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Abstract: The identification and characterization of stem cells, especially human embryonic stem cells,
has revolutionized the field of developmental biology by providing an in vitro system to study human
development. In addition, reprogramming adult cells from patients into an embryonic stem cell-like state
using induced pluripotent stem cell (iPSC) technology can potentially generate an unlimited source of
human tissue carrying genetic mutations that caused or facilitated disease development, providing
unprecedented possibilities to model human disease in the culture dish. To do this, however, efficient
differentiation methods to direct iPSCs through multiple progenitor stages to yield homogeneous
populations of somatic cells must be established. Furthermore, disease modeling using iPSCs requires
proper controls for this “disease-in-a-dish” approach. Therefore, methods to efficiently engineer the
genome of IPSCs to correct the mutations become vital in stem cell research. Here we reviewed the
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iPSC generation techniques and several genome-editing tools, such as TALENs and CRISPR-Cas9, for
performing iPSC gene knock-in and knockout. We also present several efficient stem cell directed
differentiation methods for converting iPSCs to neural, hematopoietic, cardiac, and pancreatic lineages.
Together, this knowledge will provide insight into design principles for disease modeling using iPSCs
and stem cell-based therapies.
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1. Introduction

The contemporaneous generation of human induced pluripotent stem cells (iPSCs) by the
Yamanaka and Thomson groups has revolutionized the stem cell research field and provided new
avenues of research, as well as renewed focus on the development of cell therapies and disease
models [1,2]. The emergence of iPSC technology has provided a renewable stem cell source free of the
controversy surrounding human embryonic stem cells (hESCs) and introduced the concept of cellular
reprogramming, highlighting cell state plasticity. Additionally, this technology has provided an
unprecedented opportunity to study human development, model genetic diseases, and develop
therapeutics for the treatment of a variety of disease conditions, in particular degenerative disorders.

The loss of cell function or cell death occurring in a cell type unable to self-regenerate presents a
challenge in the development of therapeutics for degenerative diseases, such as Parkinson’s, heart failure,
or type Il diabetes. Cellular reprogramming and directed differentiation techniques are crucial to the
development of cell-based therapies for degenerative diseases. This is due to the lack of a cell source for
many difficult to obtain cells, such as neurons, cardiomyocytes, or beta cells, that are often the cells
affected by loss of function or cell death in degenerative disease. Cellular reprogramming strategies
carry great potential towards in situ patient application of therapeutic discoveries from
disease modeling.

Directed differentiation strategies provide a means to generate these cells for creating disease
models and studying healthy and diseased cell function in vitro and in vivo. A detailed understanding of
the factors involved in directing cell fate as well as the identification of reliable markers of a specific
cell type are crucial milestones to be met for cell based therapies and clinical translation. Using directed
differentiation, it is possible to generate a patient derived somatic cell source to better explore
therapeutic options and personalized medicine through disease modeling. Advances in the field of
genetic engineering, including zinc finger nucleases, TALENs and CRISPR/Cas9, have aided the
elucidation of differentiation pathways and markers of multi-potent and committed progenitors. This
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technology has also provided the ability to recapitulate diseased or healthy genotypes in same cellular
context lending unprecedented experimental control in the generation of disease models.

In this review, we will discuss the generation of iPSCs and progress on differentiation and
reprogramming strategies for cell types from each of the germ layers in the context of developing cell
based therapies. We will also review recent advances in genetic engineering strategies and prominent
examples of application to disease modeling and the development of cell based therapies.

2. Differentiation Strategies

Ideal differentiation strategies for clinical applications are fully defined and highly efficient.
Successful development of these methods is commonly achieved through careful study and mimicry of
human or model animal development. Initially, a strategy often relies on the use of animal serum,
co-culture, or conditioned medias and/or growth factors; however, over time the protocol is refined to
define all factors used and increase efficiency. The establishment of markers for progenitor cell types,
lineage commitment, and terminally differentiated cell types are crucial in evaluating the success and
efficiency of a differentiation protocol.

2.1.  Induced Pluripotent Stem Cells (iPSCs)

Derivation and differentiation of hESCs has offered great hope for regenerative medicine, disease
modeling, drug discovery, and development biology. Nonetheless, application of hESCs has been faced
with several issues. First, hESCs are derived from the inner cell mass of a human blastocyst [3], an
early-stage preimplantation embryo, which sparks ethical controversy. In addition, it is technically
challenging to derive patient-specific hESCs, and therefore transplantation with hESC-derived somatic
cells can lead to immune rejection.

Generation of iPSCs from human somatic cells bypasses the utilization of human embryos; this
partially resolves the problems above and holds promise for deriving patient-specific iPSCs. Derived
iPSCs have similar morphology to hESCs with round shape, a large nucleolus, and scant cytoplasm, and
they form sharp-edged, flat, tightly packed colonies. Moreover, iPSCs express similar genes to hESCs,
like Oct-3/4, Sox2, Nanog, GDF3, REX1, FGF4, ESG1, DPPA2, DPPA4, and hTERT, and also have the
potential to differentiate into all somatic cell types in the body, such as hepatocytes, pancreatic B cells
(endoderm), chondrocyte, muscle cells (mesoderm) and nerve cells (ectoderm).

iPSC generation was first reported by the Shinya Yamanaka group using retroviral transduction
of Oct4, Sox2, KIf4, and c-myc into mouse embryonic fibroblasts or tail-tip fibroblasts, which were
engineered to survive drug selection determined by the expression of pluripotent marker Fbx15 [4].
Ultimately, 0.02% of cells were successfully reprogramed, and no viable chimeras were produced
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after injecting generated cells into developing mouse embryos [4]. The second generation of mouse
iPSCs was reported by using the same set of reprograming factors but with Nanog or Oct4 instead of
Fbx15 as reporter genes for pluripotency. The researchers generated 0.05-0.08% iPSCs
indistinguishable from mESCs as well as viable chimera mice, which is considered to be the ‘gold
standard’ for pluripotency [5-7].

In November 2007, the Yamanaka group and the Thomson group independently reported the first
generation of human iPSCs, marking another dramatic advance in the field of stem cell
research [1,2]. The Yamanaka group used the same four reprogramming factors with a retroviral system
leading to a final reprogramming efficiency of 0.02%. Considering c-myc, a proto-oncogene, caused cell
death and differentiation of hESCs [8], the Thomson group used a different set of transcription factors:
Oct4, Sox2, Nanog, and Lin28 in a lentiviral system, resulting in an efficiency of 0.03-0.05% for fetal
fibroblasts and 0.01% for newborn fibroblasts.

Due to concerns about genomic insertion during iPSC generation, other non-integrating vehicles
like adenovirus or sendai virus as well as other nonviral reprogramming methods, such as mRNA or
miRNA transfection, minicircle vectors, episomal plasmids, the PiggyBac transposon system, or direct
protein delivery, are under consideration for footprint-free reprogramming. However, these
non-integrating methods often come with a trade-off with lower efficiency [9]. For instance, even with
daily transfections, loss of the episomal vectors at a rate of 5% per generation leads to a reprogramming
efficiency as low as 0.03%. In contrast, mMRNA transfection has reached a slightly higher efficiency up
to 4.4%, but only limited to transfections in human fibroblasts. Also, 2-week continuous transfections of
MRNA make this approach rather labor-intensive and expensive.

2.2. Motor Neurons

Three general stages can be identified in the differentiation process from human pluripotent stem
cells (hPSCs) to motor neurons (MN): neural induction, MN generation, and MN maturation [10]. First,
neural induction is a phase when neural progenitors are specified from hPSCs, in the form of a neural
rosette (2D) or embryoid body formation (3D). This phase is initiated by inhibiting both bone
morphogen protein (BMP) and TGF-B signaling, usually with recombinant protein Noggin or small
molecule Dorsomorphin as BMP inhibitors. MN progenitors can be characterized by expression of
markers like Olig2, Pax6, Nestin, Isletl/2, and NKX6.1. Du et al. proposed the application of WNT
agonist, CHIR99021, during MN progenitor differentiation, which was an efficient way to caudalize
neural progenitors and reduced co-expression of Olig2 and Nkx2.2. Combination of CHIR, SB431542
(SB, inhibitor of Activin-Nodal signaling), and DMHL1 (inhibitor of BMP signaling) leads to chemically
defined generation of homogenous caudal neuroepithelial progenitors from hPSCs [11].

The next stage in MN generation has been primarily manipulated by retinoic acid (RA) signaling,
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which induces neutralization and caudalization, and Sonic hedgehog (Shh), which directs ventralization
of spinal neural progenitor cells; this strategy derives from work by Wichterle and colleagues who first
utilized RA and Shh for MN differentiation with mouse embryonic stem cells (mESCs) in 2002 [12].
Purmorphamine is used to stimulate the Shh pathway, and RA is added for RA signaling. After this
stage, MN progenitors will further differentiate with expression of Hb9, ChAT, Isletl and pan-neural
marker BIII-tubulin.

Mature, functional motor neurons share two physiological characteristics: spike frequency
adaptation and rebound action potential firing [13]. To gain highly enriched functional motor neuronal
populations, RA and Shh are supplemented with B27, cAMP, heparin, brain-derived neurotrophic factor
(BDNF), and ascorbic acid. Construction of Olig2 or Hb9 knock-in reporters is also used to target and
purify MN progenitors or mature MNs. Furthermore, NOTCH inhibition was reported to promote MN
maturation and give rise to homogenous mature MNs with up to 90% efficiency [11].

Despite the advances in exploring the neuron development, failure in clinical translation from
preclinical models remains challenging for neurodegenerative diseases. It is crucial to assure
authenticity of cell fate, enrichment and scalability for clinical cell therapy, with a billion cells more
than 95% enriched as an operating standard. However, according to a systematic comparison of the
neural differentiation potential of different hESC and iPSC lines, large variations in conversion
efficiency indicates divergent functional properties of the generated neurons, therefore limiting practical
feasibility [14]. In addition, genome-wide gene expression of different hPSC-derived neurons reveals
their fetal developmental state, leading to query about the ability of these cells to represent their adult
counterparts, which also remains a problem in cardiomyocyte differentiation. Recent studies reported
progerin-induced aging is available for hiPSC-derived neurons, bringing hope to constructing more
adult-like and reliable neurodegenerative models [15]. As another way to further enhance maturation,
neuron-glia co-culture paradigms and complex 3D organoids in combination with biomaterials have also
been applied to simulate in vivo developmental environments and are likely to broaden our
understanding of adult-onset diseases [16].

2.3.  Cardiomyocytes

Several strategies for deriving cardiomyocytes in vitro have been developed since Doetschman et al.
first observed spontaneous differentiation of cardiomyocytes in mouse embryoid bodies in 1985 [17].
Cardiomyocytes are easily characterized by spontaneous contraction; however, several molecular
markers have been established for cells of the cardiac lineage and specifically for myocytes.
Cardiomyocytes derive from the mesodermal germ layer requiring mesodermal specification as a first
step in differentiation, which is commonly confirmed by Brachyury (gene T) expression. Following
mesodermal specification, the emergence of ISL1 expression is known to mark commitment to
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cardiovascular cell lineages giving rise to myocytes, smooth muscle, and endothelial cells [18]. NKX2.5
expression also marks the cardiac progenitor state and continued expression is observed upon
differentiation to the cardiomyocyte cell type [19]. Cardiac specific contractile proteins troponin T(cTnT)
and troponin | (cTnl) can be used to identify all myocytes; however, as the myocytes mature, markers
that indicate the subtype of cardiomyocyte are useful. Ventricular cardiomyocytes are marked by
expression of transcription factor IRX4 and a ventricular typed myosin light chain (MLC2v) [20,21].
Atrial cardiomyocytes are similarly identified by atrial typed myosin light chain (MLC2a), and nodal
cardiomyocytes are often identified by the presence of specific ion channels [22].

Early directed differentiation strategies for deriving cardiomyocytes relied on embryoid body
formation and often resulted in very low efficiencies [23,24]. Laflamme et al. developed a monolayer
differentiation strategy that used Activin A and BMP4 to modulate cell signaling pathways and achieved
about 30% efficiency in deriving cardiomyocytes [25]. This development along with further study help
to elucidate the critical role of canonical Wnt signaling in cardiomyocyte differentiation [26]. A fully
defined protocol using biphasic chemical manipulation of the Wnt/p-catenin was developed by Lian et al.,
and proved to be highly efficient with 98% purity [27-29]. Recent advances have further defined culture
reagents for cardiomyocyte differentiation to be both chemically defined and albumin free [30].

One hurdle that faces clinical application of stem cell derived cardiomyocytes is the subtype
heterogeneity present in the differentiated population. While many protocols preferentially yield more of
one myocyte subtype, for example the protocol by Lian et al. favors ventricular myocytes, uniform
populations are desirable for successful clinical application [27,29]. A study in a porcine model has
shown that heterogeneous populations of cardiomyocytes transplanted into a ventricular myocardial
infarction site will cause ectopic pacemaker activity and arrhythmias [31]. Work is being done to
understand the key regulators in myocyte subtype specification. Early studies show that retinoic acid
signaling may play a role in specifying atrial vs. ventricular myocyte types [30,32]. The ventricular
subtype is of particular interest for the regeneration of heart muscle tissue post infarction or restoration
of healthy heart tissue in heart failure. In order to see these iPSC derived cell types reach their full
potential as therapeutics, consistent homogenous populations must be achieved. Other protocols have
been developed to specifically produce sinoatrial node myocytes [22], with potential applications in
situations of pacemaker dysfunction.

Once subtype specification is better understood, large-scale production of uniform cardiomyocyte
populations remains a challenge facing both clinical application and disease modeling with this cell type.
Cost permissive, defined generation of clinically viable quantities of hPSC-derived stem cells will be an
important milestone to achieving translation of this technology. Further research looking into enhancing
cardiomyocyte and progenitor proliferation could provide an insightful approach to this issue.
Additionally, the time associated with the generation of mature cardiomyocytes of the adult phenotype
limits clinical usefulness. Strategies to enhance cardiomyocyte maturation would be a significant step in
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improving the time required to generate these cells. An alternative approach to this issue that would also
aid in vivo survival of the regenerated tissue is cellular reprogramming. Cellular reprogramming efforts
have emerged showing the successful chemical conversion of fibroblasts to cardiomyocytes; however
efficiencies are very low (less than 8%) and native cardiac fibroblast cell sources have not been used
with this technique [33].

As a result of these challenges, the clinical use of hPSC-derived cardiomyocytes for regenerative
medicine applications is thus far limited. Studies have been conducted in rat and porcine models to
evaluate the therapeutic benefits of stem cell derived cardiomyocytes injected into an infarct zone with
mixed success [25,31]. Patient derived iPSCs from a patient with a genetically linked tachycardia have
been used to demonstrate efficacy in patient specific drug screening [34]. With refinement of techniques
to differentiate and reprogram cells to the cardiomyocyte fate, therapeutic application requires further
study but remains promising.

2.4.  Hematopoietic Cells

One of the biggest challenges facing directed differentiation of hematopoietic lineages, in particular
hematopoietic stem cells (HSCs), is a lack of defining characterizations and maintenance conditions for
this cell state. There are many markers that are used to identify cells committed to the hematopoietic
lineages such as CD31, CD34, CD43, and CD45; however, these markers are often expressed by both
true HSCs and multi-potent progenitor cells, making the identification and isolation of HSCs difficult.
The lack of culture conditions for HSC expansion and challenges associated with obtaining these cells
represent roadblocks to characterizing the human HSC state and identifying reliable human HSC
markers. The development of culture conditions for HSC expansion would not only propel investigation
into the identity of HSCs, but it would dramatically impact clinical implementation of HSC transplant,
increasing the harvested population of an already rare cell type. This could potentially allow the
treatment of more patients from a single donor harvest.

Directed differentiation of HSCs is further complicated by two developmentally distinct stages of
hematopoiesis, primitive and definitive, of which only definitive hematopoiesis gives rise to HSCs with
long-term engraftment potential and the ability to produce both myeloid and lymphoid lineages [35].
When mimicking embryonic development, the two occurrences of hematopoiesis make it difficult to
isolate the true HSC state, especially without specific markers. The HSC state is currently best identified
by its long-term engraftment potential and the ability to regenerate all components of the myeloid and
lymphoid lineages, and as a result, many studies focus on murine models where this is more easily
studied. However the developmental events of hematopoiesis are highly conserved among mammals, so
information gleaned from murine studies may translate to human studies.
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Many hematopoietic differentiations rely heavily on growth factors. The first protocol using
primarily growth factors to generate a CD45+ population of cells was developed by Chadwick et al. and
used a combination of stem cell factor (SCF), Flt-3 ligand, interleukin-3 (IL-3), interleukin-6 (IL-6),
granulocyte colony stimulating factor, and BMP4 [36]. More recently, Woods et al. developed a defined
media for hematopoietic induction, MesoTotal, which relies on a cocktail of growth factors and serum
for embryoid body culture and differentiation to CD34+/CD45+ cells [37]. However this strategy did not
produce cells with long-term engraftment potential, as tested in an NSG mouse model [37]. Some
studies have looked more closely at mimicking the development of the hemogenic endothelium and
aorta-gonad-mesonephros (AGM) as these tissues give rise to HSCs capable of long-term engraftment in
a mouse model. Ng et al. used a combination of chemical and growth factor signals to generate
hematopoietic progenitor cells with similar characteristics to human AGM; however these cells still did
not show long-term engraftment potential demonstrating the potential need for a maturation stage of
differentiation [38].

Another study that mimicked the development of the hemogenic endothelium, produced cells with
lymphoid potential for both T and B lymphocytes [39]. This strategy used a small molecule GSK3
inhibitor CHIR99021 to produce the hemogenic endothelium followed by growth factor treatment and
co-culture with OP9 cells to differentiate both T and B lymphoid cells [39,40]. A recent publication
from the Daley group showed the generation of HSCs using growth factors to generate the hemogenic
endothelium and a lentiviral vector to express seven transcription factors identified by screening. The
progenitor cells obtained were successfully engrafted into both primary and secondary mouse recipients
using a humanized mouse model with myeloid, T-cell, and B-cell production [41]. Further work remains
to better characterize the HSC state and efficiently generate HSCs with both myeloid and lymphoid
potential as well as long-term engraftment ability. While the transplantation of HSCs is a standard of
care for many hematological conditions and malignancies, hPSC-derived HSCs have yet to reach this
potential due to the inability to generate this cell type as of yet. Once these cells are successfully derived,
extensive characterization and significantly improved efficiency will be required to move into
translational studies and disease modeling. Furthermore, the successful derivation of these cell types will
provide an interesting convergence point for the fields of stem cell technology, genome editing,
and immunotherapy.

2.5.  Pancreatic f cells

Differentiation of pancreatic B cells from hPSCs is composed of several stages: definitive
endoderm (marked by SOX17), foregut/midgut, pancreatic endoderm (marked by PDX1), pancreatic
progenitor (marked by PDX1 and NKX6.1), endocrine progenitor, and insulin secreting pancreatic
B cells.
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Early studies of pancreatic development identified important genes and signaling pathways for
pancreatic lineages. In 2001, the Mckay group generated about 31.5% insulin+ cells with mESCs in
24-26 days [42], and in 2005, the Deng group shortened the differentiation to 2 weeks to derive
glucose-regulated, insulin-producing cells from mESCs [43]. D’Amour et al. transplanted
hESC-derived definitive endoderm cells in vivo, which further progress to pancreatic cells [44]. Later,
D’Amour et al. generated endocrine cells from hESCs that were polyhormonal and secreted 7% insulin
using an 11-18 day protocol. The generated cells respond to multiple secretory stimuli, but minimally to
glucose [45]. In 2007, Jiang et al. derived insulin-producing islet-like clusters in a
serum-free system containing 15% human C-peptide positive cells with glucose sensing machinery and
excitation properties. These cells were still polyhormonal with glucagon and somatostatin secretion but
could survive in nude mice and maintain marker expression. After transplantation of these cells in vivo,
30% of the mice exhibited restoration of stable euglycemia [46]. In 2011, Nostro et al. generated up to
25% c-peptide+ cells from hPSCs in 20 days; they reported that inhibition of TGFp signaling is essential
for endocrine lineage commitment, and Wnt signaling enhances endocrine development [47]. In 2014,
based on previous protocols, the Melton group extended the time in culture with the FGF family
member KGF, hedgehog inhibitor SANT1, and a low concentration of retinoid acid (RA), increasing the
efficiency to 55% NKX6-1/PDX-1 pancreatic progenitors. They then selected 11 different factors out
of >150 combinations with >70 compounds, involving Wnt, Activin, hedgehog, EGF, TGFp, thyroid
hormone, RA, and y-secretase inhibition, generating about 33% NKX6-1+/C-peptide+ cells that can
secrete insulin in a glucose-regulated manner in vitro and in vivo. In 2015, the Keller group increased
the efficiency of NKX6.1+ cells to 83.1% [48].

For further clinical applications, the Melton group extended the approach to generate the stem cell
derived pancreatic 3 cells from type 1 diabetic patients (T1D) in 2016. Those constructed T1D stem
cells derived B (SC-B) cells hold great promise for treatment due to expression of B-cell markers,
response to glucose both in vitro and in vivo, ability to prevent alloxan-induced diabetes in mice, and
response to anti-diabetic drugs. Moreover, no major difference was observed between T1D SC- and
SC-B cells, which doesn’t exclude the genetic causes of T1D but provides alternative approaches to
address the problem of allo- or xenogeneic rejection [49].

So far, one of the biggest obstacles in pancreatic differentiation remains that this process is
time-consuming and laborious, involving different growth factors or chemicals in each stage. Another
problem is low production efficiency for mature pancreatic  cells that can secrete c-peptide in response
to glucose stimulus. Therefore, much work remains to be done to fully understand the pivotal regulating
pathways and generate a simplified, chemically defined protocol to increase the efficiency of pancreatic
differentiation, especially from patient-specific iPSCs that hold promise for immune safety.
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3. Genetic Engineering

3.1.  Zinc Finger Nucleases

Zinc finger nucleases (ZFNs) are the chronological first in a series of proteins used to manipulate
the human genome. ZFNs were first developed by Kim et al. in 1996 by fusing the DNA binding domain
of a restriction enzyme Fokl to alternative DNA binding zinc fingers [50]. These zinc fingers could be
assembled in different combinations to generate unique targeting sites [51]. ZFNs could generate double
stranded breaks when dimerized and facilitate genetic manipulations via non-homologous end joining
(NHEJ) to generate a mutation or knock out or homology directed recombination (HDR) to generate a
knock-in or specific modification [51]. One of the primary challenges with genetic engineering using
ZFNs is a high probability of off target binding leading to off target modifications and toxicity.
Additionally, the cost associated with implementing this technology presented a challenge to both
research and clinical application, necessitating the development of more cost-effective techniques. The
increased cost associated with the technology limits patient accessibility to any therapy that is developed
using ZFNs. This has spurred further research into genome editing technologies with increased ease of
use and lower cost.

3.2.  TALENs

Transcription activator-like effector nucleases (TALEN) are assembled with a TAL effector
DNA-binding domain found in Xanthomonas bacteria and a Fokl DNA cleavage domain. Theoretically,
they can be engineered to target any desired DNA sequence and induce double-strand breaks (DSB). In
contrast to zinc-finger proteins, there was no re-engineering of the linkage between repeats necessary for
TALEs construction. Additionally, most of the intellectual property surrounding the ZFN technology
platform is proprietary and expensive, making TALEN technology more promising [52].

There are a few key limitations with the TALEN technology. One problem is that it remains
unknown why different TALEs designed according to the same cipher act on their targets with different
levels of activity, which could be due to yet-unknown sequence dependencies for binding efficiency.
This limitation is further compounded by the low transfection efficiencies inherent to pluripotent stem
cells, prompting the continuation of future research to improve both transfection and genome editing
technologies. Another targeting limitation is that TALE binding sites should start with a tyrosine base.
While there is a 25% chance that a desired binding site will have tyrosine as its starting base, this could
limit some clinical applications aiming to edit a disease genotype limited to a single loci. Perhaps the
most detrimental issue to clinical application is unexpected genome binding can lead to off-target effects,
which are difficult to detect without functional assays at that loci. The use of stem cells with off target
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mutations for regenerative medicine applications could limit or negate therapeutic efficacy as a result of
unforeseen genetic mutations. Side effects caused by off target mutations could complicate clinical trials
by muddling patient outcomes as well as create increased challenges with FDA approval of treatments
involving TALEN technology. Future development of strategies to minimize and screen for off target
mutations will be an important arm of research for translating genome editing techniques to the clinic.

3.3. CRISPR/Cas9

Clustered regularly interspaced short palindromic repeats (CRISPR) are DNA segments containing
short repetitive sequences firstly described by Yoshizumi et al. [53]. Jasen et al. reported the existence
of CRISPR-associated systems (Cas), a set of homologous genes located upstream of repeats showing
helicase and nuclease motifs [54]. Later, the CRISPR-Cas system was theoretically and experimentally
shown to play a key role in the adaptive immune system of bacteria by spacer acquisition from viral
DNA and RNA-guided degradation of foreign DNA [55,56]. Engineering and application of the type II
CRISPR-Cas9 system, as first proposed by Zhang et al., has emerged as a breakthrough for highly
specific genome editing [57]. With the guidance of customized crRNA/tracrRNA or combined single-
guide RNA (sgRNA), a Cas9 nuclease can target and cause DSBs in any desired site near a protospacer
adjacent motif (PAM) sequence making CRISPR-Cas9 a genome editor with high fidelity and relatively
easy construction [57].

While still relying on transfection, which has low efficiency in hPSCs and other difficult to
transfect cells such as neurons, one of the advantages of using CRISPR-Cas9 as opposed to other
genome editing techniques is the increased editing efficiency over existing techniques. Optimization of
donor sequence design, including circular or linearized delivery, homology arm length, and sgRNA
selection, is the subject of ongoing research to provide further improvements of efficacy for HDR
mediated editing [58]. This will only continue to increase the ease with which researchers can make
precise changes to the genome, leading to easier dissection of the roles genetic elements play in
development or disease states aimed at the generation of therapeutics. One of the limitations of
CRISPR-Cas9 technology is that potential off-target cleavage activity could still occur on a DNA
sequence with even three to five base pair mismatches in the PAM-distal part of the sgRNA-guiding
sequence [59]. There are several ways to improve specificity one of which is sgRNA sequence
modification by shortening the region complementary to the target site at the 5’ end of the sgRNA or
addition of two guanine nucleotides to the 5’ end of the sgRNA. Another potential strategy is to control
the Cas9-sgRNA complex by titrating the amount of Cas9 and sgRNA delivered. Guilinger et al. also
generated fusion of catalytically inactive Cas9 with Fokl nuclease domain to further improve cleavage
specificity [60]. In spite of this limitation, the ease of use, improved cost efficiency, and increased
precision of CRISPR-Cas9 provides an advantage over existing technology and holds great promise both
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as a tool in stem cell research, but also for the development of disease models using relevant hPSC
derived somatic cell types.

3.4.  Applications

One of the many applications of genetic engineering to stem cell differentiation, and eventually
stem cell therapy, is the identification of differentiation state markers and crucial factors in directing cell
fate. Knowledge of the markers regulating cell fate decisions can provide novel insight to human
development, inform the development of directed differentiation and cellular reprogramming studies,
and provide a stepwise measure by which to improve the efficiency of these methods. As the hPSCs
themselves are not the target cell type for therapeutic application, efficient generation of therapeutically
applicable somatic cell types and a thorough understanding of the developmental processes underlying
their differentiation are crucial to successful clinical translation. Furthermore, dissecting the role of
specific genetic elements in disease states can lead better understanding of the disease, prompting the
development of more effective therapies.

This goal is commonly achieved through the construction of reporter cell lines by knocking in
fluorescent proteins, for example green fluorescent protein (GFP), targeting genes of interest. For
example, targeting GFP to the Oct4 (also known as POUF1) gene identifies the pluripotency of cells,
like commercially-available Oct4-GFP H1 cell line from the Thomson group. This could be a useful tool
for quickly assaying pluripotency while refining routine in vitro culture techniques for these cells. This
would not only benefit stem cell research, but also clinical translation. One of the promises of iPSC
technology is the realization of personalized regenerative medicine. In order to deliver on this potential,
large-scale cost effective culture techniques will be required, and cells lines engineered to indicate
maintenance of pluripotency would aide in these efforts.

Construction of reporter cell lines can play a key part in enhancing the differentiation efficiency for
cell therapy. For example, an MixI1-GFP knock in identifies human primitive streak-like cells and has
enabled isolation of primitive hematopoietic precursors [61]. An NKX2.5 knock in reporter cell line was
generated and used to successfully isolate cardiac progenitors and cardiomyocytes, identifying NKX2.5
as an important marker of the cardiac cell fate [19]. Recently, CRISPR-Cas9 genetic engineering
techniques were used to create a homozygous knock out of B-catenin to demonstrate its critical role in
mesendoderm differentiations [62]. Several knock-in reporter cell lines have been generated to improve
differentiations to cell states marked by Sox17 expression, such as definitive endoderm differentiation
and hemogenic endothelium [38, 63-64]. Sox17 reporter hPSCs help to characterize endoderm
differentiation and are beneficial to exploring the role of Sox17 gene in organogenesis [65]. The use of
these engineered cell lines provides valuable insight to developmental regulation as well as providing a
metric for stepwise improvement of directed differentiation or cellular reprogramming efficiencies. To
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see clinical translation of stem cell derived cell types, large quantities are needed in a rapid and cost
effective manner, demanding efficient methodology.

Genetic engineering is also very useful for generating disease or healthy genotypes to model
disease and establish efficacy for therapeutic development. Hinson et al. used a combination of patient
derived iPSCs from patients with Titin mutations and CRISPR/Cas9 generated mutations to model
dilated cardiomyopathy [66]. By using CRIPSR/Cas9 to recapitulate mutations in an otherwise
genotypically normal stem cell, they were able to determine that the Titin mutations were the primary
cause of sarcomere insufficiency as it leads to genetically linked dilated cardiomyopathy [66]. This
deeper understanding of genetically linked dilated cardiomyopathy could lead to the development of
therapeutics to definitively treat this condition, which is currently managed through drug regimens
lifestyle changes. Another study by Nelson et al. explored the delivery of CRISPR-Cas9 to remove a
mutant exon occurring in the dystrophin gene in Duchenne muscular dystrophy [67]. They were able to
see partial recovery of dystrophin function with the removal of the mutant exon via systemic viral
delivery of CRISPR-Cas9 in a murine model of Duchenne muscular dystrophy [67]. The successful
delivery of CRISPR-Cas9 using in an in vivo system is a step towards direct application of this
technology in humans for genome editing in adults. Non-human primate studies have used TALEN
genome editing techniques to perform genome editing at the embryo stage to generate a disease model
of Rett Syndrome [68]. The model recapitulated human genotype and phenotype associated with the
disease. This demonstrates the vast potential of genome editing technology to provide accurate disease
models for the development of novel therapeutics. While challenges in translating these discoveries to
clinical application remain, the increasing precision and ease of genetic engineering techniques is
opening the door for more complex disease modeling to more effectively recapitulate disease states and
hopefully generate improved therapeutic options. With the relatively rapid ubiquitination of genome
editing technology, some of the biggest hurdles to clinical translation are ethical concerns, which could
slow the emergence of this technology in the clinic. However, the use of genome editing in stem cell
derived somatic cell types for disease modeling or regenerative medicine applications could see a more
immediate impact in therapeutic options.

4. Conclusion

The convergence of major advances in genome-editing technologies, stem cell technology, and
efficient directed differentiation protocols to generate functional adult cell lineages is ushering in a new
era of using stem cells to study disease and for therapy. CRISPR-Cas9 technology together with stem
cell technology have now supported the feasibility of generating authentic knockin reporter lines for
screening new chemicals and growth factors critical for directed differentiation, for performing
genome-wide genetic interrogation of the important genes for human development, and for designing
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gene knockout approaches to study inherited genetic disorders. Gene knockout stem cell model systems,

along with other large animal model systems, have already been generated and will ultimately allow

direct in vivo interrogation of the physiological phenotype. In short, a new renaissance in stem cell

disease modeling and cell-based therapies appears to be on the horizon.
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