathways that are essential for early 
development. In a mouse model, conditional knockout of murine 
αE-catenin homologue protein in epidermal cells led to extreme 
defects in skin, limbs and hair follicles of mice, displaying defects in 
adherens’ junction formation, intercellular adhesion, and epithelial 
polarity [20]. Furthermore, previous research developed by us [41] 
and others [42] in Drosophila have shown that knockout of Drosophila 
α-catenin homologue protein often induces lethality. Supporting 
these observations, Sarpal and colleagues reported that Drosophila 
α-catenin null embryos cannot properly develop, leading to embry
onic death [42]. This is consistent with an important role for αE-cat
enin in embryonic development, and pinpoints towards its 
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importance to maintain cultures of stable hiPSC lines. One limita

tion of this study is the direct consequence of the essential role of 

CTNNA1 gene in mammalian cells. Although clone #8 presents the 

desired alteration in this study, with the severe impaired viability 

observed in this clone, no further analysis regarding RNA and pro

tein were possible to perform.
Ultimately, with this study, we report an efficient method to 

obtain a precise genetic editing using HDR-mediated CRISPR/Cas9 

in hiPSCs. The karyotyping protocol herein described is also an 

easy-to-implement, affordable protocol specifically tailored for the 

characterization of hiPSCs. This protocol offers researchers a 

streamlined and accessible alternative to outsourcing karyotyping 

to external companies, thus reducing dependency on third-party 

services and associated costs. By enabling in-lab assessment, this 

method empowers researchers to directly verify the genomic stabil

ity of their hiPSC lines, ensuring that the cells meet essential quality 

control standards for downstream applications. Due to its simplic

ity, our strategy can be further applied to different genes and differ

ent cell lines, including hard to edit cell lines.
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