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The CRISPR (clustered regularly interspaced short 
 palindromic repeats)/Cas (CRISPR associated) system has 
changed to protect microorganisms against unfamiliar invad-
ing nucleic acids, mainly DNA from bacteriophages (phages), 
plasmids, and other mobile segments.1,2 CRISPR/Cas sys-
tems have been noted in 47 and 86% of the entire bacterial 
and archaea genomes.3 Resistance develops when a smaller 
sequence is taken from the phage or plasmid genome and 
attached, as a new spacer (guide), to the CRISPR arrays,4 
which have short repeats isolated by spacers. In CRISPR 
systems, a CRISPR RNA (crRNA) with a “spacer” is pro-
duced from a longer precursor (pre-crRNA)3,5,6 and blended 
into a ribonucleoprotein complex of at least one Cas pro-
tein.1,5–10 These ribonucleoprotein complexes link to, and 
elicit, the eradication of complementary DNA or RNA from 
intruding forces.11

CRISPR/Cas systems are categorized into three major 
types (I-III), and then additionally into subtypes (types III-A 
and III-B).12 Various types have commonalities, yet can have 
several factors that make them distinctive, such as in crRNA 
production or the origin of the target (RNA or DNA). Current 
studies have started to clarify the method of identifying tar-
get protospacers in the major types of CRISPR/Cas systems. 
Based on prior studies, researchers believed that precise 
pairing along the length of the spacer RNA was needed,13,14 
but recent outcomes point to the fact that some incompatibili-
ties are allowed, at least by some systems.15–17 In type I and 
II systems, protospacer (a site within the invader genome) 
adjacent motifs (PAM) are needed for identification,14,18–22 and 
a limited seed sequence inside the match is necessary in 
certain subtypes.4,10,16 In type III systems, it is uncertain if a 
seed sequence is present and no PAMs have been deter-
mined.21 Instead, the base-pairing probability between the 5’ 
repeat-derived area of the crRNA (known as the 5’ handle) 

and the sequence around the protospacer target is impor-
tant to encourage interference, and prevent self-targeting for 
type III-A systems.23

Type II CRISPR/Cas System

The type II CRISPR/Cas system24 is made up from long pre-
crRNA transcribed from the spacer-repeat CRISPR locus, 
the multifunctional Cas9 protein, and a trans-activating 
crRNA (tracrRNA) required for processing the pre-crRNA 
and the creation of the Cas9 complex (Figure 1). The native 
type II system needs a minimum of three critical parts: RNA-
guided Cas9 nuclease, crRNA, and a moderately comple-
mentary trans-acting crRNA (tracrRNA).3,6,8 Cas9 (previously 
referred to Csn1 or Csx12) is the initial crucial part of type 
II CRISPR/Cas systems and could divide double-stranded 
DNA (dsDNA) in a sequence-precise fashion.1,2,4 TracrRNA 
is the second required part of the type IICRISPR/Cas sys-
tem and is a non-protein-coding RNA for crRNA development 
and resulting DNA division.5 The processing of crRNAs relies 
on tracrRNA encoded in the area of CRISPR loci and has a 
25-nt-long stretch that is compatible with the crRNA dupli-
cated sequence.3

Type II CRISPR interference involves a multi-step pro-
cedure.3 First, tracrRNAs hybridize to replicated areas of 
the pre-crRNA. Second, endogenous RNase III divides 
the hybridized crRNA-tracrRNAs, and a subsequent activ-
ity eliminates the 5′ bottom of each spacer, producing fully 
developed crRNAs that stay linked to the tracrRNA and Cas9. 
The synchronized RNase III and Cas9 activity is required to 
handle the duplex, and the complementarity of the duplex 
is essential for RNase III-mediated coprocessing.3 Third, all 
of the fully developed complex finds an earmarked dsDNA 
sequence and divides the two strands. The target identification 

Received 29 August 2016; accepted 15 September 2016; advance online publication 15 November 2016. doi:10.1038/mtna.2016.95

2162-2531

e388

Molecular Therapy—Nucleic Acids

10.1038/mtna.2016.95

Review

15November2016

5

29August2016

15September2016

2016

Official journal of the American Society of Gene & Cell Therapy

CRISPR-Cas9 System as a Versatile Tool for Genome Engineering in Human Cells

Wang et al.

Targeted nucleases are influential instruments for intervening in genome revision with great accuracy. RNA-guided Cas9 
nucleases produced from clustered regularly interspaced short palindromic repeats (CRISPR)-Cas systems have noticeably 
altered the means to modify the genomes of distinct organisms. They can be notably used to facilitate effective genome 
manipulation in eukaryotic cells by clearly detailing a 20-nt targeting sequence inside its directed RNA. We discuss the most 
recent advancements in the molecular basis of the type II CRISPR/Cas system and encapsulate applications and elements 
affecting its use in human cells. We also propose possible applications covering its uses ranging from basic science to 
implementation in the clinic.
Molecular Therapy—Nucleic Acids (2016) 5, e388; doi:10.1038/mtna.2016.95; published online 15 November 2016
Subject Category: Gene insertion, deletion & modification

1Department of Gynecology and Obstetrics, Zhongshan Hospital of Xiamen University, Xiamen, China; 2Department of Gynecology and Obstetrics, Qilu  Hospital of 
 Shandong University, Jinan, China; 3Key Laboratory of Marine Biogenetic Resources, the Third Institute of Oceanography, State of Oceanic Administration,  Xiamen,  China. 
Correspondence: Wanpeng Wang, Key Laboratory of Marine Biogenetic Resources, the Third Institute of Oceanography, State of Oceanic  Administration, Xiamen 
361005, P.R.China. E-mail: wangwanpeng@tio.org.cn
Keywords: CRISPR; crRNA; Cas9; genome editing; human cells; RGEN 

CRISPR-Cas9 System as a Versatile Tool for Genome 
Engineering in Human Cells

Xuelian Wang1,2, Xiumin Huang1, Xiuli Fang1, Youzhong Zhang2 and Wanpeng Wang3

http://www.nature.com/doifinder/10.1038/mtna.2016.95
mailto:wangwanpeng@tio.org.cn


Molecular Therapy—Nucleic Acids

CRISPR-Cas9 System as a Versatile Tool for Genome Engineering in Human Cells
Wang et al.

2

and resulting separation by the crRNA-tracrRNA-Cas9 needs 
both sequences to be compatible with the spacer and the 
target “protospacer” sequence as well as the appearance 
of a suitable protospacer-adjacent motif (PAM) sequence at 
the 3′bottom of the protospacer sequence (Figure 1).6,10 The 
PAM is a required targeting part that also acts as a self versus 
non-self identification system to halt the CRISPR locus from 
being targeted. Several type II systems have varying PAM 
prerequisites, which can lower their ease of targeting.7,9 The 
most popular constructed system thus far, the Streptococcus 
pyogenes, needs a PAM with the sequence NGG, in which N 
is a nucleotide,10 and the formation studies of it showed that 
the PAM motif stays in a base-paired DNA duplex.25

Type II systems may vary in the specifics of pre-crRNA 
generation and crRNA-tracrRNA processing.8 Current stud-
ies revealed various crRNA development procedures in type 
II systems.1,9 For example, S. pyogenes and Neisseria spp. 
have unmistakable pre-crRNA transcript characteristics, 
pre-crRNA processing, and nucleoprotein complexes. In 
S. pyogenes, a two-step crRNA biogenesis occurs, with an 
initial division inside the duplicated areas and another divi-
sion inside the spacers.3 Interestingly, in N. meningitidis, pre-
crRNAs are trimmed once at their 3’ end to generate 48-nt 
mature crRNAs via the synchronized activities of RNase III 
and Cas9, which requires the same as the initial division 
in S. pyogenes minus the next division inside the spacers.8 
These processed RNA parts are put together with Cas9, 

which creates executive nucleoprotein complexes that aim 
for and divides the protospacer identified by 20-nt spacer 
sequences in crRNAs.3,8,26

Application of type II CRISPR/Cas System in Human 
Cells

Because of the simplicity and customizability of type II 
CRISPR systems, host-independent gene-targeting platforms 
have been created for genome editing and transcriptional con-
trol in eukaryotes12–19,27–29 and prokaryotes4,20–22 (Table 1). In 
bacteria, the system can be implemented without the need for 
adjustments,20 but in human use, this requires the extraction 
of a human-codon–optimized Cas9 protein with an applicable 
nuclear localization signal, and the crRNA and tracrRNA to be 
revealed either by itself or as a single chimera via a RNA poly-
merase III promoter.15,23,28 In contrast, in vitro-transcribed RNA 
can be transported specifically to the targeted cell types.14,17 
Expressing a chimeric crRNA-tracrRNA, also called a short 
guide RNA (sgRNA), is the most popular technique because 
of improved simplicity and hearty targeting, particularly when 
the sgRNA is not abbreviated.14,15,28 This principal methodol-
ogy has been implemented in the modification of genomes 
of many model eukaryotic organisms.12–15,17,18,23,24,30–32 The 
recent applications of type II systems can be placed into five 
groups: native Cas9-mediated genome modifying, Cas9 nick-
ase-mediated genome modification, inactivated or activated 

Figure 1  Cas9-sgRNA targeting complexes. (a) Expressed tracrRNA-crRNA duplexes and Cas9; (b) The basic S. pyogenes Cas9-sgRNA 
RNA-guided nuclease complex for eukaryotic genome engineering.58
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Cas9-mediated transcriptional control, high-throughput 
genome modification and silencing, and separating certain 
genomic areas of intrigue with a catalytically inactive Cas9 
joined with a tag(s) (Table 1).

Native Cas9-mediated Genome Editing

Cas9-mediated genome modification requires two additional 
steps. First, genomic DNA is divided by Cas9 at a precise 
area dictated by the 20-nt target identification sequence in 
crRNA3,10 (Figure 2a). Second, double-strand breaks (DSBs) 
are ligated by native DNA repair systems,33 template-depen-
dent homology-directed repair (HDR)34 (Figure 2b), or native 
non-homologous end joining (NHEJ)35 (Figure 2c). To use 
type II CRISPR/Cas systems, three parts, including the Cas9 
protein, tracrRNA, and tailored crRNA, have to be extracted 
from human cells. Using tailored 20-nt target recognition 
sequences in a crRNA array, double deletion and/or multi-
plexed modifying took place in human genomes in one step.15 
Simultaneous DSBs with 2 crRNAs in opposition to the EMX1 
gene removed 119-bp human genome areas.15 Therefore, 
three-part CRISPR/Cas9 systems are suitable for achiev-
ing earmarked multiplexed modifying in a human genome by 
easily programming the crRNA array.

The tracrRNA:crRNA duplex has been transformed into a 
molecule, known as a chimeric guide RNA (gRNA), that is 39 
to 40 nt in length and has a 20-nt target recognition sequence 

at the 5’ end followed by a gRNA scaffold (or hairpin struc-
ture) that keeps the base-pairing encounters inside the 
tracrRNA:crRNA duplex (Figure 1b).10,28 This advancement 
is additionally clarified by the employment of type II CRISPR 
systems in human genome editing. By coexpressing Cas9 
nuclease and individualized gRNAs, scientists have gainfully 
engineered and modified the genomes of humans14,15,26,28,29 
(see Table 1). Strikingly, the building of a mammalian expres-
sion system with codon-optimized Cas9 and gRNA produced 
targeted rates of 2 to 25% in different human cells14,15,28 and 
36 to 48% in embryonic mouse stem cells.27 By detailing DNA 
donor templates, expression cassettes of green fluorescent 
protein have been effectively inserted into the focused on 
human genome loci14,15,28 and the Cas9-gRNA complex has 
been used to concurrently interrupt five genes in a single 
genome.27 Not long ago, with a precise CRISPR-Cas system 
from Neisseria meningitidis, Thomson et al. showed effec-
tive targeting of an endogenous gene in three human plu-
ripotent stem cell (hPSC) lines with homology-directed repair 
(HDR).36 Thus, the CRISPR/Cas9 system is an effective 
apparatus for modifying genomes with broad uses in a large 
variation of hosts.

Cas9 Nickase-mediated Genome Editing

gRNA-guided Cas9n with a RuvC or HNH mutation has the 
means to produce a nick instead of a DSB in the targeted 

Table 1 Application of Cas9-based tool in human genome editing and transcriptional control

Application Strategies Mutation types Human cell types Target loci Efficiency References

Genome editing Cas9 and 
tracrRNA:crRNA  
duplex

NHEJ-induced indels Human HEK 293FT 
cells

EMX1, PVALB 1.5–21% 15

DNA deletion Human HEK 293FT 
cells

EMX1, PVALB 1.6% 15

Cas9 and gRNA NHEJ-induced  
indels

Human K562, HEK 
293FT  
and iPS cells

AAVS1, DNMT3a/b, CLTA,  
CCR5, C4BPB

2–33% 11,14,19,23

DNA insertion Human  
HEK293T and iPS 
cells

AAVS1, eGFP 2.51% 11,19

DNA deletion Human K562 cells AAVS1 16.9% 11

Double nicking by 
Cas9n-gRNA  
complex

NHEJ-induced  
indels

Human HEK293FT 
cells

EMX1, DYRK1A, GRIN2B Up to 40% 36

NHEJ-mediated  
ligation

Human HEK293FT EMX1 36

DNA insertion Human HUES62,  
HEK293FT cells

EMX1 0.4–9.9% 36

DNA deletion Human HEK293FT 
cells

DYRK1A 36

Transcriptional 
control

dCas9 and gRNA Transcription  
repression

Human HEK293  
cells

EGFP 63% repression 21

dCas9-effector and 
gRNA

dCas9-VP64 chimera-
mediatedactivation

Human HEK293  
cells

REX1, OCT4, SOX2, NANOG, 
tdTomato promoter, Gal4 UAS-
GFP reporter

23-fold activation  
individually*; 30-fold acti-
vation synergistically**

25

dCas9-KRAB chimera-
mediatedrepression

Human HEK293  
cells

EGFP, CD71, CXCR4, AP1  
enhancer and SP1 enhancer

15-fold repression 25

dCas9 and gRNA-
aptamer

gRNA-MS2 chimera- 
mediated activation

Human HEK 293T 
cells

REX1 Up to 10-fold activation 
synergistically**

25

Individually*: the efficiency was produced by an individual gRNA. Synergistically**: the efficiency was produced by cooperative works of multiple gRNAs.
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region.6,15,37,38 Even though single nicks are mainly fixed 
by the high-fidelity base excision pathway,39 the mixture of 
nick production and HDR has effectively modified human 
genomes in the proposed area.15 Initiation of a double nick 
with a pair of gRNA-directed Cas9ns targeting the oppos-
ing strands of the singled-out site has been effectively 
employed to produce DSBs and NHEJ-induced muta-
tions37,38 (Figure 3). A paired-nicking plan was identified to 
ease the production of high-efficiency HDR at levels simi-
lar to those of original Cas9-mediated HDR and at nota-
bly greater rates than individual Cas9n-mediated HDR.37 
Interestingly, this paired nicking greatly lowered off-target 

divisions by 50- to 1,500-fold in human cells without com-
promising on-target division efficiency.37 Because double 
nicking has the means to produce anticipated defined 
overhangs, NHEJ-mediated ligation, by providing double-
stranded fixing templates with complementary overhangs, 
has effectively prompted HDR-independent fragment 
incorporation in certain areas.37 Additionally, making 
a pair of double nicks at two sites by four individualized 
gRNAs effectively eliminated genomic fragments of up 
to 6 kb in HEK 293FT cells.37 Therefore, multiplex nicking 
generated by Cas9n can produce high-precision genomic 
modifications.

Figure 2 Application of native Cas9-mediated genome editing. Expressed tracrRNA-crRNA duplexes or gRNA is assembled with Cas9, 
generating executive complexes. These complexes generate breaks in the genome (a) that may trigger homology-directed repair (HDR) when 
homology-containing dsDNA or ssDNA templates are given (b) to confer precise DNA substitution, or induce error-prone nonhomologous end 
joining (NHEJ) to rejoin the ends and introduce undefined small deletions and additions (indels) (c).
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Inactivated Cas9-based Transcriptional Control

CRISPR/Cas systems have also been created as a novel 
effortless and multiplexable strategy for transcriptional con-
trol without changing the target gene sequence that is named 
CRISPR interference (CRISPRi) (Figure 4a).21 It has a fully 
inactive dCas9 and individualized gRNA (or tracrRNA:crRNA 
duplex). As previously mentioned, dCas9 ceases its endo-
nuclease activity, but its means to include gRNA and link to 
targets is not interrupted. Similar to RNA interference (RNAi), 
CRISPRi is controlled by base-pairing compatible with iden-
tified target areas; however, they use various mechanisms 
to control gene expression. RNAi expressly produces tran-
script degradation and/or translation blocking,40 but CRISPRi 
obstructs transcription commencement and elongation.21 
Qi et al. stated that the mechanism of CRISPRi and its first 
applications in effectively limiting the extraction of singled-out 
genes in human cells and silencing effects can be encour-
aged and undone with an anhydrotetracycline-inducible pro-
moter to encourage dCas9 and gRNA expression.21 Through 
cocustomization of multiple gRNAs, concurrent regulation of 
several genes became feasible. Merging two gRNAs that are 
aiming at the identical gene may generate up to 1,000-fold 
repression.21 Therefore, the CRISPRi targeting technology 
has the potential to modulate gene expression at the tran-
scriptional level.

Aside from silencing gene expression, dCas9 has been 
effectively used to trigger gene expression. dCas9-acti-
vator proteins, including dCas9-VP64 and dCas9-p65AD, 

showed up to a 25-fold improvement in gene expression9 
(Figure 4b). Using the dCas9-VP64 chimera in human 
cells, gRNAs proximal to the initial transcriptional area 
substantially triggered gene expression, and several 
gRNAs teamed up to encourage multifold transcriptional 
improvement.38 Multiple orthogonal dCas9s merged with 
VP64 also showed substantial transcriptional activation 
in human cells at levels comparable to that of the corre-
sponding transcription activator-like (TAL)-VP64 activator.4 
Thus, the dCas9-gRNA complex has the potential to cre-
ate sequence-specific transcriptional regulation in various 
human tumor cell lines and possibly for further heteroge-
neous epigenetic examination.

Cas9-based High-throughput Forward Genetic 
Screening

It is an effective tool that uses multifunctional Cas9 vari-
ants to produce mutant libraries for screening and identi-
fying genome-scale phenotype-related genetic elements. 
A  customary flowchart to ascertain this goal is shown in 
 Figure 5a.26 For high-throughput targeting, the key is to cre-
ate high-specificity gRNA libraries. Not long ago, this strat-
egy was effectively implemented in the genetic screening in 
human cells.41–43 Wang et al. identified a pooled, loss-of-func-
tion genetic screening method compatible with both positive 
and negative selection that uses a genome-scale lentiviral 
single-guide RNA (sgRNA) library.42 sgRNA expression 
cassettes were stably incorporated into the genome, which 
allowed a complex mutant pool to be monitored by massive 
parallel sequencing.42 They used a library of 73,000 sgRNAs 
to produce knockout collections and carried out screening in 
two human cell lines. A screen for opposition to the nucleo-
tide analog 6-thioguanine determined all anticipated compo-
nents of the DNA mismatch repair pathway whereas another 
for the DNA topoisomerase II (TOP2A) poison etoposide rec-
ognized TOP2A, as anticipated, and also cyclin-dependent 
kinase 6, CDK6. A negative selection screen for necessary 
genes recognized several gene sets correlating to underly-
ing processes. They also revealed that sgRNA efficiency is 
linked to certain sequence motifs, allowing for the prediction 
of more successful sgRNAs.

Shalem et al. demonstrated that lentiviral transportation of 
a genome-scale CRISPR-Cas9 knockout (GeCKO) library 
targeting 18,080 genes with 64,751 unique guide sequences 
permits both negative and positive selection screening in 
human cells.41 First, they employed the GeCKO library to 
determine the genes necessary for cell viability in cancer 
and pluripotent stem cells.41 Next, in a melanoma model, 
they looked for genes whose loss is connected to the resis-
tance to vemurafenib, a therapeutic RAF inhibitor.41 Not 
long ago, Zhou et al. also documented the creation of a pin-
pointed CRISPR/Cas-based lentiviral library in human cells 
and a technique for gene identification based on functional 
screening and high-throughput sequencing analysis.43 Using 
knockout library screens, they effectively determined the host 
genes required for the intoxication of cells by anthrax and 
diphtheria toxins, which were affirmed by functional confir-
mation. All together, these outcomes instituted Cas9/sgRNA 

Figure 4 Application of dCas9-based transcriptional control. 
The dCas9 can be utilized as a platform for DNA transcriptional 
regulators to repress (a) or activate (b) gene expression by fusing 
theinactive enzyme (that retains its gRNA-binding ability) to known 
regulatory domains.
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Figure 5 Flowchart for Cas9-based high-throughput forward genetic screening. Reasonable and precise N20NGG targetable areas 
on the other side of the complete genome were chosen using computer-assisted programs. DNA oligonucleotides with N20 sequences were 
synthesized as well as adjusted for ligation with a construct, which produced a gRNA library that can coexpress Cas9 or a Cas9-effector 
chimera and varied gRNAs propelled by constitutive, tissue-specific, or inducible promoters (a).26 The gRNA library was then transported 
to host cells to produce varied mutant libraries for forward genetic screening (b).43 sgRNAs were transported into HeLaOC-SC cells using 
lentiviral infection with a MOI of 0.05. Library cells steadily expressing sgRNAs were gathered using FACS for green fluorescence 48 hours 
postinfection. Library screening was performed with three toxin courses, followed by PCR amplification of the sgRNA-coding sequence 
incorporated into the chromosomes. The purified PCR product then underwent high-throughput sequencing analysis using Illumina’s HiSeq 
2500.
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screens as an influential tool for systematic genetic analysis 
in mammalian cells (Figure 5b). In addition, if dCas9 or a 
dCas9-effector chimera is implemented, knockdown or acti-
vation mutant libraries will be produced. Then mutants of 
interest can be screened with suitable methodologies. Com-
pared to loss-of-function mutant libraries, the knockdown or 
activation mutant libraries have an unrivaled advantage in the 
study of deadly genes.

Influential Factors of CRISPR/Cas Application in Human 
Cells

Cas9 is a critical part. Mutation of catalytic sites, inaccurate 
subcellular localization, or wrong Cas9 dosage can all affect 
genome modification. In eukaryotic cells, prokaryote-derived 
Cas9 is typically merged with a nuclear location signal (NLS) 
at the N or C terminus, or both, to direct protein translocation 
into the nucleus.13–15,18,21,23,27,28,36 Current studies determined 
that the inclusion of a 32-amino-acid linker between the NLS 
and Cas9 improved genomic DNA division activity. This might 
be due to greater subcellular localization because the NLS 
peptide would be concealed or protected during Cas9 fold-
ing without the linker.29 Codon optimization is also required 
for making functional Cas9 in a heterogeneous expression 
system.14,15,28 An additional major class of determinants is the 
RNA part. For tracrRNAs, S. pyogenes produced two types of 
precursor tracrRNA species. Examination of heterogeneous 
cells revealed that the smaller tracrRNA was more potent15; 
however, studies using human and mouse cells revealed that 
division efficiencies of gRNAs were either less than those of 
RNA duplexes or imperceptible when the same protospacer 
was the aim. This indicates that some unidentified cellular 
factors or RNA characteristics may have an impact on modi-
fying efficiency.

CRISPRi has been systematically examined,21,26 and mul-
tiple items, including those mentioned prior, have been deter-
mined to impact dCas9-based transcriptional control. First, 
CRISPRi-mediated prevention of transcriptional elongation 
offers strand specificity.21,22 gRNAs singling out a nontem-
plate DNA strand showed greater repression regulation than 
those aimed at the template strand. Second, the silencing 
efficiency is inversely correlated with the span of the tar-
get from the translation start codon. Third, an augmentative 
silencing effect could be viewed when two or more gRNAs 
link to individual earmarked areas on 1 gene21,38; however, 
if they link to overlapping areas, repression is suppressed. 
Fourth, CRISPRi-mediated prevention of transcriptional com-
mencement has local effects, but not on strand specificity. 
Finally, for dCas9 effector-dependent transcriptional regula-
tion, performance also showed location and accumulation 
effects.38

Comparison of Targeted Genetic-Engineering Tools

A group of genome-editing platforms have been created 
recently, including zinc-finger nucleases (ZFNs),44–47 tran-
scription activator–like effector nucleases (TALENs),47–51 
and the RNA-guided CRISPR-Cas EndoNuclease sys-
tem (RGEN).14–16,20,23,28 The initial two platforms implement 

a method of tethering endonuclease catalytic domains to 
modular DNA-binding proteins for prompting singled out 
DNA double-stranded breaks (DSBs) at certain genomic 
loci. In contrast, Cas9 is a nuclease governed by small RNAs 
through Watson-Crick base pairing with target DNA,6,10 por-
traying a system that is markedly simpler to design and is 
highly specific, effective, and well-suited for high-throughput 
and multiplexed gene modifying for an assortment of cell 
types and organisms.15,17,20,27,28 The ZiFiT Targeter program 
was designed as an tool to easily find possible sgRNA:Cas9 
targeting areas in a specific genome.17 RGEN editing occurs 
at a homologous efficiency as ZFN or TALEN, and as of the 
present, no off-site targeting was noted.14 Another benefit of 
RGENs is that the CRISPR interference results in a selection 
for positive clones since wild-type sequences are frequently 
singled out until the mutated donor DNA is incorporated by 
HR and limits the interference process.13 Other characteris-
tics of the RGEN method show their limitations and disad-
vantages in genome editing. One issue with RGENs is their 
reliance on a small PAM sequence, which limits the selec-
tion of possible target sequences. Furthermore, the span of 
the crRNA and its seed sequence stunt the range of target 
sequences and, thus, an optimal design of the sgRNA is 
needed for effective editing.14,15,17,28 ZFN and TALEN sys-
tems need protein-engineered steps, but the two systems 
are highly tunable by changing the particular domains for 
sequence-specific identification of the target. Furthermore, 
libraries of various proteins already exist,52 which lowers the 
time and expenses associated with the production of novel 
functional proteins.14,53 The modular formation of the two sys-
tems (TALEN and ZNF) produces a highly variable instrument 
in which the effector domain can be merged to an assort-
ment of various proteins (e.g., transposases, nucleases, and 
transcriptional regulators).54–56 ZFN- and TALEN-based gene 
therapy methods have been examined for clinical use. Addi-
tional advancements, including reviewing recent advances 
in reorganizing chromosomes with RGENs, will expand the 
number of potential applications in gene therapy.53,57,58

Toward Cas9 Therapeutics

Taking into account the vast utility of Cas9 for the regulation 
and modification of complex biological systems, could the 
Cas9 system end up being just as useful as a basis for novel 
treatments? Two central routes to Cas9-mediated therapeu-
tic interventions were documented by Mali et al.58 The first 
requires singling out genome modification to resolve genetic 
disorders59–61 and to potentially interrupt intruding viral 
genomes. The second implements Cas9nuclease-null fusions for 
targeted genome regulation in a fashion much like the use of 
small-molecule therapeutics, except that both repression and 
activation modalities would be accessible. One can imagine 
implementing such a method to amend epigenetic misregula-
tion of gene expression, to regulate inflammation and autoim-
munity, and also to limit transcription of viral genes or even 
viral coreceptors in defenseless cell types.

However, several technical hurdles must be addressed 
before Cas9-based treatments become a reality. First, Cas9-
encoding cassettes must be effectively transported to singled 
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out cells in vivo. Unfortunately, Cas9 proteins are substantial; 
the frequently used Cas9 protein from S. pyogenes is 1,368 
amino acids long. Employing smaller Cas9 orthologs, some of 
which are <1,100 amino acids, or engineering a nominal Cas9 
by eliminating domains irrelevant to the planned intent could 
enable effective packaging into limited-capacity viral vectors 
(adeno-associated viruses, adenoviral vectors, and lentivi-
ruses)62–65 for explicit in vivo transport. The creation of strictly 
regulated expression vectors or modalities that allow both tran-
sient and controlled release of targeting reagents will be crucial 
to limit the resulting Cas9-mediated functions to certain tissues.

Aside from the issue of gene delivery, the greatest hurdle 
to therapeutic applications is the relatively low specificity of 
Cas9 binding. Because off-target activity comes with the risk 
of oncogenesis and even highly specific processes will ulti-
mately lead to catastrophic results when applied to enough 
cells, addressing this issue is of the greatest importance. 
Mali et al.58 have discussed some prospective methods that 
include necessitating cooperativity via offset nicking and 
biasing repair outcomes toward HR versus NHEJ. Colocal-
izing target and donor DNA through direct guide RNA tether-
ing or Cas9 recombinases and transposases could also be 
purposeful for this undertaking, particularly in targeting post-
mitotic cells where function of endogenous HR machinery is 
anticipated to be greatly declined.

Avoiding a negative immune response is also crucial.58 Tra-
ditional immune suppression for the length of therapy is one 
choice for mitigating the immune response, but this practice 
becomes less useful with long-term regulatory modifications. A 
more encouraging method would involve examining the immu-
nogenicity of Cas9 and “humanizing” the pertinent peptide frag-
ments as has been done with antibody therapeutics.66 Finally, 
the regulatory control allowed by Cas9 may enable the mimicry 
of strategies implemented by viruses that include interrupting 
the main histocompatibility complex trafficking machinery.67

It is necessary to create of other synergistic technologies, 
in particular, efficient, earmarked, and secure in vivo gene-
delivery channels to completely understand the therapeutic 
possibilities of Cas9 proteins. If ex vivo genome targeting 
demonstrates its potency (for example, in hematopoietic 
stem cells), then tools that allow exceptionally quick retrieval 
and screening of altered cells in a community will be crucial.

Outlook

The possibility of CRISPR/Cas systems working in genetic 
tools has been considered since the recognition of the 
system as a prokaryotic immune system. Six years after 
its identification, the initial steps have been made, as 
sgRNA:Cas9 complexes are used for effective genome modi-
fications13–18,20,21,28,36,60 and the institution of gene silencing.21 
Creation of RGEN-based genome modification systems to 
improve the efficiency and to clarify the incidence of off-site 
targeting of RGENs to motivate this system to become a pos-
sible instrument for disease treatment as has been attained 
with ZFN practices for the treatment of HIV.53 The institution of 
RGEN genome-editing instruments is only one part, in which 
CRISPR/Cas immunity reveals the possibility for applications 
in genetic and biotechnological systems. In the future, the 

versatility and ease of use offered by Cas9 combined with 
its sole means to combine RNA, DNA, and protein in a com-
pletely programmable manner will establish the basis of a 
mighty toolset for the perturbation, regulation, and monitoring 
of complex biological systems.
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