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Abstract

Genome editing has always been a heated topic among scientists who are driven by developing tools with
desired functions. Discovered from bacteria immune system against virus, the CRISPR-based technologies
demonstrated remarkable advantages over precedents and have shown the potential to revolutionize fundamental
research in biology. People keep improving and diversifying the functions of CRISPR-Cas9 by reengineering the
active molecules. The repurposed applications include gene expression regulation, epigenetic modification,
chromatin bioengineering etc. This article will provide an overview starting from a brief history of genome-targeted
manipulation. It will also include key milestones people have achieved in different applications, as well as other
areas to be potentially explored.
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Commentary
The advent of great inventions often leads to great discoveries. As

the products of many combined efforts from great minds,
groundbreaking scientific advancements have not been rare in the
history of bioengineering and biomedical sciences. Human beings, as
the most creative species in the world, have designed pathways to
inherit knowledge and develop tools to understand various creatures
include the mankind itself. Each milestone achieved by any researcher
that is open-mindedly inquiring can potentially generate enough
impact to revolutionize the way humans know and interact with the
nature. The genome-editing technologies, in particular CRISPR tools
have come to an exciting stage that the use in biological studies is
becoming prevailing in every corner. People’s awareness of genome
functions is being rapidly enriched. Secretes in the programming codes
of life written in our DNA, can nowadays be revealed. This review will
emphasize on CRISPR-based technologies and its applications in
fundamental research, medicine and applied biotechnologies.

Changing DNA bases precisely in an efficient way has been a goal
longingly chased after. It possesses tremendous value to almost every
domain in biological studies. Early achievements of this function can
be dated back to the discovery of bacterial restriction enzymes from
their molecular defense system against phages in the 1970s [1,2].
Remarkably, scientists started to gain the ability to introduce changes
into the genome through bench exams performed on various subjects
such as yeast [3] and mammalian cells [4]. The use of restriction
enzymes drove the progress of molecular biology but this approach
had multiple limitations, such as low integration rate of exogenous
DNA [4,5], that ultimately gave its way to more advanced approaches
using targeted nucleases. By focusing on making double-strand breaks
(DSBs), scientists found the frequency of targeted gene integration can
be increased by several orders of magnitude [6]. To introduce specific
DSBs in genomes, scientists developed endonuclease enzymes [7]. In
doing so, long ranges of DNA (14-40 bp) can be recognized with
significantly increased editing efficiency. Nevertheless, such an

approach was restricted by hundreds of natural endonucleases of
which each has a unique recognition sequence. The available
endonucleases did not allow enough flexibility for the researchers to
target any desired genome loci. DSBs had also been found to cause
Indel (Insertion or deletion of bases) through the non-homologous end
joining (NHEJ) DNA repair mechanism. Therefore scientists bio-
engineered some of the natural endonucleases for changed sequence
specificity [8]. Later on, the advent of zinc finger proteins originated
from eukaryotic organisms gave rise to another wave of progress in
gene-editing. In a more precise matter, the protein motifs in zinc
fingers recognize a 3-bp DNA sequence [9]. Some other zinc fingers
were soon fused with DNA cleavage domain of endonuclease [10]. The
advantages of these hybrid products tremendously improved the
efficiency and quality of gene manipulation at targeted sites. Moreover,
a combinatorial assembly of 4-5 zinc fingers could target any 12-15 bp
genomic sequences, which is similar to the ranges of endonucleases.
Soon after, other elements for chimeric fusion with the DNA cleavage
domain were discovered. They were assembled with a family of
transcription activator-like effector (TALE) proteins found in bacteria
[11]. The sequence recognition can be as precise as one single base.
With combined nuclease, this system of tools is called TALEN [12,13].

Before the invention of CRISPR, zinc fingers and TALENs have
gained much success in improving the editing efficacy, but the use of
these tools highly demanded the designing of proteins. This adversely
worked for their broad use and sequential development. CRISPR
(Clustered Regularly Interspaced Short Palindromic Repeat) DNA
sequence, with its associated genes (Cas) in bacterial immune system
against phage, has notably caught attention from researchers. The
discovery of DNA modifying mechanisms of endonuclease combos
with short but highly programmable DNA-targeting RNAs, led to the
development of a very popular gene-editing system since 2012 [14].
The gush of exciting publications followed immediately after the
chimeric RNA formed by fusion of a tracrRNA (transactivating
CRISPR RNA) and a crRNA [15] for a single guide RNA (sgRNA) due
to its high editing efficacy and ease of use. Various CRISPR-type
immune responses in bacteria have been found as results of evolution.
Scientists keep improving the quality of these CRISPR systems across
all the subtypes based on the structures and biochemical activities of
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CRISPR components to identify better ones with differences in sizes,
PAM sequence and targeting preferences. With a very short NGG PAM
sequence requirement [16], the type II CRISPR-Cas9 system from
Streptococcus pyogene (spCas9) is prevailingly used in the scientific
community [17]. The size of Cas9 enzymes matters particularly for
therapeutic purposes because Adeno associated viruses (AAV) has
restricted the size of vectors being delivered. Instead of the intact
SpCas9 (1,366 aa), other Cas9 enzymes showed greater potential, such
as SaCas9 and CjCas9. A typical drawback for these two Cas9 proteins
is that they require much longer and more complex PAM sequences
[18-20]. Another major task for scientists to modify CRISPR system is
to understand more about its off-target effect and thus increase its
targeting specificity [21,22]. This includes finding Cas9 off-target
sequence in open chromatin regions to enable in silico prediction
[23,24]. Some others have used point mutations to reengineer SpCas9
and significantly increased its specificity [25]. Delivery method of
Cas9-sgRNA complex also showed effects as a ribonucleotide protein
(RNP), instead of plasmid, rendered more transient Cas9 activity and
less off-target effects [26]. Modifying the length of sgRNA by a few
base pairs, either by increasing or decreasing was also reported to
increase the specificity [27,28].

CRISPR system is a versatile tool beyond mentioned genome-
editing studies. Scientists have also developed genome and chromatin
manipulation efforts based on CRISPR. In particular, the capacity of
programmable targeting and catalytically inactive Cas9 (dCas9) can be
guided towards desired locations without causing DSBs on DNA. This
dCas9 of unique feature has been repurposed by the researchers such
as the second-generation genome-editing tools using nickase Cas9
(nCas9) which converts a single base into another precisely [28,29].
Using this base-targeted CRISPR editor, researchers started to
introduce STOP codons in genes by single base alternation [30]. This
approach was found efficient and often resulted in less damage to cells
compared with DSBs-caused gene knockout [31]. Some others started
to use dCas9 to regulate gene expression as dCas9 binds to the DNA
target sequence which may mediate the binding activities of
transcription factors and RNA polymerase. CRISPR interference
(CRISPRi) is such a term derived for gene expression knock down by
dCas9 and its fusion proteins [32,33]. Popular ones include dCas9-
KRAB fusion complex for gene suppression [34,35], dCas9-VP64 or
dCas9-VP64-P65-VPR for gene induction [36-38], the SunTag system
for locus-specific expression induction [39,40] and small compound
induced CRISPR-mediated gene expression approaches [41]. The
Encyclopedia of DNA elements (ENCODE) and Roadmap Epigenome
Mapping Consortium (REMC) have made efforts to map chromatin
modifications on cell lines and primary cells [42]. The programmable
capacity of dCas9 has been recruited as various epigenetic writers and
erasers to specific loci. Malfunctioned DNA methylation is implicated
in an array of diseases including cancer. For therapeutic purposes,
researchers have fused dCas9 with methyltransferase [43,44] and
catalytic domains of demethylation proteins [45]. Some of these
molecules, such as dCas9-P300, allow significantly increased
expression level from promoter and enhancer regions by modifying
histone marks. CRISPR-mediated chromatin imaging has also used
dCas9 with fused fluorescent proteins to detect locations of desired loci
in the 3D nuclear space [46,47]. The manipulation of chromatin
topology can help scientists study regulatory effects of enhancer-
promoter interaction. Some studies have achieved these goals and
pushed forward the progress of chromatin biology.

CRISPR-based technologies have been recognized as a major tool
that is leading to many breakthroughs and astonishing discoveries.

They have empowered scientists to advance our insights in molecular
biology and thus transform the ways we develop medicine or
biotechnologies that target a species [48]. However, the wide spread of
their applications may require extensive procedures to ensure safety
and foresee risks. Furthermore, Cas9 proteins, as originated from S.
aureus and S. pyogenes, have been reported to induce pre-existing
humoral and adaptive immune responses in human bodies. Therefore,
the clinical applications of CRISPR-Cas9 have encountered obstacle
[49]. In order to make CRISPR-Cas9 fully benefit people, additional
studies are still needed to address various scientific challenges.
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