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Abstract

CRISPR/Cas9 system, a bacterial adaptive immune system developed into a genome editing technology, has emerged as a
powerful tool revolutionising genome engineering in all branches of biological science including agriculture, research and
medicine. Rapid evolution of CRISPR/Cas9 system from the generation of double strand breaks to more advanced applica-
tions on gene regulation has made the wide-spread use of this technology possible. Medical science has benefited greatly
from CRISPR/Cas9; being both a versatile and economical tool, it has brought gene therapy closer to reality. In this review,
the development of CRISPR/Cas9 system, variants thereof and its application in different walks of medical science- research,
diagnostics and therapy, will be discussed.
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CAPTURE CRISPR affinity purification in situ of
regulatory elements

CRISPR GO CRISPR-genome organization

CLOuD9 Chromatin loop re-organization using
CRISPR-dCas9

HSC Hematopoietic stem cell

CCR5 C-C chemokine receptor type 5

CAR Chimeric antigen receptor

IPSC Induced pluripotent stem cells

BCLI11A B-cell lymphoma 11A

SHERLOCK Specific high-sensitivity enzymatic
reporter unlocking

DETECTER DNA endonuclease targeted CRISPR
Trans reporter

COVID Corona virus disease

Introduction

Precision targeting and creation of double strand break for
gene manipulation are the two most vital requirements in
genome editing. Early research on double strand break,
repair and recombination were conducted in the 1980s which
paved the way for the development of gene editing tools [1,
2]. Maria Jasin in 1994 used Meganucleases to create double
strand breaks in DNA and showed that it can be corrected by
cellular repair machinery either using error free Homology
directed repair (HDR) or error prone Non homologous end
joining (NHEJ) pathways, revealing the scope for gene edit-
ing [3]. Although the targeting scope of Meganucleases were
very limited, this discovery furthered the research for pro-
grammable nucleases that can be targeted to precise genomic
loci. Two important gene editing tools thus developed in the
2000s were Zinc finger nucleases (ZFNs) and Transcription
activator like effector nucleases (TALENS). In both the tools
DNA binding proteins (Zinc fingers in ZFNs and TAL effec-
tors in TALENS) are fused with an endonuclease (FokI) to
obtain precisely targetable nucleases [4-7]. Once the cut is
made in the DNA, the resulting double strand breaks will be
corrected by cellular break repair pathways forming small
insertions or deletions causing DNA editing. The major limi-
tation of the protein based nucleases were the difficulty in
synthesizing new DNA binding proteins each time to target
a new location and hence scientists were on the lookout for
easily programmable nucleases [8].

The research into CRISPR Cas system had begun
long back. Francisco Mojica et al. noticed that the bac-
terial genome had certain sequences which repeated
several times with regular spaces in between them [9].
Further research identified these as fragments of DNA
from bacteriophages which attack the bacteria, but how
and why these fragments were integrated into the bacte-
rial genome remained unknown [10]. It was in 2012 that
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Jennifer Doudna and Emmanuelle Charpentier elucidated
the mechanism of CRISPR/Cas system and developed it
into a genome editing tool [11]. From the discovery of
CRISPR/Cas system in bacteria it took almost 20 years
to understand the mechanism and develop it into a gene
editing tool; but the following decade witnessed a rapid
surge in research, improvement and application of this sys-
tem highlighting its potential in both research and clinical
applications (Fig. 1). In this review, we will be discussing
about the CRISPR/Cas system and its development as a
gene editing tool, potential applications in genome editing
and the current limitations.

CRISPR in bacterial system

CRISPR/Cas system is the RNA guided adaptive immune
system in bacteria analogous to the adaptive immune sys-
tem in humans. The bacteria which escapes the primary
attack by bacteriophages or other mobile genetic elements
stores memories of the invasion in the form of short DNA
fragments in its chromosome. Upon reinvasion by the same
phage, bacteria uses this stored information for silencing
the invaders [12].

The clustered regularly interspaced short palindromic
repeats—CRISPR-associated protein (CRISPR/Cas) system
as the name suggests consists of two parts- the nucleic acid
and the protein components. On escaping a viral attack,
small fragments (~20 bp) of viral DNA are cut and inte-
grated into specific genomic loci in bacteria, known as the
CRISPR array. This locus also codes for the components of
Cas (CRISPR associated) protein which is an endonucle-
ase. The integrated DNA fragments in the CRISPR array
are transcribed and processed subsequently to produce
short pre crRNAs, with a unique spacer sequence at the
5’ end and a conserved repeat sequence at the 3’ end. Pre
crRNA forms a RNA duplex with a long non-coding RNA
termed tracrRNA forming mature crRNA and recruits the
Cas protein to form a Ribonucleoprotein (RNP) complex
which will be surveilling the bacterial cell and upon attack
can specifically target and cleave the invader nucleic acid
having sequence similarity to the spacer sequence. The
target nucleic acid is distinguished from the host DNA by
the presence of a unique short Protospacer Adjacent Motif
(PAM) sequence, adjacent to the spacer sequence which is
present only in the invader genome [13—15]. Different spe-
cies of bacteria possess unique Cas proteins which differ in
structure, PAM requirements and functionality [16]. This
review will be confined to discussions on SpCas 9, which
was identified in Streptococcus pyogenes and is the most
commonly used type of Cas protein (Fig. 2a).
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Fig.1 The Brief history on evolution of CRISPR/Cas system for
genome editing: Discovery of CRISPR/Cas system for genome edit-
ing (1987-2012); Various approaches for eukaryotic genome editing

Development of CRISPR as a gene editing
tool

The early research and development of gene editing tools
had established that the prerequisite for any genome edit-
ing tool is the ability to specifically bind and introduce
double strand breaks in the target region, which will fur-
ther be corrected by the cellular repair machinery caus-
ing small insertions and deletions (InDels). The CRISPR/
Cas system fulfilled both the requirements: specific tar-
get recognition by the spacer sequence and double strand
break by the Cas9 nuclease. Target recognition by CRISPR
is mediated by the 20 nucleotides spacer sequence in
the crRNA and not by the protein as in the forerunner
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targetable endonucleases such as TALENs and ZFNs
[17]. Designing and synthesising varying nucleic acid
sequences binding to target regions is easier than design-
ing proteins for the same; thus CRISPR/Cas9 provided a
simple, economical and versatile tool which can be made
to target any desired sequence by altering only the ~20 bp
spacer sequences (Fig. 2b).

The engineered CRISPR Cas system for gene editing con-
sist of two essential components: The Cas protein which is
the nuclease and a single guide RNA (sgRNA) consisting
of fused crRNA and tracrRNA, which recruits Cas9 pro-
tein and recognizes the target site with appropriate PAM.
Once the double strand break is made, the DNA damage is
repaired by either NHEJ or HDR pathways in the cell which
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Fig.2 Schematic representation of CRISPR-Cas9 activity in prokar-
yotes and eukaryotes a Adaptive immunity in bacteria by CRISPR/
Cas9; After bacteriophage infection, casl, cas2 and csn2 forms com-
plex with viral DNA fragments and integrates into the host DNA as
CRISPR array. For CRISPR/Cas9 system to be active against the
invading bacteriophages, tracer RNA, pre-crRNA and Cas9 are indi-
vidually expressed and mature RNA-protein complex is formed.

leads to small insertions or deletions at the target site caus-
ing genome editing [18].

Components of the engineered CRISPR/Cas9
system

Cas9 protein

SpCas9 is a large, multidomain, single turnover endonucle-
ase that cuts the target DNA 3-5 bp upstream of the PAM

sequence. It has a distinct bilobed structure: a recognition
(REC) lobe and a nuclease (NUC) lobe, which are connected
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Once the complex is formed the sgRNA (tracr+crRNA) helps guid-
ing the Cas9 protein to the target foreign DNA molecule for dou-
ble strand cleavage, thus silencing the invading genetic material. b
CRISPR-Cas9 delivery strategies in eukaryotes; Different formats
of delivering Cas9 in the form of plasmid, mRNA and protein along
with sgRNA via lipofection, electroporation and viral mediated deliv-
ery is represented in the figure

by linker sequences. The REC lobe of Cas9 includes the
bridge helix motif and REC1, REC2 and REC3 domains
[19, 20]. The NUC lobe consists of two distinct nuclease
domains, RuvC and HNH, along with a c-terminal domain
(CTD) consisting of PAM interacting sites. The REC lobe
and the NUC lobe of Cas9 fold to present a positively
charged groove at their interface which accommodates
the negatively charged sgRNA: target DNA heteroduplex.
The nuclease domains are highly conserved whereas the
PAM interacting domain is quite variable among the dif-
ferent Cas proteins. The RuvC domain is split in the pri-
mary structure and comes together after folding to form the
nuclease domain that cleaves the non-target strand through
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a two-metal ion catalytic mechanism. The HNH domain on
the other hand uses a one metal ion catalytic system to cleave
the target strand [21]. The PAM interacting site in c-terminal
domain of NUC lobe is responsible for PAM interrogation
and is kept in an inactive conformation as long as the sgRNA
is not bound to the protein thereby preventing unwanted
nucleic acid binding of the protein.

sgRNA

The sgRNA (Single guide RNA) for gene editing has been
engineered by fusing crRNA and tracrRNA. The 20 nucleo-
tides user defined spacer is at the 5’ end followed by the
repeat sequence of crRNA which forms an RNA duplex with
the anti-repeat sequence of the tracrRNA. The tracrRNA has
a unique stem-loop structure and the repeat-anti-repeat RNA
duplex along with the stem-loopl1 is required for the interac-
tion with Cas9 protein while stem-loop 2 and 3 at the 3’ end
of tracrRNA provides stability to the RNP complex (Fig. 3).
The target specificity of sgRNA is provided by the 10-12
nucleotides at the 3° end of the spacer sequence known as
the seed sequence which is essential for R-loop formation
and any mismatch in this region leads to loss of specificity
of the sgRNA [21, 22].

Mechanism of CRISPR based gene editing

Target recognition, unwinding of dsSDNA and cutting occurs
in a sequential and coordinated manner by forming ribo-
nucleoprotein (RNP) complexes which consist of Cas9 and
sgRNA (Fig. 3).

sgRNA-Cas interaction

RNP complex formation is the first and most essential step
in CRISPR mediated gene editing. The Cas9 protein forms
hydrogen bonds with the stem loop structure of tracrRNA.
It has been shown that sgRNA competes with other cellu-
lar RNAs for binding to Cas9 protein and the stem loops 2
and 3 increases the binding efficiency of sgRNA. The inter-
action of sgRNA with Cas9 activates the latter for PAM
searching and recognition by repositioning the HNH and
RuvC domains to a DNA binding conformation [22, 23].
This sequential interaction of sgRNA with Cas9 prevents
the unnecessary binding of Cas9 to DNA targets without
activation.

PAM recognition
Presence of PAM sequence is essential for target recognition

and cleavage by the CRISPR/Cas system. spCas9 requires
a 5’NGG3’ PAM sequence on the non-target strand for

its activity. The Cas9-sgRNA complex starts the search
for target sequence by first searching for the presence of
3" PAM sequence. Cas9 stays associated for a longer time
with the DNA containing PAM sequence which facilitates
the unwinding of adjacent DNA sequence and formation of
DNA-sgRNA duplex. The PAM sequence in the non-target
strand interacts and forms hydrogen bond with crucial argi-
nine residues in the PAM interacting domain of Cas9; at
the same time upstream (4 1 of PAM) phosphate group in
the target strand is stabilized by critical lysine and serine
residues of C-terminal domain which creates a kink in the
strand. These interactions facilitate the local DNA melting
and RNA-DNA hybridization [24].

RNA - DNA duplex (R - loop) formation

After PAM recognition the sgRNA initiates complementary
base pairing with the target DNA in an unidirectional man-
ner starting at the PAM proximal nucleotide. The base pair-
ing will occur only if there is sufficient homology between
the target region and the spacer sequence and mismatches in
the target strand can lead to displacement of RNP complex
from the DNA. Once separated, the target strand forms a
RNA-DNA hybrid with the spacer region of sgRNA and
will be placed in a channel between the two lobes of Cas9,
while the non-target strand will be positioned within a tun-
nel in the NUC lobe. Similar to the target strand, the non-
target strand also kinks at+ 1 position with an additional
kink at+4 position. The kinks make both strands susceptible
to cleavage by the nucleases [25].

Target cleavage

RNA-DNA duplex formation activates Cas9 to make a blunt
double stranded cut in the target DNA 3-5 bp upstream of
the PAM sequence. The HNH domain cleaves the target
strand while the RuvC domain cleaves the non-target strand
by hydrolysing the phosphodiester bonds in the respective
strands in a metal ion dependent manner. The completion of
complementary base pairing at the PAM distal end induces
conformational activation of HNH domain which in turn
allosterically regulates the positioning and activity of RuvC
domain via the two linkers thus affecting a concerted dou-
ble stranded cut. Once the cut is made the enzyme remains
bound to the DNA until certain cellular factors displace it
[26].

DNA repair and editing
The double strand breaks induced by the CRISPR/Cas sys-
tem will be corrected by Non Homologous End Joining

(NHEJ) or homology directed repair (HDR). NHEJ creates
small random insertions or deletions (indels) in the target
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Fig.3 Schematic representation of Cas9 mediated target recognition
and cleavage: a Structure of Cas9 in inactive state; sgRNA consist
of crRNA and tracrRNA connected by an artificial tetra loop; the
20 nucleotide spacer region is represented in blue and green colour
where the green color represents the seed region. b Target Search;
Upon sgRNA binding the REC lobe of Cas9 undergoes a con-
formational change so as to position the 5° end of sgRNA inside a
cavity formed between the two-nuclease domains (HNH &RuVC)
thus preventing its degradation. ¢ PAM Recognition; the major and
minor grooves of the conserved dinucleotide guanine bases in the
PAM(NGG) forms hydrogen bond with critical residues (arginine
(R1333 and R1335) and lysine (K1107) respectively) of the CTD.
This facilitates the interaction of S1109 in the phosphate lock loop

site creating a variety of mutations. The resulting amino
acid change can lead to a permanent knock-out of the gene
of interest although the efficiency may vary from site to site.
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with phosphate at position+1 of the PAM via hydrogen bonding,
thus stabilizing the DNA in such a way that the first base of the target
sequence rotates upwards towards the sgRNA d Local DNA melting
and RNA strand invasion; PAM recognition leads to melting of DNA
adjacent to the PAM site and invasion of RNA strand to the unwound
region. e R-loop formation and directional expansion; sufficient com-
plementarity will lead to the unwinding of DNA and flipping of the
target strand to form an RNA-DNA duplex with the sgRNA while the
non target strand will remain free. f Cleavage; Upon R-loop formation
each nuclease domain of Cas9 cleaves the respective strands of the
target DNA in between 3rd and 5th bp from the PAM sequence and
produces double strand break

HDR on the other hand relies on a donor template, which
carries a gene of interest (GOI) or smaller mutation to be
inserted at the double strand break site with right and left
homology arms, which can be delivered along with Cas9
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and sgRNA. Although less efficient and more cumbersome
than NHEJ mediated repair, HDR has the advantage of giv-
ing seamless editing. The homologous DNA strand can be
delivered as single stranded oligonucleotide (ssODN) or as
double stranded plasmid DNA through transfection or trans-
duction. HDR can be utilized for targeted knocking-in of the
desired gene, epitope tagging of genes etc. There have been
considerable efforts at increasing HDR efficiency by using
small molecules which stalls the cell division phase at S and
G2-M phase, inhibiting enzymes involved in NHEJ pathway,
making staggered cuts and fusing HDR repair proteins or
donor template to Cas9 [35, 27].

The development of CRISPR/Cas9 system was a major
boost to scientific research as well as gene therapy applica-
tion. Ease of generating knockout led to the development of
various cellular, plant and animal models of diseases. It also
made possible to create screening libraries targeting various
regions, revealing the functional roles of various regulatory
elements in the genome. Unlike the preceding programmable
nucleases, CRISPR/Cas9 made genome editing of desired
genes easier.

CRISPR based genome editing
in mammalian cells

One of the major hurdles in using CRISPR/Cas9 for edit-
ing eukaryotic system was the presence of nucleus which
separates the DNA from cytoplasm, which was not in case
of prokaryotic system and the challenge of repurposing a
prokaryotic system for eukaryotic application was addressed
by various groups. A system which was designed to act on
nucleic acids in the cytoplasm now had to enter the nucleus
for editing. George M. Church’s and Feng Zhang’s group
in 2013 synthesised human codon optimised SpCas9 with
C-terminal SV40 nuclear localization signal (NLS) and
cloned into a mammalian expression system [28, 29]. They
performed experiment in human cell lines and delivered both
sgRNA (crRNA-tracrRNA fusion transcripts) and Cas9 in
the form of plasmids via nucleofection for suspension cul-
ture and lipofection for adherent culture. Adding a NLS
facilitated the efficient transfer of Cas9 to the nucleus, while
codon optimization of the Cas9 sequence facilitated efficient
protein translation in the eukaryotic system [29].

However, plasmid mediated delivery of Cas9 pose prob-
lems like decreased editing efficiency due to slow onset of
translation, cell toxicity and lack of efficient methods to
deliver them in-vitro [30]. To overcome these issues ribo-
nucleoprotein (RNP) complex was introduced, a system in
which the Cas9 in the form of protein and sgRNA in the
form of RNA are complexed together and then delivered into
the cell by liposome mediated or nucleofection mediated
delivery [31, 32]. The delivery of Cas9 as RNP complex

gives higher editing efficiency since it is delivered in func-
tional form and it is one of the widely used strategies for
genome editing in research and therapy. It also has less
toxicity and the delivery is fairly easy when compared to
plasmid DNA and mRNA. Though it can be used effectively
for in-vitro genome editing this system cannot be used for
in-vivo genome editing. For in-vivo genome editing a new
strategy like AAV based cas9 delivery system was developed
[33, 34], which acts as a stand-alone system without being
coalesced with an additional delivery system. Though it is
one of the best strategies available for in-vivo genome edit-
ing AAV delivery system has few drawbacks like capsid
induced immune response, difficulty in achieving empty
capsid free virus particles and high production cost. To
address these problems, chemically modified Cas9 mRNA
was developed and is delivered using lipid nano particles
primed towards the tissue of interest. These modified mRNA
are more stable, cost effective, and do not elicit an immune
response when compared to the viral mediated delivery sys-
tem [35] (Fig. 2b).

A large repository of computational tools and databases
have been developed which can aid in all steps of genome
engineering with higher specificity. Software’s and web
based tools are now available for efficient sSgRNA designing
(CHOP-CHOP, CRISPOR), analysis of editing outcomes
(ICE, TIDE,EDITR), prediction and detection of off- tar-
get effects and has been extensively reviewed by Sledzinski
et al. [36].

Variants of CRISPR/Cas

As the gene editing applications with SpCas-9 system gained
momentum the search for variants of Cas proteins from other
bacterial and archaeal species continued and there has been
a steady increase in the number of variants reported with
altered PAM requirements, nature of cutting, target nucleic
acid (DNA/RNA), size etc. The most recent classification of
the Cas proteins describes two classes with 6 types and 33
subtypes. The Cas variants are broadly classified into two
based on the effector protein; class I consists of multiple pro-
teins while Class II consists of a single effector protein [36].
Although many variants have been reported only a handful
has potential gene editing applications. A few notable ones
include Cas-12 which makes a staggered double strand cut,
Cas-13 which can target RNA, Cas-14 which targets ssDNA,
SaCas-9 which has a smaller size etc. [37-39]. Advances in
protein engineering and evolution also facilitated the devel-
opment of Cas variants with desired properties.
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Cas9 variants based on PAM requirement

PAM flanking the target sequence is one of the essential
requirements of Cas mediated gene editing. Longer PAM
sequence increases the specificity while shorter PAM
increases the targeting scope and hence there is considerable
amount of research going on to increase the range of targ-
etable PAM sequences. By exploring the natural diversity
of Cas proteins a number of orthologs have been identified

Table 1 CRISPR-Cas9 derived tools for genome editing

with unique PAM requirements although only a few have
been reported for use in human cells (Table 1).

With the advancements in protein engineering, a variety of
Cas proteins have been developed either by targeted mutagen-
esis or by directed evolution to have altered PAM require-
ments and even near PAM-less targeting (Table 1). Engineer-
ing of PAM requirement often relies on logically altering the
critical amino acids in the PAM interacting site, thus affecting
the binding specificities of the protein. This has considerably

Common Cas9 Orthologs

SpCas9 Streptococcus pyogenes
SaCas9 Staphylococcus aureus
NmeCas9 Neisseria meningitidis
StCas9 Streptococcus thermophilus
FnCas9 Francisella novicida

ScCas9 Streptococcus canis

NcCas9 Neisseria cinerea

!

NGG DNA
(NNGRRT or NNGRRN) DNA
(NNNNGATT) RNA
NNAGAAW DNA
NG DNA
NNG DNA
NNNNGTA DNA

Based on nuclease domain activity

Based on improved efficiency and specificity

Based on PAM variability

Modified Cas9 | Nuclease Genome editing | Target | Engineered Cas9 Species PAM | Target Cas9 Description PAM (5’ to 3’)
domain tool EERY) SimplilreaasciEs WG | BIA VER Spcas9 Staphylococcus aureus  NGCG
dCas9 Mutated RuvC & | Epigenetic DNA | SpCas9-HF1 Staphylococcus aureus | |NGG | DNA VQR Spcas9 Staphylococcus aureus | NGAN OR NGNG
et (I g:;::’-lgers, Bt HypaCas9 Staphylococcus aureus  |NGG | DNA EQR Spcas9 Staphylococcus aureus  NGAG
DI0A | Mutated RUvC Base editing B | evoCas9 Staphylococcus aureus | NGG | DNA QQR1 SpyCas9 | Staphylococcus aureus | NAAG
nCas9 domain HiFi Cas9 Staphylococcus aureus | NGG | DNA RERISpyGasOl [Staphyiococcusiureus JIINCCO
H840A | Mutated HNH Prime editing DNA xCas9 Staphylococcus aureus | NG, GAA, GAT
Sniper Cas9 Staphyl NGG | DNA
domain HIPErEs LIPS LS SpCas9-NG Staphylococcus aureus = NG
| SpRY Staphylococcus aureus | NRN, NYN
{ )
3 e it b s 3 5
S a‘\(m 4 = 4
dCas9 e H840A nickases
S.No | dCas9 Fusion Proteins Function Target nCas9 Fusion Proteins Function Target
. Prime editor Murine leukemia virus (M- Targeted small insertions, DNA
1. Transcriptional | Direct fusion: VP64, | VP64: strong transcriptional activation | DNA Mutated HNH MLV) reverse transcriptase deletions and base swapping in
activators VP48, VP120, p65, domain that recruits a variety of domain (H840A) (RT) precise way
p65-HSF1, VP64-p65- | transcription factors and chromatin
Rta remodelling factors
2. Transcriptional | KRAB, SID4x, Mxil, KRAB: It associates with KP1, which DNA = N
repressors DNA forms a scaffold to recruit several 5N
Methyltransferase proteins involved in inducing and L ™
MQ1 spreading of heterochromatin over ;’,Mg{
large distances D10A nickases e -
3. p300 Increase levels of H3K27 ac histone DNA T
Histone acetyltransferase, modification nCas9 Fusion Proteins Function Target
acetylation CBP (CREB-binding Adenine Base Editor (ABE) tRNA-specific adenosine Converts Adenine to  DNA
protein) d RuvC d in (D10A) | d. (TadA) guanine
4. DNA Tetl demethylase, Decrease methylation DNA
demethylation | TET1 Cytosine Base Editor (CBE) Cytidine deaminase, uracil DNA | Converts cytosine to | DNA
5. Histone LSD1 (Lysine specific  Demethylates histone 3 at lysine DNA Mutated RuvC domain (D10A) | glycosylase inhibitor (UGI) thymine
demethylation | Demethylase 1) residues 4 and 9, leading to silencing of
enhancers
6. DNA DNMT3A (DNA Methylated CpGs in promoters are DNA
methylation Methyltransferase 3 | associated with silenced transcription
alpha)
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enhanced the targeting scope of Cas protein with previously
inaccessible regions now available for targeting.

Cas9 variants with improved efficiency
and specificity

The efficiency and specificity of gene editing tools are very
critical especially when it comes to gene therapy applica-
tions. Efficiency and specificity often bear an inverse relation
with each other, higher efficiency leading to lesser specificity
and vice versa.

There have been two main approaches in increasing the tar-
geting specificity of Cas mediated editing. The first approach
is to reduce the exposure time of DNA to Cas by delivering
as RNP complex or as light or drug inducible Cas which can
be spatially controlled. The other involves protein engineering
which has produced Cas variants such as eSpCas9 (ala substi-
tution that weaken the interaction b/w RuvC and non-target
strand), spCas9hf1 (disrupted interaction b/w cas9 and phos-
phate backbone of DNA), hypaCas9 (increased cas9 proofread-
ing activity) with improved specificity. Latest addition to this
group was Sniper-Cas9 with an improved sensitivity and target
specificity compared to the existing variants [40-46] (Table 1).

Cas9 variants with modified nucleases
dCas9

The ability of Cas-gRNA system to bind to specific
sequences prompted the scientists to think about engineering
it in such a way that the protein can bind to but not cleave the
nucleic acid. This was achieved by inactivating the nuclease
activity of Cas9 by creating two point mutations in the HNH
and RuvC domains of Cas9. The H840A mutation in HNH
and D10A mutation in RuvC created dCas9 which lost its
nuclease activity while retaining the full potential to bind to
the specific nucleic acid when guided by sgRNA (Table 1).

Nickases

Cas9 nickases were created by mutating only one of the two
nucleases thus having the potential for cutting a single strand
rather than causing a double strand break. The D10A mutant
with inactive RuvC nuclease cleaves only the target strand
while H840A mutant cleaves the non-target strand as HNH
nuclease is mutated [47, 48] (Table 1).

Cas9 derived genome editing tools

The possibility to fuse Cas9 with other proteins opened up a
variety of potential applications for the CRISPR/Cas9 system
beyond the creation of double strand breaks at the target site.

dCas derived tools

dCas9 being able to bind to a specific region without caus-
ing strand breaks served as an excellent vehicle to take any
proteins to the gene of interest. The modulator proteins can
either be fused directly Cas protein or to the sgRNA carry-
ing a suitable aptamer in the stem loop structure. It was now
possible to do CRISPR mediated activation and repression
of target genes, epigenetic modifications, study of chroma-
tin interactions and live cell imaging with different dCas9
fusion proteins [49-51] (Table 1).

Nickase derived tools
Base editors

The possibility to fuse other proteins with Cas9 prompted
the idea of base editors which can convert a single nucle-
otide to another without creating a double strand breaks.
The first base editor was developed by David Liu’s group
in 2016. They fused APOBECI, an enzyme in the cytosine
deaminase family, to Cas9 nickase thus creating a cytosine
base editor which can convert C.G to T.A. Cas9 will position
the cytosine deaminase in correct orientation on the target
DNA strand allowing it to convert cytosine base to uracil by
deamination. The U-G mismatch will be corrected to U-A
which in turn will be converted to T-A thus resulting in a C
to T conversion at the target position. A uracil glycosylase
inhibitor (UGI) fused to Cas9 prevents the conversion of
U-G back to C-G by base excision repair. The use of nickase
rather than dCas9 makes a single strand cut in the non-edited
strand aiding in the preferential conversion of U-A to U-G
during the repair thus increasing the efficiency. At about
the same time another base editor termed Target AID was
created by fusing activation induced cytosine deaminase to
dCas9 [52, 53].

As there were no naturally occurring adenosine deami-
nases which can convert A to G, bacterial enzyme TadA
which converts A to G in RNA was evolved to use DNA as
substrate and create the desired edit. Multiple rounds of evo-
lution created ABE which can convert adenosine to inosine
which will subsequently be converted to guanosine. ABEs
showed better efficiency and less off target effects compared
to CBEs [54].

Development of Base Editors expanded the application
of CRISPR/Cas9 system. It is now possible to create muta-
tions without causing any double strand break or signifi-
cant amount of Indels, thus making it possible to edit the
coding regions without the risk of knock-out. Overtime
several groups worked on improving the efficiency of both
base editors. Codon optimisation, addition of NLS and
other protein engineering techniques created a vast set of
base editors with increased editing efficiency, altered PAM
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requirement, modified editing window, reduced off target
effects and smaller size (Table 1) [55-57]. Recently scien-
tists also developed CGBE which is able to induce C to G
transversion, thus expanding the number of genetic diseases
that can be corrected by using base editor [58].

Adenosine and Cytosine Base editor (ACE), with the
ability to simultaneously convert adenosine and cytosine
bases within the window region, was created by fusing TadA
from ABE and PmCDA1 from target AID to Cas9 nickase
(D10A). Although less efficient than ABE and CBE, it offers
the possibility for co-editing thus increasing the codon con-
version potential in the target region [59].

EvolvR

Fusion of an error prone, nick translating DNA polymer-
ase to the Cas9 nickase created this tool which can be
utilized for targeted mutagenesis in the region of interest.
The sgRNA guides PolI3M-nCas9 complex to a particular
region of interest and creates a nick in the ssDNA via nCas9
endonuclease and dissociates from PolI3M. PolI3M is then
recruited to the nick site and introduces errors by polymer-
izing new DNA strands and displacing the old DNA strand.
EvolvR can be used to engineer microbes with different phe-
notypes, to study protein-protein and protein-DNA interac-
tions, to investigate the functional role of DNA segments as
well as for cellular barcoding [60].

Prime editor

Inability to create transversion mutations as well as non-
specific editing within the window region of base editors
(bystander effect) fuelled the research for systems that can
create specific edits with single base precision. In 2019, Liu’s
group developed prime editing which can mediate single
base conversion, insertions or deletions at the target site with
reduced PAM constraints. They fused a reverse transcriptase
enzyme to Cas9 nickase which can transcribe the sequence
contained in the RNA template to the end of nicked DNA.
The RNA template with the desired edit is given as a modified
sgRNA termed pegRNA, which contains the spacer sequence
at the 5° end followed by the RNA scaffold sequence and the
RNA template at the 3’ end. More flexibility compared to base
editors and higher efficiency compared to HDR makes prime
editing a very promising gene editing tool [61].

Applications of CRISPR/Cas9 system
The applications of CRISPR/Cas9 system will be described

under three broad categories: research, therapeutics and
diagnostics (Fig. 4).
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Research applications

CRISPR/Cas9 system can be used for genetic studies as well
as generation of cellular and animal models.

Gene repression, activation by epigenetic modifiers

Repression of transcription by dCas9 termed CRISPRi was
first demonstrated in bacterial cells; it utilises the property
of dCas9 to bind to a specific segment of DNA so that it
can prevent the transcription elongation by blocking RNA
polymerase movement or by blocking the attachment of spe-
cific transcription factors in the promoter region of target
gene. The efficiency of CRISPRi was low in mammalian
cells initially but has been enhanced by binding transcription
repressors such as KRAB or SID4X to dCas9. This tech-
nique is specific, reversible and multiplexible although there
is a possibility of regulating other non-targeted genes within
the same operon [44, 62—-64].

Similar to CRISPRi, transcription activation (CRISPRa)
is also achieved by fusing transcription activation effectors
such as p65 or VP64 to dCas9. These proteins are targeted
to the promoter regions of genes to enhance the transcription
of the gene without causing any mutations. CRISPR SAM is
a protein complex engineered for activation of endogenous
genes and can be used in conjunction with sgRNA libraries.
It consist of a nucleolytically inactive Cas9-VP64 fusion, an
sgRNA incorporating two MS2 RNA aptamers and MS2-
P65-HSF1 activation helper protein and can be used for
transcriptional activation of coding regions. The fusion of
modifier enzymes such as histone acetyl transferase, methyl-
cytosine dioxygenase, DNA methyl transferase to dCas9 can
cause epigenetic modifications such as acetylation and meth-
ylation of histones and DNA [65-68].

Genome wide functional screens

The possibility for genome wide screening was perhaps one
of the important advantages that CRISPR/Cas9 system had
over its forerunners. Using a library of gRNAs, it is pos-
sible to conduct genome wide screening for establishing
genotype-phenotype correlation. Numerous studies have
been published where loss of function screens have been
done using Cas9 system especially in cancer genetics. Use
of dCas9 on the other hand allows both gain of function and
loss of function studies [69-71].

Pooled sgRNA libraries, where hundreds to millions of
different sgRNAs are cloned in the same backbone plasmid
and mixed together in a single tube, has increased the effi-
ciency of CRISPR based genome wide screens. CRISPRKo
library (e.g., GeCKO, Avana and Brunello) contain multiple
sgRNAs to create indel at target sites across the genome and
makes it non-functional allele. Similarly, CRISPR repression
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Fig.4 Applications of CRISPR-Cas in medical science: CRISPR-Cas
based technologies have varied applications in the field of medicine
and can be broadly classified into research, therapeutic and diagnostic
applications. The introduction of CRISPR in research has increased
our understanding of biological system and has also facilitated

library or CRISPRI library (e.g., Dolcetto, CRiNCL, Sub-
pooled CRISPRi-v2 human library) and CRISPRa library
(e.g., Calabrese, Human SAM genome-wide library, Human
SAM IncRNA activation library) uses different types of sgR-
NAs to target the dCas9 bound to a transcriptional repressor
and transcriptional activator respectively to regulate gene
expression [72, 73].

Live cell imaging

dCas-9 fusion with fluorescent markers enables visualisation
of chromosome regions in live cells. The region of interest

the creation of cellular and animal models. Recent improvements,
although in the early phase holds promise for CRISPR based gene
therapy. CRISPR based diagnostics has also enabled rapid and easy
detection of microbial as well as other diseases

can be targeted by using a sgRNA that will direct the binding
of fluorescent tagged dCas9 which can be used to visualise
the movement and location of the particular loci in the live
cell. Repetitive or non-repetitive sequences in the chromo-
some can be imaged simultaneously in this way using single
or multi-colour fluorescent tagging. This method can also
aid in the rough estimation of distance between different
loci. CRISPR-Sirius is an improved version which allows the
detection of even low copy genomic loci [74-76].

@ Springer



4890

Molecular Biology Reports (2021) 48:4879-4895

Studying chromatin interactions and gene expression

dCas-9 platform can also be used for studying gene regula-
tion by chromatin interactions. Termed enCHIP (engineered
DNA-binding molecule-mediated chromatin immunopre-
cipitation), this method works on the basis of immunopre-
cipitation of the genomic locus of interest and the associ-
ated protein by using an antibody against a tagged dCas9
which is bound to the DNA with the help of sgRNA [77].
CRISPR affinity purification in situ of regulatory elements
(CAPTURE) is one such method which utilizes dCas9
tagged with biotin to identify proteins interacting with the
target DNA site. The sgRNA directs biotin tagged dCas-9 to
the target site and once the protein is bound, protein-DNA
interaction is fixed using formaldehyde. The chromatin is
then sheared into small pieces and the pieces with biotin
tagged dCas-9 are precipitated using streptavidin affinity.
Mass spectrometry (for Trans Regulatory Elements) or deep
sequencing (for Cis Regulatory Elements) is then used for
identifying the regulatory elements. Recently an improved
version of CAPTURE capable of multiplexed analysis of
chromatin interactions was also described by which mul-
tiple enhancers and promoters can be studied in a single
experiment [78, 79].

CRISPR-genome organization (CRISPR-GO) is another
approach where repositioning of particular genomic loci to
different nuclear locations is achieved using CRISPR and
can be used to study and regulate gene expression based on
gene position [80]. Chromatin loop re-organization using
CRISPR-dCas9 (CLOuD?9) is another method to reversibly
induce the formation of chromatin loops to study their role
in gene regulation. This method depends on the dimerisa-
tion of dCas9 fused with appropriate dimerising proteins
targeted to two different genomic loci for inducing looping
[81].

Generation of cellular and animal models

The advent of gene editing tools enabled rapid and effi-
cient generation of cellular and animal models of genetic
diseases. CRISPR/Cas-9 is a versatile and cost effective
platform for generation of disease models owing to its ease
of design and delivery. It can be used to create various
types of mutations including small insertions/deletions,
large deletions, or point mutations resulting in genera-
tion of precise models. The development of prime editing
has further widened the scope of CRISPR based disease
modelling. CRISPR/Cas-9 system can be delivered into
the cells or embryo via electroporation, microinjection,
adenoviral transduction etc. Ability to specifically control
genes using CRISPR has helped in reprogramming cell fate
and differentiation [82, 83].
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Therapeutic applications

Therapeutic gene editing and gene therapy can be achieved
either through ex vivo manipulation of cells or through
in vivo delivery of gene editing tools. Although with limi-
tations, both approaches are being harnessed for treatment
of a variety of diseases including cancer, cardiovascular dis-
orders, neurological disorders and haematological diseases.

Delivery of a copy of functional gene

In diseases involving defective genes, a functional copy of
the gene can be delivered to be expressed by an endogenous
promoter, utilising the HDR pathway in the cell after a dou-
ble strand break. The donor gene is delivered either as a
double or single stranded DNA template, which gets inserted
into the target region based on homology to the region flank-
ing the double strand break. One example is the correction
of haemophilia by supplying a functional copy of factor IX.
Although the efficiency is low, HDR mediated gene insertion
is a feasible approach for correction of genetic diseases and
can be expected to reach clinical trials soon [84, 85].

Correction of causative mutations

Many disorders like cystic fibrosis and sickle cell disease
is caused by mutations that result in the loss of function.
CRISPR/Cas9 has enabled the precise rectification of such
mutations using ex vivo ssODN based gene correction.
ssODN mediated correction of sickle cell disease has already
been demonstrated in human HSCs. The latest addition to
the CRISPR tool box, prime editing also holds promise for
therapeutic correction of genetic mutations without causing
any undesired edits [86—88].

Introduction of protective mutations

Creating a beneficial mutation can be useful in diseases that
have a genetic and non-genetic aetiology. One such example
is the introduction of CCRS5 gene mutation in lymphocytes
for protection against HIV. Another example is the introduc-
tion of anti-sickling mutations in the beta globin gene for the
rescue of sickle cell disease [89].

Engineering of therapeutic cells

CAR T- cells hold great promise for the treatment of dif-
ferent types of cancer. CRISPR Cas system can be utilised
for the efficient generation of CAR T- cells by knocking
in of functional genes, knock out of genes for MHCs and
receptors, inserting engineered CAR cassette into specific
locus etc. Another example of therapeutic cells is engineered
IPSCs which has then been differentiated to pancreatic beta
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cells for the treatment of diabetes. IPSCs in theory can be
differentiated into any cell type and can be used for cell
based therapy for human diseases [90, 91].

Repression or activation of gene expression

CRISPR/Cas9 system allows for both regulated and unreg-
ulated activation or repression of gene expression in the
human system. Disruption of an activator binding site can
cause gene repression while disruption of repressor bind-
ing site can activate gene expression. Gene therapy for beta
hemoglobinopathies by activating fetal haemoglobin expres-
sion through disruption of BCL11A binding site is already in
clinical trials. Gene knockout of transcription repressors or
activators using CRISPR is also being sought for regulation
of gene expression [92, 93].

Use of appropriate sgRNAs that target two sites simulta-
neously can also lead to deletion or inversion of the sequence
in between the two targets. This can be used for gene knock-
out as well as for therapy of certain disorders especially neu-
rological disorders where repeat sequences are pathogenic.
Recently precise genomic deletions using dual prime editing
gRNAs has also been successfully demonstrated.

The outcome of gene editing can be analysed at all molec-
ular levels such as DNA (sequencing, PCR, T7 endonucle-
ase, surveyor assay etc.), RNA (qRT PCR, RNA seq) or at
the protein expression level (western blot, FACS etc.). The
choice of method will depend on the expected outcome as
well as the level of validation required for the experiment
in question.

Development of anti-microbial agents: CRISPR/Cas9
system targeting bacterial virulence gene delivered via bac-
teriophages can efficiently kill the bacteria. This system can
be engineered to target only the virulent strains while allow-
ing the survival of non-virulent ones. Resistant bacteria can
also be sensitized to antibiotics by targeting the sgRNA to
antibiotic resistance gene either in the bacterial chromosome
or in intracellular plasmids [94].

Diagnostic applications

CRISPR/Cas system has gained popularity as a diagnostic
tool for both microbial and non microbial diseases. The
first diagnostic system using CRISPR was developed by
Pardee et al. in 2016 for the detection of Zika virus [95].
Later SHERLOCK was developed as a diagnostic platform
for nucleic acid detection relying on Cas13 [96]. Numerous
other researchers also developed CRISPR based nucleic acid
detection methods latest addition being its use in detecting
COVID-19 [97-99]. DETECTR which is a CRISPR based
DNA detection tool, in addition to being accurate also
requires less turnaround time [37]. The major disadvantage
of CRISPR based diagnostics is the off target effect which

can give false positive results and need for high nucleic acid
level (viral load), thereby increasing the chance of false neg-
atives. In addition to detecting viral, bacterial and fungal
pathogens CRISPR can also be utilised for cancer detec-
tion. Nevertheless CRISPR bases diagnosis appears to be a
promising tool for easy, rapid and cost effective diagnosis of
infectious and non-infectious diseases [100] (Fig. 4).

Challenges in CRISPR based gene editing

Ever since its discovery there has been a considerable
amount of scientific effort in improving CRISPR/Cas9 tech-
nology for gene editing resulting in highly efficient and bet-
ter versions. Even so there are still some hurdles along the
way for this system, the most important being it’s off target
effect. Off-target binding of the sgRNA is a problem in both
research as well as therapy, sometimes causing unintended
effects and sometimes masking the desired effect [101].
Although careful sgRNA designing can reduce the chances
for off target editing, it is important to rule out any undesired
editing outcomes. Possible off target sites can be predicted
using in silico tools based on different algorithms and can
be subjected to high throughput sequencing to check for off
target editing. Unbiased in vivo and in vitro genome wide
assays (SITE-seq, CIRCLE-seq, Digenome-seq, BLESS,
IDLVS, Guide-seq) can also be used for off target analy-
sis [102—104]. Although there are a considerable number
of off target prediction and detection tools, no technique
can detect off targets with complete efficiency and the best
methods often require expensive whole genome sequenc-
ing [101]. The fact that CRISPR/Cas9 system behave dif-
ferently in each individual obviates the need for off target
analysis in each patient even though the sgRNA used is the
same. Another challenge is finding the optimal delivery
strategy; each one possessing its own merits and demerits.
Lenti-viral delivery, although efficient, possesses the risk
of random integration and sustained expression. Delivery
as Cas9 RNP complex or AAV mediated delivery are the
most preferred methods to date. The concerns regarding the
delivery using viral vectors has also prompted a drift towards
non-viral delivery methods like nanoparticles and liposomes
for in vivo gene editing [30]. Safety concerns regarding the
immunogenicity and potential oncogenesis by Cas9 medi-
ated gene editing is also not minimal. Recently, it has been
shown that double strand breaks lead to p53 activation and
cell death. Therefore, the cells which survive during gene
editing might have a less active p53 pathway, posing a risk
of oncogenesis in a later stage. It has also been demonstrated
that a large proportion of the population possess antibodies
against Cas9 protein. Although not a concern in ex vivo gene
editing, immunogenicity is a serious obstacle for in vivo
gene editing and is thus the main reason for research on Cas
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orthologues [105, 106]. Other factors like cost, ethical con-
cerns and regulatory challenges also needs to be considered
before CRSIPR based gene editing can enter main stream
medical application.

Conclusion

The story of how a bacterial immune system has been repur-
posed for gene editing is an inspiring one. It highlights the
importance of basic science research in advancing medical
research and care. The ease, versatility and cost effective-
ness of CRISPR has made it a very popular gene editing
tool accessible to even the smallest, less funded laboratories
around the world and has in turn contributed to the diversi-
fied research applications ranging from bacterial and plant
research to gene editing for human diseases. Many labora-
tories across the world has worked towards improving gene
editing using CRISPR and has contributed to improved ver-
sions with better efficiency, specificity and safety. Research
still continues to identify new Cas orthologues and also to
improve the existing versions and the scope of application.
CRISPR has proved to be an indispensable tool in both
research and therapy within this short period of its discov-
ery and can be expected to benefit medical science in an
unprecedented manner.
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