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Abstract  

 

Short guide RNAs of catalytically inactive CRISPR associated 9 nuclease uses to express endogenous genes in human 

cells and bacteria. Chimeric nucleases help in precise and efficient genetic modifications leads to double strand breakage 

which can be repaired by DNA repair mechanism by homology directed repair and non-homology end joining. Here, we 

describe that single or multiple gRNAs direct dCas9 fused to a VP64 transcriptional activation domain to enhance the 

expression of endogenous human genes. Light-activated CRISPR-Cas9 effector (LACE) system induces dynamic 

regulation of genes in the presence of blue light. Targeted activation of endogenous neurogenic genes in transgenic mice 

leads to direct and efficient conversion of astrocytes into functional neurons in vivo. CRISPR-on can activate the 

endogenous IL1RN, SOX2, and OCT4 genes. Activation of genes was achieved by clusters of 3-4 sgRNAs that bind to 

the proximal promoters, result in their synergistic action in gene induction. Moreover, it fused with transcriptional 

activators in endogenous human INS (silenced gene with a fully methylated promoter). Multiplexed gene editing helps in 

metabolic engineering in yeast and CHO mammalian host. In this review we describe the applications and development 

of Cas9 for a variety of research or translational applications.  
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INTRODUCTION 
The chronicles for the discovery of CRISPR 

starts in 1987.The presence of a 29 nucleotide repeat in 

Escherichia coli, which were interrupted by unrelated, 

non-repetitive short sequences (spacers). CRISPR/Cas9 

is emerging a most favorite arsenal owing to its easy 

adaptability, versatility, and cost effectiveness. The 

CRISPR-Cas system is an adaptive immune system 

which provides resistance against foreign genetic 

elements in prokaryotes [1]. The effector arm of type II 

CRISPR/Cas systems relies on a single protein, called 

Cas9, that is guided to specific DNA targets by two 

small RNA molecules called the trans activating 

CRISPRRNA (tracrRNA) and CRISPR RNA (crRNA) 

[2]. 

 

One potential application of the dCas9 protein 

would be to specifically activate individual human 

genes by fusing dCas9 to a potent transactivation 

domain, such as that found on VP64. Cas9 also has the 

potential to be used as a vehicle to deliver functional 

modules to specific sites on the genome [3].  

 

The CRISPR array consists of several repeat 

sequences, interspaced by spacers. These spacers are 

unique segments obtained from foreign DNA which 

provide sequence specific immunity against foreign 

DNA elements. A cluster of Cas genes are generally 

located next to such repeat-spacer units. New spacers 

can also be introduced into the CRISPR locus during 

infection so that it can act as a memory during a 

subsequent encounter with the same invaders [4]. The 

length of repeat sequences can vary among different 

loci of the same genome. Recent findings reveal that the 

repeat sequences range from 18–50nucleotides (nt) 

whereas spacer sequences range from 17–84 nt long [5]. 

 

Cas 1 and Cas 2 are universal in all CRISPR 

loci, whereas Cas3, Cas9 and Cas10 are specific for 

type I, II and III CRISPR-Cas systems respectively. 

Among the CRISPR-Cas types, the type II system has 

received more attention than the rest because of its 

ability to induce double strand breaks in the target 

DNA. This modified version of CRISPR Cas9 system 
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employs Cas proteins guided by gRNA to cleave the 

target DNA sequence. There are two different 

components in the CRISPR/ Cas9 system: gRNA and 

an endonuclease (Cas9). The CRISPR activity requires 

a CRISPR locus including an array of repeat-spacer 

sequences and a set of CRISPR associated genes (Cas 

genes) which code for proteins essential for processing, 

functioning and cleavage activity. The entire defence 

process can be classified into three phases as described 

below. 

 

The acquisition phase of CRISPR constructs 

the genetic memory of the cell. In this phase, new 

spacers obtained from the invading plasmids or foreign 

DNAs during the first encounter are incorporated into 

the array of CRISPR which allows the cell to adapt 

against the invaders present in the environment. This is 

divided into two steps, the protospacer selection and the 

generation of spacer. It is followed by incorporation 

into the array and synthesis of a new repeat sequence. 

Cas1 and Cas2 are the two most important proteins in 

spacer acquisition phase of CRISPR. They work as a 

complex, where a single dimer of Cas2 binds to two 

dimers of Cas1 to perform the activity [4]. 

 

The CRISPR transcription initiates in the 

leader region which contains the promoter elements, 

binding sites for regulatory proteins and elements 

important for spacer integration. A primary transcript, 

pre-crRNA is generated from the CRISPR array which 

is further processed into smaller units corresponding to 

a single [1]. 

 

Once the crRNAs are generated, they 

recognize the invading target sequences through base 

complementarity. Following this, the crRNAs along 

with Cas proteins perform the target degradation 

process. The foreign nucleic acid is cleaved by crRNA 

and Cas proteins at sites complementary to the crRNA 

spacer sequence. Figure-1 showing defence mechanism 

of CRISPR Cas system in bacteria. 

 

In the immediate future, the use of the 

CRISPR-Cas9 system will revolutionize military 

medical sciences and advance the fundamental 

knowledge of anti-pathogen defense, radiation 

protection, tissue homeostasis. Cas9/sgRNA mediated 

genome editing provides new therapeutic strategies for 

infectious diseases, wound healing and tissue 

regeneration. 

 
Fig-1: Defence mechanism of CRISPR Cas in bacteria 

 

Endogenous Human Genes Activation 

The Streptococcus pyogenes Cas9 can be 

directed by a ~100-nucleotide (nt) single-guide RNA 

(sgRNA) to a target genomic DNA sequence that is 

complementary to the first 20 nt of the sgRNA [6]. 

RNA-mediated recruitment of a catalytically inactive 

form of Cas9 (here referred to as dCas9) can induce 

repression of endogenous genes in bacterial and human 

cells [7]. Fusions of dCas9 to effector domains have 

been used to activate reporter genes in Escherichia coli 

and human cells and to repress endogenous genes in 

human cells [8]. 

dCas9-VP64 fusion protein consisting of the 

synthetic VP64 activation domain11 linked to the C 

terminus of dCas9 and tested the capacity of this fusion 

to activate expression of the human VEGFA gene. We 

targeted the dCas9-VP64 protein to specific sites in the 

genome of human embryonic kidney 293 (HEK293) 

cells using 16 revalidated sgRNAs that we had 

observed could be expressed in HEK293 cells and 

could induce Cas9-mediated cleavage at their target 

sites. These sgRNAs bind sequences within three 

DNase I hypersensitive sites located upstream, 

downstream or at the VEGFA gene transcription start 
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site. Out of these 16 sgRNAs (named V1–V16), 15 

induced significant increases in VEGFA protein 

expression when co-expressed with dCas9-VP64 in 

HEK293 cells [9]. 

 

Targeted genome editing in algae  

One major problem in genetic improvement of 

micro algal systems is due to the dismal frequency/lack 

of homologous recombination in nuclear genome [10]. 

Engineered nucleases include Zinc finger nucleases 

(ZFNs), transcription activator-like effector nucleases 

(TALENs), mega nucleases, and and clustered regularly 

interspaced short palindromic sequences (CRISPR)/ 

CRISPR-associated protein 9 for precise cuts in the 

genome at loci of choice [11]. This CRISPR arrays 

allow the bacteria to ‘‘remember’’ the intruder’s genetic 

material and displays the adaptive nature of this 

immune system [12]. 

 

The first CRISPR based genome editing was 

reported in C reinhardtii, the chassis for majority of 

physiological, evolutionary and molecular biology 

studies in algae. To ensure proper expression of the 

Cas9 nuclease, Cas9 from Streptococcus pyogenes was 

codon optimised and put under control of (CaMV) 35S 

promoter and the nopaline synthetase gene (nos) 

termination region [13]. Mutations in the FKB12 or 

peptidyl-prolyl cis-trans isomerase gene results in 

tolerance to the antibiotic Rapamycin. In the same 

expression cassette crRNA and tracrRNA were fused 

together to form a chimeric sgRNA, which was driven 

by the RNA polymerase III dependant U6 promoter. 

Four genes were targeted of three were exogenous, 

namely mutant GFP mutant hygromycin resistance gene 

and the mutant Gluc gene and the endogenous FKB12 

gene [14] 

 

CRISPRi mediated gene repression 

The ability of CRISPRi was then tested on the 

endogenous gene Phosphoenolpyruvate carboxylase, 

responsible for the formation of oxaloacetate (OAA) 

from phosphoenolpyruvate (PEP), an important 

substrate for tricarboxylic acid cycle [15]. Previous 

studies have found that during lipid accumulation, 

CrPEPC2 RNA levels were down-regulated and the 

carbon flux was diverted to lipid accumulation in RNAi 

mutants of CrPEPC2 [16]. The CRISPRi CrPEPC2 

mutant produced 28.5% dry cell weight (DCW) lipid 

along with a productivity of 34.9 mg/ L/day, translating 

into an increase of 74.4% and 28.5% in lipid and 

productivity, respectively than the wild type [17]. 

 

Multiplexed activation of endogenous genes  

Transcription factors regulate gene expression 

by binding to specific DNA sequences at the enhancer 

and promoter regions of target genes, and modulate 

transcription through their effector domains [18]. 

Artificial transcription factors (ATFs) have been 

generated by fusing various functional domains to a 

DNA binding domain engineered to bind to the genes of 

interest, thereby modulating their expression [19]. A 

subsequent study demonstrated a more efficient gene 

repression in eukaryotes by dCas9 fused with a 

transcription repression domain or exogenous transgene 

activation when fused with an activation domain [20]. 

 

The major advantage of this system is that 

only one dCas9 activator is required to activate multiple 

genes individually or simultaneously and that its DNA 

binding specificity is determined by sgRNAs, which are 

designed based on simple RNA/DNA complementarity. 

Efficient activation of endogenous genes could be 

achieved by three to five sgRNAs binding within 300 

bp region upstream of TSS. We achieved robust 

endogenous gene activation using the stronger 

activation domain VP160. CRISPR-on can activate the 

endogenous IL1RN, SOX2, and OCT4 genes. The most 

efficient gene activation was achieved by clusters of 3-4 

sgRNAs binding to the proximal promoters, suggesting 

their synergistic action in gene induction. Significantly, 

when sgRNAs targeting multiple genes were 

simultaneously introduced into cells, robust multiplexed 

endogenous gene activation was achieved. Genome-

wide expression profiling demonstrated high specificity 

of the system [21]. 

 

Endogenous human INS gene activation 

The CRISPR-on system fused with 

transcriptional activators (dCas9-VP160) activated 

endogenous human INS, which is a silenced gene with 

a fully methylated promoter. Similarly, synergistic 

effect on gene activation when multiple single guide 

RNAs were used, and the transcriptional activation was 

maintained [22]. 

 

CRISPR-on system allowed for the activation 

of endogenous genes, we co-transfected NIH3T3 mouse 

cells with an expression plasmid consisting of dCas9 

fused to 10 copies of VP16 (dCas9-VP160) and three 

sgRNAs targeting the endogenous Oct4 transcription 

factor (T1, T2 and NT3, previously tested . CRISPR-on 

system in NIH3T3 was able to turn on Oct4 expression. 

These results confirmed that the system could be used 

to activate endogenous genes [23]. 

 

Light-inducible CRISPR-Cas9 system for control of 

endogenous gene activation 

Genome engineering technologies have 

enabled activation or repression of endogenous genes in 

mammalian cells using synthetic transcription factors 

that can be targeted to almost any DNA sequence. 

Fusion of one heterodimer zing protein to a ZFP18 or 

TALE4 and fusion of its binding partner to a 

transcriptional activation domain, such as VP64, 

enables light-dependent recruitment of the activation 

domain to the DNA sequence targeted by the ZFP or 

TALE but this process is too much laborious. we fused 

the light-inducible heterodimer zing proteins CRY2 and 

CIB1 from Arabidopsis thaliana to the VP64 

transactivation domain and either the N- or C- terminus 
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of dCas9, the catalytically inactive form of Cas9 

(D10A, H840A) [3]. 

 

Light-activated CRISPR-Cas9 effector 

(LACE) system that induces transcription of 

endogenous genes in the presence of blue light. This 

was accomplished by fusing the light-inducible 

heterodimer zing proteins CRY2 and CIB1 to a 

transactivation domain and the catalytically inactive 

dCas9, respectively. The versatile LACE system can be 

easily directed to new DNA sequences for the dynamic 

regulation of endogenous genes. The combination of 

CRY2FL-VP64 with dCas9-CIBN or CIBN-dCas9 

showed detectable levels (10- to 100-fold greater than 

those generated by dCas9 fusions to a single CIBN 

domain) of gene activation in the light [24]. 

 

The CRISPR-Cas9 technology, an efficient, 

inexpensive, fast-to-design, and easy-to-use genomic 

editing tool, hasbeen rapidly applied in many fields, 

ranging from basic biology to translational medicine 

[25]. 

 

CRISPR-Cas9 in the generation of animal models 

Many recent studies have shown that CRISPR-

Cas9 technology could be used for rapidly generating 

targeted genome modifications in the germ lines of 

various model organisms [26]. Microinjection of Cas9-

encoding mRNA and customizable sgRNA into one-

cell stage zebra fish embryos is able to efficiently 

modify the target genes in vivo in a simple, rapid and 

scalable manner [27]. Co-injection of Cas9 mRNA and 

sgRNAs targeting different genes into mouse zygotes 

generates mutant mice with biallelic mutations, 

confirming that CRISPR/Cas-mediated gene editing 

could be used for the simultaneous disruption of 

multiple genes with high efficiency [27]. Multiplexed 

activation of endogenous genes can be achieved by 

injecting a two-component transcriptional activator 

including a nuclease-dead Cas9 protein fused with a 

transcriptional activation domain and sgRNA stargeting 

gene promoters [21]. CRISPR-Cas9 technology has 

been used for efficient genome engineering in many 

other model organisms, including Drosophila 

,Caenorhabditis elegans , Axolotl , Xenopus tropicalis , 

rat and pig [25]. 

 

CRISPR-Cas9 role in functional genomic screening 

Functional genomic screening is largely used 

for identifying the essential genes for a specific cellular 

process. A genome-scale CRISPR-Cas9 knockout 

(GeCKO) library has been developed and successfully 

used for screening genes essential for cell viability in 

cancer and pluripotent stem cells and for genes 

associated with the resistance to vemurafenib, a drug 

for late-stage melanoma [28]. A CRISPR-Cas-based 

knockout library has been applied to identify the host 

genes mediating the cellular responses to anthrax and 

diphtheria toxins [25]. 

 

A CRISPRi system consisting of a 

catalytically inactive Cas9 and a guide RNA has been 

shown to specifically and efficiently repress the 

transcription of target genes in Escherichia coli and 

mammalian cells [29] whereas a catalytically inactive 

Cas9 fused with a transcriptional activation domain has 

been used to activate the expression of specific 

endogenous genes [7]. 

 

A very recent study has shown that 

CRISPRCas9 complexes with synergistic activation 

mediators are able to achieve robust, single sgRNA-

mediated gene up regulation at endogenous genomic 

loci. When used with an sgRNA library, the engineered 

Cas9 activation complexes can activate multiple genes 

simultaneously, up regulate long intragenic non-coding 

RNA transcripts and identify genes conferring 

resistance to a BRAF inhibitor through a genome-wide 

dCas9-based transcription activation screening in a 

melanoma model [30]. 

 

In vivo simultaneous activation of multiple 

endogenous genes in the brain of transgenic mice 

using CRISPR–dCas9- activator 

Targeting a single gene is usually insufficient 

to model the pathological processes. Thus, SPH-mouse-

based in vivo multiplex activation potentially provides a 

platform for better disease modeling [31]. We generated 

a transgenic mouse using an improved dCas9 system 

that enables simultaneous and precise in vivo 

transcriptional activation of multiple genes and long 

noncoding RNAs in the nervous system. As proof of 

concept, we were able to use targeted activation of 

endogenous neurogenic genes in these transgenic mice 

to directly and efficiently convert astrocytes into 

functional neurons in vivo. Using the piggyback (PB) 

transposon system, we generated a SPH transgenic 

mouse containing HA-tagged dCas9 fused 

with10xGCN4, which is linked with p65-HSF1 and 

EGFP in tandem via P2A and T2A, respectively [32]. 

 

After transfection with Cre-expression 

plasmids or infection with Cre-expression virus, dCas9 

and EGFP expression could be effectively and 

specifically induced in vitro and in vivo.We first 

targeted two genes encoding neuronal transcription 

factors, Ascl1 and Neurog2, in primary astrocytes. Both 

Ascl1 and Neurog2 were significantly unregulated with 

differents gRNA combinations. Using SPH mice, we 

achieved robust activation of multiple genes in the liver 

with a mixture of sgRNAs. CRISPR–dCas9 activators 

have been developed for multiple transcriptional 

activations [33]. 

 

For genes with limited activation efficiency, 

modest activations of some genes, such as Mecp2and 

Shank3, could also be sufficient to induce physiological 

changes of neurons31–33. It is also important to note 

that we examined the efficacy of SPH system in 

neurons and astrocytes, which are the representative 
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cell types in the brain. Collectively, these results 

highlight the advantages and potential of using SPH 

mice to modulate complex genetic networks in the 

intact brain [34]. 

 

Specific induction of endogenous viral restriction 

factors using CRISPR/Cas-derived transcriptional 

activators 

Mutants of the RNA-guided DNA binding 

protein Cas9 that have lost their DNA cleavage activity 

could be used to recruit transcription activation domains 

to specific promoters. Recently, the recruitment of 

multiple transcription activation domains by a single 

sgRNA, modified to contain MS2-derived stem loops 

that recruit fusion proteins consisting of the MS2 coat 

protein linked to transcription activation domains, was 

reported to induce otherwise silent cellular genes [35]. 

 

Synergistic activation mediators” can induce 

the expression of two restriction factors, APOBEC3G 

(A3G) and APOBEC3B (A3B), in human cells that 

normally lack these proteins. A3G is susceptible to 

degradation by the HIV-1 Vif protein, whereas A3B is 

resistant to Vif. As a result, only the induced A3B 

inhibited wild-type HIV-1 infectivity. However, both 

induced factors blocked the replication of a Vif-

deficient HIV-1 mutant [36]. SAM consisting of not 

only a dCas/VP64 fusion but also a modified sgRNA 

scaffold containing two MS2 coat protein binding 

sites,each of which could bind two copies of a fusion 

protein consisting of MS2 coat protein linked to two 

transcription activation domains derived from the NF-

κB p65 subunit and HSF1. SAMs were reported to 

efficiently activate cellular genes when guided to a 

single binding site located <200 bp 5′ to the 

transcription start site. The use of a single sgRNA per 

promoter would clearly facilitate gain-of-function 

screens for cellular genes that can regulate virus 

replication. Wild-type viruses have often evolved 

mechanisms to overcome inhibition by specific 

restriction factors, including inhibition of A3G by HIV-

1 Vif and of tethering by HIV-1 Vpu. Moreover, many 

restriction factors are not constitutively expressed but 

are instead induced upon viral infection, including 

numerous IFN-stimulated genes (ISGs) [37]. 

 

The recruitment of SAMs to either the Apo 

lipoprotein B mRNA-editing enzyme catalytic 

polypeptide (APOBEC) APOBEC3B (A3B) or 

APOBEC3G(A3G) promoter in human cells that 

normally do not express either restriction factor results 

in a dramatic and specific induction in either A3B or 

A3G expression [38]. 

 

CRISPR-Cas9 in correction of genetic disorders 

A very recent study has shown that the 

CRISPR-Cas9 system can be used to modify an EGFP 

transgene or the endogenous Crygc gene in 

spermatogonial stem cells (SSCs). The modified SSCs 

carrying a corrected Crygc mutation can undergo 

spermatogenesis and produce offspring with the 

corrected phenotype at an efficiency of 100% [39]. 

Interestingly, a similar strategy using the CRISPR-Cas9 

technology has successfully corrected the cystic fibrosis 

transmembrane conductor receptor (CFTR) locus by 

homologous recombination in cultured intestinal stem 

cells of cystic fibrosis human patients , demonstrating 

that primary adult stem cells derived from patients with 

a single-gene hereditary defect could be corrected by 

CRISPR/Cas9 mediated homologous recombination, 

suggesting a promising strategy for gene therapy in 

human patients [40]. 

 

CRISPR-Cas9 in the treatment of infectious diseases 

Recently, studies have shown that the 

CRISPR-Cas9 system can eliminate the HIV-1 genome 

and prevent new HIV infection [23]. When transfected 

into HIV-1 provirus-integrated human cells, an sgRNA 

expression vector targeting the long terminal repeats 

(LTR) of HIV- 1 efficiently cleaves and mutates LTR 

target sites and suppresses LTR-driven viral gene 

expression. In addition, this system has been shown to 

delete viral genes from the host cell chromosome [41] 

Cas9/sgRNAs efficiently inactivate HIV gene 

expression and replication in latently infected cells, 

including microglial, promonocytic and T cells. 

Significantly, Cas9/sgRNA mediated genome editing 

has been shown to immunize cells to prevent HIV-1 

infection [23]. 

 

Recent advances in genome engineering 

technologies based on the CRISPR-associated RNA 

guided endonuclease Cas9 are enabling the systematic 

interrogation of mammalian genome function. Using 

this system, DNA sequences within the endogenous 

genome and their functional outputs are now easily 

edited or modulated in virtually any organism of choice 

[42]. 

 

Future Development of Cas9-Based Genome 

Engineering Technologies 

Transcription control by cas 9 dCas9 binding 

alone to DNA elements may repress transcription by 

steric ally hindering RNA polymerase machinery [29]. 

Likely by stalling transcriptional elongation. This 

CRISPR-based interference, or CRISPRi, works 

efficiently in prokaryotic genomes but is less effective 

in eukaryotic cells. The repressive function of CRISPRI 

can be enhanced by tethering dCas9 to transcriptional 

repressor domains such as KRAB or SID effectors, 

which promote epigenetic silencing. Although the 

requirement for multiple sgRNAs to achieve efficient 

transcription activation is potentially advantageous for 

increased specificity, screening applications employing 

libraries of sgRNAs will require highly efficient and 

specific transcriptional control using individual guide 

RNAs [20]. 
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Cas9 as a Therapeutic Molecule for Treating Genetic 

Disorders 

For dominant- negative disorders in which the 

affected gene is haplo sufficient (such as transthyretin-

related hereditary amyloidosis or dominant forms of 

retinitis pigment sum), it may also be possible to use 

NHEJ to inactivate the mutated allele to achieve 

therapeutic benefit. For allele-specific targeting, one 

could design guide RNAs capable of distinguishing 

between single nucleotide polymorphism (SNP) 

variations in the target gene, such as when the SNP falls 

within the PAM sequence [20]. Recently, 

hydrodynamic delivery of plasmid DNA encoding Cas9 

and sgRNA along with a repair template into the liver 

of an adult mouse model of tyrosinemia was shown to 

be able to correct the mutant Fah gene and rescue 

expression of the wild-type Fah protein in _1 out of 250 

cells [43]. 

 

Moving beyond Endogenous Cellular Repair 

For instance, the highly efficient DNA damage 

repair system in Deinococcus radiodurans [44]. May be 

exploited to enable efficient genome editing in mitotic 

as well as postmitotic cells. Furthermore, the majority 

of CRISPR-based technology development has focused 

on the signature Cas9 nuclease from type II. CRISPR 

systems. However, there remains a wide diversity of 

CRISPR types and functions. Cas RAMP module (Cmr) 

proteins identified in Pyrococcus furiosus and 

Sulfolobus solfataricus [45]. Constitute an RNA-

targeting CRISPR immune system, forming a complex 

guided by small CRISPR RNAs that target and cleave 

complementary RNA instead of DNA.  

 

However, numerous challenges still lie ahead. 

Most importantly, successful clinical translation will 

depend on appropriate and efficacious delivery systems 

to target specific disease tissues. To achieve high levels 

of therapeutic efficacy and simultaneously address a 

broad spectrum of genetic disorders, homologous 

recombination efficiency will need to be significantly 

improved. Although permanent genome modification 

has advantages over monoclonal antibody or siRNA 

treatments, which require repeated administration of the 

therapeutic molecule, the long-term implications remain 

unclear. As researchers further develop and test Cas9 

toward clinical translation, it will be paramount to 

thoroughly characterize the safety as well as 

physiological effects of Cas9 using a variety of 

preclinical models [2]. 

 

Endogenous Fluorescence Tagging by CRISPR 

The fluorescent protein GFP is inserted 50 to 

the stop codon of a gene of interest by including a 

gRNA mediated cut at a suit able PAM site (close to the 

stop codon). 50 and 30 homology arms of different 

length up to 1500 bp have been used for HDR. For high 

efficiency, the donor fragment is flanked by additional 

CRISPR cleavage sites to provide a linear fragment for 

HDR. MMEJ is used with high efficiency to gene edit 

target cells. Short (micro) homology domains are used 

to knock-in GFP. In HDR, ssDNA strand invasion into 

the donor fragment occurs. In MMEJ nuclease resection 

causes single strands over the whole micro homology 

domain, which produces ‘sticky ends’ due to the 

presence of the same micro homology domains in the 

genome. More recently, NHEJ has been used for gene 

editing. Upon gRNA mediated cleavage a linear 

fragment is provided in the nucleus (e.g., by a donor 

vector, which includes the GFP flanked by CRISPR 

cleavages sites), which is then inserted in some cells by 

NHEJ repair [46]. 

 

NHEJ-Driven CRISPR Knock-ins 

NHEJ is highly efficient and more likely than 

HDR, especially in eukaryotic cells; however, 

specificity of integration is hampered by INDELs 

(insertions and deletions), which might cause frame 

shifts, particularly problematic for knock-ins of 

fluorescents proteins (fusion genes).The NHEJ repair 

system has been used to integrate desired sequences 

into the duck enteritis virus genome, and GFP was 

inserted in between UL26 and UL27 loci [47]. NHEJ 

was also used to integrate large 10-kb donor plasmids 

with up to 30% efficiency in various human and murine 

cell lines [48] linear donor fragment for integration is 

provided to Cas9-cleaved cells causing integration by 

NHEJ. High efficiency was obtained by flanking the 

donor fragment with Cas9cleavage sites and cloning of 

this cassette into a vector backbone. By this approach, 

regular highly efficient transfection was applicable, and 

generation of the linear dsDNA fragment is produced 

close to the locus of editing in the nucleus [49]. Figure-

2 showing NHEJ and HDR repair system.  
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Fig-2: Figure showing NHEJ and HDR repair system 

 

Uniqueness of Fluorescent Protein Knock-ins 

Endogenous gene tagging using fluorescent 

proteins corresponds to a valuable tool to understand 

gene and protein function in cells or more complex 

model systems; for example, a labeled protein is 

detectable in live cells over long time periods, thus 

enabling a thorough study of its subcellular localization 

[46]. 

 

Fluorescent proteins like GFP have a size of 

27 kDa and thus, the corresponding donor needs to be 

flanked by large homology arms while using HDR. 

Besides helping to decipher important biological 

questions, use of fluorescent protein tagging also 

enables a fast generation of clonal cell lines due to the 

fact that these cells are easy to monitor using 

fluorescence microscopy. Although addition of suitable 

linkers, for example, GS linkers, can ensure proper 

folding and stability of the protein the large sized GFP 

tag to smaller protein might still influence their 

localization, interaction, stability, and dynamics. Stem 

cell knock-ins are still challenging, potentially due to 

some unique properties of the DNA repair machinery of 

those cells [50]. 

 

CONCLUSION 
The latest development of Cas9-based genome 

engineering tools are also based on components from 

the microbial antiphage defense system. Rapid 

development of genome editing with the endonuclease 

systems has dramatically changed the biomedical 

research. The researches on nucleases for genome 

manipulation will revolutionize medical cares for many 

complex genetic diseases in the future. 
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