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Abstract
The clustered regularly interspaced short palindromic repeats (CRISPR)-associated system (Cas), a simple and efficient
tool for genome editing, have been used to modify genes in model systems including animal zygotes and human cells.
CRISPR/Cas9 technology exploits the principles of bacterial immune function to target and remove specific sequences
of mutated DNA. This review article discusses recent advances in CRISPR/Cas9 technology, current research, appli-
cations, ethical and biosafety concerns that it raises and prospects for gene therapy for genetic disorders in near future.
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Introduction

The CRISPR/Cas9 RNA-endonuclease com-
plex, composed of the Cas9 protein and the guide
RNA (gRNA) (~99 nt), is derived from the adap-
tive immune system of Streptococcus pyogenes
SF370. It targets genomic sequences contain-
ing the tri-nucleotide protospacer adjacent motif
(PAM) and complementary to the gRNA, and can
be programmed to recognize virtually any genes
through the manipulation of gRNA sequences'?.
Following Cas9 binding and subsequence target
site cleavage, the double strand breaks (DSBs)
generated are repaired by either non-homologous
end joining (NHEJ) or homologous recombination
directed repair (HDR), resulting in indels or pre-
cise repair respectively?. The ease and efficiency
of the CRISPR/Cas9 system have rendered itself
to many applications, including genome editing,
gene function research, and gene therapy in ani-
mals and human cells"*4.

The specificity of CRISPR/Cas9 is mostly
guided by PAM and the 17-20 nt sequence at
the 5 end of gRNAs*®. Unintended mutation
in the genome can totally obstruct the applica-
tion of CRISPR/Cas9, particularly in studies

of development and gene therapy®’. Three cur-
rent studies discovered that off-target effects of
CRISPR/Cas9 appeared rare in human plurip-
otent stem cells pointing out the risk that high
frequencies of unintended targeting by CRISPR/
Cas9 may be more common in cancer cell
lines®*'°. Lower rates of off-target effects (com-
pared to human cell lines) have also been reported
in mouse zygotes''2, In spite of great strides in
understanding the utilization of CRISPR/Cas9 in
a variety of model organisms, much remains to be
learned regarding the efficiency and specificity of
CRISPR/Cas9-mediated gene editing in human
cells, especially in embryos.

Background

Technologies for making and manipulating DNA
have enabled progress in biology with the dis-
covery of the DNA double helix. But introducing
site-specific modifications in the genomes of cells
and organisms remained obscure. Initial studies
depended on the principle of site-specific recog-
nition of DNA sequences by oligonucleotides,
small molecules, or self-splicing introns. Later
on, the site-directed zinc finger nucleases (ZFNs)
and TAL effector nucleases (TALENS) using the
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principles of DNA protein recognition were devel-
oped. But, difficulties of protein design, synthesis
and validation remained an obstacle to widespread
adoption of these engineered nucleases?.

Prokaryotes have CRISPR segments of DNA
containing short repetitions of base sequences that
allow bacterial cells to record DNA sequences of
viruses that it has been exposed to. This enables
cells to boost the immune function of progeny.
The Cas9 enzyme then functions to seek out those
bits of viral DNA and cut them out of sequence.
The complex is programmable, allowing scientists
to target and remove specific bits of DNA with
great precision. The cutting-edge discovery of the
CRISPR/Cas9 technology has motivated scientists
forward in attempts to treat or cure diseases caused
by single-gene mutations'.
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the target sequence (PAM) within the genome. This
gRNA-DNA complex is specifically recognised by
the cas9 protein, which induces a double-stranded
break (DSB) in the DNA. Genome modifica-
tion occurs, mainly through activating one of the
two DNA repair mechanisms: non-homologous
end joining (NHEJ) or homology directed repair
(HDR). NHEJ introduces insertions or deletions
within a sequence, whereas HDR requires delivery
of a donor sequence through recombination with
the targeting sequence can lead to point mutations
or insertions.

Applications

CRISPR/Cas9 provides immense capacity to make
remarkable progress in biotechnological, basic bio-
logical and medical research fields. Its application
in genome studies will enable large-scale screen-
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Fig. 1. Mechanism of CRISPR-Cas 9 gene editing (Source: www.addgene.org)

In genome editing by crispr/cas 9 mechanism,
the genome of a target cell can be modified by
expression of the double-stranded DNA endonu-
clease Cas9 and a guide RNA (gRNA). Expression
of these components can be achieved by transfec-
tion with plasmids carrying genes for Cas9 and g
RNA or by direct injection of Cas9 mRNA and
gRNA. The gRNA (DNA-binding-domain) binds

ing for drug targets and other phenotypes and will
aid the production of engineered animal models
that will promote pharmacological studies and the
understanding of human diseases. CRISPR-Cas9
applications in plants and fungi also guarantee to
alter the pace and course of agricultural research.
CRISPR/Cas9 finds its application in generation
of genetically modified (GM) mouse model of
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Fig.2 CRISPR/Cas9 technology in the study of sickle cell anaemia. (Source:cen.acs.org/articles/94/i41/CRIS-
PR-edits-sickle-cell-mutation.html )
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Fig.3. CRISPR/Cas9 technology in the treatment of Tumour. (Source: onlinelibrary.wiley.com/doi/pdf/10.1111/
cge.13589)

human diseases, genome editing in specific tissues in epigenome for regulating the expression of
such as liver and brain, simultaneous generation specific genes and novel potentiality in RNA edit-
of multiple gene mutations, flexible manipulation ing®. The therapeutic application of CRISPR-Cas
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9 system has been reported to be successful in
preclinical studies. This targeted gene therapy has
shown therapeutic potential to tackle latent HIV
infection, for treating cancer and for the preven-
tion of cardiovascular diseases. Eye disorders like
cataract, Leber congenital amaurosis and retinitis
pigmentosa can be corrected by CRISPR-Cas 9
system. Haematological diseases like sickle cell
anaemia, Haemophilia and thalassemia can be
prevented by this gene therapy. Point mutations
leading to SCID (Severe Combined immunodefi-
ciency) can be corrected. This gene therapy sys-
tem has the potential for treatment/ prevention of
inborn errors of metabolism (eg: Ornithine tran-
scarbamylase deficiency), muscular dystrophy,
neurological disorders (cystic fibrosis) and skin
diseases (dystrophic epidermolysis bullosa)'®.

Areas to be explored

Although the CRISPR/Cas9 technology has
immense prospective in treating genetic disease,
more research is needed before the science com-
munity begins human clinical trials. In a 2015
study by Liang et al. that was the first of its kind,
CRISPR/Cas9 was used on tripronuclear (3PN)
zygotes to better understand its effects in preim-
plantation embryos'’. While targeting the 3-globin
gene (HBB), the CRISPR/ Cas9 complex also pro-
duced off-target effects. The efficacy of homolo-
gous recombination directed repair of HBB was
low and produced mosaic embryos. In several of
the 3PN zygotes, there were high rates of DNA
repair using endogenous sequences instead of the
therapeutic template. This is a major obstacle that
must be overcome if the CRISPR/ Cas9 system is
to be used therapeutically. Researchers must over-
come a number of obstacles, such as the reaction
of the human immune system, efficient modes of
delivery, determining how to ensure that a cor-
rected copy of DNA is inserted into the sequence,
safeguarding against Cas9 proteins cutting at
incorrect loci, and understanding and controlling
off-target effects®,

Ethical concerns

There are grave concerns regarding the ethi-
cal and safety implications of CRISPR/Cas9
research. Recently, a paper reporting gene editing
in human embryos was published in the journal
Protein & Cell, which raised concerns about the
ethics of employing the CRISPR/Cas9 system'.
Subsequently, both the editorial team of Nature
and Science announced that although the CRISPR/
Cas9 system shows huge potential for genome
editing, its use for modifying human germline
cells should be considered very seriously, and
progressive policy on this issue should be devel-
oped®. At the same time, Emilie Marcus, the edi-
tor-in-chief of Cell, stated that the journal would
consider publication of manuscripts describing
human germline modification, if they met high
technical and ethical standards. The acceptance of
this article should not be considered as endorse-
ment or encouragement of modifying human
germline cells, but should be viewed as a point
to start the discussion about the human germline
editing. Thus, embryo editing or engineering of
human fetuses is becoming increasingly contro-
versial among scientists. Some countries have
already restricted CRISPR/Cas9 technology, by
completely banning its use in humans. To address
such a complicated debate, positive and negative
aspects of germline editing should be weighed by
an authoritative national agency, and both the sci-
entific and social ethical concerns should be taken
into consideration simultaneously’. If CRISPR/
Cas9 happens to be a common practice to edit
genes for genetic improvement, the apprehension
is that eventually those that choose not to or can-
not afford the technology would be stigmatized.
Once the precision of CRISPR/Cas9 comes close
to that of other techniques approved for use on
human embryos, it would become acceptable from
a safety standpoint to move forward with human
embryo studies.

Future prospects

The CRISPR/Cas9 technology is very popular
because of its affordability and potential appli-
cations in curing genetic disease. In the last few
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years, several animal studies have been published
demonstrating its powerful gene editing capabil-
ities. CRISPR/Cas9 mediated gene-editing was
confirmed to be possible in adult animals, and was
curative for the hereditary, single-gene mutation
condition tyrosinemia®. Other studies have exam-
ined the effectiveness of CRISPR/Cas9 in treating
single gene disorders such as Duchenne muscular
dystrophy, as well as eye conditions like retini-
tis pigmentosa and Leber congenital amaurosis
(LCA)™2', A number of companies have invested
in commercialising CRISPR technology. Corpo-
rate research companies such as Editas advocates
that the first human clinical trials using CRISPR/
Cas9 will aim to treat LCA. The eye presents an
ideal testing location, as it is contained, immuno-
logically isolated from the rest of the body, eas-
ily monitored externally, and can be measured
using established standards of function. CRISPR/
Cas9 technology has the potential for use in dis-
eased individuals, as well as IVF embryos prior
to implantation. In the case of diseased individu-
als, CRISPR/Cas9 can reduce the mutation load,
which may subsequently decrease symptoms and
the burden of disease. Application of CRISPR/
Cas9 therapy with adult patients is less controver-
sial than its use with embryos, as adults are able
to provide informed consent. Furthermore, many
patients with incurable diseases and compromised
quality of life are eager to participate in clinical
trials of new therapies, as there are no viable alter-
native treatments and it offers hope for a cure!.
After solving the current challenges, the CRIS-
PR-Cas9 system can be applied for clinical appli-
cations in patients. This system has been approved
by an advisory committee at the US National Insti-
tute of Health as the first clinical trial to attack can-
cer cells?.

Conclusion

There is a need to further improve the reliability
and specificity of the CRISPR/Cas9 platform,
a prerequisite for any clinical applications of
CRSIPR/Cas9-mediated editing. The CRISPR/
Cas9 genome editing system, with its acceler-
ated development and expanded applications,

is an indispensable tool for precise and efficient
genome editing, but some related problems need
more attention. First, the current knowledge of
the CRISPR/Cas9 system at the biochemical and
crystal structural levels is insufficient and requires
additional research, including a deep analysis of
the Cas9 protein, one of the main components in
the CRISPR/ Cas9 system. The natural variation in
Cas9 proteins isolated from different species might
provide new Cas9 proteins with higher efficiency
and thereby broaden the choices available for pre-
cise genome editing®. Moreover, specific modes
for delivering Cas9, gRNA, and donor oligos to
cells and tissues have been developed in numer-
ous species, such as mice, Drosophila, zebrafish,
worms, and humans. For example, the CRISPR/
Cas9 system being used to create transgenic mice
could be fused with other proteins or effectors to
control or stimulate the expression or initiation of
the CRISPR/Cas9 system in vivo. The off-target
mutation rates of diverse CRISPR/Cas9systems,
nevertheless, remain a challenge. Last, but cer-
tainly not least, the direct and precise genome edit-
ing raises ethical concerns, such as gene modifica-
tion of human germline cells using the CRISPR/
Cas9 system to create ‘designer babies’, which ini-
tiates arguments and queries among scientists and
the public”. Tt is urgent that the government and
related social organizations formulate and enact a
series of laws and regulations to enable the safe
and ethical application of the CRISPR/Cas9 sys-
tem in basic research and clinics. There should be
a clear distinction between genome editing in
somatic cells and in germ cells. A voluntary
moratorium in the scientific community could
be an effective way to discourage human ger-
mline modification and raise public awareness
of the difference between these two techniques.
Legal concerns regarding the safety and ethical
impacts of germline editing must not hinder the
significant progress being made in the clinical
development of approaches to potentially cure
serious diseases?. A bright future is foreseen in
which the CRISPR/Cas9 system will facilitate rev-
olution and improvement of genome, RNA, and
epigenome editing.
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