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Abstract

The recent development of clustered regularly interspaced short palindromic repeats (CRISPR)is a key technology for genome editing,
targeting, and regulation in a wide range of organisms and cell types. The CRISPR features may be exploited for typing purposes, ep-
idemiological studies, host-virus ecological surveys, building specific immunity against undesirable genetic elements, and enhancing
viral resistance in domesticated microbes. Microbes rely on various defense mechanisms, which allow them to resist viral predation and
exposure to invading nucleic acid. In several bacteria and most archaea, CRISPR form peculiar genetic loci, which provide acquired
immunity against viruses and plasmids by targeting nucleic acid in a sequence-specific manner. CRISPR-Cas9 is an RNA-mediated
adaptive immune system that protects bacteria and archaea from viruses or plasmids. In this review, we emphasize the current progress
and the future potential of the CRISPR-Cas9 system towards biomedical, therapeutic, industrial, and biotechnological applications.

Keywords: CRISPR-Cas9, Genome Editing, CRISPRi, RNAi
Introduction:

The progress of effective and consistent ways to make partic-
ular, targeted changes to the genome of living cells has been a
long-standing aim of biomedical researchers (Cong et al. 2013).
Recently, a new tool based on a bacterial CRISPR-associated pro-
tein-9 nuclease (Cas9) from Streptococcus pyogenes has generated
extensive attention. This follows several attempts over the years
to manipulate gene function, including homologous recombina-
tion (Capecchi, 2005) and RNA interference (RNAIi) (Fire, et. al.,
1998).RNAI, in specific, became a laboratory principle enabling
inexpensive and high-throughput interrogation of gene function
(Martinez, et. al., 2003), however it is disadvantaged by provid-

ing only temporary inhibition of gene function and unpredictable
off-target effects (Alic, et.al., 2012).

The functions of CRISPR and CRISPR-associated (Cas) genes
are vital in adaptive immunity in leading bacteria and archaea,
enabling the organisms to respond to and eliminate invading ge-
netic material (Figure 1).These repeats were primarily noticed in
the 1980s in E. coli (Ishino, et. al., 1987) and later Barrangou et.
al.,(2007), demonstrated that S. thermophilus can acquire resis-
tance against a bacteriophage by integrating a genome fragment of
an infectious virus into its CRISPR locus.
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Figure 1: CRISPR structure and function.
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a) Typical structure of a clustered regularly interspaced short palindromic repeat (CRISPR) locus.
b) CRISPRs acquire phage-derived spacers that provide immunity. Following an attack by a phage, phage nucleic acids proliferate in the cell and new particles are pro-
duced, leading to the death of the majority of the sensitive bacteria. A small number of bacteria acquire phage-derived spacers (marked by an asterisk), leading to survival,

presumably by CRISPR- mediated degradation of phage mRNA or DNA.

¢) Putative simplified model for CRISPR action. The repeat-spacer array is transcribed into a long RNA, and the repeats assume a secondary structure. Cas proteins rec-
ognize the sequence or structure of the repeats and process the RNA to produce small RNAs (sSRNAs), each of which contains a spacer and two half repeats. The sSRNAs,
complexed with additional Cas proteins, base pair with phage nucleic acids, leading to their degradation. Putatively, this process is mediated by one or more of the Cas

proteins. CAS, CRISPR-associated (Soreket. al., 2008).

The CRISPR/Cas system of immunity is comprised of three steps;
adaptation, expression, and interference. The adaption stage in-
volves the recognition and cleavage of a protospacer from invad-
ing DNA by the cas genes. The subsequent insertion (acquisition)
of foreign DNA (spacers) into the CRISPR locus is also referred to
as spacer acquisition or immunization. The expression stage refers
to the expression of relevant cas genes and their proteins leading
to the transcription of the CRISPR array into a long RNA molecule
called the precursor CRISPR RNA (pre-crRNA). Cas proteins and
other accessory factors then process this further into short mature
crRNA. In the final interference stage, this mature crRNA and oth-
er cas proteins recognize foreign nucleic acid and destroy it. This
is also referred to as the immunity stage, which these mechanisms
mimic (Makarovaet. al., 2006).

Three types of CRISPR mechanisms have been identified, of
which type II is the greatest studied. In this case, invading DNA
from viruses or plasmids is cut into small fragments and incorpo-
rated into a CRISPR locus during a series of short repeats. The loci
are transcribed, and transcripts are then processed to produce small
RNAs (crRNA-CRISPR RNA), which are used to monitor effec-

tor endonucleases that target invading DNA based on sequence
complementarity(Jinek, et. al., 2012).

Targeting effectiveness, or the ratio of desired mutation accom-
plished, is one of the ultimate significant parameters by which to
evaluate a genome-editing technique. The targeting effectiveness
of Cas9 compares favorably with more recognized approaches,
such as Transcription activator-like effector nucleases (TALENS),
or Zinc-finger nucleases (ZFNs)(Mussolino, et. al., 2011). For in-
stance, in human cells, custom-designed ZFNs and TALENS could
only accomplish productivities ranging from 1% to 50% (Mus-
solino, et. al., 2011). However, the Cas9 technology has been de-
scribed to have effectiveness up to >70% in zebrafish(Hwang, et.
al., 2013) and plants (Feng, et. al., 2013), and ranging from 2—5%
in induced pluripotent stem cells (Mali, et. al., 2013). Moreover,
Zhou, et. al.,(2014) improved genome targeting up to 78% in one-
cell mouse embryos, and accomplished effective germline trans-
mission through the use of dual sgRNAs to concurrently target
asingle gene.

The pinnacle of four decades of research, induced pluripotent stem
cells (iPSCs), and genome editing with the advent of CRISPR now
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promise to take drug development and regenerative medicine to
new levels and to enable the interrogation of disease mechanisms
with a previously unimaginable level of model fidelity (Wadding-
ton, et. al., 2016).

Current trends in CRIPR/Cas-9

Succeeding its first demonstration in 2012 (Ishino, et. al., 1987),
the CRISPR/Cas9 technology has been extensively implemented.
Furthermore, CRISPR/Cas9 technology has also been success-
fully expended to target key genes in numerous cell lines as well
as organisms, including HIV-1(Ebina, et. al., 2013), HBV(Ken-
nedy,et al., 2015), HPV18(Kennedy et al., 2014), HPV16(Ken-
nedy,et al., 2014), HCV (Price,et al., 2015), bacteria (Fabre, et.
al., 2014), yeast (DiCarlo, et. al., 2013), C. elegans (Hai, et. al.,
2014), Drosophila (Gratz, et. al., 2014), zebrafish(Hwang, et. al.,
2013), Xenopus tropicalis (Guo, et. al., 2014), monkeys (Niu, et.
al., 2014), rabbits (Yang,et. al., 2014), pigs (Hai, et. al., 2014), rats
(Ma, et. al., 2014), mice (Mashiko, et. al., 2014), human (Mali, et.
al., 2013) and plants (Malj, et. al., 2013).

Numerous research groups have been taken advantage of this
method to introduce single point mutations (deletions or inser-
tions) in a particular target gene, via a single gRNA (Miller, et. al.,
2011). A recent past and current great development is the use of
the dCas9 version of the CRISPR/Cas9 technology to target pro-
tein domains for microscopic visualization of specific genome loci
(Chen, et. al., 2013), transcriptional regulation (Perez-Pinera, et.
al.,2013) and epigenetic modification (Hu, et. al., 2014).

The CRISPR/Cas9 technology requires only the redesign of the
crRNA to modify target specificity. This differentiates it from
the other additional genome editing tools, comprising ZFNs and
TALENSs, where redesign of the protein-DNA interface is essen-
tial. Besides, CRISPR/Cas9 permits prompt genome-wide interro-
gation of gene function by generating large gRNA libraries (Koi-
ke-Yusa, et. al., 2013) for genomic screening.

The future prospects of CRISPR/Cas9

The rapid progress in developing CRISPR/Cas9 into a set of tools
for cell and molecular biology research has been notable, likely
due to the simplicity, high efficiency and versatility of the sys-
tem. Recombination-based tools for introducing targeted genomic
mutations in Mycobacterium tuberculosis are not efficient due to
higher rate of illegitimate recombination compared with homol-
ogous DNA exchange. Also, involvement of multiple steps and
specialized reagents make these tools cost ineffective. However,
CRISPRinterference (CRISPRi) demonstrated that this approach
efficiently represses expression of target genes in Mycobacteria.
It has shown that co-expression of the codon-optimized dCas9 of
S. pyogenes with sequence-specific guide RNA results in com-
plete repression of individual or multiple targets in Mycobacteria.
Therefore CRISPRI offers a simple, rapid and cost-effective tool
for selective control of gene expression in mycobacteria(Chaud-
haryet. al., 2015).Moreover, simplicity of use, low cost, high
speed, multiplexing potential, and equal or higher specific DNA
targeting ability have secured its popularity and success across
the global scientific community (Mali,et.al., 2013;Strauf} et. al.,
2013;Rahdaret. al., 2015).

The key advantages of the CRISPR-Cas system are its ability to

genetically modify an organism without leaving any foreign DNA
behind and its versatility and simplicity of programming. Contrast-
ing the reprogramming of its predecessors, ZFNs and TALENS,
which require editing of DNA-interacting domains located at dif-
ferent sites on the DNA-binding scaffolds, CRISPR-Cas systems
changes are only executed on the recombinant RNA sequences
(Travis 2015; Rahdaret. al., 2015).Furthermore this practical as-
pect, the major drawback the CRISPR-Cas system faces is restric-
tive legislation. The power of this gene-editing tool has caused
concerns to wider society, due to the potential for irrevocable alter-
ation of future generations, if used in germ line alterations.

In specific, the first report on the use of CRISPR-Cas9 on human
tripronuclear zygotes was published in 2015. These zygotes have
one oocyte nucleus and two sperm nuclei and are therefore unable
to develop into viable embryos. It was this work that encouraged
a worldwide moratorium by both biologists and ethicists on hu-
man germ line genetic engineering (Hurlbut 2015). Though this
study showed low homologous recombination events of the human
B-globin (HBB) gene, for which the CRISPR-Cas9 system was
designed, as well as mosaicism and off-target cleavage at various
sites, it was the first time CRISPR-Cas9 effectively cleaved endog-
enous genes on human embryos (Liang,et. al., 2015).

Fear that one of CRISPR-Cas‘major advantages, its power for “de-
mocratization of gene targeting” (Hotta 2015) could be unsafe if
used by the wrong people to enhance population minorities and
reignite an interest for eugenics, maybe addressed by strong in-
ternational jurisdictions and global public engagement (Liang et.
al., 2015;Chan et. al., 2015; Krishanet. al., 2015). However, before
this could be performed, a deeper understanding of appropriate
models (both cellular and animal, as well as human embryonic
stem/iPS cell-derived germ line cells) to test efficacy and safety
and multigenerational effects, and optimization of genome edit-
ing tools to minimize off-target events will be necessary. These
include the development of more accurate and sensitive tools to
assess off-target events and mosaicism (Chan et. al., 2015).

In conclusion,the potential of the CRISPR-Cas system could be
explored for the treatment and cure of critical human diseases i.e.,
cancer, diabetes, cardiovascular etc. Due to its high potential in
therapeutics by altering the genome in vivo, CRISPR-Cas tech-
nology’s application directly on humans may raise certain ethical
issues, which can be dealt with by formulation of proper legisla-
tion, after due discussions and debates, balancing the benefit of
technology for improving human life to avoiding its misuse. The
promise that this technology holds, calls for continued promotion
and support for improvements through research to allow maxi-
mum advantage of this magical tool for the benefit of humankind .
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