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Abstract

Pluripotent stem cell (PSC) cultures form an integral part of biomedical and medical research due to their capacity to rapidly
proliferate and differentiate into hundreds of highly specialized cell types. This makes them a highly useful tool in explor-
ing human physiology and disease. Genomic editing of PSC cultures is an essential method of attaining answers to basic
physiological functions, developing in vitro models of human disease, and exploring potential therapeutic strategies and the
identification of drug targets. Achieving reliable and efficient genomic editing is an important aspect of using large-scale
PSC cultures. The CRISPR/Cas9 genomic editing tool has facilitated highly efficient gene knockout, gene correction, or gene
modifications through the design and use of single-guide RNAs which are delivered to the target DNA via Cas9. CRISPR/
Cas9 modification of PSCs has furthered the understanding of basic physiology and has been utilized to develop in vitro
disease models, to test therapeutic strategies, and to facilitate regenerative or tissue repair approaches. In this review, we
discuss the benefits of the CRISPR/Cas9 system in large-scale PSC cultures.

Introduction

Stem cells can be found in embryonic organisms, such as
humans and other mammals. These cells have the capacity
to differentiate into more than 200 different and specialized
cell types (Reubinoff et al. 2000; Takahashi and Yamanaka
2006). In vivo, stem cells are utilized by the organism to
repair damage and to maintain homeostasis (Zhang et al.
2017). Furthermore, these cells can be isolated and pluripo-
tent stem cell (PSC) cultures can be generated (McKee and
Chaudhry 2017). Cultures of human pluripotent stem cells
(hPSCs) can be generated from: (1) the controversial human
embryonic stem cells (hESCs), which are derived from pre-
implantation blastocysts; and (2) the rather less controver-
sial induced pluripotent stem cells (hiPSCs) that are derived
from adult sources, such as a tissue sample collected via
biopsy and genetically induced into an embryonic-like state
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(Thomson et al. 1998; Takahashi and Yamanaka 2006). Cul-
tures of PSCs can also be generated from other sources, such
as rodents or fish; however, human-derived PSC cultures
are the most beneficial for understanding human physiol-
ogy and disease. Once a line of cultured pluripotent stem
cells has been established, these cells can be maintained in
culture for a very long or an indefinite period (McKee and
Chaudhry 2017). These PSCs can readily proliferate and
easily accommodate the generation of large-scale cultures,
without losing the morphological or physiological integrity
of the cells (Sterneckert et al. 2014).

The large-scale culture of hPSCs has become a popu-
lar and valuable tool in medical and biomedical research.
PSC cultures have been widely utilized to answer questions
related to normal physiology, such as exploring signaling
and trafficking pathways, regulatory mechanisms, and nor-
mal homeostatic functions (Chen et al. 2015; Zhang et al.
2017). Through genomic editing, these PSC cell lines facili-
tate: (1) the development of in vitro disease models, which
allows the large-scale study of disease development, pro-
gression, and disease-specific mutations (Daley 2012; Chen
et al. 2014; Liu and Deng 2016); (2) drug screening, iden-
tification of potential drug targets, and other pharmacologi-
cal interventions (Engle and Puppala 2013; Mohamed et al.
2019); (3) the development of regenerative medicine and
other cell-based therapies (Mandal et al. 2014; Liu and Deng
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2016); and (4) the enhanced understanding of the physi-
ological roles of specific proteins in cell function (Mandegar
etal. 2016; Wang et al. 2017).

As PSC culture has become more accessible and integral
to medical research, tools were developed to facilitate more
efficient genomic editing, encompassing gene knockout,
gene knock-in, and controlled gene expression. Genomic
editing tools possess the potential to aid the treatment of
diseases with a genomic basis, such as cystic fibrosis and
diabetes (Ding et al. 2013a; Ormond et al. 2017). The two
categories of gene therapies include germline therapy (tar-
gets reproductive cells) and somatic therapy (targets non-
reproductive cells). Germline therapy could prevent the
inheritance of diseases, while somatic therapy could slow
or reverse the disease processes. Genomic editing tools have
included zinc finger nucleases (ZFNs), transcription acti-
vator-like effector nucleases (TALENs), RNA interference
(RNAI), and, most recently, clustered regularly interspaced
short palindromic repeats (CRISPR) and CRISPR-associated
protein 9 (Cas9) also known as CRISPR/Cas9 (Cox et al.
2015). Each of these tools has enabled significant progress
in medical research, but CRISPR, in particular, has been
integral in expanding the scope of genomic modifications
in PSC research with its ease of facilitating the generation
of large-scale studies (Doudna and Charpentier 2014; Ding
et al. 2013b). This review will explore how CRISPR/Cas
genomic modification in large-scale PSC cultures has facili-
tated the progress of in-depth functional studies with respect
to disease pathogenesis, drug targeting, and other therapeutic
strategies.

CRISPR/Cas: an overview

Since its introduction to the scientific community, CRISPR/
Cas has become an integral part of many facets of scientific
research, revolutionizing both in vitro and in vivo genomic
editing. CRISPR was originally identified in bacteria and
archaea, and forms part of the prokaryotic adaptive immune
system, where some have described its function as similar
to that of RNA interference (Makarova et al. 2006; Bar-
rangou 2015a). The CRISPR immune system targets and
genomically modifies foreign species, such as viruses,
offering the host organism protection (Barrangou and
Doudna 2016). The process of how the CRISPR immune
system functions has been widely described (Jinek et al.
2013; Barrangou 2015b; Rath et al. 2015; Hryhorowicz
et al. 2017); CRISPR facilitates the uptake of foreign DNA
which results in the formation of CRISPR-RNA (crRNA).
This crRNA then forms a guide RNA (gRNA), which fur-
ther guides a recruited CRISPR-associated protein (Cas)
towards the target foreign DNA sequence. Following the
identification of the complementary sequence, the Cas
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endonuclease introduces double-strand breaks into the target
DNA sequence, enabling its cleavage (Garneau et al. 2010;
Gasiunas et al. 2012; Brouns et al. 2018). Of these systems,
the type II CRISPR/Cas9 system found in Streptococcus
pyogenes is perhaps the best known. Through adaptation,
it gave rise to the now widely used CRISPR/Cas9 genome
editing system, which channeled the gene editing efficacy
of the prokaryotic CRISPR system for use in eukaryotic
genomic editing (Mojica et al. 2009; Mojica and Montoliu
2016; Tadi¢ et al. 2019).

Through simplification of the original type II system, the
CRISPR/Cas9 technology facilitates genomic editing via a
single-guide RNA (gRNA) which can be adjusted to target
any desired DNA locus (Makarova et al. 2011; Barrangou
2015b) (Fig. 1). This gRNA guides the Cas9 endonuclease
to the target sequence, which is identified by the protospacer
adjacent motif (PAM). The PAM is recognized by a con-
served sequence flanking the target sequence (Mojica et al.
2009; Vercoe et al. 2013; Anders et al. 2014). Once bound
to the PAM, Cas 9 searches for the complementary DNA,
which is identified by the first 10—12 base pairs of the gRNA
(Anders et al. 2014; Barrangou and Doudna 2016). The Cas9
and gRNA then insert double-strand breaks into the DNA to
cleave or insert DNA sequence at the target location (Gar-
neau et al. 2010; Anderson et al. 2015).

For many biomedical/medical researchers, including
those working with PSCs, one of the major virtues of the
CRISPR/Cas9 system is its ease of use. The CRISPR/Cas9
process is dependent on DNA and RNA recognition, so, for
each new desired target DNA loci, only the gRNA needs
to be redesigned. This process has been made considerably
easier by the emergence of user-friendly gRNA design tools
(Brazelton et al. 2015; Mohr et al. 2016; Cao et al. 2016).
With a well-designed gRNA, the CRISPR/Cas9 tool has
been shown to facilitate low levels of off-target specific-
ity and relatively high editing specificity (Mali et al. 2013;
Anderson et al. 2015; Hendel et al. 2015). Within PSC-based
research, CRISPR/Cas9 is being widely utilized to enable
genomic modifications, such as gene knock-in, gene knock-
out, and mutation of DNA in large-scale cultures, facilitating
key areas of PSC research interests like basic physiology,
disease modeling, and drug screening.

CRISPR/Cas9 predecessors

The need to facilitate genomic editing has been an essential
aspect of biomedical and medical research since well before
the inception of the CRISPR/Cas9 system. The desired traits
of a genomic editing system are high target specificity, ease
of use, and efficiency. When utilized in a PSC culture, the
genetically modified PSCs must be readily incorporated into
large-scale cultures, to facilitate studies exploring specific
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Fig. 1 A simplified schematic
of the CRISPR/Cas9 genomic
editing system. Guide RNA
(gRNA) guides a recruited Cas9
endonuclease to the target DNA
sequence in genomic DNA.
Cas9 then introduces double-

strand breaks into the target l
DNA sequence, facilitating

binding of the gRNA. Once

bound, the gRNA either cleaves +
or modifies the target DNA

sequence
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protein function, creating disease models and identification
of potential drug targets, among others. To accommodate
these needs, various genomic editing methods have been
utilized in PSC-based research. The most prominent of these
methods include ZFNs and TALENS.

Zinc finger nucleases (ZFNs)

One of the earliest wide-spread genomic editing tools was
ZFNs, which were first demonstrated in 1996. Commercially
available ZFNs are essentially restriction enzymes which
were designed to target DNA sequences of interest. This
genomic editing tool is comprised of a zinc finger DNA-
binding domain fused with a DNA-cleavage domain (Kim
et al. 1996; Carroll 2011). Similar to the CRISPR/Cas9
system, the ZFN system is derived from a naturally occur-
ring source. In the case of ZFNs, this is the natural type IIS
restriction enzyme FOKI (Li et al. 1992; Kim and Chan-
drasegaran 1994). Similar to CRISPR/Cas9, ZFN-mediated
genomic editing recognizes a predetermined DNA sequence.
However, unlike CRISPR/Cas9, ZFNs target a sequence of
DNA triplets. As each ZFN can recognize 3-6 nucleotide
triplets, most ZFN systems employ two or more zinc fingers
to improve target DNA recognition and to reduce off-target
activity (Smith 2000; Miller et al. 2007; Maeder et al. 2008;
Doyon et al. 2010). Upon binding to their target sequence,
ZFNs cleave the target DNA and lead to genomic modifi-
cation as a result of endogenous DNA repair (Urnov et al.
2010; Carroll 2011). Unlike CRISPR/Cas9, the generation of

ZFNs to modify target DNA is not quite as simple as design-
ing a new gRNA. Furthermore, ZFNs do not have as high a
degree of accuracy as the CRISPR/Cas9 system (Cornu et al.
2008; Ramirez et al. 2008). However, ZFNs have widely and
successfully been utilized in the genomic editing of PSCs
for disease modeling and for therapeutic purposes, and are
still a popular and reliable method for genomic modifications
(Merkert and Martin 2016; Gutierrez-Guerrero et al. 2018;
Huang et al. 2018).

Transcription activator-like effector nucleases
(TALENS)

TALENSs were the next breakthrough in genomic editing,
following ZFNs, and the two tools apply some of the same
approaches. Genome editing technique using TALENs was
first published in 2010 (Christian et al. 2010). Both TAL-
ENs and ZFNs are dependent upon a mechanism of protein-
DNA recognition, whereas CRISPR/Cas9 utilizes a system
of RNA-DNA recognition (Joung and Sander 2013). Like
ZFNs, TALENSs are engineered restriction enzymes that
incorporate a DNA-binding domain and a DNA-cleavage
domain. They differ primarily in that ZFNs employ a zinc
finger-fused DNA-binding domain, whereas TALENSs use a
transcription activator-like effector (TALE) DNA-binding
domain (Joung and Sander 2013). TALENSs can be engi-
neered to target any DNA sequence of interest and following
transfection into the cell (including PSCs), TALENSs like
CRISPR/Cas9 introduce double-strand breaks into the target
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DNA sequence, and the modified sequence introduced as a
result of endogenous DNA repair. TALENS are considered to
be more user-friendly than ZFNs and have a greater degree
of specificity, while still being less effective than CRISPR/
Cas9 (Hockemeyer et al. 2011; Reyon et al. 2013; Ding et al.
2013a, b). Like ZFNs and CRISPR/Cas9, TALENS remain a
powerful tool in genomic editing and have successfully been
utilized in PSC culture (Suzuki et al. 2016; Nii et al. 2016;
Nakano et al. 2019).

CRISPR/Cas9: functional use in large-scale
PSC cultures

The ability to accurately and reliably model disease is a fun-
damental cornerstone of biomedical and medical research.
Disease modeling is essential to effectively identify disease-
specific mutations, to explore disease-related physiology and
pathogenesis as well as to ultimately develop therapeutic
strategies. The most commonly used methods to model
disease include transgenic animal models, often rodents
such as rats and mice, or various cell lines. While each of
these modeling approaches has aided the understanding of
human disease, they are inherently flawed. In the case of
cell line-based disease modeling, the cell lines are useful in
providing insights into specific proteins, receptors, muta-
tions, or overall changes with respect to cell survival and
general function, protein signaling, and trafficking (Stern-
eckert et al. 2014; Trounson and McDonald 2015; Zhang
et al. 2017). However, these cell lines are often not physi-
ologically relevant in terms of source or cell type, meaning
that the effects observed do not reliably translate to human
disease. Furthermore, they often fail to effectively reproduce
the disease microenvironment or genotype; hence, they lose
the overall complexity of the disease being studied (Stern-
eckert et al. 2014).

Transgenic animal models enable an in vivo or organ-
ism-wide study of disease. They facilitate the replication
of an organism-wide phenotype and microenvironment,
and enable the study of disease pathogenesis and pheno-
type. However, these transgenic animal models are severely
limited in their scope. For many diseases, the precise cause
is unknown, so these models are generated based on limited
information mimicking disease-like traits rather than the
condition itself. In other models, the mutations expressed
are typically limited to familial disease variants, even when
the disease of interest is primarily sporadic in humans
(Vandamme 2014). Additionally, the physiology of trans-
genic models is usually significantly different than that of a
human, drawing into question the reliability of these models
(Vandamme 2014).

The inefficiency of these transgenic animal disease mod-
els is particularly obvious when looking at clinical trial
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outcomes. Many of the treatments entering clinical trials
show remarkable promise in in vivo disease models, often
ameliorating or eliminating disease-related pathology.
However, most of these treatments fail their clinical trials
(Wong et al. 2019). This significant failure highlights the
need for a more reliable and physiologically relevant means
of modeling human diseases. Ideologically, the optimal
way to understand human disease is, of course, to study it
in humans. However, the capacity for conducting human
in vivo studies is extremely limited due to ethical considera-
tions. While human data can be obtained, this is often from
non-invasive measures, or collection of treatment-related
samples, which is incredibly valuable. Access to primary
cell cultures generated from patient samples is also of use;
however, these samples are often limited in terms of avail-
ability and sample size (Sterneckert et al. 2014). This limited
sample availability places limitations on the scope of the
research that can be performed. To facilitate the large-scale
research needed to explore and treat human disease, PSCs
have become an integral tool in disease modeling.
PSC-derived disease models have been generated for a
wide range of diseases, including neurological, cancers,
and hepatic and cardiac diseases, among others. These dis-
ease models can be generated using either PSCs derived
from healthy sources such as embryonic stem cells (ESCs)
or healthy adult sources, or they can be collected from the
patients themselves, to readily access a specific disease phe-
notype. The CRISPR/Cas9 system has garnered wide-spread
popularity both in the creation of isogenic disease models
using healthy PSC sources, as well as in the testing and iden-
tification of potential therapeutic strategies within patient-
derived PSC cultures. Some of the studies utilizing CRISPR/
Cas9 in PSC-based research are summarized in Table 1.

Generation of PSC-derived isogenic disease models

The capacity to rapidly proliferate yielding large-scale cul-
tures and their ability to differentiate into many cell types
makes PSCs ideal tools for modeling human disease. As
the popularity of the CRISPR/Cas9 genomic editing sys-
tem grew, the availability of tools to more efficiently design
gRNAs also expanded (Brazelton et al. 2015; Mohr et al.
2016; Cao et al. 2016). Through these tools, gRNAs can
be more rapidly designed and generated. With the ability
to generate more accurate gRNAs, CRISPR/Cas9 has been
found to modify target gene sequences with approximately
80% target efficiency (Ding et al. 2013b). CRISPR/Cas9-
modified, PSC-derived isogenic disease models can be pro-
duced in as little as 2 weeks, and of those that have been
developed, CRISPR/Cas9 and other related CRISPR tech-
nologies have been used to effectively knockout sequences,
knock-in DNA, and to insert a variety of mutations, such
as point or missense mutations to disrupt normal processes
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Table 1 Examples of studies utilizing CRISPR/Cas9 in pluripotent stem cell (PSC)-based research

Cell type Study type/condition CRISPR/modification Outcomes References
ESC Basic biology Inactivation/Depletion of Mettl3 Impaired differentiation Batista et al. (2014)
hESC, iPSC Basic biology Knock-in of FRT sequences Develop inducible gene knockout ~ Chen et al. (2015)
model
ESC Basic biology Knockout of p53 family proteins Demonstrated role of p53 family Wang et al. (2017)
proteins in regulation and PSC
differentiation
HSPC Basic biology Ablation of CCRS Efficient ablation with potential for Mandal et al. (2014)
hematopoietic cell-based therapy
iPSC Basic biology Gene silencing for genomic screen- Generation of a system for con- Mandegar et al. (2016)
ing ducting genomic screens
iPSC Basic biology Knockout of CHIP Generation of CHIP knock out Schuster et al. (2019)
model useful in studying neuro-
degeneration
PSC Basic biology Genomic wide knockout Demonstrated potential of Shalem et al. (2014)
CRISPR/Cas9 to perform
genomic screens
iPSC Alzheimer’s disease Cleavage of APP C-terminus Proof of concept for development ~ Sun et al. (2019)
of APP silencing treatments
iPSC Cockayne syndrome Gene correction of ERCC6 Demonstrated potential replace- Wang et al. (2019)
ment therapy
iPSC RyR2 pathologies Introduction of point mutations in  Facilitated mechanistic analysis Wei et al. (2018)
hiPSCs and demonstrated potential thera-
peutic strategies
hPSC FOXGI syndrome Dose control of FOXG1 Demonstrated the potential of dose Zhu et al. (2019)
control as a therapeutic strategy
iPSC Retinitis pigmentosa Introduce missense mutation in Generation of retinitis pigmentosa  Foltz et al. (2018)
PRPF8 disease model
hPSCs/organoids Polycystic kidney disease Knockout of podocalyxin Generation of polycystic kidney Freedman et al. (2015)
disease model
iPSCs Lung diseases caused by ~ Gene correction SFTPB!2!ins2 Generation of AEC2 dysfunction  Jacob et al. (2017)
AEC2 dysfunction mutation model and regeneration potential
Organoid Serrated colorectal cancer Introduce modifications of serrated ~Generation of serrated colorectal Lannagan et al. (2019)
colorectal cancer cancer disease model
MSC Parkinson’s disease Induction of RAGE secreting cells  Generation of potential therapy Lee et al. (2019)

(Table 1). These CRISPR/Cas9 PSC-derived isogenic mod-
els are then scaled up and differentiated into appropriate cell
types or organoid cultures. One of the appeals of isogenic
disease modeling is that these models lack the genetic varia-
bility of a patient-derived culture; hence, the gene of interest
can be effectively studied without other confounding vari-
ables. Due to the high target specificity of the CRISPR/Cas9
system, the rest of the cell’s genetic background remains
intact (Ran et al. 2013). Furthermore, the PSCs’ capacity to
rapidly proliferate and differentiate remains unaffected by
the CRISPR/Cas9 genomic modification (Ran et al. 2013;
Zhang et al. 2017).

A number of groups have successfully utilized the
CRISPR/Cas9 system to generate isogenic disease models.
For instance, to model polycystic kidney disease, human
PSCs were cultured to generate organoids. CRISPR/Cas9
was then incorporated to knockout polycystic kidney disease
genes 1 and 2 inducing the formation of cysts (Freedman

et al. 2015). To model aging and disease in vascular tissue,
CRISPR/Cas9 was used to edit the expression of hypoxia-
inducible factor 1o in human inducible PSCs (iPSCs), dem-
onstrating its importance in disease and aging (Acun and
Zorlutuna 2019). To model serrated colorectal cancer, orga-
noid cultures were subjected to sequential CRISPR/Cas9-
induced modifications associated with the disease and stem
cell regulation. These modifications generated an adenocar-
cinoma model with a serrated colorectal cancer phenotype
(Lannagan et al. 2019).

Perhaps, a more obvious strategy for modeling human
disease in PSCs is to use PSCs derived from patient samples.
Cultures generated from patient samples yield PSC-derived
disease models which fully replicate the patient-specific
genotype (Motta et al. 2017; Liu et al. 2019; Mohamed et al.
2019). These PSC-derived disease models are extremely use-
ful in understanding the disease profile of a specific patient.
However, their innate variability can make them unsuitable
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for the broad study of a specific disease phenotype, and vari-
ability between PSC cultures from different patients is often
observed (Mohamed et al. 2019). However, when utilized
alongside CRISPR/Cas9-generated isogenic PSCs, they can
provide insights into the causes of these variations. They
can also be used to provide validation for CRISPR/Cas9-
modified PSC-derived isogenic models. In a study explor-
ing type 2 ryanodine receptor (RyR2) pathologies, CRISPR/
Cas9 was used to induce point mutations in RyR2 human
iPSCs, which were then differentiated into cardiomyocytes.
When compared to patient-derived cells, the CRISPR/Cas9-
modified isogenic PSC model had a comparable phenotype,
thus validating the potential of the model (Wei et al. 2018).

CRISPR/Cas9-mediated gene correction
in patient-derived PSC disease models

The concept of correcting disease-specific gene defects is
an appealing one and CRISPR/Cas9 has the capacity to be
utilized in an organism-wide scale. However, to ensure the
potential of such an approach, the delivery of CRISPR/Cas9-
mediated gene corrections in patient-derived PSC disease
models provides much-needed insights into the potential of
this approach on a large-scale in vitro. Through the design
and development of gRNAs, CRISPR/Cas9 effectively
breaks the DNA sequence near the target site and replaces
the diseased DNA sequence with a corrected one (Zhang
et al. 2014; Schmidt and Grimm 2015). The dysfunction of
pulmonary alveolar epithelial type 2 cells (AEC2) is com-
mon in various types of lung disease. CRISPR/Cas9 was
used to correct mutant genes in patient-specific PSC-derived
AEC2 cells and was found to normalize AEC2 processing
(Jacob et al. 2017). In umbilical cord blood-derived mes-
enchymal stem cells, CRISPR/Cas9 was used to edit solu-
ble receptor for advanced glycation end products (SRAGE)
secretions. The modified stem cells were then transplanted
into a Parkinson’s disease model, where they were shown
to reduce neuronal loss (Lee et al. 2019). Similarly, in a
patient-derived PSC model of retinitis pigmentosa, a com-
mon form of inherited blindness, CRISPR/Cas9, was used
to correct missense mutations in genes associated with the
condition. Following CRISPR/Cas9 correction, the cor-
rected iPSCs were found to have a near normal phenotype
(Foltz et al. 2018).

CRISPR/Cas9-modified PSCs can also provide invalu-
able insights into a disease-specific target gene as a poten-
tial therapeutic strategy. The potential for patient-derived
PSC disease models and CRISPR/Cas9 to develop more
personalized therapeutic approaches is particularly excit-
ing as the response of the patient-derived disease model
to the CRISPR/Cas9 modification will be specific to each
patient’s unique genotype. CRISPR/Cas9-mediated gene
correction of the CSB/ERCC6 gene in Cockayne Syndrome,
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using patient-derived iPSCs, showed rescue of premature
aging (Wang et al. 2019). In a study exploring the FOXGl1
syndrome, CRISPR/Cas9 and small molecule-assisted shut-
off (SMASh) technologies were incorporated in hPSCs to
facilitate dose control of FOXG1. Regulation of FOXG1 was
shown to influence cellular phenotype and demonstrated the
potential of CRISPR/Cas9 as a tool for protein regulation in
FOXG1 syndrome and other similar conditions (Zhu et al.
2019). CRISPR/Cas9-mediated cleavage of the C-terminus
of APP in human iPSC-derived neurons revealed no effect
of neuronal physiology, while attenuating beta-amyloid pro-
duction (Sun et al. 2019), providing useful insights for the
potential treatment of Alzheimer’s disease.

Facilitation of PSC-mediated regenerative therapies
and tissue repair

The rapid proliferative potential and capacity to differentiate
into a multitude of specialized cell types make PSCs an ideal
candidate for regenerative and/or replacement therapeutic
strategies. When any kind of transplantation or regenera-
tive approach is incorporated in vivo, the risk of the recipi-
ent rejecting the transplanted cells is significant (Morizane
et al. 2013; Sohn et al. 2015; Zhang et al. 2017). Thus, using
patient-derived PSCs may aid in the success of regenera-
tive approaches. CRISPR/Cas9 has simplified and extended
the scope of these approaches. In the case of regenerative
therapies or tissue repair, CRISPR/Cas9 can be utilized
to edit target DNA to stimulate transcription of necessary
genes and/or stimulate PSC differentiation into the needed
cell type (Chen et al. 2014; McKee and Chaudhry 2017). In
one such approach, CRISPR/Cas9 was employed to target
the promoter of ectodysplasin to induce the differentiation
of mesenchymal stem cells into sweat gland-like cells (Sun
et al. 2018). These CRISPR/Cas9-modified cells were found
to differentiate into sweat gland-like cells. Upon transplan-
tation into an animal model of deep burn injury, the sweat
gland-like cells were capable of inducing perspiration (Sun
et al. 2018), highlighting the potential for CRISPR/Cas9 in
regenerative therapies.

Conclusions

To effectively understand normal and disease pathophysiol-
ogy, PSC cultures provide an invaluable tool. Through their
ability to rapidly proliferate, PSC cultures can be efficiently
scaled up to generate the large-scale cultures needed to facil-
itate in-depth study of a target protein or DNA sequence. The
integrity of PSC culture genotype and proliferative capacity
is essential to their usefulness as an in vitro disease model.
CRISPR/Cas9 has been shown to provide reliable (80%
accuracy) and efficient genomic editing which preserves the
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integrity of PSC culture and CRISPR/Cas9-modified PSC
cultures can be rapidly scaled up to study the gene of inter-
est. Since its release, CRISPR/Cas9 has been widely utilized
in PSC-based research to advance the understanding of basic
physiology, generate disease models, and provide insights
into various therapeutic strategies. However, germline cell
and embryo genomic editing using CRISPR/Cas9 pose a
number of ethical hurdles, since they might be exploited for
genetic enhancement of non-medically relevant human traits,
such as athletic ability, intelligence, or height. Apart from
ethical issues, there are still significant technical obstacles
that prevent CRISPR/Cas9 from entering the clinic. There
is need to evaluate its safety aspects for human trials and to
achieve effective targeted delivery to the target cells in vivo.
The risks of off-target or unwanted edits are still unknown.
Another challenge for gene therapy is that there is still
much to learn about the role of genes in most diseases. As
CRISPR/Cas9 becomes more understood, advancements can
be made with respect to improving target accuracy, meaning
that these in vitro PSC studies have the capacity to be eas-
ily translated to in vivo preclinical and clinical studies and
potentially improve the low clinical trial success rate that
dominates today’s research.
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