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Abstract: The field of genome editing started with the discovery of meganucleases (e.g., the LAGLIDADG
family of homing endonucleases) in yeast. After the discovery of transcription activator-like effector
nucleases and zinc finger nucleases, the recently discovered clustered regularly interspaced short
palindromic repeats (CRISPR)/CRISPR associated proteins (Cas) system has opened a new window
of applications in the field of gene editing. Here, we review different Cas proteins and their
corresponding features including advantages and disadvantages, and we provide an overview of the
different endonuclease-deficient Cas protein (dCas) derivatives. These dCas derivatives consist of
an endonuclease-deficient Cas9 which can be fused to different effector domains to perform distinct
in vitro applications such as tracking, transcriptional activation and repression, as well as base editing.
Finally, we review the in vivo applications of these dCas derivatives and discuss their potential to
perform gene activation and repression in vivo, as well as their potential future use in human therapy.

Keywords: CRISPR/Cas; genome editing; transcriptional regulation; dCas9 derivatives

1. Introduction

In the last ten years, major breakthroughs have been made in the field of gene editing, which
is the process where DNA is modified, deleted, inserted or replaced. The most recent discovery of
the clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR associated proteins
(Cas) system has opened up many novel opportunities as well as applications for gene editing both
in vitro and in vivo. In this review, we provide an overview of the different gene editing techniques
including the CRISPR/Cas system, which was discovered in 2012. After this finding, different Cas
proteins were developed with unique features that allow for distinct gene editing approaches. Here,
we summarize these different Cas proteins and detail their specific features. Besides the development
of different Cas proteins, endonuclease-deficient Cas proteins (dCas) allow for additional applications
of the CRISPR/Cas system. These endonuclease-deficient Cas proteins (dCas) can be fused to effector
domains which exert additional functions such as transcriptional activation or repression, but also
tracking and base-editing. These dCas effectors as well as their functions and in vivo applications will
be the main focus of this perspective.
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2. Gene Editing Techniques

Gene editing started with the discovery of meganucleases in yeast as well as in other small
organisms. There are hundreds of meganucleases which each contain a recognition sequence (homing
site) between 14 and 40 base pairs (Figure 1) [1]. This large recognition site ensures great locus
specificity together with low off-target effects. At the same time, the large recognition site is also the
main limitation of meganucleases since their recognition site only occurs once (or sometimes not at all)
in the genome of a given organism. This limitation can be circumvented by modifying the recognition
site of the particular meganuclease [2], which is time-consuming and labor-intensive.
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Figure 1. Gene editing techniques. Overview of the different gene editing designer nucleases. This
figure depicts the initially discovered meganucleases. In addition, the zinc finger and transcription
activator-like effectors (TALE) are depicted, which are fused to Fokl nuclease monomers which
cleave the DNA upon dimerization. Each DNA-binding module is indicated with a different color.
The most recently discovered RNA-guided clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR associated proteins-9 (Cas9) system is illustrated as well. Black arrows represent the
cleavage site.
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In 1994, the zinc finger nucleases (ZFN) were discovered as the first modulated gene editing
tools [3]. ZFN consist of nucleases which are coupled to certain zinc fingers which each recognize
triplets of base pairs (codons; Figure 1) [4]. To increase the binding specificity, several zinc fingers are
attached together (usually three) to reach a binding site of nine nucleotides (three codons). The same
holds for the complementary strand, so in total an 18-nucleotide specificity is reached. These zinc fingers
can be engineered in a specific way to recognize the DNA region of interest. These connected zinc
fingers are then fused to cleavage domains of endonucleases (usually to Fokl nuclease monomers) [5].
The sequence in between the two ZFN binding sites is the so-called spacer region, consisting of
5–7 nucleotides where Fokl monomers form a catalytically active dimer, which cleaves the DNA,
resulting in double-strand breaks [6]. The production of an efficient ZFN might require multiple rounds
of re-designing and optimizations (because each of the selected ZF might affect the binding affinity of
the adjacent ZFs), which is labor-intensive, time-consuming and most importantly expensive.

In 2009, the transcription activator-like effector nucleases (TALEN) were developed, which
function in a similar way but have increased specificity when compared with ZFN [7,8]. Transcription
activator-like effectors (TALE) were discovered in bacteria and are able to bind to single nucleotides
(instead of triplets of nucleotides by zinc fingers) [9]. Similar to ZFN, several TALE are attached together
(i.e., 12–31 repeats per TALEN) to target the DNA sequence of interest and are fused to the Fokl nuclease
monomers (Figure 1) [10]. Similarly, the second TALEN monomer is designed for the complementary
strand. These Fokl nuclease monomers will again form a catalytically active dimer in the spacer region
and cleave the DNA. The procedure of producing new ZFN and TALEN is labor-intensive since for
every DNA target region of interest, novel ZFN and TALEN have to be generated.

In 2012, the most recent gene editing tool was discovered: clustered regularly interspaced short
palindromic repeats (CRISPR) and CRISPR associated genes (Cas) [11]. The CRISPR genomic locus
consists of Cas genes (which code, e.g., for the nuclease Cas9) and a leader sequence followed by repeat
sequences which are flanked by spacer regions. Originally, CRISPR was discovered in bacteria and
contributes to the immune defense system where foreign DNA from viruses or fungi is inserted within
the repeat sequences of the CRISPR genomic locus [12,13]. These repeat sequences are subsequently
transcribed into so-called CRISPR RNAs (crRNAs) which recognize foreign DNA and recruit a Cas
protein to cleave the foreign DNA. This system can be adapted by the design of a so-called single
guide RNA (sgRNA), which is a custom-designed short crRNAs sequence fused to the scaffold
trans-activating crRNA sequence (tracrRNA) and guides the Cas9 nuclease to a specific DNA region of
interest. Another essential element for the Cas nuclease is the protospacer adjacent motif (PAM) which
is a short specific sequence following the target DNA sequence that is needed for Cas nuclease-mediated
cleavage [11]. The precise location of the Cas nuclease can be adapted by changing the sgRNA to a
specific locus. This sgRNA molecule is cheaper and easier to generate compared to the production
of ZFN and TALEN, which is an advantage of the CRISPR/Cas system. The limitation of CRISPR,
but also of ZFN and TALEN, is the presence of off-target effects. These off-target effects have been
reduced by the discovery of the so-called high-fidelity CRISPR/Cas system, where four amino acids
have been substituted in Streptococcus pyogenes Cas9 (SpCas9) by Kleinstiver and his colleagues. These
four amino acid substitutions alter the energetics of the binding of SpCas9 to the DNA, and thereby
the specificity, which diminished off-target effects [14]. A comparison of the different gene editing
techniques is provided in Table 1.
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Table 1. Comparison of gene editing techniques.

Meganucleases ZFN TALEN CRISPR
Flexible localization Complex Limited Average Almost total

Nuclease construction Laborious Significant Significant Simple
In vitro testing Laborious Significant Significant Simple

Targeting efficiency Not reported Limiting factor Average Good
Off-target effects Low Moderate Moderate High

Multiplexing No No No Yes
Time investment Very high High Moderate Low

Cost Very high High Average Low

Colors indicate different scores: green (high), blue (middle) and peachpuff (low).

3. Variety of Cas Proteins

The most commonly used Cas9 protein is derived from Streptococcus pyogenes (SpCas9) [11]. The use
of SpCas9 is limited by its 5′-NGG-3′ (where N = G, C, T or A) PAM motif, which constricts the range
of targetable sites in the DNA [15]. The wild-type SpCas9 is, therefore, engineered to gain different PAM
specificities, which enable the targeting of previously inaccessible sites. These engineered SpCas9 mutants
include VQR (D1135V/R1335Q/T1337R) with 5′-NGAN-3′ as the PAM, EQR (D1135E/R1335Q/T1337R)
with 5′-NGAG-3′ as the PAM and VRER (D1135V/G1218R/R1335E/T1337R) with 5′-NGCG-3′ as the
PAM (Table 2) [15]. SpCas9 consists of 1368 amino acids, which restricts its use in adeno-associated virus
(AAV) vector-based therapeutic applications (which will be discussed later in this review). More than
1kb shorter than SpCas9 are the Cas9 proteins derived from Staphylococcus aureus (SaCas9), Neisseria
meningitidis (NmCas9), Streptococcus thermophilus (St1Cas9) and Brevibacillus laterosporus (BlatCas9;
Table 2) [16–19]. The targeting range of SaCas9 is also increased by a modified PAM recognition
site (from 5′-NNGRRT-3′ to 5′-NNNRRT-3′) [19,20]. NmCas9 recognizes a 5′-NNNNGATT-3′ PAM,
whereas St1Cas9 and BlatCas9 recognize 5′-NNAGAAW-3′ and 5′-NNNNCNDD-3′ (where D = A, G
or T), respectively [16–18]. SaCas9, NmCas9 and St1Cas9 all have a strict PAM [16,17,19,20], whereas
the PAM of BlatCas9 is less restrictive since it has a strong preference for just a single nucleotide [18].
Cas9 derived from Francisella novicida (FnCas9) also has a less restrictive PAM but with 1629 amino
acids, it is significantly larger than the other Cas9 orthologs [21]. FnCas9 consists of a wild-type and a
mutated form which recognize 5′-NGG-3′ and 5′-YG-3′ (where Y = C or T), respectively (Table 2) [21].
Even though BlatCas9 and FnCas9 have a less restrictive PAM, there are less application examples
when compared to the other Cas9 orthologs (most likely because they were discovered later).

Besides the different Cas9 orthologs, other Cas proteins have been discovered as well including
Cpf1 (CRISPR from Prevotella and Francisella 1 also known as Cas12), Cas13 and Cas14 [22]. Cpf1 has
various unique characteristics: (1) it is a single RNA-guided endonuclease which lacks tracrRNA,
(2) it has a strict T-rich PAM (5′-TTTN-3′) when compared to the more G-rich PAM of Cas9 proteins,
and (3) where Cas9 facilitates blunt ends, Cpf1 facilitates sticky ends with a 4 or 5 nucleotide
5′ overhang [22]. To date, there are several known Cpf1 orthologs with robust nuclease activity:
Acidaminococcus sp. Cas12 (AsCpf1), Lachnospiraceae bacterium (LbCpf1) and Bacillus hisashii Cas12b
(BhCas12b; Table 2) [22,23]. In addition, Cas12c, Cas12g, Cas12h and Cas12i have been characterized
which demonstrate RNA-guided dsDNA interference activity [24].

In addition to Cas9 and Cpf1, CasX enzymes represent a distinct family of RNA-guided genome
editors. CasX enzymes use unique structures for programmable double-stranded DNA binding and
cleavage [25].

Where Cas9 and Cpf1 are widely used to induce DNA breaks (as well as the recently discovered
CasX enzymes), Cas13a (previously called C2c2) cleaves single-stranded RNA [25–27]. Similar to Cpf1,
Cas13a lacks tracrRNA and is guided by a single crRNA [27]. RNA cleavage is mediated by catalytic
residues in the two conserved higher eukaryotes and prokaryotes nucleotide-binding (HEPN) domains
and is dependent on a 3′ H (non-G) protospacer flanking site (PFS) following the RNA target site [27].
The first characterized Cas13 protein derived from the bacterium Leptotrichia shahii (LshCas13a) [27].
The later characterized Leptotrichia wadei Cas13a (LwaCas13a) exhibits a higher cleavage activity than



Int. J. Mol. Sci. 2020, 21, 3038 5 of 19

LshCas13a and does not require a PFS (Table 2) [26]. After the discovery of LwaCas13a, researchers
identified Prevotella sp. P5-125 Cas13b (PspCas13b), which also does not require a PFS (Table 2) [28].
PspCas13b-mediated mRNA knockdown is more efficient when compared to LwaCas13a [28].

The most recently discovered Cas13 protein is Ruminococcus flavefaciens Cas13d (RfxCas13d) and
is also not dependent on a PFS (Table 2) [29]. This Cas13 protein has the smallest protein size which
allows packaging into AAV vectors, and thus enables AAV vector-based therapeutic applications (will
be discussed later in this review) [29]. In summary, the main differences between Cas9 and Cas13
include the PAM, the length of the sgRNA and the cleavage of RNA vs. DNA.

Cas9 and Cas13 can both serve as gene silencing tools for protein coding genes. The Cas9 system
utilizes non-homologous end joining-based DNA damage repair to create a DNA insertion/deletion
(indel) mutation to generate a frame shift or a point mutation (e.g., premature stop codon, non-functional
protein) [11]. In this way, a premature stop codon is very likely to form and a functional protein will
not be translated. However, for non-protein coding genes such as long non-coding RNAs, utilizing
Cas9 is unlikely to show gene silencing effects, whereas Cas13 can target and cleave RNA, thereby
triggering the RNA degradation pathway [26,28]. In addition to programmable RNase activity, Cas13
exhibits collateral activity after recognition and cleavage of a target transcript, leading to non-specific
degradation of any nearby transcripts regardless of complementarity to the spacer [30,31]. This property
enables Cas13 to be well suited for nucleic acid detection. When the enzyme recognizes its target
in vitro, it becomes activated and promiscuously cleaves RNA species in the solution. Cas13-based
detection is specific and can be tuned for single-nucleotide distinction at any position on the target.
This nucleic acid detection technology is called specific high-sensitivity enzymatic reporter unLOCKing
(SHERLOCK) [30,31].

The most recently discovered Cas14 family consists of the smallest RNA-guided nucleases,
which depend on a tracRNA and, in contrast to the other Cas proteins, targets single-stranded DNA
(Table 2) [32]. The cleavage of single-stranded DNA by Cas14 is not dependent on restrictive sequence
requirements (PAM) [32]. Altogether, these different Cas proteins enable a wide range of targeting
sites and applications to perform CRISPR/Cas-mediated gene editing at either the DNA or RNA level
(Table 2).
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Table 2. Comparison of Cas proteins.

Nuclease Name Protein
Size(aa) WT/Mutants PAM (5′-3′) Protospacer

Length
Target/Type of

DSB Pros/Cons In Vivo/In Vitro

WT NGG Most commonly used/Large protein size in vitro, in vivo [11]
VQR NGAN in vitro, in vivo [15]
EQR NGAG in vitro, in vivo [15]

SpCas9 1,368aa

VRER NGCG

Different PAM specificities/Large
protein size

in vitro, in vivo [15]
WT NNGRRT in vitro, in vivo [19]

SaCas9 1,053aa KKH NNNRRT
Small protein size/Relatively strict PAM

in vitro, in vivo [20]
WT NGG

20nt

Less restrictive PAM/Large protein size, less
application examples

in vitro, in vivo [21]
FnCas9 1,629aa RHA YG In vitro [21]

NmCas9 1,082aa WT NNNNGATT 24nt Small protein size/Strict PAM in vitro, in vivo [17]
St1Cas9 1,121aa WT NNAGAAW 20nt Small protein size/Strict PAM in vitro [16]

Cas9 (HNH,
RuvC)

BlatCas9 1,092aa WT NNNNCNDD 21nt

DNA/Blunt end

Less restrictive PAM, small protein size/Less
application examples In vitro [18]

AsCas12a/Cpf1 1,307aa WT TTTN in vitro, in vivo [22]
LbCas12a/Cpf1 1,228aa WT TTTN 23nt DNA/Staggered end Various unique characteristics/restrict PAM,

with 5′ overhangs in vitro, in vivo [22]
BhCas12b 1,140aa WT ATTN 23nt DNA/Staggered end High specificity in vitro [23]

Cas12c 1253aa WT TG/TN n.a.
Cas12g 768aa WT Not required 24nt
Cas12h 871aa WT RTR n.a.
Cas12i 1055aa WT TTN 28nt

DNA Less restrictive PAM, small protein size in vitro[24]

Cas12
(RuvC-like)

CasX/Cas12e 987aa WT TTCN 20nt Staggered end Very Small protein size in vitro[25]
Cas14 (RuvC) Cas14a 529aa WT Not required 25nt DNA Very small protein size, target ssDNA in vitro [32]

LshCas13a 1427aa WT 3′ A, U, or C (not required by
all orthologs) 28nt in vitro [27]

LwaCas13a 1152aa WT 28nt in vitro [26]
PspCas13b 1124aa WT 30nt

Very flexible PFS, target RNA

in vitro [26]
Cas13 (2xHEPN)

RfxCas13d 979aa WT 30nt

RNA

Very small protein size, target RNA in vitro [29]

Colors indicate different Cas protein families. A: Adenine; C: Cytosine; G: Guanine; T: Thymine; D: A or G or T; R: A or G; W: A or T; Y: C or T; N: any base; n.a.: not applicable.
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4. dCas Derivatives and their Functions

The CRISPR/Cas system can be repurposed in several ways by modification into an endonuclease-
deficient Cas protein (dCas). dCas9 is generated via the introduction of two mutations in the cleavage
domains of Cas9 (D10A and H840A). dCas9 is still capable to bind to the DNA in a sgRNA-mediated
manner but does no longer cleave the DNA. Different effector domains with distinct gene regulatory
functions, such as transcriptional activators, repressors or base editing domains, can be fused to dCas9.
The subsequent introduction into cells results in sgRNA-guided gene activation, gene repression or
base editing of the targeted locus. dCas9 can also be used to perform fluorescent imaging. These Cas9
derivatives will be discussed in more detail below.

4.1. Chromatin Visualization and Fluorescent Imaging with dCas Derivatives

One possibility is to use an sgRNA-dependent enhanced green fluorescent protein (EGFP)-tagged
dCas9 protein to dynamically image repetitive elements in both telomeres and coding genes (Figure 2) [33].
This system is composed of three components: cells stably expressing a doxycycline-inducible
EGFP-tagged dCas9 and Tet-On 3G/BFP transactivator which are transduced with lentiviral vectors
expressing the respective sgRNAs [33]. Non-repetitive sequences can be imaged as well by the design
of different sgRNAs at multiple adjacent sites of the locus of interest [33]. This strategy was used to
visualize a non-repetitive region of the MUC4 locus [33]. Importantly, the Cas9 fusion protein did not
disrupt telomere dynamics. Genomic labeling by dCas9-EGFP is not destructive and also allows to
observe native chromatin dynamics. The authors designed sgRNAs targeting exon 2 and intron 3
of the MUC4 gene in HeLa cells to investigate the chromosome reorganization dynamics during cell
replication. Therefore, dCas9 fluorescent imaging represents a new approach to study chromatin
conformation and dynamics in both short time frames and long-term processes such as mitosis [33].
Another possibility for fluorescent imaging is the so-called dCas9-SunTag system. This is a protein
tagging system for signal amplification in fluorescent imaging [34]. This system consists of a protein
scaffold, which is a repeating peptide array called SunTag (10xGCN4), which can recruit multiple
copies of an antibody (single-chain variable fragment [scFV]-fused protein such as GFP) [34]. This
system can be used for fluorescent imaging, where SunTag can recruit up to 24 copies of GFP which
results in the long-term imaging of single protein molecules in living cells [34]. This system can also be
used to recruit multiple copies of effector domains responsible for transcriptional activation, which
will be discussed in more detail below.
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Figure 2. Endonuclease-deficient Cas9 proteins (dCas9) derivatives and their purpose. Overview of
the different dCas9 derivatives. Their purpose includes transcriptional activation (via transcriptional
activators or epigenetic modifiers), chromatin visualization, base editing and transcriptional repression
(via repressor domains or epigenetic modifiers). Rev. transcriptase: reverse transcriptase.
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4.2. Transcriptional Activation with dCas9 Derivatives

Recruitment of transcriptional factors or activation domains to initiate gene expression can
be achieved by fusion of various activation domains to dCas9 (Figure 2). dCas9-based gene
reactivation methods which upregulate the expression of endogenous genes have the advantage over
gene over-expression techniques since 95% of the human genes are alternatively spliced, and forced
expression of any single mRNA transcript would distort the original homeostatic ratios of the endogenous
transcripts [35]. Examples of these activation domains are the C-terminal of the VP64 acidic
transactivation domain [36,37] or the p65 activation domain (p65AD) [36]. To enhance the transcriptional
activity, these transcriptional activators can also be combined into a tripartite activator called VPR
(which is a combination of VP64, p65 and Rta) [38]. These activation domains are capable to activate
both endogenous coding and non-coding genes and can target several genes at the same time by using
multiple sgRNAs [38]. The previously mentioned dCas9-SunTag system is also used to recruit multiple
copies of VP64 to dCas9-VP64, which enhances the transcriptional activation by dCas9-VP64 [34].
Since these methods are based on the over-recruitment of transcription factors, this often leads to gene
expression levels much higher than physiological levels which largely limit the in vivo applications.

Besides fusing transcriptional activators to dCas9, it is also possible to fuse dCas9 to epigenetic-
modifying domains. Here, the gene is activated via their endogenous transcription system and
is therefore expressed at physiological levels [39,40]. In general, gene regulation via dCas9-based
epigenetic effectors includes DNA promoter methylation and histone modifications. DNA promoter
methylation is responsible for gene silencing, whereas histone modifications induce either gene
activation (via histone acetylation or trimethylation of histone H3 lysine 4) or gene silencing
(e.g., dimethylation of histone H3 lysine 4). Examples of epigenetic-modifying domains responsible for
gene activation are the catalytic domain of ten-eleven translocation methylcytosine dioxygenases (TETs)
or the histone acetyltransferase p300. TETs are responsible for reversing DNA promoter methylation
via hydroxymethylation, thereby re-activating gene expression. We and others have shown that fusion
of dCas9 to the catalytic domain of TET1 [41–43] and TET3 [44] enables gene-specific demethylation
which results in the re-activation of gene expression [41–44]. The dCas9-SunTag system is also used to
recruit multiple copies of the catalytic domain of TET1 to dCas9-TET1CD to perform targeted DNA
demethylation [42]. Another strategy includes the recruitment of multiple copies of the catalytic
domain of TET1 by using an MS2 coat protein [41]. Another possibility of epigenetic editing is the
fusion of dCas9 to the catalytic core of the histone acetyltransferase p300 [40]. P300 acetylates histone
H3 lysine 27, which induces the transcriptional activation of the target genes from the promoters and
both the proximal and distal enhancers [40]. dCas9 can also be fused to the histone methyltransferase
SMYD3 (SET and MYND domain containing protein 3) to facilitate the trimethylation of histone
H3 lysine 4 (H3K4me3), which results in the transcriptional activation of silenced target genes [45].
The catalytic core of the histone methyltransferase PRDM9 also induces H3K4me3 marks when fused
to dCas9, which results in transcriptional activation [46]. The H3K79 methyltransferase DOT1L also
enables re-expression of genes when fused to dCas9 [46]. The mix of both PRDM9 and DOT1L enabled
the stable induction of gene re-expression [46]. Interestingly, the presence of DNA methylation hampers
gene re-expression induced by both PRDM9 and DOT1L [46]. This raises the possibility to combine
DNA demethylation effector domains with histone-modifying effector domains to enhance the efficacy
of dCas9-based transcriptional activation. Altogether, this demonstrates that both VP64-based artificial
transcription factors as well as epigenetic effectors can be fused to dCas9 to perform gene activation.

dCas9-based gene activation systems (by fusing dCas9 to different activators such as VP64,
p65, Rta or HSF1) showed great gene reactivation effects, but they mainly depend on using a pool
of different guide RNAs, which makes it more difficult to use them effectively in genome-wide
screens. Additionally, these ectopic transcription factors increase the gene reactivation level beyond
physiological conditions, which is likely to bring unwanted side effects. Also, VP64 and Rta are derived
from the herpes simplex viral protein 16 and Epstein–Barr virus Rta Protein, respectively, which might
lead to cell type-specific efficiency and toxicity issues [47].
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TET protein-mediated DNA demethylation and histone modification enzyme-induced chromatin
remodeling can also reactivate gene expression. These methods rely on increasing the chromatin
accessibility of the gene promoter/enhancer regions to recruit endogenous transcription factors, thereby
enhancing the transcription. These methods have the advantage over dCas9 fusion with activators such
as VP64, p65, Rta or HSF1 since they maintain the reactivated gene expression within a physiological
level [39,40]. However, dCas9-TET fusion-mediated gene reactivation techniques can only reactivate
those genes which are silenced by promoter hypermethylation, and it is also important to know the
critical CpG sites, whose methylation controls the gene expression, in order to design effective guide
RNAs to reactivate gene expression [44]. Moreover, dCas9-derived histone modifiers usually need a
pool of different guide RNAs in order to successfully restore gene expression [40].

4.3. Transcriptional Repression with dCas9 Derivatives

Besides transcriptional activation, effector domains which facilitate transcriptional repression
can also be fused to dCas9 (Figure 2). Examples of these repressor domains are the KRAB (Kruppel-
associated box) domains of Kox1 [36,48]. Also here, epigenetic modifiers can be used as well to
perform sgRNA-guided dCas9-based transcriptional repression. These include the catalytic domain of
DNA methyltransferases (DNMTs) such as DNMT3A and DNMT3L, which induce site-specific DNA
promoter methylation, which results in gene silencing and is heritable across mitotic division [48–50].
Methylation of a larger part of the promoter can be achieved via the design of multiple sgRNAs
at adjacent sites [49]. In addition, the combination of several repressor domains such as KRAB,
DNMT3A and DNMT3L allows stable and stimulation-resistant gene silencing [48]. Besides inducing
DNA promoter methylation, histone-modifying enzymes can also be used to induce dCas9-based
transcriptional repression. The histone demethylases LSD1 and KDM1A can be fused to dCas9 to allow
transcriptional silencing [51]. LSD1 demethylates H3K4me2 histone modifications that correlate with
active enhancers, which results in the loss of H3K4me2 as well as H3K27Ac (which is indicative of active
enhancers) [51]. LSD1 can therefore be used to identify which enhancers are critical for the appropriate
expression of genes in, for example, the stem cell state [51]. Also, the histone methyltransferase EZH2
can be fused to dCas9 to facilitate gene silencing [52]. Besides histone demethylases/methyltransferases,
histone deacetylases can also be fused to dCas9 to induce transcriptional repression. An example
of this is the histone deacetylase 3 (HDAC3), which when fused to dCas9, can induce locus-specific
histone deacetylation that results in gene silencing [53]. Here, the location of the sgRNA is critical
for the dCas9-HDAC3 activity: only the sgRNAs located adjacent to the H3K27ac marks promote a
dCas9-HDAC3-dependent effect on the transcription [53]. This shows that both repressor domains
such as KRAB as well as epigenetic-modifying enzymes such as DNMTs and histone demethylases and
deacetylases can be fused to dCas9 to induce sgRNA-guided gene silencing of the desired locus. It is
important to note that different combinations of histone demethylases/methyltransferases and DNA
methyltransferases are required to achieve maximal repression at different loci (e.g., the requirement of
histone methyltransferases can be locus specific) [54].

The advantage of dCas9-based gene repression modules (fused with KRAB, LSD1, KDM1A
or HDAC) is that it can efficiently and specifically decrease gene expression by up to 99% [55].
As compared to the conventional RNA interference (RNAi) method, dCas9-based gene silencing
methods are easy to modify and can be used in ex vivo cell therapy as well [56]. This repression
modules-mediated silencing of the target gene expression is facilitated by the histone modifications of
the cell itself. This means that long-term suppression of gene expression results in additional DNA
methylation marks, which leads to an enhanced robustness of the gene suppression [48,57].

Notably, dCas9-fused DNMTs also hold a great ability in gene silencing, however, this is only
applicable for those genes which have CpG-rich regions in the promoter (half of all human genes
contain a CpG-rich region). In addition, Galonska et al. have reported that dCas9-DNMT modules
have global off-target effects by adding methylation footprints that are independent of the sgRNA and
delivery methods [58].
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4.4. Base Editing with dCas9 Derivatives

The CRISPR/Cas9 system can also be repurposed to perform base editing in the DNA to correct
mutations relevant to human disease (Figure 2). This enables the direct and irreversible conversion
of a target base in the DNA into another one. Notably, Cas9-dependent base editing functions in a
programmable manner (sgRNA-guided) and no longer requires double-stranded DNA cleavage or a
donor template. The fusion of different effector domains to dCas9 enables base editing of different
bases. These effector domains include single-strand-specific deaminases that convert cytosine (C) into
uracil (U), which pairs with adenine during replication, resulting in a C to T conversion. The cytidine
deaminase enzyme APOBEC1 enables C to T substitution [59–61], whereas the activation-induced
cytidine deaminase (AID) enables C to T/G substitution [62,63]. An additional uracil glycosylase
inhibitor (UGI) is added to the dCas9-cytidine deaminase fusion protein to prevent excision of
uracil (and thus uracil base excision repair), and thereby increases the base editing efficiency and
product purity. Nickase activity of the Cas9(D10A) protein manipulates cellular mismatch repair
into replacing the G in the non-edited strand [63]. These components can also be delivered as
an all-in-one ribonucleoprotein (RNP) complex to establish DNA-free base editing [61]. Another
possibility is to mutate cytidine deaminase domains to narrow the width of the base editing window
from approximately 5 nucleotides to either 1 or 2 nucleotides [59]. This results in increased specificity
since it excludes the neighboring cytosines in the 5 nucleotide-window which would otherwise be
base-edited as well. The addition of dCas9 to AID can be achieved via either direct fusion or by
attaching an SH3 (Src 3 homology) domain to the C terminus of dCas9 and an SHL (SH3 interaction
ligand) to the C terminus of AID [62]. The additional blockage of uracil N-glycosylase (UNG), which
is also responsible for uracil cleavage, and thus initiation of uracil base excision repair, was used to
develop the fourth generation of base editors (BE4 (S. pyogenes Cas9-derived base editor) and SaBE4
(Staphylococcus aureus Cas9-derived BE4)) [63]. Furthermore, fusion of these fourth generation of base
editors to the bacteriophage Mu dsDNA end-binding protein Gam reduced the formation of undesired
base editing-induced indels and increased the product purity [63]. Another effector domain that can
be fused to dCas9 are the so-called adenine base editors (ABE), which facilitate A to G substitution
in the DNA [64]. Here, dCas9 is fused to tRNA adenosine deaminase which performs efficient and
high-purity base editing while generating a low rate of indels [64]. It is important to note that DNA
base editing induces off-target RNA mutations, which can be eliminated by engineering deaminases
(e.g., cytosine base editors (CBE) or ABE variants) [65]. Altogether, this demonstrates the multiple
applications of Cas9 derivatives including fluorescent imaging, transcriptional activation or repression,
and base editing.

4.5. Prime Editing

Base editing ingeniously avoids DNA breaks and was thought to minimize inaccuracy [66].
However, this strategy only offers limited options as it can only make 4 out of the 12 possible base
pair changes and some recent works have suggested it is not as precise as scientists first thought [67].
Recently, David R. Liu’s group discovered a new type of gene editing, which is called prime editing.
Prime editing steers around shortcomings of Cas9 and base editing by modifying both the Cas9 protein
and the gRNA. Here, the nickase Cas9(H840A) cleaves only one strand of DNA, leaving the other
intact. An engineered prime editing guide RNA (pegRNA) contains an RNA template for a new DNA
sequence to be incorporated into the cleaved strand of DNA at the target location. In addition, a reverse
transcriptase enzyme which is fused to the Cas9 protein enables to synthesize a new DNA strand from
the RNA template to be inserted at the cleaved site. Prime editing is considered a promising novel part
of the CRISPR tool kit [66]. Nevertheless, its robustness needs to be established in different in vitro
models as well as in vivo.
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4.6. Functions of Cas13 Derivatives

Where Cas9 derivatives can be used to induce transcriptional activation or repression at the DNA
level, Cas13 derivatives can be used for RNA targeting. Similar to dCas9, dCas13 is able to bind to the
target RNA but is unable to cleave it. Further, and also similar to dCas9, an EGFP-tagged dCas13 can
be used to track transcripts in living cells [26]. Moreover, dCas13a can also be fused to a KRAB domain
to repress transcription [26]. In addition, dCas13 proteins can also be repurposed for adenine (A) to
inosine (I) base editing [28,68]. Iosine can base pair with cytidine and can therefore be corrected to
guanine, resulting in an A to G conversion. Base editing at the RNA level holds promise for treating
genetic diseases, where disease-relevant sequences containing pathogenic mutations can be edited to
yield functional proteins [28]. Both dCas13a and dCas13b can be fused to the deaminase domain of
ADAR 2 (adenosine deaminase acting on RNA type 2) which enables direct A to I deaminase activity
to transcripts in mammalian cells [28,68]. The ADAR2 deaminase domain can also be mutated (E488Q)
to increase the A to I editing rates [28]. This system is called RNA editing for programmable A to I
replacement (REPAIR). This system has recently evolved into RNA editing for specific C to U exchange
(RESCUE), which is capable of both C to U and A to I editing [69,70]. Finally, Cas13-based derivatives
are able to promote mRNA translation and mRNA decay [71]. The fusion of dCas13b to the two most
well-characterized m6A (which is the most prevalent mRNA modification) reader proteins YTDHF1
and YTDHF2 results in enhanced translation and the induction of mRNA degradation, respectively [71].
Taken together, this demonstrates the versatile use of Cas derivatives to perform several cellular
applications such as imaging, transcriptional modulation and base editing (Table 3).

Table 3. dCas protein derived gene modulators. Colors indicate different scores.

Effector Domains Function Purpose Reference

dCas9

GFP/BFP Gene visualization Tracking [33]
SunTag (10xGCN4) Adaptor domain Recruitment of other effector domains [34]

APOBEC “C” to “T” substitution Base editing [53,60]
AID “C” to “T/G” substitution Base editing [62,63]
ABE “A” to “G” substitution Base editing [64]

Reverse transcriptase Reverse transcription Base editing [66]
VP64 Transcriptional activation Activation [34,36,37]

P65AD Transcriptional activation Activation [36]
VPR Transcriptional activation Activation [38]
p300 Histone acetylation Activation [40]
TETs DNA demethylation Activation [41–44]

PRDM9 Histone methylation Activation [46]
DOT1L Histone methylation Activation [46]
SMYD3 Histone methylation Activation [45]
KRAB Chromatin remodeling Repression [36,48,51]

LSD1/KDM1A Histone demethylation Repression [51]
DNMTs DNA methylation Repression [48–50]
EZH2 Histone methyltransferase Repression [52]

HDAC3 Histone deacetylation Repression [53]

dCas13

GFP RNA visulization Tracking [26]
ADAR “A” to “I” substitution Base editing (REPAIR) [28,65,68,69,72]

YTHDF1 Promote mRNA translation Activation [71]
YTHDF2 Promote mRNA decay Repression [71]

KRAB Transcription repression Repression [26]

5. In Vivo Applications of dCas Derivatives

The CRISPR/Cas derivatives have distinct effects in vitro, such as transcriptional activation or
repression, but only some of them have been demonstrated to function in vivo. The first description of
dCas9-mediated transcriptional activation in vivo was in drosophila [73]. Here, dCas9-VPR enabled the
activation of endogenous genes in drosophila which induced dominant phenotypes [73,74]. dCas9-VPR
was the most optimal for the transcriptional activator in drosophila and outperformed dCas9-VP64 and
dCas9-SAM (synergistic activation mediator) [73,74]. dCas9-SAM includes dCas9-VP64 in combination
with two MS2 protein-fused additional activator domains, p65 and HSF1 (heat shock factor 1), which
are recruited to the sgRNA tail [74]. dCas9-VPR-based transcriptional activation in drosophila holds
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great potential for overexpression studies where a tissue-specific Gal4-driven dCas9-VPR can be crossed
to flies expressing distinct sgRNAs, which is both cheap and scalable [73,74]. Transcriptional activation
using dCas derivatives has also been shown in mice in several studies. Here, a neuron-optimized
dual lentiviral dCas9-VPR system is used for robust and gene-specific regulation in rats [75]. Further,
light-sensitive gene transcriptional activation was performed using dCas9-SAM which is delivered
into the muscles of mice via electroporation [76]. In a different study, dCas9-VP64 was used to perform
transcriptional activation in a cancer mouse model [56]. Interestingly, it was suggested that the targeting
of dCas9-VP64 downstream of the transcriptional start site results in gene silencing instead of gene
activation [56]. This might be due to dCas9-VP64 acting as a transcriptional roadblock by interfering
with transcriptional initiation/elongation [56]. In another cancer mouse model, dCas9-SunTag (with
recruiting VP64 domains) was used to induce transcriptional activation [77]. Altogether, CRISPR/dCas9
derivatives allow to study the impact of individual genes on disease phenotypes such as cancer in vivo.
The fourth study uses CRISPR/dCas9 derivatives to perform simultaneous transcriptional activation of
multiple genes and long non-coding RNAs, which are more than 200-nucleotides long, which belong to
the non-coding RNA group of epigenetic modifiers in the mouse brain [78]. This study combines two
CRISPR/dCas9 derivatives into one: it uses dCas9-SunTag but replaces VP64 with p65-HSF1 (which
were previously used in dCas9-SAM) now called dCas9-SunTag-p65-HSF1 (SPH) [78]. The targeted
activation of three endogenous neurogenic transcription factors resulted in the efficient conversion of
astrocytes into functional neurons in vivo via AAV8 vectors [78]. A robust activation of multiple genes
was also achieved in the liver using dCas9-SPH [78].

As described before, dCas9-based transcriptional activation can not only occur via fusion of dCas9
to the transcriptional activators but also to the epigenetic modifiers, such as TETs, which induce DNA
demethylation, and thus the re-activation of gene expression. The dCas9-SunTag (with recruiting
TET1CDs) is used to perform targeted demethylation, and thus the upregulation of genes in the
brain of mouse fetuses via in utero electroporation [42]. dCas9-TET1 is also used in another study
to facilitate demethylation in vivo in the brain and skin of mice via lentiviral vectors [79]. We have
also demonstrated that dCas9-TET3CD induces gene-specific re-activation and demethylation, which
results in the amelioration of kidney fibrosis in vivo via lentiviral vectors [44].

Besides transcriptional activation, CRISPR-dCas9-based transcriptional repression has also been
reported in a few in vivo studies. In general, CRISPR-dCas9 derivatives are delivered in vivo via
lentiviral vectors [44] and electroporation [80], but mostly AAV vectors [77,78,81,82], because of its low
toxicity and immunogenicity. However, AAV vectors are associated with delivery challenges since the
large size of CRISPR-dCas9 derivatives exceeds the packaging limit of AAV vectors. To circumvent
the AAV vector packaging limitation, in vivo studies made use of Cre-dependent Cas9 activation
(which also allows cell type-specific activation) [77,78], the so-called split-intein system [82], or a
smaller Cas9 protein (SaCas9) [81]. The split-intein system enables the fusion of two separate parts of
CRISPR-dCas9 derivatives. Here, the N-terminal of a CRISRP/Cas9 derivative is fused to the N-intein,
whereas the C-terminal is fused to C-intein. Upon transduction, the two intein proteins recognize and
excise themselves, resulting in a complete and functional dCas9 protein. This system was used for
the transcriptional activator dCas9-VP64-RTA as well as the transcriptional repressor dCas9-KRAB
and allowed in vivo gene activation and repression, respectively [82]. The utilization of additional
activator domains (VP64 or p65) improved gene activation, whereas additional repressor domains
(KRAB, DNMT3A or DNMT3L) did not [82]. This system was also applied in a mouse model of
heritable eye disease (retinitis pigmentosa), where AAV vector-based delivery of dCas9-KRAB induced
gene repression, which prevented the degradation of photoreceptors and improved visual function [82].
The transcriptional repressor dCas9-KRAB was packaged into lentiviral vectors and infused into the
mouse brain to perform multiplex gene silencing [83]. In another study, KRAB was fused to the smaller
dSaCas9, which is compatible with AAV vector-based delivery, and induced gene silencing in vivo,
which was associated with reduced cholesterol levels [81]. The gene silencing was still observed after
24 weeks, which indicates the long-term potential of using CRISPR/Cas9 derivatives in adult mice [81].
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The dCas9-KRAB, but also dCas9 fused to the epigenetic repressor LSD1 (lysine-specific
demethylase 1) are electroporated in the chick embryo to inactivate enhancers [80]. dCas9-VP64
in combination with the SAM system (MS2 protein-fused additional VP-64 domains) was used as
well in the chick embryo to activate gene expression [80]. dCas9 can also be fused to an engineered
prokaryotic DNA methyltransferase MQ1 to achieve locus-specific methylation in mice via zygote
microinjection [84]. This indicates its potential use in early development [84]. Interestingly, the increased
methylation is still observed after birth, indicating its heritability for at least three weeks [84].

Altogether, this shows the in vivo applications of different CRISPR/Cas derivatives (summarized
in Table 4). Both transcriptional activation and repression are achieved in different species such as
drosophila and mice, in both the embryonic and adult state, which can induce alterations in phenotype
in vivo. This can be used to study gene function and the associated phenotype in disease settings
in vivo, and aid unraveling novel pathology-contributing genes as well as potential novel therapies.

Table 4. In vivo applications of dCas9 derivatives.

Module Species Delivery Method Feature Reference

dCas9-TET1CD Mouse
In utero

electroporation/
Lentiviral vectors

Demethylation in brain of mouse
fetuses/ demethylation in skin and brain [42,79]

dCas9-TET3CD Mouse Lentiviral vectors Gene re-activation and amelioration of
kidney fibrosis [44]

dSaCas9-KRAB Mouse/Chicken AAV8 vectors/
Electroporation

Gene silencing and lowering of
cholesterol levels/ Inactivation of

enhancers in the chick embryo
[80,81]

dCas9-LSD1/VP64 Chicken Electroporation Inactivation of enhancers in the embryo [80]

dCas9-MQ1 Mouse Zygote
microinjection Methylation in zygote [84]

dCas9-10xGCN4 with
p65-HSF1-SAM Mouse AAV8 vectors Simultaneous transcriptional activation

of multiple genes [78]

dCas9-VPR Drosophila Cross breeding
transgenic lines Gene activation [73,74]

dCas9-SunTag(VP64) Mouse AAV vectors Gene activation/growth and
tumorigenesis assay [77]

dCas9 with MS2-
p65-HSF1 Mouse Electroporation Light-mediated gene activation

in muscle [76]

dCas9-VP64 Mouse
Tail-vein injection

of transgenic
B-ALL cells

Gene activation/repression in cancer [56]

dCas9-KRAB Mouse
AAV

vectors/Lentiviral
vectors

Split-intein-mediated gene repression in
retinitis pigmentosa/multiplex gene

silencing in the brain
[82,83]

dCas9-VP64/MS2-
p65-HSF1 Mouse AAV vectors Multiplexed activation of

endogenous genes [54]

dCas9-VPR Rat Lentiviral vectors Increased protein levels of a target gene
in diverse brain structures [75]

6. Effective Gene Delivery In Vivo

Safety and effectiveness are the two major concerns for delivering dCas9 derivatives into the
affected cells, and thus influence treatment efficacy. Basically, three different formats can be used as
delivery methods: gene expression plasmids, viral vectors and ribonuclear complexes. The selection
of the delivery system ideally should provide: (1) tissue-specificity, (2) target cell entry ability and
(3) without/low immunogenicity. Initially, as proof-of-concept, many of the therapeutic applications of
the dCas9 derivatives were performed on animal models via the electroporation of plasmid DNA [42,76].
Electroporation can be highly toxic since it can harm the cell membrane. In some cases, this leads to
permanent permeabilization of the membrane [85]. Viral vector-based gene delivery systems have been
widely used in gene therapy and even entered clinical trials in some cases [86]. The most widely used
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are lentiviral and AAV vectors, each one having its own advantages and disadvantages. For example,
a lentiviral vector has a large packaging capacity up to 8.5 kB, long-lasting transgene expression
and is capable of transducing non-dividing cells [87]. However, a lentiviral vector is oncogenic,
immunogenic and is likely to make a transgene insertion into the host genome, which largely constrains
its applications [87]. On the other hand, AAV vectors have a large variety of target tissues with low
immunogenicity and non-oncogenicity [88]. AAV vectors have a very small genome size however,
and therefore a low packaging capacity, which makes it unable to deliver a large transgene within a
virus [88]. Instead of delivering DNA into the cells, the dCas9 derivatives can also be first transcribed
into mRNA and delivered into cells via ribonucleoproteins. The transient nature of this approach
favors controlling the gene expression level and minimizes the window of immune activation [87].
Moreover, from a pharmaceutical point of view, ribonucleoproteins are much easier to scale up for
clinical use and can be chemically functionalized with ligands to obtain target cell specificity [87].

7. Conclusions

The discovery of the CRISPR/Cas9 system has revolutionized the field of epigenetic and genetic editing
in the pre-clinic. This is a fast-growing field where different Cas9 proteins have been discovered with
each their distinct features (e.g., length and recognition sites). The discovery of endonuclease-deficient
Cas9 has led to the development of different CRISPR/dCas9 derivatives, which can be used to perform
distinct functions such as tracking, transcriptional activation and repression, and base editing. Some of
these dCas9-based derivatives have also been applied in vivo, where they contribute to transcriptional
activation or repression which can lead to changes in disease phenotypes. This holds great promise
for genetic screens to identify novel genes which are associated with a disease phenotype, and of
course for potential therapies. Even though the discovery of high-fidelity Cas9 has significantly
improved off-target effects, future research needs to be directed to improve methods to detect off-target
effects (e.g., a recent study has demonstrated that engineering a hairpin secondary structure onto the
spacer region of single-guided RNAs (hp-sgRNAs) can increase the specificity by several orders of
magnitude) [89]. In addition, recent advancements in the unbiased detection of CRISPR off-target
effects (DISCOVER-Seq) in patient-derived induced pluripotent stem cells directs us towards in situ
off-target discovery within individual patient genotypes during therapeutic genome modulation [90].
Furthermore, future research needs to be directed at optimizing delivery methods for the clinical
use of CRISPR/Cas (e.g., a recent study showed proof of concept of a self-deleting AAV-CRISPR
system) [91]. Altogether, the CRISPR/Cas-based epigenetic and genetic editing is a fast-growing field
with opportunities to develop novel applications altogether and increase the scale of already existing
CRISPR/Cas-based applications.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chevalier, B.S.; Stoddard, B.L. Homing endonucleases: Structural and functional insight into the catalysts of
intron/intein mobility. Nucleic Acids Res. 2001, 29, 3757–3774. [CrossRef] [PubMed]

2. Seligman, L.M.; Chisholm, K.M.; Chevalier, B.S.; Chadsey, M.S.; Edwards, S.T.; Savage, J.H.; Veillet, A.L.
Mutations altering the cleavage specificity of a homing endonuclease. Nucleic Acids Res. 2002, 30, 3870–3879.
[CrossRef] [PubMed]

3. Choo, Y.; Sanchez-Garcia, I.; Klug, A. In vivo repression by a site-specific DNA-binding protein designed
against an oncogenic sequence. Nature 1994, 372, 642–645. [CrossRef] [PubMed]

4. Mandell, J.G.; Barbas, C.F., 3rd. Zinc Finger Tools: Custom DNA-binding domains for transcription factors
and nucleases. Nucleic Acids Res. 2006, 34, W516–W523. [CrossRef] [PubMed]

5. Kim, Y.G.; Cha, J.; Chandrasegaran, S. Hybrid restriction enzymes: Zinc finger fusions to Fok I cleavage
domain. Proc. Natl. Acad Sci. USA 1996, 93, 1156–1160. [CrossRef]

http://dx.doi.org/10.1093/nar/29.18.3757
http://www.ncbi.nlm.nih.gov/pubmed/11557808
http://dx.doi.org/10.1093/nar/gkf495
http://www.ncbi.nlm.nih.gov/pubmed/12202772
http://dx.doi.org/10.1038/372642a0
http://www.ncbi.nlm.nih.gov/pubmed/7990954
http://dx.doi.org/10.1093/nar/gkl209
http://www.ncbi.nlm.nih.gov/pubmed/16845061
http://dx.doi.org/10.1073/pnas.93.3.1156


Int. J. Mol. Sci. 2020, 21, 3038 15 of 19

6. Bitinaite, J.; Wah, D.A.; Aggarwal, A.K.; Schildkraut, I. FokI dimerization is required for DNA cleavage.
Proc. Natl. Acad Sci. USA 1998, 95, 10570–10575. [CrossRef]

7. Boch, J.; Scholze, H.; Schornack, S.; Landgraf, A.; Hahn, S.; Kay, S.; Lahaye, T.; Nickstadt, A.; Bonas, U.
Breaking the code of DNA binding specificity of TAL-type III effectors. Science 2009, 326, 1509–1512.
[CrossRef]

8. Moscou, M.J.; Bogdanove, A.J. A simple cipher governs DNA recognition by TAL effectors. Science 2009, 326,
1501. [CrossRef]

9. Boch, J.; Bonas, U. Xanthomonas AvrBs3 family-type III effectors: Discovery and function. Annu. Rev.
Phytopathol. 2010, 48, 419–436. [CrossRef]

10. Li, T.; Huang, S.; Jiang, W.Z.; Wright, D.; Spalding, M.H.; Weeks, D.P.; Yang, B. TAL nucleases (TALNs):
Hybrid proteins composed of TAL effectors and FokI DNA-cleavage domain. Nucleic Acids Res. 2011, 39,
359–372. [CrossRef]

11. Jinek, M.; Chylinski, K.; Fonfara, I.; Hauer, M.; Doudna, J.A.; Charpentier, E. A programmable
dual-RNA-guided DNA endonuclease in adaptive bacterial immunity. Science 2012, 337, 816–821. [CrossRef]
[PubMed]

12. Barrangou, R.; Fremaux, C.; Deveau, H.; Richards, M.; Boyaval, P.; Moineau, S.; Romero, D.A.; Horvath, P.
CRISPR provides acquired resistance against viruses in prokaryotes. Science 2007, 315, 1709–1712. [CrossRef]
[PubMed]

13. Marraffini, L.A.; Sontheimer, E.J. CRISPR interference limits horizontal gene transfer in staphylococci by
targeting DNA. Science 2008, 322, 1843–1845. [CrossRef] [PubMed]

14. Kleinstiver, B.P.; Pattanayak, V.; Prew, M.S.; Tsai, S.Q.; Nguyen, N.T.; Zheng, Z.; Joung, J.K. High-fidelity
CRISPR-Cas9 nucleases with no detectable genome-wide off-target effects. Nature 2016, 529, 490–495.
[CrossRef]

15. Kleinstiver, B.P.; Prew, M.S.; Tsai, S.Q.; Topkar, V.V.; Nguyen, N.T.; Zheng, Z.; Gonzales, A.P.; Li, Z.;
Peterson, R.T.; Yeh, J.R.; et al. Engineered CRISPR-Cas9 nucleases with altered PAM specificities. Nature
2015, 523, 481–485. [CrossRef]

16. Esvelt, K.M.; Mali, P.; Braff, J.L.; Moosburner, M.; Yaung, S.J.; Church, G.M. Orthogonal Cas9 proteins for
RNA-guided gene regulation and editing. Nat. Methods 2013, 10, 1116–1121. [CrossRef]

17. Hou, Z.; Zhang, Y.; Propson, N.E.; Howden, S.E.; Chu, L.F.; Sontheimer, E.J.; Thomson, J.A. Efficient genome
engineering in human pluripotent stem cells using Cas9 from Neisseria meningitidis. Proc. Natl. Acad Sci.
USA 2013, 110, 15644–15649. [CrossRef]

18. Karvelis, T.; Gasiunas, G.; Young, J.; Bigelyte, G.; Silanskas, A.; Cigan, M.; Siksnys, V. Rapid characterization
of CRISPR-Cas9 protospacer adjacent motif sequence elements. Genome. Biol. 2015, 16, 253. [CrossRef]

19. Ran, F.A.; Cong, L.; Yan, W.X.; Scott, D.A.; Gootenberg, J.S.; Kriz, A.J.; Zetsche, B.; Shalem, O.; Wu, X.;
Makarova, K.S.; et al. In vivo genome editing using Staphylococcus aureus Cas9. Nature 2015, 520, 186–191.
[CrossRef]

20. Kleinstiver, B.P.; Prew, M.S.; Tsai, S.Q.; Nguyen, N.T.; Topkar, V.V.; Zheng, Z.; Joung, J.K. Broadening the
targeting range of Staphylococcus aureus CRISPR-Cas9 by modifying PAM recognition. Nat. Biotechnol.
2015, 33, 1293–1298. [CrossRef]

21. Hirano, H.; Gootenberg, J.S.; Horii, T.; Abudayyeh, O.O.; Kimura, M.; Hsu, P.D.; Nakane, T.; Ishitani, R.;
Hatada, I.; Zhang, F.; et al. Structure and Engineering of Francisella novicida Cas9. Cell 2016, 164, 950–961.
[CrossRef] [PubMed]

22. Zetsche, B.; Gootenberg, J.S.; Abudayyeh, O.O.; Slaymaker, I.M.; Makarova, K.S.; Essletzbichler, P.; Volz, S.E.;
Joung, J.; van der Oost, J.; Regev, A.; et al. Cpf1 is a single RNA-guided endonuclease of a class 2 CRISPR-Cas
system. Cell 2015, 163, 759–771. [CrossRef] [PubMed]

23. Strecker, J.; Jones, S.; Koopal, B.; Schmid-Burgk, J.; Zetsche, B.; Gao, L.; Makarova, K.S.; Koonin, E.V.;
Zhang, F. Engineering of CRISPR-Cas12b for human genome editing. Nat. Commun. 2019, 10, 212. [CrossRef]
[PubMed]

24. Yan, W.X.; Hunnewell, P.; Alfonse, L.E.; Carte, J.M.; Keston-Smith, E.; Sothiselvam, S.; Garrity, A.J.; Chong, S.;
Makarova, K.S.; Koonin, E.V.; et al. Functionally diverse type V CRISPR-Cas systems. Science 2019, 363,
88–91. [CrossRef] [PubMed]

http://dx.doi.org/10.1073/pnas.95.18.10570
http://dx.doi.org/10.1126/science.1178811
http://dx.doi.org/10.1126/science.1178817
http://dx.doi.org/10.1146/annurev-phyto-080508-081936
http://dx.doi.org/10.1093/nar/gkq704
http://dx.doi.org/10.1126/science.1225829
http://www.ncbi.nlm.nih.gov/pubmed/22745249
http://dx.doi.org/10.1126/science.1138140
http://www.ncbi.nlm.nih.gov/pubmed/17379808
http://dx.doi.org/10.1126/science.1165771
http://www.ncbi.nlm.nih.gov/pubmed/19095942
http://dx.doi.org/10.1038/nature16526
http://dx.doi.org/10.1038/nature14592
http://dx.doi.org/10.1038/nmeth.2681
http://dx.doi.org/10.1073/pnas.1313587110
http://dx.doi.org/10.1186/s13059-015-0818-7
http://dx.doi.org/10.1038/nature14299
http://dx.doi.org/10.1038/nbt.3404
http://dx.doi.org/10.1016/j.cell.2016.01.039
http://www.ncbi.nlm.nih.gov/pubmed/26875867
http://dx.doi.org/10.1016/j.cell.2015.09.038
http://www.ncbi.nlm.nih.gov/pubmed/26422227
http://dx.doi.org/10.1038/s41467-018-08224-4
http://www.ncbi.nlm.nih.gov/pubmed/30670702
http://dx.doi.org/10.1126/science.aav7271
http://www.ncbi.nlm.nih.gov/pubmed/30523077


Int. J. Mol. Sci. 2020, 21, 3038 16 of 19

25. Liu, J.J.; Orlova, N.; Oakes, B.L.; Ma, E.; Spinner, H.B.; Baney, K.L.M.; Chuck, J.; Tan, D.; Knott, G.J.;
Harrington, L.B.; et al. CasX enzymes comprise a distinct family of RNA-guided genome editors. Nature
2019, 566, 218–223. [CrossRef]

26. Abudayyeh, O.O.; Gootenberg, J.S.; Essletzbichler, P.; Han, S.; Joung, J.; Belanto, J.J.; Verdine, V.; Cox, D.B.T.;
Kellner, M.J.; Regev, A.; et al. RNA targeting with CRISPR-Cas13. Nature 2017, 550, 280–284. [CrossRef]

27. Abudayyeh, O.O.; Gootenberg, J.S.; Konermann, S.; Joung, J.; Slaymaker, I.M.; Cox, D.B.; Shmakov, S.;
Makarova, K.S.; Semenova, E.; Minakhin, L.; et al. C2c2 is a single-component programmable RNA-guided
RNA-targeting CRISPR effector. Science 2016, 353, aaf5573. [CrossRef]

28. Cox, D.B.T.; Gootenberg, J.S.; Abudayyeh, O.O.; Franklin, B.; Kellner, M.J.; Joung, J.; Zhang, F. RNA editing
with CRISPR-Cas13. Science 2017, 358, 1019–1027. [CrossRef]

29. Konermann, S.; Lotfy, P.; Brideau, N.J.; Oki, J.; Shokhirev, M.N.; Hsu, P.D. Transcriptome Engineering with
RNA-Targeting Type VI-D CRISPR Effectors. Cell 2018, 173, 665–676. [CrossRef]

30. Gootenberg, J.S.; Abudayyeh, O.O.; Kellner, M.J.; Joung, J.; Collins, J.J.; Zhang, F. Multiplexed and portable
nucleic acid detection platform with Cas13, Cas12a, and Csm6. Science 2018, 360, 439–444. [CrossRef]

31. Gootenberg, J.S.; Abudayyeh, O.O.; Lee, J.W.; Essletzbichler, P.; Dy, A.J.; Joung, J.; Verdine, V.; Donghia, N.;
Daringer, N.M.; Freije, C.A.; et al. Nucleic acid detection with CRISPR-Cas13a/C2c2. Science 2017, 356,
438–442. [CrossRef] [PubMed]

32. Harrington, L.B.; Burstein, D.; Chen, J.S.; Paez-Espino, D.; Ma, E.; Witte, I.P.; Cofsky, J.C.; Kyrpides, N.C.;
Banfield, J.F.; Doudna, J.A. Programmed DNA destruction by miniature CRISPR-Cas14 enzymes. Science
2018, 362, 839–842. [CrossRef] [PubMed]

33. Chen, B.; Gilbert, L.A.; Cimini, B.A.; Schnitzbauer, J.; Zhang, W.; Li, G.W.; Park, J.; Blackburn, E.H.;
Weissman, J.S.; Qi, L.S.; et al. Dynamic imaging of genomic loci in living human cells by an optimized
CRISPR/Cas system. Cell 2013, 155, 1479–1491. [CrossRef] [PubMed]

34. Tanenbaum, M.E.; Gilbert, L.A.; Qi, L.S.; Weissman, J.S.; Vale, R.D. A protein-tagging system for signal
amplification in gene expression and fluorescence imaging. Cell 2014, 159, 635–646. [CrossRef] [PubMed]

35. Pan, Q.; Shai, O.; Lee, L.J.; Frey, B.J.; Blencowe, B.J. Deep surveying of alternative splicing complexity in the
human transcriptome by high-throughput sequencing. Nat. Genet. 2008, 40, 1413–1415. [CrossRef]

36. Gilbert, L.A.; Larson, M.H.; Morsut, L.; Liu, Z.; Brar, G.A.; Torres, S.E.; Stern-Ginossar, N.; Brandman, O.;
Whitehead, E.H.; Doudna, J.A.; et al. CRISPR-mediated modular RNA-guided regulation of transcription in
eukaryotes. Cell 2013, 154, 442–451. [CrossRef]

37. Perez-Pinera, P.; Kocak, D.D.; Vockley, C.M.; Adler, A.F.; Kabadi, A.M.; Polstein, L.R.; Thakore, P.I.; Glass, K.A.;
Ousterout, D.G.; Leong, K.W.; et al. RNA-guided gene activation by CRISPR-Cas9-based transcription
factors. Nat. Methods 2013, 10, 973–976. [CrossRef]

38. Chavez, A.; Scheiman, J.; Vora, S.; Pruitt, B.W.; Tuttle, M.; Lyer, E.P.; Lin, S.; Kiani, S.; Guzman, C.D.;
Wiegand, D.J.; et al. Highly efficient Cas9-mediated transcriptional programming. Nat. Methods 2015, 12,
326–328. [CrossRef]

39. Parsi, K.M.; Hennessy, E.; Kearns, N.; Maehr, R. Using an Inducible CRISPR-dCas9-KRAB Effector System to
Dissect Transcriptional Regulation in Human Embryonic Stem Cells. Methods Mol. Biol. 2017, 1507, 221–233.

40. Hilton, I.B.; D’Ippolito, A.M.; Vockley, C.M.; Thakore, P.I.; Crawford, G.E.; Reddy, T.E.; Gersbach, C.A.
Epigenome editing by a CRISPR-Cas9-based acetyltransferase activates genes from promoters and enhancers.
Nat. Biotechnol. 2015, 33, 510–517. [CrossRef]

41. Xu, X.; Tao, Y.; Gao, X.; Zhang, L.; Li, X.; Zou, W.; Ruan, K.; Wang, F.; Xu, G.L.; Hu, R. A CRISPR-based
approach for targeted DNA demethylation. Cell Discov. 2016, 2, 16009. [CrossRef] [PubMed]

42. Morita, S.; Noguchi, H.; Horii, T.; Nakabayashi, K.; Kimura, M.; Okamura, K.; Sakai, A.; Nakashima, H.;
Hata, K.; Nakashima, K.; et al. Targeted DNA demethylation in vivo using dCas9-peptide repeat and
scFv-TET1 catalytic domain fusions. Nat. Biotechnol. 2016, 34, 1060–1065. [CrossRef] [PubMed]

43. Choudhury, S.R.; Cui, Y.; Lubecka, K.; Stefanska, B.; Irudayaraj, J. CRISPR-dCas9 mediated TET1 targeting
for selective DNA demethylation at BRCA1 promoter. Oncotarget 2016, 7, 46545–46556. [CrossRef] [PubMed]

44. Xu, X.; Tan, X.; Tampe, B.; Wilhelmi, T.; Hulshoff, M.S.; Saito, S.; Moser, T.; Kalluri, R.; Hasenfuss, G.;
Zeisberg, E.M.; et al. High-fidelity CRISPR/Cas9- based gene-specific hydroxymethylation rescues gene
expression and attenuates renal fibrosis. Nat. Commun. 2018, 9, 3509. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/s41586-019-0908-x
http://dx.doi.org/10.1038/nature24049
http://dx.doi.org/10.1126/science.aaf5573
http://dx.doi.org/10.1126/science.aaq0180
http://dx.doi.org/10.1016/j.cell.2018.02.033
http://dx.doi.org/10.1126/science.aaq0179
http://dx.doi.org/10.1126/science.aam9321
http://www.ncbi.nlm.nih.gov/pubmed/28408723
http://dx.doi.org/10.1126/science.aav4294
http://www.ncbi.nlm.nih.gov/pubmed/30337455
http://dx.doi.org/10.1016/j.cell.2013.12.001
http://www.ncbi.nlm.nih.gov/pubmed/24360272
http://dx.doi.org/10.1016/j.cell.2014.09.039
http://www.ncbi.nlm.nih.gov/pubmed/25307933
http://dx.doi.org/10.1038/ng.259
http://dx.doi.org/10.1016/j.cell.2013.06.044
http://dx.doi.org/10.1038/nmeth.2600
http://dx.doi.org/10.1038/nmeth.3312
http://dx.doi.org/10.1038/nbt.3199
http://dx.doi.org/10.1038/celldisc.2016.9
http://www.ncbi.nlm.nih.gov/pubmed/27462456
http://dx.doi.org/10.1038/nbt.3658
http://www.ncbi.nlm.nih.gov/pubmed/27571369
http://dx.doi.org/10.18632/oncotarget.10234
http://www.ncbi.nlm.nih.gov/pubmed/27356740
http://dx.doi.org/10.1038/s41467-018-05766-5
http://www.ncbi.nlm.nih.gov/pubmed/30158531


Int. J. Mol. Sci. 2020, 21, 3038 17 of 19

45. Kim, J.M.; Kim, K.; Schmidt, T.; Punj, V.; Tucker, H.; Rice, J.C.; Ulmer, T.S.; An, W. Cooperation between
SMYD3 and PC4 drives a distinct transcriptional program in cancer cells. Nucleic Acids Res. 2015, 43,
8868–8883. [CrossRef] [PubMed]

46. Cano-Rodriguez, D.; Gjaltema, R.A.; Jilderda, L.J.; Jellema, P.; Dokter-Fokkens, J.; Ruiters, M.H.; Rots, M.G.
Writing of H3K4Me3 overcomes epigenetic silencing in a sustained but context-dependent manner.
Nat. Commun. 2016, 7, 12284. [CrossRef]

47. La Russa, M.F.; Qi, L.S. The New State of the Art: Cas9 for Gene Activation and Repression. Mol. Cell Biol.
2015, 35, 3800–3809. [CrossRef]

48. Amabile, A.; Migliara, A.; Capasso, P.; Biffi, M.; Cittaro, D.; Naldini, L.; Lombardo, A. Inheritable Silencing
of Endogenous Genes by Hit-and-Run Targeted Epigenetic Editing. Cell 2016, 167, 219–232. [CrossRef]

49. Vojta, A.; Dobrinic, P.; Tadic, V.; Bockor, L.; Korac, P.; Julg, B.; Klasic, M.; Zoldos, V. Repurposing the
CRISPR-Cas9 system for targeted DNA methylation. Nucleic Acids Res. 2016, 44, 5615–5628. [CrossRef]

50. McDonald, J.I.; Celik, H.; Rois, L.E.; Fishberger, G.; Fowler, T.; Rees, R.; Kramer, A.; Martens, A.; Edwards, J.R.;
Challen, G.A. Reprogrammable CRISPR/Cas9-based system for inducing site-specific DNA methylation.
Biol. Open 2016, 5, 866–874. [CrossRef]

51. Kearns, N.A.; Pham, H.; Tabak, B.; Genga, R.M.; Silverstein, N.J.; Garber, M.; Maehr, R. Functional annotation
of native enhancers with a Cas9-histone demethylase fusion. Nat. Methods 2015, 12, 401–403. [CrossRef]
[PubMed]

52. O’Geen, H.; Bates, S.L.; Carter, S.S.; Nisson, K.A.; Halmai, J.; Fink, K.D.; Rhie, S.K.; Farnham, P.J.; Segal, D.J.
Ezh2-dCas9 and KRAB-dCas9 enable engineering of epigenetic memory in a context-dependent manner.
Epigenetics Chromatin 2019, 12, 26. [CrossRef] [PubMed]

53. Kwon, D.Y.; Zhao, Y.T.; Lamonica, J.M.; Zhou, Z. Locus-specific histone deacetylation using a synthetic
CRISPR-Cas9-based HDAC. Nat. Commun. 2017, 8, 15315. [CrossRef] [PubMed]

54. Wang, G.; Chow, R.D.; Bai, Z.; Zhu, L.; Errami, Y.; Dai, X.; Dong, M.B.; Ye, L.; Zhang, X.; Renauer, P.A.; et al.
Multiplexed activation of endogenous genes by CRISPRa elicits potent antitumor immunity. Nat. Immunol.
2019, 20, 1494–1505. [CrossRef] [PubMed]

55. Qi, L.S.; Larson, M.H.; Gilbert, L.A.; Doudna, J.A.; Weissman, J.S.; Arkin, A.P.; Lim, W.A. Repurposing CRISPR
as an RNA-guided platform for sequence-specific control of gene expression. Cell 2013, 152, 1173–1183.
[CrossRef]

56. Braun, C.J.; Bruno, P.M.; Horlbeck, M.A.; Gilbert, L.A.; Weissman, J.S.; Hemann, M.T. Versatile in vivo
regulation of tumor phenotypes by dCas9-mediated transcriptional perturbation. Proc. Natl. Acad Sci. USA
2016, 113, E3892–E3900. [CrossRef]

57. Stepper, P.; Kungulovski, G.; Jurkowska, R.Z.; Chandra, T.; Krueger, F.; Reinhardt, R.; Reik, W.; Jeltsch, A.;
Jurkowski, T.P. Efficient targeted DNA methylation with chimeric dCas9-Dnmt3a-Dnmt3L methyltransferase.
Nucleic Acids Res. 2017, 45, 1703–1713. [CrossRef]

58. Galonska, C.; Charlton, J.; Mattei, A.L.; Donaghey, J.; Clement, K.; Gu, H.; Mohammad, A.W.; Stamenova, E.K.;
Cacchiarelli, D.; Klages, S.; et al. Genome-wide tracking of dCas9-methyltransferase footprints. Nat. Commun.
2018, 9, 597. [CrossRef]

59. Kim, Y.B.; Komor, A.C.; Levy, J.M.; Packer, M.S.; Zhao, K.T.; Liu, D.R. Increasing the genome-targeting scope
and precision of base editing with engineered Cas9-cytidine deaminase fusions. Nat. Biotechnol. 2017, 35,
371–376. [CrossRef]

60. Komor, A.C.; Kim, Y.B.; Packer, M.S.; Zuris, J.A.; Liu, D.R. Programmable editing of a target base in genomic
DNA without double-stranded DNA cleavage. Nature 2016, 533, 420–424. [CrossRef]

61. Rees, H.A.; Komor, A.C.; Yeh, W.H.; Caetano-Lopes, J.; Warman, M.; Edge, A.S.B.; Liu, D.R. Improving
the DNA specificity and applicability of base editing through protein engineering and protein delivery.
Nat. Commun. 2017, 8, 15790. [CrossRef] [PubMed]

62. Nishida, K.; Arazoe, T.; Yachie, N.; Banno, S.; Kakimoto, M.; Tabata, M.; Mochizuki, M.; Miyabe, A.; Araki, M.;
Hara, K.Y.; et al. Targeted nucleotide editing using hybrid prokaryotic and vertebrate adaptive immune
systems. Science 2016, 353. [CrossRef] [PubMed]

63. Komor, A.C.; Zhao, K.T.; Packer, M.S.; Gaudelli, N.M.; Waterbury, A.L.; Koblan, L.W.; Kim, Y.B.; Badran, A.H.;
Liu, D.R. Improved base excision repair inhibition and bacteriophage Mu Gam protein yields C:G-to-T:A
base editors with higher efficiency and product purity. Sci. Adv. 2017, 3, eaao4774. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/nar/gkv874
http://www.ncbi.nlm.nih.gov/pubmed/26350217
http://dx.doi.org/10.1038/ncomms12284
http://dx.doi.org/10.1128/MCB.00512-15
http://dx.doi.org/10.1016/j.cell.2016.09.006
http://dx.doi.org/10.1093/nar/gkw159
http://dx.doi.org/10.1242/bio.019067
http://dx.doi.org/10.1038/nmeth.3325
http://www.ncbi.nlm.nih.gov/pubmed/25775043
http://dx.doi.org/10.1186/s13072-019-0275-8
http://www.ncbi.nlm.nih.gov/pubmed/31053162
http://dx.doi.org/10.1038/ncomms15315
http://www.ncbi.nlm.nih.gov/pubmed/28497787
http://dx.doi.org/10.1038/s41590-019-0500-4
http://www.ncbi.nlm.nih.gov/pubmed/31611701
http://dx.doi.org/10.1016/j.cell.2013.02.022
http://dx.doi.org/10.1073/pnas.1600582113
http://dx.doi.org/10.1093/nar/gkw1112
http://dx.doi.org/10.1038/s41467-017-02708-5
http://dx.doi.org/10.1038/nbt.3803
http://dx.doi.org/10.1038/nature17946
http://dx.doi.org/10.1038/ncomms15790
http://www.ncbi.nlm.nih.gov/pubmed/28585549
http://dx.doi.org/10.1126/science.aaf8729
http://www.ncbi.nlm.nih.gov/pubmed/27492474
http://dx.doi.org/10.1126/sciadv.aao4774
http://www.ncbi.nlm.nih.gov/pubmed/28875174


Int. J. Mol. Sci. 2020, 21, 3038 18 of 19

64. Gaudelli, N.M.; Komor, A.C.; Rees, H.A.; Packer, M.S.; Badran, A.H.; Bryson, D.I.; Liu, D.R. Programmable
base editing of A*T to G*C in genomic DNA without DNA cleavage. Nature 2017, 551, 464–471. [CrossRef]

65. Zhou, C.Y.; Sun, Y.D.; Yan, R.; Liu, Y.J.; Zuo, E.W.; Gu, C.; Han, L.X.; Wei, Y.; Hu, X.D.; Zeng, R.; et al.
Off-target RNA mutation induced by DNA base editing and its elimination by mutagenesis. Nature 2019,
571, 275–278. [CrossRef]

66. Anzalone, A.V.; Randolph, P.B.; Davis, J.R.; Sousa, A.A.; Koblan, L.W.; Levy, J.M.; Chen, P.J.; Wilson, C.;
Newby, G.A.; Raguram, A.; et al. Search-and-replace genome editing without double-strand breaks or donor
DNA. Nature 2019, 576, 149–157. [CrossRef]

67. Grunewald, J.; Zhou, R.; Garcia, S.P.; Iyer, S.; Lareau, C.A.; Aryee, M.J.; Joung, J.K. Transcriptome-wide
off-target RNA editing induced by CRISPR-guided DNA base editors. Nature 2019, 569, 433–437. [CrossRef]

68. Jing, X.; Xie, B.; Chen, L.; Zhang, N.; Jiang, Y.; Qin, H.; Wang, H.; Hao, P.; Yang, S.; Li, X. Implementation of
the CRISPR-Cas13a system in fission yeast and its repurposing for precise RNA editing. Nucleic Acids Res.
2018, 46, e90. [CrossRef]

69. Grunewald, J.; Zhou, R.; Iyer, S.; Lareau, C.A.; Garcia, S.P.; Aryee, M.J.; Joung, J.K. CRISPR DNA base editors
with reduced RNA off-target and self-editing activities. Nat. Biotechnol. 2019, 37, 1041–1048. [CrossRef]

70. Lee, C.; Hyun Jo, D.; Hwang, G.H.; Yu, J.; Kim, J.H.; Park, S.E.; Kim, J.S.; Kim, J.H.; Bae, S. CRISPR-Pass:
Gene Rescue of Nonsense Mutations Using Adenine Base Editors. Mol. Ther. 2019, 27, 1364–1371. [CrossRef]

71. Rauch, S.; He, C.; Dickinson, B.C. Targeted m(6)A Reader Proteins To Study Epitranscriptomic Regulation of
Single RNAs. J. Am. Chem. Soc. 2018, 140, 11974–11981. [CrossRef] [PubMed]

72. Abudayyeh, O.O.; Gootenberg, J.S.; Franklin, B.; Koob, J.; Kellner, M.J.; Ladha, A.; Joung, J.; Kirchgatterer, P.;
Cox, D.B.T.; Zhang, F. A cytosine deaminase for programmable single-base RNA editing. Science 2019, 365,
382–386. [CrossRef] [PubMed]

73. Lin, S.; Ewen-Campen, B.; Ni, X.; Housden, B.E.; Perrimon, N. In Vivo Transcriptional Activation Using
CRISPR/Cas9 in Drosophila. Genetics 2015, 201, 433–442. [CrossRef] [PubMed]

74. Ewen-Campen, B.; Yang-Zhou, D.; Fernandes, V.R.; Gonzalez, D.P.; Liu, L.P.; Tao, R.; Ren, X.; Sun, J.; Hu, Y.;
Zirin, J.; et al. Optimized strategy for in vivo Cas9-activation in Drosophila. Proc. Natl Acad Sci. USA 2017,
114, 9409–9414. [CrossRef]

75. Savell, K.E.; Bach, S.V.; Zipperly, M.E.; Revanna, J.S.; Goska, N.A.; Tuscher, J.J.; Duke, C.G.; Sultan, F.A.;
Burke, J.N.; Williams, D.; et al. A Neuron-Optimized CRISPR/dCas9 Activation System for Robust and
Specific Gene Regulation. eNeuro 2019, 6. [CrossRef]

76. Shao, J.; Wang, M.; Yu, G.; Zhu, S.; Yu, Y.; Heng, B.C.; Wu, J.; Ye, H. Synthetic far-red light-mediated
CRISPR-dCas9 device for inducing functional neuronal differentiation. Proc. Natl Acad Sci. USA 2018, 115,
E6722–E6730. [CrossRef]

77. Wangensteen, K.J.; Wang, Y.J.; Dou, Z.; Wang, A.W.; Mosleh-Shirazi, E.; Horlbeck, M.A.; Gilbert, L.A.;
Weissman, J.S.; Berger, S.L.; Kaestner, K.H. Combinatorial genetics in liver repopulation and carcinogenesis
with a in vivo CRISPR activation platform. Hepatology 2018, 68, 663–676. [CrossRef]

78. Zhou, H.; Liu, J.; Zhou, C.; Gao, N.; Rao, Z.; Li, H.; Hu, X.; Li, C.; Yao, X.; Shen, X.; et al. In vivo simultaneous
transcriptional activation of multiple genes in the brain using CRISPR-dCas9-activator transgenic mice.
Nat. Neurosci. 2018, 21, 440–446. [CrossRef]

79. Liu, X.S.; Wu, H.; Ji, X.; Stelzer, Y.; Wu, X.; Czauderna, S.; Shu, J.; Dadon, D.; Young, R.A.; Jaenisch, R. Editing
DNA Methylation in the Mammalian Genome. Cell 2016, 167, 233–247. [CrossRef]

80. Williams, R.M.; Senanayake, U.; Artibani, M.; Taylor, G.; Wells, D.; Ahmed, A.A.; Sauka-Spengler, T. Genome
and epigenome engineering CRISPR toolkit for in vivo modulation of cis-regulatory interactions and gene
expression in the chicken embryo. Development 2018, 145. [CrossRef]

81. Thakore, P.I.; Kwon, J.B.; Nelson, C.E.; Rouse, D.C.; Gemberling, M.P.; Oliver, M.L.; Gersbach, C.A.
RNA-guided transcriptional silencing in vivo with S. aureus CRISPR-Cas9 repressors. Nat. Commun. 2018, 9,
1674. [CrossRef]

82. Moreno, A.M.; Fu, X.; Zhu, J.; Katrekar, D.; Shih, Y.V.; Marlett, J.; Cabotaje, J.; Tat, J.; Naughton, J.; Lisowski, L.;
et al. In Situ Gene Therapy via AAV-CRISPR-Cas9-Mediated Targeted Gene Regulation. Mol. Ther. 2018, 26,
1818–1827. [CrossRef]

83. Zheng, Y.; Shen, W.; Zhang, J.; Yang, B.; Liu, Y.N.; Qi, H.; Yu, X.; Lu, S.Y.; Chen, Y.; Xu, Y.Z.; et al. CRISPR
interference-based specific and efficient gene inactivation in the brain. Nat. Neurosci. 2018, 21, 447–454.
[CrossRef]

http://dx.doi.org/10.1038/nature24644
http://dx.doi.org/10.1038/s41586-019-1314-0
http://dx.doi.org/10.1038/s41586-019-1711-4
http://dx.doi.org/10.1038/s41586-019-1161-z
http://dx.doi.org/10.1093/nar/gky433
http://dx.doi.org/10.1038/s41587-019-0236-6
http://dx.doi.org/10.1016/j.ymthe.2019.05.013
http://dx.doi.org/10.1021/jacs.8b05012
http://www.ncbi.nlm.nih.gov/pubmed/30183280
http://dx.doi.org/10.1126/science.aax7063
http://www.ncbi.nlm.nih.gov/pubmed/31296651
http://dx.doi.org/10.1534/genetics.115.181065
http://www.ncbi.nlm.nih.gov/pubmed/26245833
http://dx.doi.org/10.1073/pnas.1707635114
http://dx.doi.org/10.1523/ENEURO.0495-18.2019
http://dx.doi.org/10.1073/pnas.1802448115
http://dx.doi.org/10.1002/hep.29626
http://dx.doi.org/10.1038/s41593-017-0060-6
http://dx.doi.org/10.1016/j.cell.2016.08.056
http://dx.doi.org/10.1242/dev.160333
http://dx.doi.org/10.1038/s41467-018-04048-4
http://dx.doi.org/10.1016/j.ymthe.2018.04.017
http://dx.doi.org/10.1038/s41593-018-0077-5


Int. J. Mol. Sci. 2020, 21, 3038 19 of 19

84. Lei, Y.; Zhang, X.; Su, J.; Jeong, M.; Gundry, M.C.; Huang, Y.H.; Zhou, Y.; Li, W.; Goodell, M.A. Targeted
DNA methylation in vivo using an engineered dCas9-MQ1 fusion protein. Nat. Commun. 2017, 8, 16026.
[CrossRef]

85. Hui, S.W. Overview of drug delivery and alternative methods to electroporation. Methods Mol. Biol. 2008,
423, 91–107.

86. Lundstrom, K. Viral Vectors in Gene Therapy. Diseases 2018, 6. [CrossRef]
87. Wilbie, D.; Walther, J.; Mastrobattista, E. Delivery Aspects of CRISPR/Cas for in Vivo Genome Editing.

Acc. Chem. Res. 2019, 52, 1555–1564. [CrossRef] [PubMed]
88. Zetsche, B.; Volz, S.E.; Zhang, F. A split-Cas9 architecture for inducible genome editing and transcription

modulation. Nat. Biotechnol. 2015, 33, 139–142. [CrossRef] [PubMed]
89. Kocak, D.D.; Josephs, E.A.; Bhandarkar, V.; Adkar, S.S.; Kwon, J.B.; Gersbach, C.A. Increasing the specificity

of CRISPR systems with engineered RNA secondary structures. Nat. Biotechnol. 2019, 37, 657–666. [CrossRef]
[PubMed]

90. Wienert, B.; Wyman, S.K.; Richardson, C.D.; Yeh, C.D.; Akcakaya, P.; Porritt, M.J.; Morlock, M.; Vu, J.T.;
Kazane, K.R.; Watry, H.L.; et al. Unbiased detection of CRISPR off-targets in vivo using DISCOVER-Seq.
Science 2019, 364, 286–289.

91. Li, A.; Lee, C.M.; Hurley, A.E.; Jarrett, K.E.; De Giorgi, M.; Lu, W.; Balderrama, K.S.; Doerfler, A.M.;
Deshmukh, H.; Ray, A.; et al. A Self-Deleting AAV-CRISPR System for In Vivo Genome Editing. Mol. Ther.
Methods Clin. Dev. 2019, 12, 111–122. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/ncomms16026
http://dx.doi.org/10.1177/153303460300200513
http://dx.doi.org/10.1021/acs.accounts.9b00106
http://www.ncbi.nlm.nih.gov/pubmed/31099553
http://dx.doi.org/10.1038/nbt.3149
http://www.ncbi.nlm.nih.gov/pubmed/25643054
http://dx.doi.org/10.1038/s41587-019-0095-1
http://www.ncbi.nlm.nih.gov/pubmed/30988504
http://dx.doi.org/10.1016/j.omtm.2018.11.009
http://www.ncbi.nlm.nih.gov/pubmed/30619914
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Gene Editing Techniques 
	Variety of Cas Proteins 
	dCas Derivatives and their Functions 
	Chromatin Visualization and Fluorescent Imaging with dCas Derivatives 
	Transcriptional Activation with dCas9 Derivatives 
	Transcriptional Repression with dCas9 Derivatives 
	Base Editing with dCas9 Derivatives 
	Prime Editing 
	Functions of Cas13 Derivatives 

	In Vivo Applications of dCas Derivatives 
	Effective Gene Delivery In Vivo 
	Conclusions 
	References

