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Abstract

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeat) is one of the hallmark of biological tools, contemplated
as a valid and hopeful alternatives to genome editing. Advancements in CRISPR-based technologies have empowered scien-
tists with an editing kit that allows them to employ their knowledge for deleting, replacing and lately “Gene Surgery”, and pro-
vides unique control over genes in broad range of species, and presumably in humans. These fast-growing technologies have
high strength and flexibility and are becoming an adaptable tool with implementations that are altering organism’s genome
and easily used for chromatin manipulation. In addition to the popularity of CRISPR in genome engineering and modern
biology, this major tool authorizes breakthrough discoveries and methodological advancements in science. As scientists are
developing new types of experiments, some of the applications are raising questions about what CRISPR can enable. The
results of evidence-based research strongly suggest that CRISPR is becoming a practical tool for genome-engineering and
to create genetically modified eukaryotes, which is needed to establish guidelines on new regulatory concerns for scientific

communities.
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Introduction

It has been well documented that phages overcome bacte-
rial resistance by reverting their host genomes. Therefore,
a large segments of the bacterial DNA is occupied by the
transplanted encoding genes from different antiviral defense
systems (Brouns et al. 2008; Lintner et al. 2011; Weekes
and Yuksel 2004; Wiedenheft and Van-Duijn 2011). Upon
infection and completion of phages replication, prophages
destroy the host cell and to avoid this lethal threat, bacteria
evolve various phage-resistance defense system that obstruct
almost each phase of phage life cycles. Most bacteria, alter
their existing receptors on cell membrane to restrict natu-
ral viral attachment using restriction enzymes to destroy
invaded viral DNA once infects the cell. Bacteria have
adapted an altruistic suicide strategy to inhibit propagation
of viral DNA, within their population. Overall, such anti-
viral mechanisms frequently provide enhanced protection
from the interference of analogous genetic assaults, DNA
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molecules, plasmids, and other conjugative and integrative
components (or elements) (Cong et al. 2013; Almendros
et al. 2014; Horvath and Barrangou 2010). A classical model
of this coevolution is the E. coli restriction-modification
system as it relates to the counter-attack interactions of the
bacterial host against T4 bacteriophages (Zhu and Ye 2015;
Chylinski et al. 2014; Makarova et al. 2011; Deltcheva et al.
2011; Sapranauskas et al. 2011). This Darwinian interchange
between majority of prokaryotes in focus on bacteria and
viruses stimulates an inevitable evolution in expression of
bacterial phage-resistance system (Hale et al. 2010). These
unique restriction-modification systems in bacteria are not
only able to discriminate “self” vs. “non-self” DNA, but also
act as a primitive innate immune system that confers resist-
ance against invasive DNA. This adaptive microbial immune
system has a genomic etiology, which has been coined as
CRISPR, and it delivers acquired immunity against invad-
ing viruses and plasmids in host cells. CRISPR consists of
between 20 and 49 base pair long and highly conserved short
DNA repeat sequences which are at least partially palin-
dromic (Rath et al. 2015). These repeats are interspaced by
stretches of variable sequences of between 24 and 75 base
pair spacers (Raz and Tannenbaum 2010; Marraffini and
Sontheimer 2008). The spacer sequences usually originate
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Fig.1 Overview of the CRISPR-Cas9 system. CRISPR loci are found
in roughly 40% of bacterial genomes and can be transmitted both hor-
izontally and vertically

from (1) fragments of captured foreign DNA; (2) coding
or non-coding DNA; or (3) DNA derivative of RNA from
various viruses, phages, transposons or plasmids (Ferguson
et al. 2011; Golkar 2016) (Fig. 1).

While, CRISPR technology and its revolution seem to
occur at a truly astonishing pace, this prokaryotic immune
system is especially flexible for genome engineering, thus
offering more precise on-target and decreasing off-target edit-
ing rates. Prokaryotes have utilized CRISPR as an adaptive
immune system against viral attacks and have long like a win-
ning strategy to ensure prokaryotic survival. This system is
proving to be just as powerful for research studies, outshining
existing genome editing research applications such as ZFNs
and TALENs (Bondy-Denomy et al. 2013; Bondy-Denomy
2018). The development and understanding of the CRISPR/
Cas and bacterial immune system and its application into a
gene-editing tool are the efforts of several researchers over
long period of time. This review offers a brief history of each
significant contribution of the researchers who were involved
in this discovery and shaped the CRISPR gene editing tech-
nology to its clinical application thus crossing boundaries by
gene surgery in human embryo (Broad Institute 2018).

Discovery of CRISPR and its function
In 1987, Yoshizumi Ishino discovered the CRISPR

sequences in E. coli genome (Ishino et al. 1987) and exten-
sive analysis of gene coding for isozyme conversion of
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alkaline phosphatase was reported by him later on in 2018
(Ishino et al. 2018). However, their function as a defense
mechanism against phages was not discovered until 2007.
In 1993, Francisco Mojica from the University of Alicante,
Spain was the first scientist to elucidate CRISPR locus, and
he reported the structures of the currently known CRISPR
sequences in 2000 (Mojica et al. 2000) He further character-
ized some of CRISPR sequences that have homology with
genome of bacteriophages, and he reported that CRISPR
is a unique form of bacterial adaptive immune system in
2005 (Mojica et al. 2005). In 2005 Alexander Bolotin dis-
covered set of Cas genes, that coding for a large function-
ing protein that projected to have nucleus activity, later
named as Cas9 in CRISPR locus of S. thermophilus. His
team noticed that all spacers with conserved similarity to
bacteriophage genes share a unique sequence at one end,
now known as Protospacer Adjacent Motif (PAM) which is
necessary for target recognition (Bolotin et al. 2005; Jansen
et al. 2002). In 2006, Eugene Koonin demonstrated a funda-
mental structure for CRISPR cascades based on insertions
of homologous sequences to bacteriophage genome in the
spacer array (Koonin and Makarova 2019; Makarova et al.
2006). In 2007, Barrangou et al. (2007) demonstrated that
consistent exposure of targeted bacteria to bacteriophage
attack may led to resistance; that viral DNA will be inserted
into bacterial CRISPR interspacing regions; and that if these
viral DNA are removed from the spacers, targeted bacte-
rial will be sensitive to viral attack and lose resistance. Fur-
thermore, Philippe Horvath performed the first experiment
with CRISPR systems in S. thermophilus by insertion of new
sequence of phage DNA into the CRISPR array, and he stud-
ied the immunity of bacteria against the next round of phage
attack. He demonstrated that Cas9 protein is only required
for interference, while CRISPR cascade inactivates phage
attacks (Horvath and Barrangou 2010). In 2008, John van
der Oost and his colleagues from the University of Wage-
ningen, Netherlands confirmed the presence of CRISPR
RNAs (crRNAs) spacer sequences in E. coli genome. These
spacers are originated from viral DNA and are transcribed
into crRNAs, which directly target the DNA after activation
of Cas protein (Lander 2016). Marraffini and Sontheimer
(2008) further confirmed that the concept of target mole-
cule is always DNA not RNA, and that the CRISPR system
is a unique tool that could be applicable to the eukaryotic
system. Later, in 2009, Hale and colleagues discovered dif-
ferent types of CRISPR that could exclusively target RNA
(Hale et al. 2009; Garneau et al. 2010). In 2010, S. Moineau
introduced Type II of CRISPR systems, which demonstrated
that in CRISPR-Cas9’ system, the Cas9 protein, in conjunc-
tion with crRNAs, is required to cleavage the target DNA
in 3 nucleotides upstream of the PAM and in very specific
positions (Deveau et al. 2010; Jinek et al. 2012). In 2011,
E. Charpentier and team (Deltcheva et al. 2011) discovered
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CRISPR RNA (tracrRNA) while performing RNA sequenc-
ing on S. pyogenes, which has a Cas9 protein. She presented
that tracrRNA creates a duplex with CRISPR RNA (crRNA),
which guides Cas9 to its targets (Abbott 2016). Meanwhile,
Siksnys and colleagues cloned Type II system of CRISPR-
Cas loci of S. thermophilus and expressed that in E. coli
the result was the ability of this strain to provide plasmid
resistance. This experiments proved that CRISPR systems
are independent functioning sequences (Sapranauskas et al.
2011). In 2012, Jinek et al. (2012) first in vitro experiment
showed, CRISPR could be designed for targeted DNA cleav-
age. In 2013, first application of CRISPR based editing in
human and mouse cell lines was reported by Cong et al.
(2013) and Mali et al. (2013). Finally, one of the pioneers of
TALENSs, Zhang, could modified CRISPR-Cas9 for genome
editing in human and mouse cell lines. They used two differ-
ent Cas9 proteins (S. thermophilus and S. pyogenes) and per-
formed cleavage in targeted DNA of these eukaryotic cells.
Their experiments show it is possible to edit CRISPR-Cas
system and use it for different targets of the same genome
(Cong et al. 2013). Before 2018, PubMed had published over
5000 CRISPR-Cas articles, several of publications focused
on improvement of tool’s specificity, orthogonality, accu-
racy, applications and multi-plexibility in diverse organisms.

The results of the studies elucidated that extreme diversity
in CRISPR mechanism, found in 95% of archaeal and 48%
of bacterial genomes with respect to unique PAM sequences
and types/subtypes of Cas proteins.

In 2011, Makarova et al. (2011) identified 5 major types
and 16 subtypes based on shared characteristics, evolu-
tionary and sequence homology. He further classified
them into two classes based on the structure of the effector
complex that cleaves the genomic DNA (Makarova et al.
2011). The CRISPR might be a powerful defense system
to ensure prokaryotic survival, but it is not invincible. In
2012 scientists (Cady et al. 2012) reported the first set of
anti-CRISPR genes in phages attacking Ps. aeruginosa that
can block CRISPR function, inhibit the activation of Cas
proteins or prevent the CRISPR-Cas system from binding
to target DNA (Borges et al. 2017). Currently, CRISPR tool
advancement has arisen at a surprising pace, with research
focused towards enhancing on-target and reducing off-target
editing rates. Biotech companies have empowered research-
ers to improve further the CRISPR technique by providing
constructed plasmids, and have shared the experiences of
other scientists, and have created a tremendous access to
numerous plasmids applicable in many platform applications
and in a variety of models e.g.; eukaryotes (Human, mouse,
and rat); Prokaryotes (E. coli, Streptococcus, Streptomyces,
and others), Drosophila; Plants (monocots and dicots); C.
elegans; Yeast (S. cerevisiae and S. pombe); Zebrafish, and
Xenopus (Adli 2018; Wang et al. 2014a, b; Koike-Yusa
et al. 2014; Pourcel et al. 2005). More than a decade passed
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Fig.2 CRISPR-Cas9 as a precise genome editing tool

before scientists discovered the landscape of these spacer
sequences. Computational analysis of genomic sequences of
several organisms, including bacteriophages, led research-
ers to notice the importance of CRISPR repeat and spacer
sequences. Conspicuously, CRISPR had been identified as
an atypical bacterial DNA repeat element for many years
before it was reported as the bacterial immune system and
subsequently introduced as a potent re-programmable gene-
targeting tool kit (Adli 2018; Wang et al. 2014a, b; Koike-
Yusa et al. 2014; Pourcel et al. 2005) (Fig. 2).

The rise of CRISPR as the genome
engineering application

While the breakthrough in synthetically designed, mega
nucleases enzymes using ZFNs and TALENs sequentially
enhanced the gene-editing efficiency, targeting various
recognition sites in the genomic DNA requires more new
proteins to be re-designed. The major challenge in further
engineering new proteins in ZFNs or TALENS is who are
not applying these techniques as frequently as CRISPR has
revolutionized the field, and provides a simpler and more
fixable kit for gene- editing efficiency. However, use of any
of gene-editing tool depends on the application, type of cell
lines, and research goal. This discovery, in addition to the
next generation of sequencing, provides a powerful tool kit
for scientists to target multiple locus on DNA of the same
eukaryotes or prokaryotes and genome-wide screening. The
combination of gRNA targeting can be applied to identify
important genes which code for a certain phenotype. A sub-
stantial pooled of information is present for gene knockout,
transcriptional activation or repression in cells (Brophy and
Voigt 2014; Jusiak et al. 2016). As CRISPR technology is
developing, many researchers are interested in exploring
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further the implication and functioning of these CRISPR
sequences. Findings are notably followed by groundbreaking
literatures published worldwide demonstrating that CRISPR
could be tailored for various gene alteration in vivo in both
prokaryotes and mammalians (Brophy and Voigt 2014;
Rothschild et al. 2015). CRISPR has provided an especially
practical and accessible tool that could be simply pointed
to a selected location in the genome by designing a short
sgRNA sequence. In past few years, utilizing the CRISPR/
Cas9 tool has exceed the basic genome editing and targeting
DNA. In some of the current approaches CRISPR appli-
cations have been used in chromatin (Adli 2018), and tar-
geted epigenetic regulation, precision of CRISPR to achieve
large-scale functional screenings by using guided proteins
with thousands of copies of sgRNA in each targeted cell to
recognize genes that influence an explicit phenotype in an
individual (Lino et al. 2018). These approaches need several
technical and analytical improvements, (Dar et al. 2018) but
once recognized as standard approaches, they could be pow-
erful tools to monitor the functionality of large numbers of
genes simultaneously. The specificity and in-depth details
of these assays are not in scope of this article however in
2018, Dar et al. (2018) and Adli (2018) have published their
excellent analysis in wide range of CRISPR screening and
well documented in their articles.

Examples of the use of the CRISPR-Cas
in modern medicine

Regulation of cell behavior is one of the major goals of
synthetic biology, and to achieve this goal requires efficient
and precise artificial transcription factors that could target
the specific sequences. CRISPR system has been used to
adjust processes in a different prokaryote and eukaryotic
cells. These regulatory pathways have been established
using transcriptional regulatory systems based on CRISPR-
Cas9. Considering CRISPR has made the great progress in
transcriptional regulation, this allows several genes to be
set simultaneously (Hasty and Montagna 2014; Gerlinger
et al. 2014). Recently, the development of nuclease-dead Cas
molecules (dCas9 and dCas12a) as a new comprehensive
toolbox has offered an additional platform for scientists to
regulate the genome function and to control cellular behav-
iors without using CRISPR for genome editing (Xu and Qi
2019). Chronic granulomatous disease is caused by a single
intronic mutation in the CYBB gene. Flynn et al. (2015),
have used CRISPR/Cas9D10A, nickase and donor-mediated
HR in iPS of skin fibroblast for In vitro differentiated mac-
rophage function. Barth syndrome is a result of 1 bp deletion
on chromosome. Wang et al. (2014a, b) have used iPS of
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skin fibroblast and applied CRISPR/CAS9, PiggyBac and
donor-mediated HR for In vitro differentiated cardiomyocyte
and muscle contraction. Similarly, -Thalassemia is A/G and
TCTT deletion or C> T mutation in HBB gene, and studies
have shown that modification of CRISPR/CAS9, PiggyBac,
and donor-mediated HR using iPS fibroblast could be used
for In vitro hematopoietic differentiation and Gene expres-
sion (Xu et al. 2015; Xie et al. 2014). In another study on
Hemophilia A conducted by Park et al., researchers used
iPS; urine cells of Hemophilia A patients and Cas9 protein,
gRNA and DNA plasmid were transferred using a micropo-
rator system. The results were demonstrated in vivo differ-
entiated endothelial cells and transplanted into a hemophilia
mouse for correction of gene inversion 140 kb and 160 kb
from intron 1-22 (Park et al. 2015). Cystic fibrosis is another
mutation-based condition on CFTR F508 deletion, CRISPR/
CAS9 and donor-mediated HR, using no iPS cells. Only
3D intestinal organ culture has shown interesting results for
In vitro differentiated intestinal organoids (Schwank et al.
2013; Hastings et al. 2009). In 2019, report has shown prom-
ise in a clinical trial application in patients with Sickle cell
anemia (Humbert et al. 2019), hematopoietic stem cells of
patient was targeted for editing. Researchers used CRISPR-
based technique to edit the antigens of CD90 and boost the
regenerating this cells with normal function in blood.

Application of CRISPR as a tool to treat
Duchenne Muscular Dystrophy in mice

In 2017 Bengtsson and colleagues used CRISPR genome-
editing tools to treat Duchenne Muscular Dystrophy (DMD)
in mice (Bengtsson et al. 2017). In Duchenne Muscular Dys-
trophy, defective DMD gene is unable to code for the protein
dystrophin, and there is no known cure for DMD. Bengtsson
et al., used CRISPR to remove the defective DMD gene in
mice, which has allowed the mice to produce major dystro-
phin proteins in the muscles cells. The results of the study
were promising and considered as the first application of
CRISPR in the treatment of genetic disease in mice with
DMD. CRISPR can delete the incorrect exon, therefore the
duplicator system can generate a smaller amount of dys-
trophin protein as effective as its natural form and sgRNA.
Modified Cas9 were delivered by using unique viral career;
adenovirus into mouse muscle cells; and CRISPR system
was applied to delete the incorrect exon (Long et al. 2014;
Nelson et al. 2016; Ousterout et al. 2015). In another study,
the Li et al. (2015) group used iPS fibroblast and CRISPR/
Cas9 for 75484 bp deletion, including exon 44 of Dystro-
phin gene, the results of which were used for in vitro dif-
ferentiated skeletal muscle cells and evaluating the gene
expression.
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CRISPR system and gene-editing in cancer

The CRISPR system has inclusive potential for a variety of
applications in epigenetic cancer therapy, in gene regulation
of oncogenes in cells, multiscale cancer modeling, proteom-
ics methods for drug discovery and protein—protein interac-
tions (PPI) as therapeutic targets in cancer focused studies
(Dar et al. 2018; Sachdeva et al. 2015; Martinez et al. 2012),
or chromosomal rearrangements in cancers that involve a
single balanced fusion, or in combination with one or more
fusions that disrupt this balance (Maresch et al. 2016). It
has been studied in details cancer cells accumulate multiple
mutations in genes that, can cause development of cancer
cells, progression and distant metastasis (Shi et al. 2015;
Weber et al. 2015; Sanchez-Rivera and Jacks 2015; Khan
et al. 2016). The CRISPR system could possibly cure the
disorders caused by these generating mutations by switching
off the respective oncogenes or by switching on the tumor
suppressor genes in activation or suppression of telomeres as
another potential application in cancer therapy (Harley 2008;
Annunziato et al. 2016; Torres-Ruiz and Rodriguez-Perales
2015; Yoo and Jones 2006; Chiba et al. 2015; Wang et al.
2017). In a study by oncologist Lu You, the T-cells were
obtained from the patient’s blood of Non-small cell lung
cancer and gene PD as a part of immune checkpoint were
disabled by use of CRISPR. The PD-1 gene naturally serves
as an “off switch” to prevent T-cells from damaging normal
cells, however several types of cancer cells seize the pathway
to escape detection by the immune system and grow aban-
doned. In this prospective trial, the edited PD-1 knockout
T-cells were transferred back into the patient and were able
to recognize and evade the Non-small cell lung cancer cell
(You et al. 2019). The CRISPR/Cas9 advancement is also
playing an important role in revolutionizing the current he
diagnostic methods and available treatment for breast cancer
(Yang et al. 2018). An invasive lobular breast carcinoma is
taken as an example for this diagnosis and CRISPR/Cas9
mediated tool is used for modification of somatic cell in
putative cancer driver genes. For therapeutic approaches,
the inhibition of breast cancer cell proliferation is accom-
plished by adapting a dominant negative mutation generated
by the CRISPR/Cas9-targetting of HER 2 (Annunziato et al.
2016). Another promising application, T-cells of patient is
extracting and after gene modification using CRIPSR, re-
programmed cells infusing back into the patient to fight
the Leukemia and Lymphoma cancer cells (Graham et al.
2018). Multiscale of cancer modelling is another application
of the CRISPR system, via the stimulation of tumor sup-
pressor genes and the suppression of oncogenes. Tradition-
ally, in murinae cancer modelling, genetic modification of
transgenes or homologous recombination in embryonic stem
cells were required (Yao et al. 2015). These models could

predict one or two mutations in the model and were often
very expensive methods; (Jin and Li 2016) however, using
the CRISPR system could generate the same information
in less than a few weeks and was cost-effective (Nishimasu
et al. 2014; Driehuis and Clevers 2017). Another applica-
tion of the CRISPR system the use of epigenetic factors of
some cancers.

Generally, methylation is a major epigenetic factor for
gene expression and regulation in eukaryotic cells (Driehuis
and Clevers 2017). CpG islands are typically located in the
promoter region and during epigenetics events, methylation
process will lead the repression of gene expression. DNA
methylation in cells is extremely well regulated by a family
of enzymes called DNMTs: DNMT1, DNMT2 DNMT3a
and DNMT3b. If DNMTs are dysfunctional in cancer cells,
they deactivate the cancer suppressor genes or activate onco-
genes (Moore et al. 2013). The CRISPR system could target
the desired genes and engineer their functions to generate
mutations in enzymes associated with epigenetic regulation
(Adli 2018).

Similarly, the CRISPR system has the potential to change
the genome of somatic cells. In 2015, Singh et al., induced
several organized mutations in a mice by using the CRISPR
system concomitantly. Numerous parameters involved in the
diverse types of cancers were predicted (Singh et al. 2015).
Bak et al., used two lentiviruses associated with each other
to express all the of CRISPR relevant factors in hemat-
opoietic stem and progenitor cells (HSPC). The absence
of functional mutations produced in these cells may led to
acute myeloid leukaemia (AML) in mice (Heckl et al. 2014;
Tothova et al. 2017). However, well-designed experiments
in mouse of human genetic variants, e.g.; SNPs involved
by genome-wide association (GWA) findings, have been
thought-provoking. Currently, however, practically any
change mirroring human coding variants could be initiated
in the mice genome. The CRISPR system provided a plat-
form of opportunities for specific genome engineering in
humanized mice (Birling et al. 2017; Fujihara and Tkawa
2014). The CRISPR system equips mouse geneticists with
a powerful, quicker, improved, and cheaper genetic toolbox,
exclusively capable of testing human disease-related issues
in mouse research (Wu et al. 2013; Yoshimi et al. 2014).

CRISPR application to develop resistance
against malaria by editing DNA of mosquito

Scientists have used the CRISPR system to create mos-
quitoes which can transfer resistance to malaria within the
same species. For this, CRISPR was used to modify the
DNA by injecting it into female Anopheles mosquitoes,
which is one of the major parasite carriers in tropical areas
and most notoriously in the regions of sub-Saharan Africa
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and Asia. The transmitted DNA is programmed with edited
antibodies that could attack the malaria parasites (Gantz
et al. 2015). This technique is still very new and requires
further analyses and experimental designs before applica-
tion. It is important to validate all the risk factors before
its extensive use in nature. Once safely tested, it would be
a great tool in the fight against fatal malaria. This applica-
tion has shown 99.5% promise of in vitro mattings between
modified and unmodified mosquitoes (Ghorbal et al. 2014;
Hammond et al. 2016).

Application of CRISPR in the treatment
of HIV infection

Liang et al. (2016) of McGill University AIDS Center in
Montreal, Canada applied CRISPR to delete the viral DNA
that had been integrated into the human host cell by repair
mechanisms. These studies have shown promises that genet-
ically repaired tissue could be generated to prevent viral
DNA function. Khalili et al. (2017) of Temple University
in Philadelphia have used similar approaches by targeting
multiple sites to reduce any chance for virus escape or the
emergence of virus resistance to the primary treatment.
Results of gene-editing CRISPR system to eliminate the
HIV genome from the eukaryotic cells lines and success
in the results have provided the potential of and promis-
ing strategies in treating HIV infection (Khalili et al. 2017;
Ebina et al. 2013; Liao et al. 2015; Hu et al. 2014). Often
when viral genome is edited, it could lyse the viruses, while
in the other cases this manipulations could have the reverse
effect by exacerbation of the viral infection in host cells
(Lee and Lee 2019). On the contrary, if the viral repaired
DNA takes an altered form, the CRISPR cannot identify
and attack the host any more. This system could attack on
various segments of viral genome and cause further altera-
tion resulting development of higher resistance to available
treatments (Wang et al. 2016). Alternatively, simultaneous
the CRISPR-Cas9 system has been used for editing of the
HIV co-receptors CCR5 and CXCR4 and considered it an
hypothetically safe and promising approach to achieve treat-
ment by protecting CD4(+) cells from HIV-1 infection (Liu
et al. 2017; Allen et al. 2018; Kaminski et al. 2016). Par-
ticularly, few of current introduced systems may provide
the opportunities and alternative potentials in current viral
gene editing. A profound example of CRISPR application
in human embryo was done by He et al. (Unpublished). He
used 16 embryos with CRISPR and implanted 11 edited
embryos into the wombs of women to attempt to create
a viable twin pregnancy (Unpublished). He aimed to edit
the gene to prevent the HIV in unborn twins (Lee 2019; Li
et al. 2019).
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Medical applications of CRISPR
for personalized use

Another potential application of the CRISPR technology could
be in personal medical use, e.g.; embryonic stem cells would
be engineered with the CRISPR system, and then, modified ES
cells would be re-injected into the patient. For this, prospective
patients are characterized based on their genotype and pres-
ence or absence of targeted faulty genes. These studies are
very preliminary and are largely depends on the first testing or
whether this is safe for the patient. For example, RuvC domain
recognizes and cleavage the double-stranded DNA that is not
complementary to gRNA, then active site catalyzes the single-
stranded DNA following general two-ion of HJs (Sundaresan
et al. 2017). By designing a mutation in the the RuvC Nuclease
domains of the CRISPR system, scientists are planning to con-
struct a engineered enzyme with lack of endonuclease activity
and this, will be applied simply to facilitate identifying other
targeted enzymes (Chen and Doudna 2017). Mutated Cas9
causes the target protein to lose its endonuclease property but
reserve its capability to recognize its DNA in a desired targeted
region to bind to the excising sgRNA sequences. While tech-
nology will be used to enhance the binding of more enzymes
to Cas9, to bind this complex to the desired target site-Cas9,
an increase in enzymatic activity will be occurred to eliminate
the cleaving of the sequence (Safari et al. 2019). Scientists are
also looking for more clues to whether they might be helping
patients in need since new Cas9-based tools are still poorly
explored. In a study conducted on SpCas9, the results of a
modified Cas9 show that improvement of protein functions
over domain fusion or splitting, rational scheme, and directed
evolution is promising. Such protein engineering approaches
proved to be more dynamic in the manipulation of DNA of
organisms of the most interest, with safer precision, more
accurate interaction with stimuli, and reduced or lack of tox-
icity, and more efficient application. In addition to engineered
Cas9, sgRNA engineering has been developed to improve
CRISPR application, and both techniques have enhanced the
tailored Cas9 tool applications. Cas9 could be used for simple
or multiplex approaches for different genome editing and gene
therapy. Epigenetic studies have shown reversible property of
epigenetic correction, comprising DNA methylation, which
has been now being used in cancer therapy for altering the
epigenetic field (Shalem et al. 2014). Epigenetic editing at spe-
cific loci is another great approach for gene expression, and
the CRISPR/Cas9-based approach has been developed for a
precise DNA methylation, comprised of dCas9 nuclease and
catalytic domain of the DNMT3A. This tool targets gRNA of
DNA and consists of CpG methylation segment. Once gRNA
targets the dCas9-DNMT3A, several adjacent sites will be cre-
ated, which enables methylation to increase in larger amounts
and results in promoting greater increase of the direct DNA
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Fig.3 Timeline of key events in discovery and application of CRISPR system

methylation in the sequence region of the target loci /L6ST and
BACH?2, eventually decreasing their expression (Vojta et al.
2016; Lei et al. 2018; Josipovic et al. 2019) (Fig. 3).

Ethical factors for therapeutic application
of CRISPR

As CRISPR and gene surgery could be a valuable approach
in germline editing, these technologies grow more in scope.
Since changes to germline could be passed on to the next
generations, using the CRISPR tool has raised several social
and ethical interests over its application, and these powerful
tools deserve greater considerations (Walani and Biermann
2017; Brokowski 2018; Colnaghi et al. 2011). It is a fact
that seven million children are born with lethal genetic dis-
orders every year (Liu et al. 2015). The promising use of
CRISPR as a tool for gene editing to treat defective unborn
children, involving the success and accessibility of diagno-
sis and design, the treatment has generated debates among
researchers to propose ethical guidelines for approval of
this approach in preclinical settings (Curtis 2011). A survey
conducted in 2018 of over 2500 Americans (Montoliu et al.
2018) showed general knowledge and acceptance of the idea
for gene surgery in human embryos. While the vast major-
ity of the USA population are not in favor of vaccination,
blood transfusion, in vitro fertilization and organ transplant
to save lives, it is difficult to press the issue to support the
potential application of CRISPR in mankind to treat serious
diseases. The public’s general knowledge is highly influ-
enced by media, the idea of “barcoded humans, supper sol-
diers, or designer babies” does not represent the extensive

clinical research in this field and requires clear vision for
public (Silverman 2018; Jasanoff and Hurlbut 2018). Scien-
tists equipped with this powerful technique should not use
it as an enhancement tool for different human characteris-
tics. Scientific communities, advocates, and ethicists should
review ethics diligently, (Jiankui et al. 2018; Brenner 2002)
based on personal ethics, religious beliefs, cultural values
and public-health challenges. This requires debating and
developing exclusive national and international safe guide-
lines for its unique applications in clinical trials (Silverman
2018; Regalado 2015; Nelson et al. 2016; Brokowski 2018).

Conclusion

Previously, genome manipulation of humans was a theoreti-
cal concept; now, however, with the CRISPR technique we
are taking noticeable steps to make that dream a reality. The
evolution of every cutting-edge tools and technologies is
crucial for scientific advancement. Nobel laureate Sydney
Brenner is quoted as saying, “Progress in science depends
on new techniques, new discoveries and new ideas, prob-
ably in that order” (Mollanoori and Teimourian 2018). It’s
incredible to see how rapidly CRISPR research develop-
ment has progressed, and this fascinating progress in the
development of diverse range of CRISPR-based approches
in just 20 years has shown promise in therapeutic applica-
tions, which is exciting for biomedical researchers (Balti-
more et al. 2015). The CRISPR technology makes it prom-
ising to change genomes of nearly every organism under
any conditions and continues to improve in a very precise,
programmable platform in science for different biological
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and translational applications. It has become more conveni-
ent, cost effective, and well adapted in labs and biotech-
nology companies. CRISPR has increased our knowledge
of DNA regulation and organization in every living cells
across diverse species and continues to transform molecu-
lar biology, medicine, and biotechnology (Doench 2018;
Funk and Hefferon 2018). For scientists in the CRISPR
field of research, development of this system has led to the
transformation of genome editing and has provide the great
opportunities for therapeutic uses. Research labs are finding
new applications in biomedical the engineering field and
are exploring more purposes compared with other technol-
ogies. Progress in the development and understanding of
CRISPR has revolutionized the field of medicine by specify-
ing the demand for this technology in the prevention or the
treatment of majority of genetic diseases (Hsu et al. 2014).
CRISPR medical applications are developing and focus on
treatment of cancer, HIV and other genetic disorders are
on top list of clinical researchers, e.g. eradicating genetic
defects in human embryos by using the CRISPR technique
(Regalado 2015). The major obstacle for therapeutic use of
CRISPRs in humans would be the correct delivery of edit-
ing reagents for effective gene correction in vivo or in stem
cells that could be exploited to re-introduced into patients
(Park 2016). However, in 2015, David Baltimore along with
other researchers, ethicists and advocates commented that
germline-engineering raises the risk of unanticipated con-
sequences for future generation since there are limits to our
current understanding of gene-environment interactions in
human disease, genetics, and the pathways to other respec-
tive disease (Baltimore et al. 2015). He et al. (Unpublished)
announced that his lab used the CRISPR technique to create
genetically modified babies. Despite the ambitions about the
technology which allows researchers to take such risks to
make precise modifications to human DNA, (Stein 2018; Li
et al. 2019; Barton and Rochman 2017) and like any great
scientific inventions and discoveries, CRISPR approach has
triggered ethical concerns among scientific communities
that are not easy justifications. It is a fact that CRISPR is
an exciting yet challenging area in modern biology with the
aim of making notable change in the genome of different
species, and germline engineering could be done exclusively
on faulty genes that lead to severe diseases while there are
not may practical therapeutic options available. In parallel
to the current developments, extensive evidence on risk fac-
tors, and health benefits, improvements during clinical trials
are required. Despite all its promises, this technique still
requires crucial steps toward maximizing the system until it
is considered safe enough to be used on humans.

Acknowledgements Author acknowledges, Dr. L. Rochelle for her
valuable assistance in editing of the manuscript.

@ Springer

Compliance with ethical standards
Conflict of interest Zhabiz Golkar declares no conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abbott A (2016) The quiet revolutionary: how the co-discovery of
CRISPR explosively changed Emmanuelle Charpentier’s life.
Nature 532:7000

Adli M (2018) The CRISPR tool kit for genome editing and beyond.
Nat Commun 9(1):1911

Allen A, Chung CH, Atkins A, Dampier W, Khalili K, Nonnemacher
MR, Wigdahl B (2018) Gene editing of HIV-1 Co-receptors to
Prevent and/or Cure virus infection. Front Microbiol 9:2940.
https://doi.org/10.3389/fmicb.2018.02940

Almendros C, Mojica FJ, Diez-Villasefior C, Guzman NM, Garcia-
Martinez J (2014) CRISPR-Cas functional module exchange
in Escherichia coli. mBio 5(1):00767-13

Annunziato S, Kas SM, Nethe M et al (2016) Modeling inva-
sive lobular breast carcinoma by CRISPR/Cas9-mediated
somatic genome editing of the mammary gland. Genes Dev
30(12):1470-1480

Baltimore D, Berg P, Botchan M et al (2015) Biotechnology. A pru-
dent path forward for genomic engineering and germline gene
modification. Science 348(6230):36-38

Barrangou R, Fremaux C, Deveau H, Richards M, Boyaval P,
Moineau S, Romero DA, Horvath P (2007) CRISPR provides
acquired resistance against viruses in prokaryotes. Science
315(5819):1709-1712

Barton A, Rochman B (2017) Should we worry about an era of
‘‘designer babies”? Genetic litracy projects. https://geneticlit
eracyproject.org/2017/03/23/expect-era-genetically-modifiedde
signer-babies

Bengtsson NE, Hall JK, Odom GL et al (2017) Muscle-specific
CRISPR/Cas9 dystrophin gene editing ameliorates pathophysi-
ology in a mouse model for Duchenne muscular dystrophy. Nat
Commun 8:14454

Birling MC, Herault Y, Pavlovic G (2017) Modeling human disease
in rodents by CRISPR/Cas9 genome editing. Mamm Genome
28(7-8):291-301

Bolotin A, Quinquis B, Sorokin A, Ehrlich SD (2005) Clustered regu-
larly interspaced short palindrome repeats (CRISPRs) have spac-
ers of extrachromosomal origin. Microbiol 151(Pt 8):2551-2561

Bondy-Denomy J (2018) Protein Inhibitors of CRISPR-Cas9. ACS
Chem Biol 13(2):417-423. https://doi.org/10.1021/acschembio
7600831

Bondy-Denomy J, Pawluk A, Maxwell KL, Davidson AR (2013)
Bacteriophage genes that inactivate the CRISPR/Cas bacterial
immune system. Nature 493(7432):429-432


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmicb.2018.02940
https://geneticliteracyproject.org/2017/03/23/expect-era-genetically-modifieddesigner-babies
https://geneticliteracyproject.org/2017/03/23/expect-era-genetically-modifieddesigner-babies
https://geneticliteracyproject.org/2017/03/23/expect-era-genetically-modifieddesigner-babies
https://doi.org/10.1021/acschembio.7b00831
https://doi.org/10.1021/acschembio.7b00831

Genes & Genomics (2020) 42:1369-1380

1377

Borges AL, Davidson AR, Bondy-Denomy J (2017) The discovery,
mechanisms, and evolutionary impact of anti-CRISPRs. Annu
Rev Virol 4(1):37-59

Brenner S (2002) Life sentences: detective rummage investigates.
Genome Biol 3(9):comment1013.1-comment1013.2

Broad Institute (2018) https://www.broadinstitute.org/what-broad/
areas-focus/project-spotlight/crispr-timeline

Brokowski C (2018) Do CRISPR germline ethics statements cut it?
CRISPR J 1(2):115-125

Brophy JA, Voigt CA (2014) Principles of genetic circuit design. Nat
Methods 11(5):508-520

Brouns SJ, Jore MM, Lundgren M et al (2008) Small CRISPR
RNAs guide antiviral defense in prokaryotes. Science
321(5891):960-964

Cady KC et al (2012) The CRISPR/Cas adaptive immune system of
pseudomonas aeruginosa mediates resistance to naturally occur-
ring and engineered phages. J Bacteriol 194(21):5728-5738

Chen J, Doudna J (2017) The chemistry of Cas9 and its CRISPR
colleagues. Nat Rev Chem 1:0078. https://doi.org/10.1038/
s41570-017-0078

Chiba K, Johnson JZ, Vogan JM, Wagner T, Boyle JM, Hockemeyer
D (2015) Cancer-associated TERT promoter mutations abro-
gate telomerase silencing. eLife 4:¢07918

Chylinski K, Makarova KS, Charpentier E, Koonin EV (2014)
Classification and evolution of type II CRISPR-Cas systems.
Nucleic Acids Res 42(10):6091-6105

Colnaghi R, Carpenter G, Volker M, O’Driscoll M (2011) The conse-
quences of structural genomic alterations in humans: genomic
disorders, genomic instability and cancer. Semin Cell Dev Biol
22(8):875-885

Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N, Hsu PD,
Wu X, Jiang W, Marraffini LA, Zhang F (2013) Multiplex
genome engineering using CRISPR/Cas systems. Science
6121:819-823

Curtis V (2011) Why disgust matters. Philos Trans R Soc Lond B Biol
Sci 366(1583):3478-3490

Dar KB, Bhat AH, Amin S, Anjum S, Reshi BA, Zargar MA, Masood
A, Ganie SA (2018) Exploring proteomic drug targets, therapeu-
tic strategies and protein—protein interactions in cancer: mecha-
nistic view. Curr Cancer Drug Targets 19:403-448

Deltcheva E, Chylinski K, Sharma CM et al (2011) CRISPR RNA
maturation by trans-encoded small RNA and host factor RNase
III. Nature 471(7340):602-607

Deveau H, Garneau JE, Moineau S (2010) CRISPR/Cas system and
its role in phage-bacteria interactions. Annu Rev Microbiol
64:475-493

Doench J.G (2018) Am I ready for CRISPR? A user’s guide to genetic
screens. Nat. Rev. Genet, 19(2):67-80. https://doi.org/10.1038/
nrg.2017.97. Epub 2017 Dec 4

Driehuis E, Clevers H (2017) CRISPR/Cas 9 genome editing
and its applications in organoids. Am J Physiol GASTR L
1312(3):G257-G265. https://doi.org/10.1152/ajpgi.00410.2016

Ebina H, Misawa N, Kanemura Y, Koyanagi Y (2013) Harnessing the
CRISPR/Cas9 system to disrupt latent HIV-1 provirus. Sci. Rep
3:2510. https://doi.org/10.1038/srep02510

Ferguson J, Lyons M, Breslin B (2011) Antimicrobial resistance
learning site: microbiology. Michigan State University Board of
Trustees. https://amrls.cvm.msu.edu/microbiology/tools/modul
e-pdf-files/microbiology

Flynn R, Grundmann A, Renz P, Hinseler W, James WS, Cowley SA,
Moore MD (2015) CRISPR-mediated genotypic and pheno-
typic correction of a chronic granulomatous disease mutation in
human iPS cells. Exp Hematol 43(10):838-848.e3. https://doi.
org/10.1016/j.exphem.2015.06.002

Fujihara Y, Ikawa M (2014) CRISPR/Cas9-based genome
editing in mice by single plasmid injection. Methods

Enzymol 546:319-336. https://doi.org/10.1016/b978-0-12-80118
5-0.00015-5

Funk C, Hefferon M (2018) Public views of gene editing for babies
depend on how it would be used. Retrieved from Pew Research
Center. www.pewinternet.org/2018/07/26/gene-editing-for-babie
s-methodology/. Accessed 18 Nov 2018

Gantz VM, Jasinskiene N, Tatarenkova O, Fazekas A, Macias VM,
Bier E, James AA (2015) Highly efficient Cas9-mediated
gene drive for population modification of the malaria vec-
tor mosquito Anopheles stephensi. Proc Natl Acad Sci USA
112(49):E6736-E6743

Garneau JE, Dupuis ME, Villion M, Romero DA, Barrangou R,
Boyaval P, Fremaux C, Horvath P, Magadan AH, Moineau S
(2010) The CRISPR/Cas bacterial immune system cleaves bac-
teriophage and plasmid DNA. Nature 468(7320):67-71. https://
doi.org/10.1038/nature09523

Gerlinger M, Horswell S, Larkin J, Rowan AJ, Salm MP, Varela I,
Fisher R, McGranahan N, Matthews N, Santos CR, Martinez
P, Phillimore B, Begum S, Rabinowitz A, Spencer-Dene B,
Gulati S, Bates PA, Stamp G, Pickering L, Gore M, Swanton
C (2014) Genomic architecture and evolution of clear cell renal
cell carcinomas defined by multiregion sequencing. Nat Genet
46(3):225-233. https://doi.org/10.1038/ng.2891

Ghorbal M, Gorman M, Macpherson C et al (2014) Genome editing
in the human malaria parasite Plasmodium falciparum using
the CRISPR-Cas9 system. Nat Biotechnol 32(8):819-821. https
://doi.org/10.1038/nbt.2925

Golkar Z (2016) Crisprs/Cas9 may provide new method for drug
discovery and development. ] Mol Biomark Diagn 7:280

Graham C, Jozwik A, Pepper A, Benjamin R (2018) Allogeneic
CAR-T Cells: more than Ease of Access? Cells 7(10):155. https
://doi.org/10.3390/cells7100155

Hale CR, Zhao P, Olson S, Duff MO, Graveley BR, Wells L, Terns
RM, Terns MP (2009) RNA-guided RNA cleavage by a
CRISPR RNA-Cas protein complex. Cell J 139(5):945-956.
https://doi.org/10.1016/j.cell.2009.07.040

Hale BG, Albrecht RA, Garcia-Sastre A (2010) Innate immune eva-
sion strategies of influenza viruses. Future Microbiol 5(1):23—
41. https://doi.org/10.2217/fmb.09.108

Hammond A, Galizi R, Kyrou K, Simoni A, Siniscalchi C, Kat-
sanos D, Gribble M, Baker D, Marois E, Russell S, Burt A,
Windbichler N, Crisanti A, Nolan T (2016) A CRISPR-Cas9
gene drive system targeting female reproduction in the malaria
mosquito vector Anopheles gambiae. Nat Biotechnol 1:78-83.
https://doi.org/10.1038/nbt.3439

Harley CB (2008) Telomerase and cancer therapeutics. Nat Rev Can-
cer 8(3):167-179

Hastings PJ, Lupski JR, Rosenberg SM, Ira G (2009) Mechanisms of
change in gene copy number. Nat Rev Genet 10(8):551-564.
https://doi.org/10.1038/nrg2593

Hasty P, Montagna C (2014) Chromosomal Rearrangements in
Cancer: detection and potential causal mechanisms. MCO
1(1):29904. https://doi.org/10.4161/mco0.29904

Heckl D, Kowalczyk MS, Yudovich D, Belizaire R, Puram RV,
McConkey ME, Thielke A, Aster JC, Regev A, Ebert BL
(2014) Generation of mouse models of myeloid malignancy
with combinatorial genetic lesions using CRISPR-Cas9
genome editing. Nat Biotechnol 32(9):941-946. https://doi.
org/10.1038/nbt.2951

Horvath P, Barrangou R (2010) CRISPR/Cas, the immune system of
bacteria and archaea. Science 327(5962):167-170

Hsu PD, Lander ES, Zhang F (2014) Development and applications
of CRISPR-Cas9 for genome engineering. Cell 157(6):1262—
1278. https://doi.org/10.1016/j.cell.2014.05.010

Hu W, Kaminski R, Yang F, Zhang Y, Cosentino L, Li F, Luo B,
Alvarez-Carbonell D, Garcia-Mesa Y, Karn J, Mo X, Khalili K

@ Springer


https://www.broadinstitute.org/what-broad/areas-focus/project-spotlight/crispr-timeline
https://www.broadinstitute.org/what-broad/areas-focus/project-spotlight/crispr-timeline
https://doi.org/10.1038/s41570-017-0078
https://doi.org/10.1038/s41570-017-0078
https://doi.org/10.1038/nrg.2017.97
https://doi.org/10.1038/nrg.2017.97
https://doi.org/10.1152/ajpgi.00410.2016
https://doi.org/10.1038/srep02510
https://amrls.cvm.msu.edu/microbiology/tools/module-pdf-files/microbiology
https://amrls.cvm.msu.edu/microbiology/tools/module-pdf-files/microbiology
https://doi.org/10.1016/j.exphem.2015.06.002
https://doi.org/10.1016/j.exphem.2015.06.002
https://doi.org/10.1016/b978-0-12-801185-0.00015-5
https://doi.org/10.1016/b978-0-12-801185-0.00015-5
http://www.pewinternet.org/2018/07/26/gene-editing-for-babies-methodology/
http://www.pewinternet.org/2018/07/26/gene-editing-for-babies-methodology/
https://doi.org/10.1038/nature09523
https://doi.org/10.1038/nature09523
https://doi.org/10.1038/ng.2891
https://doi.org/10.1038/nbt.2925
https://doi.org/10.1038/nbt.2925
https://doi.org/10.3390/cells7100155
https://doi.org/10.3390/cells7100155
https://doi.org/10.1016/j.cell.2009.07.040
https://doi.org/10.2217/fmb.09.108
https://doi.org/10.1038/nbt.3439
https://doi.org/10.1038/nrg2593
https://doi.org/10.4161/mco.29904
https://doi.org/10.1038/nbt.2951
https://doi.org/10.1038/nbt.2951
https://doi.org/10.1016/j.cell.2014.05.010

1378

Genes & Genomics (2020) 42:1369-1380

(2014) RNA-directed gene editing specifically eradicates latent
and prevents new HIV-1 infection. Proc Natl Acad Sci USA
111(31):11461-11466. https://doi.org/10.1073/pnas.14051
86111

Humbert O, Radtke S, Samuelson C, Kiem HP (2019) Therapeutically
relevant engraftment of a CRISPR-Cas9-edited HSC-enriched
population with HbF reactivation in nonhuman primates. Sci
Transl Med 31(11):503. https://doi.org/10.1126/scitranslm
ed.aaw3768

Ishino Y, Shinagawa H, Makino K, Amemura M, Nakata A (1987)
Nucleotide sequence of the iap gene, responsible for alkaline
phosphatase isozyme conversion in Escherichia coli, and identi-
fication of the gene product. J Bacteriol Res 169(12):5429-5433.
https://doi.org/10.1128/jb.169.12.5429-5433.1987

Ishino Y, Krupovic M, Forterre P (2018) History of CRISPR-Cas
from encounter with a mysterious repeated sequence to genome
editing technology. J Bacteriol 200(7):e00580-17. https://doi.
org/10.1128/jb.00580-17

Jansen R, Embden JD, Gaastra W, Schouls LM (2002) Identification of
genes that are associated with DNA repeats in prokaryotes. Mol
Microbiol 43(6):1565-1575

Jasanoff S, Hurlbut JB (2018) A global observatory for gene edit-
ing. Nature 555(7697):435-437. https://doi.org/10.1038/d4158
6-018-03270-w

Jiankui H, Ferrell R, Yuanlin C (2018) Draft ethical principles for
therapeutic assisted reproductive technologies. CRISPR J.
1(6):1-3. https://doi.org/10.1089/crispr.2018.0051

Jin L, Li J (2016) Generation of genetically modified mice using
CRISPR/Cas9 and haploid embryonic stem cell systems.
Zool Res 37(4):205-213. https://doi.org/10.13918/j.1
ssn.2095-8137.2016.4.205

Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna J, Charpentier E
(2012) A programmable dual-RNA-guided DNA endonuclease
in adaptive bacterial immunity. Science (N Y) 337(6096):816—
821. https://doi.org/10.1126/science.1225829

Josipovi¢ G, Tadi¢ V, Klasi¢ M, Zanki V, Beceheli I, Chung F, Ghan-
tous A, Keser T, Maduni¢ J, Boskovi¢ M, Lauc G, Herceg Z,
Vojta A, Zoldo§ V (2019) Antagonistic and synergistic epi-
genetic modulation using orthologous CRISPR/dCas9-based
modular system. Nucleic Acids Res 47(18):9637-9657. https
://doi.org/10.1093/nar/gkz709

Jusiak B, Cleto S, Perez-Pifiera P, Lu TK (2016) Engineering syn-
thetic gene circuits in living cells with CRISPR technology.
Trends Biotechnol 34(7):535-547. https://doi.org/10.1016/j.
tibtech.2015.12.014

Kaminski R, Chen Y, Fischer T, Tedaldi E, Napoli A, Zhang Y, Karn
J, Hu W, Khalili K (2016) Elimination of HIV-1 genomes from
human T-lymphoid Cells by CRISPR/Cas9 gene editing. Sci
Rep 6:22555. https://doi.org/10.1038/srep22555

Khalili K, White M, Jacobson J (2017) Novel AIDS therapies based
on gene editing. Cell Mol Life Sci 74(13):2439-2450. https://
doi.org/10.1007/s00018-017-2479-z

Khan FA, Pandupuspitasari NS, Chun-Jie H, Ao Z, Jamal M, Zohaib
A, Khan FA, Hakim MR, ShuJun Z (2016) CRISPR/Cas9 ther-
apeutics: a cure for cancer and other genetic diseases. Onco-
target 7(32):52541-52552. https://doi.org/10.18632/oncotarget
.9646

Koike-Yusa H, Li Y, Tan EP, Velasco-Herrera Mdel C, Yusa K (2014)
Genome-wide recessive genetic screening in mammalian cells
with a lentiviral CRISPR-guide RNA library. Nat Biotechnol
32(3):267-273. https://doi.org/10.1038/nbt.2800

Koonin EV, Makarova KS (2019) Origins and evolution of
CRISPR-Cas systems. Philos Trans R Soc Lond B Biol Sci
374(1772):20180087. https://doi.org/10.1098/rstb.2018.0087

Lander ES (2016) The heroes of CRISPR. Cell 164(1):P18-P28. https
://doi.org/10.1016/j.cell.2015.12.041

@ Springer

Lee C, Lee H (2019) Probable female to male sexual transmission of
dengue virus infection. Infect Dis (Lond) 51(2):150-152. https
://doi.org/10.1080/23744235.2018.1521004

Lei Y, Huang Y, Goodell MA (2018) DNA methylation and de-methyl-
ation using hybrid site-targeting proteins. Genome Biol 19:187.
https://doi.org/10.1186/s13059-018-1566-2

Li HL, Fujimoto N, Sasakawa N, Shirai S, Ohkame T, Sakuma T,
Tanaka M, Amano N, Watanabe A, Sakurai H, Yamamoto T,
Yamanaka S, Hotta A (2015) Precise correction of the dystrophin
gene in duchenne muscular dystrophy patient induced pluripo-
tent stem cells by TALEN and CRISPR-Cas9. Stem Cell Rep
4(1):143—-154. https://doi.org/10.1016/j.stemcr.2014.10.013

LiJR, Walker S, Nie JB, Zhang XQ (2019) Experiments that led to the
first gene-edited babies: the ethical failings and the urgent need
for better governance. J Zhejiang Univ Sci B 20(1):32-38. https
://doi.org/10.1631/jzus.b1800624

Liang C, Wainberg MA, Das AT, Berkhout B (2016) CRISPR/Cas9: a
double-edged sword when used to combat HIV infection. Retro-
virology 13(1):37. https://doi.org/10.1186/s12977-016-0270-0

Liao HK, Gu Y, Diaz A, Marlett J, Takahashi Y, Li M, Suzuki K, Xu
R, Hishida T, Chang CJ, Esteban CR, Young J, Izpisua Belmonte
JC (2015) Use of the CRISPR/Cas9 system as an intracellular
defense against HIV-1 infection in human cells. Nat Commun
6:6413. https://doi.org/10.1038/ncomms7413

Lino CA, Harper JC, Carney JP, Timlin JA (2018) Delivering
CRISPR: a review of the challenges and approaches. Drug Deliv
25(1):1234-1257. https://doi.org/10.1080/10717544.2018.14749
64

Lintner NG, Kerou M, Brumfield SK, Graham S, Liu H, Naismith
JH, Sdano M, Peng N, She Q, Copié V, Young MJ, White MF,
Lawrence CM (2011) Structural and functional characterization
of an archaeal clustered regularly interspaced short palindro-
mic repeat (CRISPR)-associated complex for antiviral defense
(CASCADE). J Biol Chem 286(24):21643-21656. https://doi.
org/10.1074/jbc.m111.238485

Liu Y, Lin W, Xu P, Zhang D, Luo Y (2015) Neural basis of disgust
perception in racial prejudice. Hum Brain Mapp 36(12):5275-
5286. https://doi.org/10.1002/hbm.23010

Liu Z, Chen S, Jin X, Wang Q, Yang K, Li C, Xiao Q, Hou P, Liu S,
Wu S, Hou W, Xiong Y, Kong C, Zhao X, Wu L, Li C, Sun G,
Guo D (2017) Genome editing of the HIV co-receptors CCRS
and CXCR4 by CRISPR-Cas9 protects CD4* T cells from
HIV-1 infection. Cell Biosci 7:47. https://doi.org/10.1186/s1357
8-017-0174-2

Long C, McAnally JR, Shelton JM, Mireault AA, Bassel-Duby R,
Olson EN (2014) Prevention of muscular dystrophy in mice by
CRISPR/Cas9-mediated editing of germline DNA. Sci (N Y)
345(6201):1184—-1188. https://doi.org/10.1126/science.1254445

Makarova KS, Grishin NV, Shabalina SA, Wolf YI, Koonin EV
(2006) A putative RNA-interference-based immune system in
prokaryotes: computational analysis of the predicted enzymatic
machinery, functional analogies with eukaryotic RNAi, and
hypothetical mechanisms of action. Biol direct 1:7. https://doi.
org/10.1186/1745-6150-1-7

Makarova KS, Haft DH, Barrangou R (2011) Evolution and clas-
sification of the CRISPR-Cas systems. Nat Rev Microbiol
9(6):467-477

Mali P, Yang L, Esvelt KM, Aach J, Guell M, DiCarlo JE, Norville JE,
Church GM (2013) RNA-guided human genome engineering via
Cas9. Science 339(1621):823-826

Maresch R, Mueller S, Veltkamp C, Ollinger R, Friedrich M, Heid
I, Steiger K, Weber J, Engleitner T, Barenboim M, Klein S,
Louzada S, Banerjee R, Strong A, Stauber T, Gross N, Geu-
mann U, Lange S, Ringelhan M, Varela I, Rad R (2016) Multi-
plexed pancreatic genome engineering and cancer induction by


https://doi.org/10.1073/pnas.1405186111
https://doi.org/10.1073/pnas.1405186111
https://doi.org/10.1126/scitranslmed.aaw3768
https://doi.org/10.1126/scitranslmed.aaw3768
https://doi.org/10.1128/jb.169.12.5429-5433.1987
https://doi.org/10.1128/jb.00580-17
https://doi.org/10.1128/jb.00580-17
https://doi.org/10.1038/d41586-018-03270-w
https://doi.org/10.1038/d41586-018-03270-w
https://doi.org/10.1089/crispr.2018.0051
https://doi.org/10.13918/j.issn.2095-8137.2016.4.205
https://doi.org/10.13918/j.issn.2095-8137.2016.4.205
https://doi.org/10.1126/science.1225829
https://doi.org/10.1093/nar/gkz709
https://doi.org/10.1093/nar/gkz709
https://doi.org/10.1016/j.tibtech.2015.12.014
https://doi.org/10.1016/j.tibtech.2015.12.014
https://doi.org/10.1038/srep22555
https://doi.org/10.1007/s00018-017-2479-z
https://doi.org/10.1007/s00018-017-2479-z
https://doi.org/10.18632/oncotarget.9646
https://doi.org/10.18632/oncotarget.9646
https://doi.org/10.1038/nbt.2800
https://doi.org/10.1098/rstb.2018.0087
https://doi.org/10.1016/j.cell.2015.12.041
https://doi.org/10.1016/j.cell.2015.12.041
https://doi.org/10.1080/23744235.2018.1521004
https://doi.org/10.1080/23744235.2018.1521004
https://doi.org/10.1186/s13059-018-1566-2
https://doi.org/10.1016/j.stemcr.2014.10.013
https://doi.org/10.1631/jzus.b1800624
https://doi.org/10.1631/jzus.b1800624
https://doi.org/10.1186/s12977-016-0270-0
https://doi.org/10.1038/ncomms7413
https://doi.org/10.1080/10717544.2018.1474964
https://doi.org/10.1080/10717544.2018.1474964
https://doi.org/10.1074/jbc.m111.238485
https://doi.org/10.1074/jbc.m111.238485
https://doi.org/10.1002/hbm.23010
https://doi.org/10.1186/s13578-017-0174-2
https://doi.org/10.1186/s13578-017-0174-2
https://doi.org/10.1126/science.1254445
https://doi.org/10.1186/1745-6150-1-7
https://doi.org/10.1186/1745-6150-1-7

Genes & Genomics (2020) 42:1369-1380

1379

transfection-based CRISPR/Cas9 delivery in mice. Nat Commun
7:10770. https://doi.org/10.1038/ncomms 10770

Marraffini LA, Sontheimer EJ (2008) CRISPR interference limits hori-
zontal gene transfer in staphylococci by targeting DNA. Sci (N
Y) 322(5909):1843-1845. https://doi.org/10.1126/science.11657
71

Martinez JG, Pérez-Escuredo J, Castro-Santos P, Marcos CA, Pendas
JL, Fraga MF, Hermsen MA (2012) Hypomethylation of LINE-
1, and not centromeric SAT-a, is associated with centromeric
instability in head and neck squamous cell carcinoma. Cell Oncol
35(4):259-267. https://doi.org/10.1007/s13402-012-0085-5

Mojica FJ, Diez-Villasefior C, Soria E, Juez G (2000) Biologi-
cal significance of a family of regularly spaced repeats in the
genomes of Archaea, Bacteria and mitochondria. Mol Microbiol
36(1):244-246

Mojica FJ, Diez-Villasefior C, Soria E (2005) Intervening sequences of
regularly spaced prokaryotic repeats derive from foreign genetic
elements. J Mol Evol 60(2):174-182

Mollanoori H, Teimourian S (2018) Therapeutic applications of
CRISPR/Cas9 system in gene therapy. Biotechnol Lett. https://
doi.org/10.1007/s10529-018-2555-y

Montoliu L, Merchant J, Hirsch F, Abecassis M, Jouannet P, Baertschi
B, Sarrauste de Menthiére C, Chneiweiss H (2018) ARRIGE
arrives: toward the responsible use of genome editing. CRISPR
J 1(2):128-129. https://doi.org/10.1089/crispr.2018.29012.mon

Moore LD, Le T, Fan G (2013) DNA methylation and its basic
function. Neuropsychopharmacol Neuropsychopharmacol
38(1):23-38. https://doi.org/10.1038/npp.2012.112

Nelson CE, Hakim CH, Ousterout DG, Thakore PI, Moreb EA, Cas-
tellanos-Rivera RM, Madhavan S, Pan X, Ran FA, Yan WX,
Asokan A, Zhang F, Duan D, Gersbach CA (2016) In vivo
genome editing improves muscle function in a mouse model of
Duchenne muscular dystrophy. Sci (N Y) 351(6271):403-407.
https://doi.org/10.1126/science.aad5143

Nishimasu H, Ran FA, Hsu PD, Konermann S, Shehata SI, Dohmae
N, Ishitani R, Zhang F, Nureki O (2014) Crystal structure
of Cas9 in complex with guide RNA and target DNA. Cell
156(5):935-949. https://doi.org/10.1016/j.cell.2014.02.001

Ousterout DG, Kabadi AM, Thakore PI, Majoros WH, Reddy TE,
Gersbach CA (2015) Multiplex CRISPR/Cas9-based genome
editing for correction of dystrophin mutations that cause Duch-
enne muscular dystrophy. Nat Commun 6:6244. https://doi.
org/10.1038/ncomms7244

Park A (2016) A new technique that lets scientists edit DNA is trans-
forming science—and raising difficult questions. Retrieved
from TIME: https://time.com/magazine/us/4379468/july-4th-
2016-vol-188-no-1-u-s/. Accessed 4 Jul 2016

Park CY, Kim DH, Son JS, Sung JJ, Lee J, Bae S, Kim JH, Kim DW,
Kim JS (2015) Functional correction of large factor VIII gene
chromosomal inversions in hemophilia a patient-derived iPSCs
using CRISPR-Cas9. Cell Stem Cell 17(2):213-220. https://
doi.org/10.1016/j.stem.2015.07.001

Pourcel C, Salvignol G, Vergnaud G (2005) CRISPR elements in
Yersinia pestis acquire new repeats by preferential uptake of
bacteriophage DNA and provide additional tools for evolu-
tionary studies. Microbiol 151(Pt 3):653-663. https://doi.
org/10.1099/mic.0.27437-0

Rath D, Amlinger L, Rath A, Lundgren M (2015) The CRISPR-Cas
immune system: biology, mechanisms and applications. Bio-
chimie. https://doi.org/10.1016/j.biochi.2015.03.025

Raz Y, Tannenbaum E (2010) The influence of horizontal gene trans-
fer on the mean fitness of unicellular populations in static envi-
ronments. Genetics 185(1):327-337. https://doi.org/10.1534/
genetics.109.113613

Regalado A (2015) Engineering the perfect baby. Retrieved April 9,
2018, from MIT Technology Review: https://www.technology

review.com/s/535661/engineering-the-perfect-baby/. Accessed
5 Mar 2015

Sachdeva M, Sachdeva N, Pal M, Gupta N, Khan IA, Majumdar
M, Tiwari A (2015) CRISPR/Cas9: molecular tool for gene
therapy to target genome and epigenome in the treatment of
lung cancer. Cancer Gene Ther 22(11):509-517. https://doi.
org/10.1038/cgt.2015.54

Safari F, Zare K, Negahdaripour M et al (2019) CRISPR Cpf1 pro-
teins: structure, function and implications for genome editing.
Cell Biosci 9:36. https://doi.org/10.1186/s13578-019-0298-7

Sanchez-Rivera FJ, Jacks T (2015) Applications of the CRISPR-Cas9
system in cancer biology. Nat Rev Cancer 15(7):387-395. https
://doi.org/10.1038/nrc3950

Sapranauskas R, Gasiunas G, Fremaux C, Barrangou R, Horvath P,
Siksnys V (2011) The Streptococcus thermophilus CRISPR/
Cas system provides immunity in Escherichia coli. Nucleic
Acids Res 39(21):9275-9282. https://doi.org/10.1093/nar/
gkr606

Schwank G, Koo BK, Sasselli V, Dekkers JF (2013) Functional repair
of CFTR by CRISPR/Cas9 in intestinal stem cell organoids of
cystic fibrosis patients. Cell Stem Cell 13(6):653-658. https://
doi.org/10.1016/j.stem.2013.11.002

Shalem O, Sanjana NE, Hartenian E, Shi X, Scott DA, Mikkelson
T, Heckl D, Ebert BL, Root DE, Doench JG, Zhang F (2014)
Genome-scale CRISPR-Cas9 knockout screening in human
cells. Sci (N Y) 343(6166):84—87. https://doi.org/10.1126/scien
ce.1247005

Shi J, Wang E, Milazzo JP, Wang Z, Kinney JB, Vakoc CR (2015)
Discovery of cancer drug targets by CRISPR-Cas9 screening
of protein domains. Nat Biotechnol 33(6):661-667. https://doi.
org/10.1038/nbt.3235

Rothschild LJ, Greenberg DT, Takahashi JT, Thompson KA, Mahesh-
wari AJ, Kent RE, McCutcheon G, Shih, JD, Calvet C, Devlin
TD, Ju T, Kunin D, Lieberman E, Nguyen T, Tran FG, Xiang
D, Fujishima K (2015) CRISPR/Cas9-assisted transformation-
efficient reaction (CRATER), a novel method for selective trans-
formation. bioRxiv. https://doi.org/10.1101/027664

Silverman R (2018) Designer babies: how far should science go to cre-
ate the perfect human? Retrieved 2018, from Daily Telegraph:
https://www.telegraph.co.uk/family/parenting/designer-babie
s-far-should-science-go-create-perfect-human/. Accessed 22 Jul
2018

Singh P, Schimenti JC, Bolcun-Filas E (2015) A mouse geneticist’s
practical guide to CRISPR applications. Genetics 199(1):1-15.
https://doi.org/10.1534/genetics.114.169771

Stein R (2018) Chinese scientist says he’s first to create geneti-
cally modified babies using CRISPR. Retrieved May 2019,
from NPR news. https://www.npr.org/sections/health-shots
/2018/11/26/670752865/chinese-scientist-says-hes-first-to-genet
ically-edit-babies. Accessed 26 Nov 2018

Sundaresan R, Parameshwaran HP, Yogesha SD, Keilbarth MW,
Rajan R (2017) RNA-Independent DNA Cleavage Activities
of Cas9 and Casl2a. Cell Rep 21(13):3728-3739. https://doi.
org/10.1016/j.celrep.2017.11.100

Torres-Ruiz R, Rodriguez-Perales S (2015) CRISPR-Cas9: a revolu-
tionary tool for cancer modelling. Int J Mol Sci 16(9):22151-
22168. https://doi.org/10.3390/ijms 160922151

Tothova Z, Krill-Burger JM, Popova KD, Landers CC, Sievers QL,
Yudovich D, Belizaire R, Aster JC, Morgan EA, Tsherniak A,
Ebert BL (2017) Multiplex CRISPR/Cas9-based genome editing
in human hematopoietic stem cells models clonal hematopoiesis
and myeloid neoplasia. Cell Stem Cell 21(4):547-555.e8. https
://doi.org/10.1016/j.stem.2017.07.015

Vojta A, Dobrini¢ P, Tadi¢ V, Bockor L, Kora¢ P, Julg B, Klasi¢ M,
Zoldos§ V (2016) Repurposing the CRISPR-Cas9 system for

@ Springer


https://doi.org/10.1038/ncomms10770
https://doi.org/10.1126/science.1165771
https://doi.org/10.1126/science.1165771
https://doi.org/10.1007/s13402-012-0085-5
https://doi.org/10.1007/s10529-018-2555-y
https://doi.org/10.1007/s10529-018-2555-y
https://doi.org/10.1089/crispr.2018.29012.mon
https://doi.org/10.1038/npp.2012.112
https://doi.org/10.1126/science.aad5143
https://doi.org/10.1016/j.cell.2014.02.001
https://doi.org/10.1038/ncomms7244
https://doi.org/10.1038/ncomms7244
https://time.com/magazine/us/4379468/july-4th-2016-vol-188-no-1-u-s/
https://time.com/magazine/us/4379468/july-4th-2016-vol-188-no-1-u-s/
https://doi.org/10.1016/j.stem.2015.07.001
https://doi.org/10.1016/j.stem.2015.07.001
https://doi.org/10.1099/mic.0.27437-0
https://doi.org/10.1099/mic.0.27437-0
https://doi.org/10.1016/j.biochi.2015.03.025
https://doi.org/10.1534/genetics.109.113613
https://doi.org/10.1534/genetics.109.113613
https://www.technologyreview.com/s/535661/engineering-the-perfect-baby/
https://www.technologyreview.com/s/535661/engineering-the-perfect-baby/
https://doi.org/10.1038/cgt.2015.54
https://doi.org/10.1038/cgt.2015.54
https://doi.org/10.1186/s13578-019-0298-7
https://doi.org/10.1038/nrc3950
https://doi.org/10.1038/nrc3950
https://doi.org/10.1093/nar/gkr606
https://doi.org/10.1093/nar/gkr606
https://doi.org/10.1016/j.stem.2013.11.002
https://doi.org/10.1016/j.stem.2013.11.002
https://doi.org/10.1126/science.1247005
https://doi.org/10.1126/science.1247005
https://doi.org/10.1038/nbt.3235
https://doi.org/10.1038/nbt.3235
https://doi.org/10.1101/027664
https://www.telegraph.co.uk/family/parenting/designer-babies-far-should-science-go-create-perfect-human/
https://www.telegraph.co.uk/family/parenting/designer-babies-far-should-science-go-create-perfect-human/
https://doi.org/10.1534/genetics.114.169771
https://www.npr.org/sections/health-shots/2018/11/26/670752865/chinese-scientist-says-hes-first-to-genetically-edit-babies
https://www.npr.org/sections/health-shots/2018/11/26/670752865/chinese-scientist-says-hes-first-to-genetically-edit-babies
https://www.npr.org/sections/health-shots/2018/11/26/670752865/chinese-scientist-says-hes-first-to-genetically-edit-babies
https://doi.org/10.1016/j.celrep.2017.11.100
https://doi.org/10.1016/j.celrep.2017.11.100
https://doi.org/10.3390/ijms160922151
https://doi.org/10.1016/j.stem.2017.07.015
https://doi.org/10.1016/j.stem.2017.07.015

1380

Genes & Genomics (2020) 42:1369-1380

targeted DNA methylation. Nucleic Acids Res 44(12):5615—
5628. https://doi.org/10.1093/nar/gkw 159

Walani SR, Biermann J (2017) March of dimes foundation: leading the
way to birth defects prevention. Public Health Rev 38:12. https
://doi.org/10.1186/s40985-017-0058-3

Wang G, McCain ML, Yang L, He A, Pasqualini FS, Agarwal A, Yuan
H, Jiang D, Zhang D, Zangi L, Geva J, Roberts AE, Ma Q, Ding
J, Chen J, Wang DZ, Li K, Wang J, Wanders RJ, Kulik W, Pu WT
(2014a) Modeling the mitochondrial cardiomyopathy of Barth
syndrome with induced pluripotent stem cell and heart-on-chip
technologies. Nat Med 20(6):616-623. https://doi.org/10.1038/
nm.3545

Wang T, Wei JJ, Sabatini DM, Lander ES (2014b) Genetic screens
in human cells using the CRISPR-Cas9 system. Sci (N Y)
343(6166):80-84. https://doi.org/10.1126/science.1246981

Wang Z, Pan Q, Gendron P, Zhu W, Guo F, Cen S, Wainberg MA,
Liang C (2016) CRISPR/Cas9-derived mutations both inhibit
HIV-1 replication and accelerate viral escape. Cell Rep
15(3):481-489. https://doi.org/10.1016/j.celrep.2016.03.042

Wang HX, Li M, Lee CM, Chakraborty S, Kim HW, Bao G, Leong
KW (2017) CRISPR/Cas9-based genome editing for disease
modeling and therapy: challenges and opportunities for nonviral
delivery. Chem Rev 117(15):9874-9906. https://doi.org/10.1021/
acs.chemrev.6b00799

Weber J, Ollinger R, Friedrich M, Ehmer U, Barenboim M, Steiger K,
Heid I, Mueller S, Maresch R, Engleitner T, Gross N, Geumann
U, Fu B, Segler A, Yuan D, Lange S, Strong A, de la Rosa J,
Esposito I, Liu P, Rad R (2015) CRISPR/Cas9 somatic multi-
plex-mutagenesis for high-throughput functional cancer genom-
ics in mice. Proc Natl Acad Sci USA 112(45):13982-13987.
https://doi.org/10.1073/pnas.1512392112

Weekes J, Yuksel GU (2004) Molecular characterization of two lac-
tate dehydrogenase genes with a novel structural organization on
the genome of Lactobacillus sp. strain MONT4. Appl. Environ.
Microbiol 70(10):6290-6295

Wiedenheft B, Van-Duijn E (2011) RNA-guided complex from
a bacterial immune system enhances target recognition
through seed sequence interactions. Proc Natl Acad Sci USA
108(36):10092-15010

Wu Y, Liang D, Wang Y, Bai M, Tang W, Bao S, Yan Z, Li D, Li
J (2013) Correction of a genetic disease in mouse via use of

@ Springer

CRISPR-Cas9. Cell Stem Cell 13(6):659-662. https://doi.
org/10.1016/j.stem.2013.10.016

Xie F, Ye L, Chang JC, Beyer Al, Wang J, Muench MO, Kan YW
(2014) Seamless gene correction of B-thalassemia mutations
in patient-specific iPSCs using CRISPR/Cas9 and piggyBac.
Genome Res 24(9):1526-1533. https://doi.org/10.1101/gr.17342
7.114

Xu X, Qi LS (2019) A CRISPR-dCas toolbox for genetic engineer-
ing and synthetic biology. JMB 431(1):34-47. https://doi.
org/10.1016/j.jmb.2018.06.037

Xu P, Tong Y, Liu XZ, Wang TT, Cheng L, Wang BY, Lv X, Huang Y,
Liu DP (2015) Both TALENs and CRISPR/Cas9 directly target
the HBB IVS2-654 (C > T) mutation in -thalassemia-derived
iPSCs. Scientific Rep. 5:12065. https://doi.org/10.1038/srepl
2065

Yang H, Jaeger M, Walker A, Wei D, Leiker K, Weitao T (2018) Break
breast cancer addiction by CRISPR/Cas9 genome editing. J Can-
cer 9(2):219-231. https://doi.org/10.7150/jca.22554

Yao S, He Z, Chen C (2015) CRISPR/Cas9-mediated genome edit-
ing of epigenetic factors for cancer therapy. Hum Gene Ther
26(7):463-471. https://doi.org/10.1089/hum.2015.067

Yoo CB, Jones BP (2006) Epigenetic therapy of cancer: past, pre-
sent and future. Nat Rev Drug Discov 5(1):37-50. https://doi.
org/10.1038/nrd1930

Yoshimi K, Kaneko T, Voigt B et al (2014) Allele-specific genome
editing and correction of disease-associated phenotypes in rats
using the CRISPR—Cas platform. Nat Commun 5:4240. https://
doi.org/10.1038/ncomms5240

You L, Tong R, Li M, Liu Y, Xue J, Lu Y (2019) Advancements and
obstacles of CRISPR-Cas9 technology in translational research.
molecular therapy. Mol Ther Methods Clin Dev 13:359-370.
https://doi.org/10.1016/j.omtm.2019.02.008

Zhu X, Ye K (2015) Cmr4 is the slicer in the RNA-targeting Cmr
CRISPR complex. Nucleic Acids Res 43(2):1257-1267

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1093/nar/gkw159
https://doi.org/10.1186/s40985-017-0058-3
https://doi.org/10.1186/s40985-017-0058-3
https://doi.org/10.1038/nm.3545
https://doi.org/10.1038/nm.3545
https://doi.org/10.1126/science.1246981
https://doi.org/10.1016/j.celrep.2016.03.042
https://doi.org/10.1021/acs.chemrev.6b00799
https://doi.org/10.1021/acs.chemrev.6b00799
https://doi.org/10.1073/pnas.1512392112
https://doi.org/10.1016/j.stem.2013.10.016
https://doi.org/10.1016/j.stem.2013.10.016
https://doi.org/10.1101/gr.173427.114
https://doi.org/10.1101/gr.173427.114
https://doi.org/10.1016/j.jmb.2018.06.037
https://doi.org/10.1016/j.jmb.2018.06.037
https://doi.org/10.1038/srep12065
https://doi.org/10.1038/srep12065
https://doi.org/10.7150/jca.22554
https://doi.org/10.1089/hum.2015.067
https://doi.org/10.1038/nrd1930
https://doi.org/10.1038/nrd1930
https://doi.org/10.1038/ncomms5240
https://doi.org/10.1038/ncomms5240
https://doi.org/10.1016/j.omtm.2019.02.008

	CRISPR: a journey of gene-editing based medicine
	Abstract
	Introduction
	Discovery of CRISPR and its function
	The rise of CRISPR as the genome engineering application
	Examples of the use of the CRISPR-Cas in modern medicine
	Application of CRISPR as a tool to treat Duchenne Muscular Dystrophy in mice
	CRISPR system and gene-editing in cancer
	CRISPR application to develop resistance against malaria by editing DNA of mosquito
	Application of CRISPR in the treatment of HIV infection
	Medical applications of CRISPR for personalized use
	Ethical factors for therapeutic application of CRISPR
	Conclusion
	Acknowledgements 
	References




