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Abstract

Genome editing systems have emerged as an advanced bioengineering tool
capable of targeting and editing the genomes of almost all organisms in a
sequence-specific manner. This chapter presents an overview of the leading
developments in the modern tool armory for genome editing that meet the high
standards of efficiency, safety, and accessibility in genome engineering, i.e.,
ZFNs, TALENSs, and CRISPR. These novel tools, primarily based on engineered
nucleases, have proved to be one of the most effective and reliable tools for
genome engineering. The engineered nucleases have enabled the alteration of
targeted DNA sequences in a wide range of organisms and cell types. We will
cover the mechanism and application of these methods for genome editing in
current biology, functional genome screening, healthcare, agriculture, gene ther-
apy, biological sciences, drug development, etc. General strategies used for
designing specific ZFNs, TALENs, and CRISPR/Cas9 systems and analyzing
their activity have been indicated. The therapeutic applications of these tools in
controlling disease and their potential usage in the development of agricultural
and industrial products, environmental protection, food development, immuno-
therapy, and treatment of genetic diseases, neurodegenerative diseases, and
cancer are also briefly touched upon.
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9.1 Introduction

The modifications (like insertions, deletions, and substitutions) in the genomes of
organisms are commonly referred to as genome engineering (El-Mounadi et al.
2020). Genome or gene editing techniques are used for genome engineering to
incorporate site-specific modifications into any genomic DNA, making use of
different DNA repair mechanisms found endogenously. Gene editing usually deals
with one target gene, i.e., a single gene is modified, whereas genome editing refers to
large-scale modifications of the complete genomic DNA (Robb 2019). This technol-
ogy has addressed the unmet need for the tools to introduce different types of genetic
modifications that can cause a change in the physical as well as genomic traits of an
individual or a population. Currently, scientists are making headway in developing
gene-therapy treatment strategies by employing these advanced genome editing
tools to prevent and treat various diseases in humans and animals. A breakthrough
in the field occurred when Capecchi in 1989 for the first time demonstrated that the
introduction of a segment of DNA, having homologous arms at both ends, into
embryonic stem cells allowed its integration into the host genome via homologous
recombination, causing inheritable changes in the cell (Capecchi 1989). Later, the
discovery and development of methods to introduce an artificial DNA restriction
enzyme into cells, which can cut genomic or dsSDNA and generate a double-stranded
break (DSB) at specific recognition sites, increased our ability to use cellular repair
systems for genome engineering (Zhang et al. 2011). The mechanism of action for
site-directed nucleases is based on the site-specific cleavage of the DNA or induction
of a double-stranded break/nick (DSB) at targeted regions of DNA sequence by
nucleases followed by triggering the two prominent DNA repair pathways of the
cell, i.e., homology-directed repair (HDR) and nonhomologous end joining (NHEJ)
(Fig. 9.1). The HDR repair mechanism uses homologous donor DNA to repair DNA
damage, whereas NHE] is an error-prone mechanism in which broken ends of DNA
are joined together, often resulting in a heterogeneous pool of insertions or deletions.
Though one of the efficient repair mechanisms active in the cells, NHEJ has a high
rate of mutation and results in frequent nucleotide insertions or deletions (indels).
HDR has low efficiency as it requires higher sequence similarity between the
template and donor DNA strands. In the HDR mechanism, there is always a chance
for reversion if the used DNA template is identical to the original undamaged DNA
(Jasin and Rothstein 2013; Ghezraoui et al. 2014). The development of various
techniques for genome engineering has focused on the use of different
endonucleases (to create DSB with high precision) followed by employing these
repair mechanisms to develop an engineered genome with new properties (Mandip
and Steer 2019; Khalil 2020) (Fig. 9.1).
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9.2 Tools/Methods for Genome Engineering

The invention of genome editing tools opened up a whole set of opportunities for
assisting the treatment of various diseases at the genome level (National Human
Genome Research Institute 2019). Though various tools or methods for DNA
modification have already existed for several decades, the development of more
precise methods has made genome editing much cheaper, faster, and more efficient.
Every genome editing tool being employed so far is based on one mechanism in
which a targeted broken portion of DNA sequence in a gene or genome activates the
cell repair mechanism that repairs the break in DNA sequence, i.e., HDR and NHEJ
for DNA repair (National Institute of Health 2020). These tools and techniques allow
efficient and accurate changes in genomic DNA by introducing DSB at a specific or
targeted site in DNA followed by known modifications (i.e., insertion, deletion,
indels, etc.). Currently, several genome engineering or genome/gene editing
techniques exist which are primarily based on the following tools (nucleases) to
target-specific sequences (molecular scissors): (1) zinc finger nucleases (ZFNs)
(Porteus and Baltimore 2003; Miller et al. 2007; Sander et al. 2011; Wood et al.
2011), (2) transcription activator-like effector nucleases (TALENs) (Boch et al.
2009; Moscou and Bogdanove 2009; Christian et al. 2010; Hockemeyer et al.
2011; Wood et al. 2011; Zhang et al. 2011; Reyon et al. 2012; Sanjana et al.
2012), and (3) the RNA-guided CRISPR-Cas nuclease system (Deveau et al.
2010; Horvath and Barrangou 2010; Bhaya et al. 2011; Makarova et al. 2011; Cho
et al. 2013; Cong et al. 2013; Jinek et al. 2013; Mali et al. 2013) (Table 9.1). The
tools used for making sequence-specific cuts in the genome for the genome editing
tool are briefly described below.

9.2.1 Zinc Finger Nucleases (ZFNs)

The first endonucleases used for genome engineering were Zinc finger nucleases
(ZFNs), which were composed of zinc finger domains fused with Fokl endonuclease
(Kim et al. 1996). ZFNs are members of the zinc finger protein (ZFP) family, in
which the zinc fingers (ZF) are novel DNA-binding domains that can bind to discrete
base sequences. These ZFs have Cys2-His2 fingers and each ZF can recognize a
triplet (3 bp) of DNA sequence (Miller et al. 1985; Wolfe et al. 2000). The ZFNs
used for genomic engineering are comprised of a tandem array of ZFs, also known as
the ZF array that confers unique nucleotide sequence-binding specificity. The
dimerization of Fokl endonuclease of ZFNs on the binding of two ZFNs to the
opposite DNA strands allows the cleavage of the dsDNA at the target sites (Fig. 9.2).
For genome editing, two recombinant ZFNs recognizing two different (one each)
closely located nucleotide sequences within the target DNA sequence are employed,
which with the help of Fokl, creates a double-strand break (DSB) at desired target
DNA sequence. Since the series of linked ZF domains (ZF arrays) determine the
specificity of the target nucleotide sequence, by changing the array of ZFs, any
desired sequence may be targeted. A certain degree of off-target effects (nonspecific/
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Fig. 9.2 Illustration of a pair of ZFNs bound to targeted nucleotide sequence: Zinc fingers are
shown as ZF, with short circles indicating binding with the DNA base pairs. Fokl cleavage domains
are shown as shaded boxes, with common cleavage sites, spaced by N bp, and indicated by vertical
arrows as ZFN-induced DSB. Zinc fingers are numbered from the N-terminus. The linker between
the binding and cleavage domains of one protein is labeled. The spacer between the zinc finger-
binding sites is 5-7 bp in this case

desired sequence cleavage) sometimes occurs when the employed pair of ZFNs is
not able to recognize the desired target sequence for cleavage. The addition of more
fingers per ZFN is recommended to minimize off-target effects and successfully
specify rarer and longer target cleavage sites.

The Fokl domains of ZFNs are key to their successful application as they carry
features that help in the cleavage of a complex genome at a specific target. Fokl
dimerization is crucial for the cleavage of the dsDNA. The lower strength of the
interaction between Fokl monomer domains causes the cleavage of DNA by FokI of
ZFNs, requiring independent and appropriately placed two adjacent binding
occurrences of ZFNs in correct orientations to allow catalytically active dimer
formation (Miller et al. 1985; Vanamee et al. 2001; Szczepek et al. 2007)
(Fig. 9.2). ZFNs-based genome editing is mainly dependent on the ability of
endonuclease to create site-specific double-strand break (DSB) onto the locus of
interest. In all eukaryotic cells, the DSBs generated by ZFNs are efficiently repaired
by the NHEJ or HDR pathway (Szczepek et al. 2007; Lieber 2010; Moynahan and
Jasin 2010) (Fig. 9.1).

Different strategies have been reported for the synthesis of ZFNs of desired
DNA-binding specificity by “modular assembly” of different ZFs that have unique
triplet base specificities (Segal et al. 2003; Sander et al. 2010; Thakore and Gersbach
2015). The ZFs developed for the modular assembly had been mostly for triplet
sequences only (Choo and Klug 1994; Jamieson et al. 1994; Rebar and Pabo 1994;
Segal et al. 1999, 2003; Dreier et al. 2001, 2005; Bae et al. 2003; Thakore and
Gersbach 2015). The modular assembly of ZF components led to the generation of
active ZFNs with specificity to a large number of endogenous sequences (Kim et al.
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2009; Remy et al. 2010; Gaj et al. 2013b; Gupta and Musunuru 2014; Shiva and
Suma 2019). Apart from the modular assembly approach, several other alternative
strategies have also been developed for making ZFPs (Wu et al. 2007, 2013;
Chandrasegaran and Carroll 2016; Paschon et al. 2019). These new approaches
were focused on accommodating the deviation from strict functional modularity
(like many natural and designed fingers can only contact with the adjacent ZF and to
bases present outside of their proximal DNA triplet) which was observed for many of
the ZF and making them specific (Fairall et al. 1993; Pavletich and Pabo 1993;
Houbaviy et al. 1996; Nolte et al. 1998; Wolfe et al. 2001; Segal et al. 2006). These
approaches could permit more selective binding and reduce the complications and
wasted efforts that occur in modular designing for producing new ZFPs (Ramirez
et al. 2008; Chandrasekharan et al. 2009; Chandrasegaran and Carroll 2016; Paschon
et al. 2019).

Whatever may have been the methods used for designing ZFNs module, they
were always first evaluated in vitro for their affinity and specificity toward the target
DNA sequence followed by their application in vivo system. It is done as there is
always a possibility that ZFNs/ZFPs which are validated in vitro could fail in
performing the genome editing in vivo (Urnov et al. 2010; Wang et al. 2013a;
Paschon et al. 2019). Many times, it may arise from the complexity of the genome
which sometimes contains multiple copies of sequences that are identical or highly
related (paralogues or pseudogenes) to the intended targeted sequences which can
act as an additional target for ZFNs. The researchers have tried to address this
problem by focusing on DNA-protein interactions and creating minor sequence
divergence to reduce the chances of nonspecific targeting of related genomic regions
(Carroll 2011; Urnov et al. 2010; Laoharawee et al. 2018). The specificity, recogni-
tion, and cleavage of desired sites by ZFNs are determined by the amino acid
sequence of each ZF, nuclease (Fokl) domain interactions, and quantity of the
ZFs. The structure of both the functional domains of ZFNs, i.e., a catalytic domain
and binding domains, can be optimized to increase specificity and enhance the
affinity for the novel models developed by genome engineering (Jackson and Bartek
2009; Paschon et al. 2019). For improving the accuracy of targeting by ZFN, the
“selection-based methods” have been also developed to optimize its cleavage speci-
ficity and reduce the nonspecific toxicity (Rahim et al. 2021).

9.2.2 Transcription Activator-Like Effector Nucleases (TALENS)

The second tool developed for genome editing or genome engineering is Transcrip-
tion Activator-Like Effector Nucleases (TALENSs) which display better specificity
and functionality than ZFNs. Similar to ZFNs, TALENS also consist of an endonu-
clease, i.e., DNA cleavage domain, and a site-specific DNA-binding domain derived
from transcription activator-like effectors (TALEs) proteins which together allow the
creation of DSBs at specific sites. The DNA cleavage domain used for TALENS is
primarily the Fokl nuclease. The DNA-binding domains of TALENS, i.e., TALEs
originated from a repeated sequence of highly conserved proteins of
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“phytopathogenic Xanthomonas” (Boch et al. 2009; Boch and Bonas 2010;
Chandrasegaran and Carroll 2016). In Xanthomonas, the transcription activator-
like effectors (TALEs) proteins are present in the cytoplasm where they promote
the modification of genes that help in transcription. TALE proteins are capable of
localization to the nucleus, DNA binding, and transcription activation of the target
gene (Schornack et al. 2006). The studies conducted on the mechanism of action of
these effector proteins showed that these proteins can mimic the functioning of
eukaryotic transcription factors in binding with DNA and activating gene expression
(Becker and Boch 2021).

Soon after the realization of the TALE domains simplicity, i.e., one monomer
binds/recognizes one nucleotide, the first chimeric TALE domain-fused nuclease
(TALEN) was constructed (Joung and Sander 2013; Gaj et al. 2013b; Nemudryi
et al. 2014; Becker and Boch 2021). The chimera was developed by inserting the
DNA-binding domain of TALE in a plasmid vector which was used for ZFNs
(Christian et al. 2010). This ultimately leads to the formation of a genetic construct
that has DNA binding and catalytic domain of restriction endonuclease, i.e., Fokl.
The DNA-binding domain (i.e., TALE) monomers that bind with the single nucleo-
tide in the targeted DNA sequence are repeats of 34 amino acid residues in which
amino acids at 12 and 13 positions are highly variable and known as repeat variable
domain (RVD). The RVD region of TALE is responsible for the recognition of
specific nucleotides. The variation in RVDs allows them to bind to different
nucleotides with different efficiencies (Fig. 9.3). The TALEs with different RVDs
were combined to form artificial nucleases (i.e., TALENs) which bind and cleave the
targeted DNA sequences. The TALENs nucleases contain a half repeat (i.e.,
20 amino acid residues of the last tandem repeat that bind to the nucleotide at the
3’ end of the recognition site), N-terminal domain, nuclear localization signals, and
Fokl catalytic domain (Fig. 9.3). The presence of thymidine at the 5" end of the target
sequence interacts with the N-terminal domain of the TALE and affects its overall
binding efficiency (Lamb et al. 2013). TALENs always work in pair, their binding
sites are located at the opposite site of DNA strands and are separated by small
fragment (i.e., 12-25 bp) known as “spacer sequence.” After the TALENs enter the
nucleus, they bind with the targeted sequence and the Fokl domains located at the
C-terminal of TALE cause the DSBs (Fig. 9.1).

Despite simple designing codes as compared to ZFNs, there has been difficulty in
the cloning of the designed TALE arrays comprised of large-scale repeats. To
overcome this problem, different strategies have been developed such as High-
Throughput Solid Phase Assembly, Golden Gate Cloning, and Connection-
independent cloning techniques which help in assembling the desired TALE arrays
(Schmid-Burgk et al. 2013). Several other modifications have also been made to
TALENs to make them a better tool than the ZFNs such as (1) site selection
enhancement by varying the length of the spacer sequence (Nemudryi et al. 2014);
and (2) development of mutant variants of the TALE’s N-terminal domains that
could more specifically bind to A, G, and C nucleotide (Nemudryi et al. 2014; Mak
et al. 2012; Lamb et al. 2013).
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Fig. 9.3 [Illustration of a pair of transcription activator-like effector nucleases (TALENSs) bound to
targeted nucleotide sequence: TALE repeats, i.e, RVD are shown as colored boxes that are
responsible for the recognition of specific nucleotides. RVDs bind to different nucleotides with
different efficiency. Letters inside each repeat represent the two hypervariable residues. TALE-
derived amino (N domain) and carboxy-terminal domains required for DNA-binding activity are
shown as pink boxes. The nonspecific nuclease domain from the Fokl endonuclease is shown as a
larger shaded green box. TALENS bind and cleave as dimers on a target DNA site. The TALE-
derived amino- and carboxy-terminal domains flanking the repeats may make some contact with the
DNA. Cleavage by the Fokl domains occurs in the “spacer” sequence that lies between the two
regions of the DNA bound by the two TALEN monomers. The amino acid sequence of a single
TALE repeat is expanded below with the two hypervariable residues highlighted in red and bold
text. TALE-derived DNA-binding domain aligned with its target DNA sequence is shown in the
box indicated as TAL effector RVD DNA-binding codes

9.2.3 Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR)

After two years of the discovery of TALENS, the discovery of Clustered Regularly
Interspersed Short Palindromic Repeats (CRISPR) led to the development of a third
genome engineering tool that has revolutionized the field of biotechnology and the
health sector tremendously (Nemudryi et al. 2014; Lino et al. 2018; Kaminski et al.
2021). The CRISPR was first time discovered in Escherichia coli (E. coli) in 1987,
and later on, found in many other prokaryotes too, e.g., 87% in archaea and 48% in
eubacteria (Grissa et al. 2007). The CRISPR system has noncoding RNAs and
CRISPR-associated (Cas) protein which has a nuclease activity (Ishino et al. 1987;
Jore et al. 2012). In bacteria, the CRISPR-Cas system plays an important role in the
adaptive immune response. It helps in protecting bacteria from phage infection by
generating memory in the bacterial chromosomes against phage (Barrangou and
Marraffini 2014; Renaud et al. 2016; Kim et al. 2021).

There are two types of CRISPR/Cas systems depending on the structural variation
that existed in Cas genes (1) Class 1 systems contain multiple protein effectors
complexes, and (2) Class 2 has one effector protein. To date, six types of CRISPR/
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Cas systems and 29 subtypes of Cas-system have been reported (Moon et al. 2019;
Liu et al. 2020). CRISPR-Cas9 type II system is one of the most used, advanced, and
versatile CRISPR systems for genome engineering or editing because of its specific-
ity which is stemming from the Cas protein. The Cas protein of this CRISPR-Cas9
type II system was extracted from Streptococcus pyogenes (i.e., SpCas9) which
targets the specific DNA sequences and is responsible for the advanced specificity of
the system (Jiang et al. 2013).

Sequencing of the various bacterial genomes revealed the presence of short
unique DNA regions known as spacers DNA, which are separated from one another
by short palindromic sequence repeats (Deshpande et al. 2015; Lino et al. 2018).
These structures are found to be located in the proximity of Cas genes. The cas gene
gives rise to protein products that have nuclease and helicase activity (Haft et al.
2005). Spacer DNA is a homologous DNA found in several phages and plasmids
(Bolotin et al. 2005; Mojica et al. 2005; Pourcel et al. 2005; Barrangou et al. 2007)
(Fig. 9.4). Cas9 protein is polyfunctional, it interferes with the foreign DNA and
pre-ctRNA processing (Sapranauskas et al. 2011). The processing of crRNA
depends on small noncoding RNA known as transactivating RNA (tractrRNA).
The tracrRNA forms a duplex after binding with the complementary repeat sequence
present in the pre-rRNA. RNase III (present in the host cell) in the presence of Cas9
cleaves this duplex and leads to the formation of mature crRNA (Makarova et al.
2006; Marraffini and Sontheimer 2010). The CRISPR-Cas9 system employs two
main components, i.e., Cas9 endonuclease and a single-stranded guide RNA
(sgRNA) or tracrRNA-crRNA chimera (Cong et al. 2013). The sgRNA recognizes
and binds with the targeted sequence, and Cas9 cleaves the DNA causing DSB
(Fig. 9.4). The site of cleavage for Cas9 endonuclease is 3 bp upstream of an “NGG”
PAM located on genomic DNA. This DSB generated gets repaired by NHEJ or HDR
(Fig. 9.1) (Pawelczak et al. 2018).

The mechanism of genome editing with the help of the CRISPR system both
inside the prokaryotic cells and in vitro is divided into three stages, i.e., adaptation,
transcription, and intervention. In adaptation, a small fragment of foreign DNA
entering the bacterial cell gets inserted into the CRISPR locus of the bacterial
genome leading to the formation of the new spacer or protospacer (i.e., a viral
genome fragment). Viral protospacer is complementary to the spacer present in the
host cell and these protospacers are flanked by a short, conserved sequence (2—5 bp)
which is known as a protospacer adjacent motif (PAM) (Mojica et al. 2009a). The
PAM is inserted at the AT-rich side of the sequence that also has a promoter element
and a landing site for regulatory proteins present just before the CRISPR cassette
(Deltcheva et al. 2011; Jinek et al. 2012). In the transcription step, the complete
CRISPR locus formed is transcribed into a long poly-spacer precursor crRNA
(pre-crRNA) (Fig. 9.4). The Cas6 endonucleases are responsible for the formation
of mature crRNA in most of the CRISPR/Cas systems (Carte et al. 2008; Lillestgl
et al. 2009; Mojica et al. 2009b; Hale et al. 2012; Pawelczak et al. 2018). The short
nucleotide CRISPR RNA (crRNAs) has one spacer sequence whose repeat ends are
involved in the formation of a stem-like loop structure. The 5’ end with eight
nucleotide repeats has an OH group and forms a stem whereas the 3’ end with
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Fig. 9.4 Illustration of clustered regularly interspaced short palindromic repeats (CRISPR-Cas9
System) bound with targeted DNA sequence: CRISPR system has a single chimeric sgRNA
(crRNA and tracrRNA) to which introduces a DSB into the target nucleotide sequence. A
protospacer is a site that is recognized by the CRISPR/ Cas9 system. A spacer is a sequence in
sgRNA that is responsible for complementary binding to the target site. PAM is a short motif (NGG
in the case of CRISPR/Cas9) whose presence at the 3’-end of the protospacer is required for
introducing a break. A Cas9 nuclease is capable of introducing DSB into selected DNA site

2’/ .3’-cyclic phosphate (hairpin structure) forms a loop (Haurwitz et al. 2010; Gesner
et al. 2011).

During the intervention step, the viral DNA or RNA interacts with the crRNA and
Cas proteins. The crRNA identifies the complementarily of the protospacer sequence
whereas Cas protein leads to its degradation (Marraffini and Sontheimer 2010; Rath
et al. 2015; Shabbir et al. 2019). The coevolution of viruses/phages with their host
over time has led to the formation of a wide range of CRISPR/Cas system in
prokaryotes (Hale et al. 2009; Sashital et al. 2011; Richter et al. 2012; Bondy-
Denomy et al. 2013; Newsom et al. 2021).
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9.3  Applications of Genome Engineering/Editing Methods

The development of genome editing tools has given possibilities of directly targeting
and modifying genome sequences in eukaryotes. The recent progress in the
development of programmable nucleases such as ZFNs, TALENs, and CRISPR-
Cas-associated nucleases has significantly accelerated the progress of genome engi-
neering in different fields ranging from basic research to biomedical and applied
biotechnological research. The application of different gene editing tools in different
fields of biological sciences and their future possibilities are briefly indicated below
and summarized in Table 9.2.

9.3.1 In Genetic Engineering of Cell Lines and Animal Models

Before the development of engineered nucleases, the study of the genetically
modified mammalian cell line was costly, labor-intensive, time-limited, and required
specialized expertise. However, with the introduction of cost-effective and user-
friendly gene editing technologies, the custom cell line bearing any genome
modifications can now be generated easily in a few days, e.g., gene deletion (Lee
et al. 2010), gene inversion (Xiao et al. 2013), gene knockout (Santiago et al. 2008;
Mali et al. 2013), gene addition (Moehle et al. 2007; Hockemeyer et al. 2011; Hou
et al. 2013), gene correction (Urnov et al. 2005; Ran et al. 2013), gene addition as
well as chromosomal translocation (Torres et al. 2014). Along with cell line engi-
neering, the targeted nucleases have also accelerated the generation of genetically
modified organisms, such as the accelerated creation of transgenic zebrafish (Doyon
et al. 2008; Sander et al. 2011; Hwang et al. 2013), livestock (Hauschild et al. 2011;
Carlson et al. 2012), monkeys (Liu et al. 2014), mice (Cui et al. 2011; Wang et al.
2013a, b; Wu et al. 2013), rats (Geurts et al. 2009; Tesson et al. 2011; Li et al.
2013), etc.

9.3.2 In Genetic Engineering of Plant Cells

These engineered nucleases have also emerged as a dominant tool for plant engi-
neering (Baltes and Voytas 2015). For example, both CRISPR-Cas9 and TALENs
have been used for the modification of multiple alleles in the haploid breed of wheat
to create resistance variety against powdery disease (Wang et al. 2014b). Moreover,
TALENs were used for soybean to knock out the nonessential gene that is used for
fatty acid metabolism and thus produce simple plant cells with reduced metabolic
constituents (Haun et al. 2014). The purified proteins comprised of various genomic
engineering tools can be directly injected into the plant protoplast to effect germline-
transmissible changes which are almost indistinguishable from the natural variety
(Luo et al. 2015; Woo et al. 2015). The technological advancement of these tools
could be very much helpful to reduce some regulatory problems which are
associated with the use of transgenic plants. The targeted nucleases have been also
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Table 9.2 Application of genome editing tools in different fields of biological sciences

Application
Genetic cloning of
living organisms

Establishment of
animal models

Tools

ZFNs,
TALENSs,
and
CRISPR/
Cas9

ZFNs,
TALENS,
and
CRISPR/
Cas9

Use

Introduction of Cas9
mRNA in the one-cell-stage
zebrafish embryo. The first
viable cloned cattle
offspring were produced
using somatic cell nuclear
transfer (SCNT) in Russia.
The CRISPR/Cas9 was
used to knock out the beta-
lacto-globulin gene as well
as the beta-lacto-globulin-
like protein gene in
fibroblast cells. Transgenic-
cloned buffalo embryos
were generated using
CRISPR/Cas9 facilitated
targeted integration of
enhanced green fluorescent
protein (EGFP) in the Y
chromosome

The CRISPR/Cas9 gene
editing tool was used to
generate a unique TshrDf/
Df rat model that
recapitulates the phenotype
in the THSR (Thyroid-
stimulating hormone
receptor) Y444X patient.
THSr was truncated at the
second transmembrane
domain in this rat model
leading to congenital
hypothyroidism

(CH) phenotype which
includes thyroid aplasia,
infertility, dwarfism, low
serum thyroid hormone
level as well as TSH
resistance. This phenotype
can be partially reversed
after weaning with the
treatment of levothyroxine
(L-T4). Cas9 and sgRNA
were co-injected into the
zygote to develop mutant
ANOS rabbits. The
CRISPR-mediated small
insertion in the mutant
rabbit at the exon 12 or

13 leads to the display of

Reference

Charpentier and Doudna
(2013), Zhao et al. (2019,
2020), Singina et al. (2021)

Yang et al. (2018), Zhao
et al. (2019, 2020)

(continued)
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Table 9.2 (continued)
Application

Discovery of drugs

Tools

CRISPR/
Cas9

Use

muscular dystrophy
symptoms such as elevation
of serum creatine kinase,
muscle regeneration and
necrosis, fibrosis, and fatty
replacement. This type of
novel ANOS mutant rabbit
is very much useful to study
disease pathogenesis and
treatment of ANOS
deficient muscular
dystrophy. The CRISPR/
Cas9-mediated genome
editing was also used to
develop a stable cell line
expressing alpha-synuclein
(SNCA) tagged with a
nano-Luc luciferase
reporter. The ability to
monitor endogenous SNCA
transcription can be used as
an efficient drug screening
tool for therapeutics
identification for
Parkinson’s disease

The CRISPR/ Cas9
mutagenesis was used to
target exons that encode the
functional protein domains.
It generates a large number
of null mutations which
eventually increases the
capability of negative
selection. The inhibitors of
receptor tyrosine kinase
(RTK)/Ras/mitogen-
activated protein kinase
(MAPK) pathway are
therapeutically used for the
treatment of lung cancer as
well as other cancers. The
use of the CRISPR/Cas9
gene deletion tool in lung
cancer showed that cell
metabolism changes after
deletion of KEAPI in the
presence of multiple
inhibitors for the targeted
RTK/Ras/MAPk pathway
and allowing the cells to

R. Kaur et al.

Reference

Shi et al. (2015), Martinez-
Lage et al. (2017)

(continued)
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Table 9.2 (continued)

Application Tools

Agricultural ZFNs,

products TALEN:S,
and
CRISPR/
Cas9

Use

multiply without the
signaling of MAPK.
CRISPR/CAS9 tool is also
used to identify the essential
genes such as Rosa26,
Rpa3, Brd4, Smarca4, Eed,
Suz12, and Rnf20 for
murine MLL-AF9/
NrasG12D acute myeloid
leukemia cell

Several applications of
CRISPR/Cas9 have been
reported for crop breeding.
For example, targeting the
ZmTMSS gene of maize for
traits of thermosensitive
genic male sterility, the
K1C gene of Sorghum to
target trait of high lysine
content and increased
protein digestibility,
TaEDRI1 gene of wheat for
target trait of powdery
mildew resistance, OsRR22
gene of rice for target trait
enhanced salinity tolerance,
Gnla, DEP1, GS3, and
IPA1 gene of rice for target
trait enhanced grain size
and number, MS1 gene of
wheat for target trait male
sterility, PDS gene of
banana for target trait
albinism phenotype, etc.
The CRISPR/Cas9 has been
used to study mutation in
rice for abscisic acid
production which leads to
cell deaths, altered seed
development, and
dormancy as well as
enhanced disease
resistance. The CRISPR/
Cas9 gave new insight into
the role of abscisic acid in
rice disease resistance. The
CRISPR/Cas9 tool is also
used for the production of
genetically modified
mushrooms. The CRISPR/

209

Reference

Shi et al. (2015), Huang

et al. (2017), Maiti et al.
(2017), Martinez-Lage et al.
(2017), Liao et al. (2018),
Sui et al. (2018), Lee et al.
(2021), Chattopadhyay

et al. (2022), Guo et al.
(2022)

(continued)
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Table 9.2 (continued)
Application

Food

Industrial products

Tools

CRISPR/
Cas9

CRISPRs/
Cas9

Use

Cas9 system has been used
to knock out the maize gene
CCT transcription factor
(ZmCCT9) which promotes
early flowering under long
days. The immunity of the
plants has been enhanced
after the expression of the
pathogen-targeted CRISPR-
Cas9 tool in plants

The CRISPR/Cas9 was
used to make Streptococcus
thermophilus

(a thermophilic bacteria) as
a bacteriophage-insensitive
mutant to improve the
product quality such as
cheese and yogurt. This
technology was also used to
edit Agaricus bisporus, a
white button mushroom that
resists the browning of
mushrooms. For this
property, the gene knockout
technique is used to target
the gene encoding the
polyphenol oxidase that
causes the browning of
mushrooms.

The CRISPR/Cas9 has been
also used to make marine
algae useful for industrial
purposes such as the
production of fuel, health
foods, biomolecules,
material for
nanotechnology,
pharmaceuticals, etc. They
are also used for the
bioremediation of
contaminated water. The
CRISPR/Cas9 is also used
to capture and firmly store
the many real data in the
living cells” genome. The
beta-carotene synthetic
pathways were integrated
into the genome of
Escherichia coli by using
the CRISPR-Cas system.

R. Kaur et al.

Reference

Barrangou et al. (2007),
Waltz (2015)

Waltz (2015), Nymark et al.
(2016), Huang et al. (2017),
Khalil et al. (2017), Su et al.
(2018), Kachhawaha (2021)

(continued)
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Table 9.2 (continued)
Application

Environmental
protection

Tools

CRISPRs/
Cas9

Use Reference

This system has been also
used for the modifications
in the methylerythritol-
phosphate (MEP) and
central metabolic pathways
for the overproduction of
beta-carotene. The
production of
y-aminobutyric acid has
been enhanced within a few
weeks after integrating
synthetic single-stranded
oligodeoxyribonucleotides
with the help of
recombinase RecT and
knocking out the gene in
Corynebacterium. The
production of galactic acid,
succinate, fatty acids, and
citric acid has been
increased using the
CRISPR-cas9 gene
knockout strategy to knock
out several genes. CRISPR-
Cas9 is also used for
insertions and deletions of a
few nucleotides in the
filamentous fungus Ashbya
gossypii to increase the
production of folic acid,
nucleosides, and biolipids

CRISPR/Cas9 is used to Rager et al. (2011), Nymark
modify the genome of et al. (2016)
diatoms and used for

reducing global warming.

CRISPR/Cas9 tool is also

used to study the pathway

involved in the effects of

prenatal exposure to

inorganic arsenic (iAs) that

induces birth defects in

animals and humans. The in

silico study was performed

to identify the

glucocorticoid receptor

pathway that acts as a key

pathway for metal-induced

prenatal toxicity. The

CRISPR/Cas9 is also used

to investigate the

(continued)
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Table 9.2 (continued)
Application

Restoration of
extinct animals

Medicine screening
for humans

Tools

CRISPRs/
Cas9

CRISPRs/
Cas9

Use

mechanism of herbicide by
which it potentially induces
respiratory failure and
Parkinson’s disease.
Different CRISPR/Cas
nucleic acid detection tools
viz., SHERLOCK (Cas13),
Cas-12, and Cas-14
detectors were developed to
detect the accurate, fast, and
ultrasensitive diagnostic
testing of pathogens from
the patients and
environmental samples. The
CRISPR-Cas-12-based
lateral flow assay was
developed to detect Covid-
19 from the respiratory
swabs and monitor the
presence of SARS-CoV-

2 in the wastewater samples

The TRPV3 gene of
mammoths which is
responsible for thermal
sensation and hair growth
could be used for modifying
the genes of Asian
elephants. Thus transgenic
“mammoth” can be restored
through the CRISPR/Cas9
system on a successful
transfer of the modified
embryo into the uterus of
living elephants

The novel method was
developed using CRISPR/
Cas9 to monitor the
endogenous alpha-
synuclein (a-SYN)
transcription by inserting
NanoLuc luciferase tag at
the 3’ end and make it
possible to screen strategy
rapidly for Parkinson’s
disease (PD) therapy
efficiently. CRISPR/Cas9
has been also used for
cancer immunotherapy such
as targeting chimeric
antigen receptors T cells,

R. Kaur et al.

Reference

Lynch et al. (2015)

Maeder and Gersbach
(2016), Porteus (2016),
Limsirichai et al.

(2016), Basu et al. (2017),
Martinez-Lage et al. (2017),
Ragquel et al. (2019), Li

et al. (2020), Qasim (2021)

(continued)
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Table 9.2 (continued)
Application

Preparation for cell
therapy or
immunotherapy for
humans

Tools

CRISPRs/
Cas9

Use

inactivating HIV receptors
such as CCR5, CXCRS5,
LEDGF/p75, inhibiting
viral replication,
inactivating essential viral
genes, knocking out the
endogenous T-cell
receptors, correction of
B-globin mutations in
iPSCs, inactivation of the
enhancer of BCL11A, gene
correction in stem cells,
gene correction in mouse
lung epithelium, gene
correction in human iPSCs
and liver cells
neuromuscular. The
CRISPR/Cas9 is also used
to remove 2M and CCRS
on CD34+ HSCs with
retaining the ability of cells
to undergo
multidifferentiation that
acts as a possible future
treatment for ischemic heart
disease. This tool is also
used to remove cytochrome
P450 (CYP) 2El in rat
models and elucidate the
role of the CYP2EI gene in
toxicology, biochemical
metabolism, and diseases
such as alcoholic cirrhosis
and diabetes

The engineered chimeric
antigen receptor T (CART)
and induced pluripotent
stem (iPS) cells were
developed. CRISPR/Cas9
has been also used to
develop iPS cells to escape
immune rejection in
immunocompetent
allogeneic recipients. Now
CRISPR/Cas9 system may
further improve the safety
and efficiency of CART
cells by altering therapeutic
T cells. CRISPR/Cas9 has
been also used in the
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Reference

Deuse et al. (2019), Davis
and Stokoe (2010), Hu
(2016), Maeder and
Gersbach (2016), Perales
et al. (2018), Yang and
Huang (2019), Universitesi
(2020), Xu and Li et al.
(2020), Qasim (2021)

(continued)
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Table 9.2 (continued)
Application

Virus latent
infection

Tools

TALENSs
and
CRISPRs/
Cas9

Use

application of
hematopoietic cells mainly
for the genes which are
responsible for
p-thalassemia, sickle cell
disease (SCD), and HIV
infection. This tool is used
to disrupt the CXCR4 and
CCRS genes in T cells that
act as a functional cure for
HIV. Recently, CRISPR/
Cas9 has been used for
removing CXCR4 and
CCRS5 from the induced
pluripotent stem cells
(iPSCs) and targeting the
HIC genome for treatment
purposes. This tool is also
used to produce the iPSC
derived from patients with
hemoglobinopathies by
correcting the hemoglobin
(HBB) mutation. The first
gene therapy clinical trial
using the CRISPR/Cas9
approach involves the
treatment of children
suffering from severe
combined
immunodeficiency
symptoms by targeting the
retroviral delivery of
therapeutic adenosine
deaminase (ADA). Also,
gene editing in CD34+
HSCs, as well as pluripotent
cells, provides new options
for the treatment of
hematologic disorders such
as sickle cell disease caused
by a point mutation in the
B-globin gene and
p-thalassemia which is
caused by other types of
mutations in -globin

The anti-EBV activity of
CRISPR/Cas9 that targets
the Epstein-Barr virus
genome in infected NPC
cells has been reported. The

R. Kaur et al.

Reference

Barrangou et al. (2007), van
Diemen et al. (2016), Cohen
(2017), Imran et al. (2017),
Zhang et al. (2017)

(continued)
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Table 9.2 (continued)
Application

Genetic disease

Neurodegenerative
disease

Tools

CRISPRs/
Cas9

CRISPRs/
Cas9

Use

CRISPR/Cas9 has been also
used in vivo and in vitro to
battle etiological factors of
cervical cancer such as
HPV16 and HPV18. One of
the studies explored the
therapeutic value of
CRISPR/Cas9 when
combined with cisplatin for
mutations in HPV16 and E7
oncogenes of the virus—
showing inhibition of tumor
growth

Different genetic diseases
such as sickle cell anemia,
p-thalassemia, al-
antitrypsin deficiency,
muscular dystrophy, cystic
fibrosis, etc. can be cured by
gene therapies. The
screening of transcriptional
alteration due to CRISPR-
Cas showed protective
genes against the toxicity of
alpha-synuclein. The gene
editing facilitated by
CRISPR/Cas9 has
tremendously improved the
prospects of gene therapy.
Different ex vivo and

in vivo experiments of gene
editing technology showed
positive results and some
are under various stages of
clinical trials

The perturbing regulatory
interactions by synthetic
modulators (PRISM) are
applied to the yeast model
of Parkinson’s disease in
which sgRNAs were
identified that modify the
transcriptional network and
prevent the cells from
experiencing a-Syn
toxicity. Alzheimer’s
disease was caused by
APPswe (Swedish)
mutation in the amyloid
precursor protein. The

215

Reference

Cohen (2017)

Chen et al. (2017), Gyorgy
et al. (2018), Ricci and
Colasanta (2021)

(continued)
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Table 9.2 (continued)
Application

Cancer

Development of
testing tools and
reagents

Tools

CRISPRs/
Cas9

CRISPR/
Cas9

Use

CRISPR/Cas9 tool can be
also used to selectively
disrupt the mutant APP*Y
allele that decreases the
pathogenic amyloid-p (Ap)
The hepatocellular
carcinoma (HCC) cells
were inhibited by using the
CRISPR/Cas9 gene editing.
The expression of SIRT6
can be suppressed by
miR-125b which targets the
seed-matching region of 3’
UTR. After knocking out
the expression of the SIRT6
gene through CRISPR/
Cas9, the invasiveness and
viability of HCC cells were
reduced which had a similar
function after
overexpression of
miR-125b. Gene editing
technology such as
CRISPR/Cas9 was also
tried to inhibit breast
cancer. Presently, cyclin-
dependent kinases (CDKs)
are prominent anticancer
drug targets and CDKs
inhibitors give clinical
benefits to cancer patients.
The deactivated CRISPR/
Cas9 (dCRISPR) approach
has been used for genetic
manipulations of breast
cancer cells

As compared to traditional
methods CRISPR-Cas9 can
be improved by bacterial
genotyping to become more
adaptive to the differences
in food pathogens. The
CRISPR locus present in
different bacterial species
shows high variances which
could be developed as a
highly sensitive basis for
genotyping. The recently
developed CRISPR/Cas12a
(Cpf1) detector system can

R. Kaur et al.

Reference

Barone et al. (2018), Song
et al. (2018), Yang et al.
(2021), Wang et al. (2022)

Makarova et al. (2013),
Chen et al. (2018)

(continued)
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Table 9.2 (continued)
Application Tools Use Reference

be used for the diagnosis of
cancers, microbial
infections, gene mutations,
and test antimicrobial
resistance

used for the inactivation of pathogenic genes that help in the prevention of parasitic
or viral infections and knock out specific factors leading to the development of
pathogens resistance varieties (Ghorbal et al. 2014; Lin et al. 2014; Wu et al. 2015).

9.3.3 In Genetic Engineering for Insect-Borne Disease

Interestingly, the targeted nuclease has been also used to limit mosquito or insect-
borne diseases (Burt 2003; Sinkins and Gould 2006). Genome editing enables the
introduction of a particular gene or mutation in the host that can also get transferred
to its progeny (Windbichler et al. 2011). This gene editing technique has been used
in the vector of malaria, i.e., Aedes aegypti, Anopheles stephensi, and Anopheles
gambiae for disease control and prevention (Gantz and Bier 2015; Hammond et al.
2016). Countries like Saudi Arabia, Turkey, Korea, Philippines, India, USA, Europe,
China, and Japan are using the CRISPR technique for combating vector-borne
diseases (Mahto et al. 2022). Smidler et al. reported the targeted disruption of the
thioester-containing proteinl (TEP1) gene using TALEN in Anopheles gambiae
mosquitos, which transmit malaria. The TEP1 gene of An. gambiae has been
identified as a key gene for immunity against plasmodium infection (Miller et al.
2011). Gene editing in Ae. aegypti and An. stephensi using ZFNs and TALENs was
reported in 2013 (Degennaro et al. 2013). De Gennaro et al. investigated the
involvement of the odorant receptor coreceptor (orco) gene and the odorant receptor
pathway in host identification and susceptibility to the chemical repellent N,N-
diethyl-meta-toluamide (DEET) in Ae. aegypti (Christian et al. 2010). The devel-
oped ZFN was injected into embryos of Ae. aegypti in this experiment with
promising results.

9.3.4 In Genetic Engineering of Industrially Important
Microorganisms

The targeted nucleases also offer a convenient means for developing modified
bacterial and yeast strains for synthetic biology such as metabolic pathway engineer-
ing. For example, the bacterial species belonging to the order Actinomycetales are
one of the key sources of industrially relevant secondary metabolites. However, the
large numbers of Actinomycetales species are historically resistant to genetic
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manipulation and had severely hindered their use for metabolic engineering. Now,
CRISPR-Cas9 has been used to deactivate several genes of actinomycetes (Tong
et al. 2015). This indicates the ability of the CRISPR/Cas9 system to create designer
bacteria with enhanced secondary metabolite production capabilities. The CRISPR
has also helped in metabolic pathway engineering in yeast by creating random
mutagenesis in yeast chromosomal DNA at high efficacy (Jakocitinas et al. 2015),
allowing rapid screening of the desired mutants (Ryan et al. 2014).

9.3.5 In Genetic Engineering for Functional Genomics

The CRISPR-based knockout strategy has been playing an important role in func-
tional genomics (Hilton and Gersbach 2015), e.g., facilitated the discovery of
genomic loci that make cells drug-resistant (Koike-Yusa et al. 2014; Shalem et al.
2014; Wang et al. 2014a; Zhou et al. 2014; Blancafort et al. 2008). The genome
editing tools also uncovered how the cells can initiate host immune response (Parnas
et al. 2015), as well as keep giving new insights into the genetic basis of cell fitness
(Hart et al. 2015; Wang et al. 2015). The genome editing tools have also increased
the understanding of how certain viruses affect cell death (Ma et al. 2015). The
genome-wide application of the CRISPR strategy has helped in the discovery of
functional noncoding elements (Kim et al. 2013; Korkmaz et al. 2016) and under-
standing of their role in the structure and evolution of the human genome (Findlay
et al. 2014). The CRISPR has also helped in identifying the factors key to zebrafish
development (Shah et al. 2015) as well as disease development in mice (Chen et al.
2015).

9.3.6 In Genetic Engineering for Therapeutics

Genome editing technologies have great potential to treat/cure various diseases at
genetic levels (Cox et al. 2015; Porteus 2015; Maeder and Gersbach 2016). For
example, the ZFN-mediated disruption of HIV co-receptor CCRS allowed the
development of resistance against HIV in both CD4" T cells (Perez et al. 2008)
and CD34 hematopoietic stem/progenitor cells (HSPCs) (Holt et al. 2010; Tebas
et al. 2014). Along with the introduction of gene modifications that enhance autolo-
gous cell therapies, targeted nucleases can also mediate genome editing in situ
through combining viral vector, such as AAV (Gaj et al. 2016a). The delivery of
an AAV vector designed to target a defective copy of the factor IX gene and provide
a repair template had led to effective gene correction in mouse liver increasing factor
IX protein production in both neonatal (Li et al. 2011) and adult (Anguela et al.
2013) mice. Recently, the in vivo gene editing tool has been used for the restoration
of expression of the dystrophin gene allowing the rescue of muscle function in
mouse models of Duchenne muscular dystrophy (Long et al. 2016; Nelson et al.
2016; Tabebordbar et al. 2016). A therapeutic gene editing tool has been success-
fully used in a mouse model of human hereditary tyrosinemia disease (Yin et al.
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2014). This approach has been also used for the correction of disease-causing
mutations in the ornithine transcarbamylase gene in the liver in a neonatal model
of disease (Yang et al. 2016).

9.3.7 In Genetic Engineering: Epigenome Editing (Modulating
Gene Expression)

Along with the DNA recognition ability of CRISPR-Cas9, the flexibility associated
with constructing arrays of ZFs and TALEs proteins capable of binding to specific
sequences allows their fusion with transcriptional activator and expression protein
domains to modulate the expression of any gene from its promoter or enhancer
sequences. The fusion of engineered zinc finger proteins either with the transcrip-
tional domain derived from herpes-simplex or Kruppel-associated box (KRAB)
repression protein had been used for the generation of the first fully synthetic
transcriptional effector protein (Sadowski et al. 1988; Margolin et al. 1994; Beerli
et al. 1998). Several other types of effector domains were extended and featured over
the next 15 years using the zinc finger-based transcriptional modulators (Beerli and
Barbas 2002). For example, modulation of transcription through targeted methyla-
tion or demethylation was done using the Dnmt3a methyltransferase domain
(Rivenbark et al. 2012; Siddique et al. 2013) and the ten-eleven translocation
methylcytosine dioxygenase 1 (TET1) (Chen et al. 2014). The TALE transcription
factor has also emerged as an effective platform to achieve modulation of targeted
transcription (Miller et al. 2011; Zhang et al. 2011). Similar to zinc finger, the TALE
is also compatible with several modifiers such as the TET1 hydroxylase catalytic
domain which is used for targeted CpG demethylase domains (Maeder et al. 2013),
and the lysine-specific histone demethylase domain (LSD1) which has been used for
targeted CpG histone demethylation (Beerli et al. 2000; Pollock et al. 2002;
Magnenat et al. 2008; Polstein and Gersbach 2012; Maeder et al. 2013; Mendenhall
et al. 2013; Perez-Pinera et al. 2013). TALE activators have also been effectively
engineered to regulate gene expression in response to endogenous chemical stimuli
(Li et al. 2012), proteolytic cues (Copeland et al. 2016; Lonzari¢ et al. 2016),
external stimuli (Mercer et al. 2014), and optical signals (Konermann et al. 2013).
The potential is immense.

9.3.8 Genome Engineering for Transcription Modulator

Because of the excellent ease, the CRISPR-Cas9 system has been also used for
transcriptional modulation via fusion of a particular effector domain with the
catalytically disabled variant of Cas9 protein (Qi et al. 2013). The mutant form is
unable to cleave DNA and is referred to as dCas9 (Dead Cas9 Endonuclease)
because of its ability to bind to the DNA in an RNA-directed manner. The carboxyl
domain of dCas9 protein fused with the effector domain can modulate the gene
expression from either strand of the targeted DNA sequences (Farzadfard et al. 2013;
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Maeder et al. 2013; Perez-Pinera et al. 2013; Gilbert et al. 2014; Hu et al. 2014).
Moreover, dCas9 can inhibit gene expression by simply blocking the transcription
initiation or elongation via the process known as CRISPR interference (Qi et al.
2013), whereas the fusion of transcriptional repressor domains with dCas9 can also
be used to effectively silence a gene from the promoter region (Gilbert et al. 2013;
Balboa et al. 2015; Zalatan et al. 2015). The light-inducible dCAs9-based system has
been shown to be capable of allowing optical control of gene expression or achieving
altered conditional control of gene expression (Nihongaki et al. 2015; Polstein and
Gersbach 2015). The first-generation dCas9 activators were found to display a
sub-optimal level of activation (Karlson et al. 2021). The development of second-
generation CRISPR activators has rapidly emerged and expanded as a hugely
promising area of research (Vora et al. 2016; Chen and Qi 2017).

Even though a lot has been accomplished using these genetic engineering tools
still many challenges remain to limit the realization of the full potential of the
genome editing tool. Most importantly are the development of new techniques
which are capable of introducing gene modifications without DNA breaks such as
Oligonucleotide-Directed Mutagenesis (ODM) and Base Editing (Komor et al.
2018). These methods can convert one target base pair to a different base pair
without requiring DSBs and in the future can be promising technologies for the
study of potential treatments for genetic diseases (Komor et al. 2018). The targeted
recombinases that can recognize specific DNA sequences and incorporate desired
therapeutic factors into the human genome can be designed and developed (Akopian
et al. 2003; Pruett-Miller et al. 2009; Mercer et al. 2012; Gaj et al. 2013a; Sirk et al.
2014; Wallen et al. 2015). This could very well herald the era of the beginning of the
union between regenerative medicines and genome engineering (see Table 9.2).
However, despite the existence of substantial knowledge gained from genome
editing in immortalized cell lines, its application in regenerative medicine that
requires genetic manipulation of the progenitor or stem cell populations is still in
its infancy as their epigenome as well as the organization of the genome and its
functional regulation is inherently different from the transformed cell lines. It is
important to fully explore and understand the functional landscape of the potential
role and usage of these technologies in progenitor cells and stem cells before their
large-scale usage in designer therapeutic applications that could mean reprograming
the cell fate and behavior for the next generation of advancement in gene therapy and
synthetic biology.
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