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Abstract: In recent decades, gene-editing technologies, typically based on deoxyribonucleases to specifically modify genomic
sequences, have dramatically remodeled various aspects of life sciences, including fundamental research, breeding, and
medical therapeutics. So far, four types of endonucleases have been adopted and optimized as gene-editing tools: mega-
nuclease, ZFN, TALEN, and Cas nuclease from the CRISPR-Cas system. Each tool comes with its own advantages and
limitations. Over the last ten years, RNA-guided Cas nucleases have been extensively investigated and successfully im-
plemented in almost all mammalian cells due to their remarkable editing efficacy, high specificity, and flexibility in targeting
the specific locus. Diverse Cas nuclease, together with meganuclease, ZFN, and TALEN, represent the key strategies for
nuclease-based gene editing. However, systematic introductions and comparisons among four types of nucleases are not yet
available. Here, we overview the capabilities of four types of nucleases along the development history of gene editing and
describe the molecular mechanisms of substrate recognition and cleavage. Particularly, we summarize the promising CRISPR-
Cas systems as well as modified tools applied for gene editing in the eukaryotic genome. Moreover, how the re-modulated
nucleases and other nucleases, either naturally occurring or Al-designed, might manipulate DNA sequences is discussed and
proposed.
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Introduction

It has long been a central question of genetics to elucidate how genotypes determine phenotypes and translate
the sequence information into the knowledge of function. Classical genetics was based on the research of
naturally occurring genetic polymorphisms. Mutagenesis, through radiation or chemical reagents, greatly
enriched the pool of mutants. However, these mutant alleles are all derived from random mutations. Gene-
editing technologies provide solutions for accurate manipulation of the DNA sequence, which allows for the
generation of organisms with specific gene modifications and the construction of various disease models in
order to further understand gene functions. In addition, according to Online Mendelian Inheritance in Man®
(www.omim.org), more than 4000 genes in the human genome are related to diseases. Precise sequence

modification is necessary for the correction of certain genetic defects in therapeutic applications. The

© The Author(s) 2023. Published by Science Press and EDP Sciences. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (https://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited.


https://doi.org/10.1360/nso/20220067
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.1360/nso/20220067
www.omim.org
https://creativecommons.org/licenses/by/4.0)

Natl Sci Open, 2023, Vol.2, 20220067

foundation of gene editing was established in the 1970s and 1980s when researchers successively performed
precise gene modifications in yeast and mammalian cell lines [1,2]. Such modifications were intermediated
by cellular DNA homologous recombination pathway, which allowed the exchange of homologous se-
quences within two gene segments. Via offering exogenous DNA donor homologous to the target region,
DNA sequence replacement at specific sites could be achieved without affecting the rest of the genome.
Further, based on the mouse embryonic stem (ES) cell technology [3], researchers developed the “gene-
targeting” technology to knock out or replace certain genes in mice specifically. In this process, genetically
modified mouse ES cells were injected into normal blastocysts to generate chimeric mice, and the chimeric
mice were then crossed with normal mice to produce genetically modified offspring. However, such precise
editing is limited by extremely low efficiency and requires long and laborious large-scale positive and
negative screening. In addition, gene-targeting practice is highly dependent on ES-cell culture, which makes
it significantly challenging in the species with hardly isolated and cultured ES cells, such as rats.

The turnaround came since researchers had gradually realized that the efficacy of homologous re-
combination, one of the DNA repair mechanisms, was significantly enhanced by generating the double
stranded DNA breaks (DSBs) in the target region. This phenomenon was observed in a variety of model
organisms, such as yeasts and mammalian cells [4-6]. Thus, DNA nucleases that can effectively introduce
DSBs at specific sites became the major tools for developing gene-editing technology. The nuclease-inter-
mediated gene-editing in eukaryotes usually involves the following steps. First, a specific target site is
recognized and cleaved by a natural or artificially designed DNA endonuclease to generate the DSB. Then,
the DSB is repaired, and various gene alterations in the target region are introduced by endogenous DNA-
repair pathways, including HR (homologous recombination) repair pathway or NHEJ (non-homologous end-
joining) pathway. In the HR pathway, the homologous DNA donor template needs to be offered for precise
replacement of the target region. While in NHEJ, DSB ends are directly linked, yielding different editing
results, including single nucleotide substitutions, insertions, and deletions (INDEL) in the target region. Up
to now, there have been four generations of such nuclease-based gene-editing tools, which will be discussed
in the following text, including meganucleases, zinc-finger nucleases (ZFN), transcription activator-like
effector endonucleases (TALEN) and clustered regularly interspaced short palindromic repeats (CRISPR)
and their CRISPR-associated (Cas) proteins.

Meganuclease

Meganuclease, a class of deoxyribonucleases that recognizes long DNA sequences (12 to 40 base pairs) [7],
was the first type of nuclease repurposed as a gene-editing tool. In the case of meganuclease I-Scel from
yeast, for example, it specifically recognizes and cleaves an 18 bp long dsDNA sequence. Theoretically, this
18-bp sequence would only occur once in a random sequence of 20 times the size of the human genome,
which confers meganuclease with the highest specificity among natural restriction endonucleases [8,9].
Hundreds of meganucleases have been found in prokaryotes, eukaryotes, and archaea [10]. These proteins
are encoded by mobile genetic elements and consist of two main families: intron-encoded endonucleases
(containing the prefix “I-”"), which are spliced and translated from precursor RNA, and intein endonucleases
(containing the prefix “PI-”), which are spliced out of precursor proteins [11]. Meganuclease plays a role in
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the replication and proliferation of mobile elements by introducing DSBs at specific genome sites, which
stimulates endogenous DNA repair mechanisms leading to the amplification of introns or inteins at cleavage
sites without disrupting other host genes or affecting normal functions [8,10].

The three-dimensional structure of the I-Scel and dsDNA complex solved by X-ray crystallography reveals
a prototypical B-saddle conformation consisting of two pseudo-symmetric subunits (Figure 1A) [12]. The
multiple B strand-hairpin structures embedded in the major groove of DNA empower [-Scel to recognize a
long DNA sequence precisely, and the catalytic center of [-Scel is close to the scissile phosphodiester bond of
dsDNA from the minor groove. Meganuclease provides an approach of precisely targeted cleavage on
dsDNA in vivo. However, it is almost impossible to find identical recognition sequences on the gene of
interest since recognition sites of meganucleases are fairly fixed, even though they can tolerate mutations at
certain positions with reduced but not completely abolished cleavage activity [13]. Through assembling
subdomain variants recognizing different sequences, researchers redesigned the meganuclease to target the
human XPC (Xeroderma Pigmentosum Complementation Group C) gene and achieved efficient gene ma-
nipulation in mammalian cells [14,15]. Engineered meganucleases with altered recognition sequences have
been implemented in site-specific gene editing in both mammals and plants [16,17]. Nevertheless, the
rational design of the meganucleases requires extensive experience, and the procedure is time-consuming and
arduous. Thereby, searching for modular nucleases with shorter DNA recognition sequences that allow

flexible engineering and assembly became a new orientation in developing gene-editing tools.

ZFN

Zinc-finger is a type of DNA recognition domain widely distributed in all categories of living organisms. The
first zinc-finger domain was identified in the transcription factor IIIA (TFIIIA) from Xenopus laevis: nine
tandem sequences exist in the N-terminus with a highly similar pattern: X,-Cys-X,4-Cys-X,-His-X; 4-His-
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Figure 1 (A) The structure of I-Scel bound to the DNA substrate (PDB ID: 1R7M). The meganuclease is yellow, while its multiple B-
strands interacting with DNA bases are colored cyan. The 18-bp DNA sequence recognized by I-Scel is in pink, and the DNA cleavage sites
are in red. The cartoon is depicted with ChimeraX 1.3. (B) Tandem zinc-finger repeats with the target DNA (PDB ID: 2I13). (C) An
individual zinc finger repeat interacting with DNA. Key protein residues responsible for DNA base recognition and zinc ion coordination are
shown as sticks. The zinc ion is presented as a green sphere. (D) Schematic diagram of ZFN. ZF modules are indicated in different colors, and
DNA triplets are underlined and shown in the same color.
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X,.6, Where X represents variable amino acid residues [18]. Subsequent studies revealed the functions and
structural information of zinc-finger domains. Each zinc-finger domain can recognize 3—4 bp on the dsDNA.
Through the tandem linkage between multiple zinc-fingers units, a large zinc-finger protein can be formed
that specifically recognizes a segment of DNA (Figure 1B). The contacts with bases by zinc finger proteins
occur mostly on one strand of DNA, called the primary strand, from 3’ to 5’ direction. Zinc-finger domains
adopt a highly conserved B-f-a backbone structure, each of which binds a single zinc ion (Figure 1C). This
zinc ion is coordinated by two cysteine residues near the turn of two B-sheets and two histidine residues in the
C-terminus of o helix forming a stable backbone structure. The amino acid residues on the surface of the a
helix and in the N-terminal loop region can dock into the DNA major groove to interact with bases laterally,
generating the preference for different DNA bases [19,20]. Usually, residues 2, 3, 6, and residue —1 (ac-
cording to their positions relative to the N-terminus of the a helix) are the key residues that preferentially
contact DNA bases: residue —1, 3, 6 recognize the 3’, intermediate, and 5' bases in the triplet, respectively.
Whereas residue 2 recognizes the DNA base on the other strand in the local or adjacent base triplet. However,
many studies have reported non-canonical base recognition patterns in both natural and artificial zinc-finger
proteins, including complex and cooperative interactions across residues [21,22]. In addition, designed zinc
finger proteins obtained by linking deciphered zinc finger modules may recognize unintended sequences,
which still need experimental proof, due to comprehensive recognition or site degeneracy (termed as
“context-dependency”) [22].

The modularity and high programmability of zinc-finger confer great potential as an engineered protein for
gene editing. By combining the tandem zinc-finger domains with a non-specific endonuclease domain from
the C-terminus of bacterial Fok I restriction enzyme (Figure 1D), researchers devised the fusion protein ZFN
and demonstrated that ZFN could specifically recognize and cleave target sites in vitro [23]. Subsequently,
ZFN was injected into Xenopus laevis oocyte nuclei, where specific DNA cleavage and induced homologous
recombination were observed [24]. Since dimerization is required by the Fok I domain for dsDNA cleavage
activity [25], targeted cleavage of specific sites using ZFN usually involves a pair of tail-to-tail ZFNs
designed to target the upstream and downstream sequences of the cleavage site, respectively. Through
structure-based design, ZFN recognizing 9—18 bp long dsDNA was created by linking different ZF modules
using conserved linker sequences [26]. The 18-bp recognition sequence allows for recognizing and targeting
particular sites at the genomic scale (billions level) and empowers the practical value of ZFN technology.
Engineered ZFNs were widely applied for gene editing in a variety of model plants and animals, as well as
gene therapies [27-31]. It was demonstrated that ZFN could be applied to primary human cells for efficient
repair of severe combined immune deficiency (SCID) mutation in the /L2Ry gene through the HR pathway
[32]. Targeting T-cell CCRS5 (HIV co-receptor) by ZFN to obtain HIV resistance has also been implemented
in clinical trials [33]. In addition, ZFN technology allows researchers to perform efficient gene knock-outs or
knock-ins in animals such as rats and cattle, where gene targeting was previously difficult using conventional
methods due to the lack of ES cell culture technology [34,35].

With the progressive discovery of ZF modules that recognize different base triplets [36-39], various
methods have been proposed in order to construct the corresponding ZFNs for specific sites. The “modular
assembly” approach screens the identified zinc-finger library for modules that can recognize corresponding
base triplets and assembles by rational design [40—42]. Though easy to manipulate, ZFNs designed by
“modular assembly” often have low efficiency and high cytotoxicity [43,44]. This may be attributed to the
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non-specific recognition and “context-dependency” nature of ZF arrays [20,21,45]. Another kind of con-
struction method is based on pool selection, such as oligomerized pool engineering (OPEN), for suitable
polydactyl ZFN proteins from the randomized recombination library of zinc fingers [46]. However, large-
scale screening also poses difficulties and high costs for applications. ZFN also has some shortcomings, such
as a high preference for guanines [47]. Nevertheless, ZFN technology has pioneered the paradigm of
“modular recognition domain + non-specific cleavage domain” and greatly broadened the application of gene
editing. Despite disadvantages, including difficult design and sequence preference, ZFN has taken its place in
scientific research and gene therapy due to its high specificity and small size.

TALEN

The transcription-activator-like effector (TALE) was originally discovered in 1989 as an invasive element in
the plant pathogen Xanthomonas spp. [48]. It was not until 20 years later that it stepped onto the center stage
of gene editing after its function and structure were figured out. Within a few years, it quickly became the
next generation of gene-editing tools. TALE is injected into plant cells through the bacterial Hrp (hy-
persensitive response and pathogenicity)-type III secretion system to target the promoters and induce the
transcription of specific host genes in order to suppress the host immune system as well as modulate the
transcriptome for pathogen proliferation. There is a type III translocation signal at the N-terminal end of the
TALE protein and two or more nuclear localization signals (NLS) with a conserved activation domain (AD)
at the C-terminal end. The most distinctive feature of the TALE proteins is the direct repeats in its central
part. The first repeat in the N-terminal part is unique, called repeat 0. The rest of the repeats, each encoding
34 amino acids, are identical, except for two variable amino acids at positions 12 and 13, later termed as
RVDs (repeat variable di-residues) [49]. The highly consistent direct repeats with different RVDs resemble
the feature of the zinc-finger protein, which implies an unknown coding pattern between TALE repeats and
DNA sequences.

In 2009, two articles published in Science independently reported the correspondence between DNA
sequences and the RVDs of TALE. Based on the known TALEs with target promoters, Moscou and Bog-
danove [50] performed low-entropy alignments to obtain predicted binding sites assuming one-to-one cor-
respondence between RVDs and bases. The different TALE-promoter combinations derived consistent RVD-
base preferences. By further analysis of additional TALE and infection-activated promoter sequences from
public microarray data, a correspondence between TAL effectors and DNA sequences was determined [50].
By analyzing sequence differences between TALE-induced and uninduced alleles, Bonas and her colleagues
[51] predicted TALE binding sites and accordingly summarized the base frequency for different types of
repeats, which was then experimentally validated by artificially designed TAL arrays. Both groups reached
the same coding rule, which is relatively straightforward. The first position of the TALE recognition se-
quence is thymine, which is recognized by the unique repeat (Repeat 0) in the N-terminus of the repeat array.
Then subsequent bases in the targeting sequence correspond strictly one-to-one to the repeats, with pre-
ference determined by the RVDs. The common RVDs mainly include HD, NG, NI, and NN, which recognize
cytosine (C), thymine (T), adenine (A), and adenine/guanine (A/G), respectively. Subsequently, by bio-
chemical assays on the artificial TALE array consisting of naturally absent RVDs, the decoding of TALE was
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fully resolved, including all 400 (20x20) possible RVDs, which provided specific RVDs for each base, with
recognition of G by NH [52,53].

Soon after the coding rules of TALE recognition had been clarified, the crystal structures of TALE bound to
substrate dSDNA were resolved by two groups [54,55]. The TALE recognition region, consisting of multiple
direct repeats, displays a right-handed, super-helical structure that recognizes the sense strand of dsDNA
along the major groove (Figure 2A). The DNA in the TALE-DNA complex adopts undisturbed B-form with
phosphate backbones localized along a positively charged helical ridge formed by invariable amino acids in
the repeat backbone. TALE unbound to DNA exhibits a more extended structure, with a 60 A pitch compared
to 35 A in the TALE-DNA complex. Each repeat consists of 33-35 amino acid residues and presents a highly
conserved structure containing two helixes joined by a loop containing the RVD (Figure 2B). The 12th
residue of the RVD stabilizes the structure of repeat by forming a hydrogen bond with the carbonyl oxygen
atom of Ala8 in the scaffold, while the 13th residue interacts with the base laterally [54]. Asp13 in HD RVDs
recognizes cytosine through van der Waals interactions along the ring as well as a hydrogen bond to N4 of
cytosine. Gly13 with no side chain in NG and HG RVDs leaves space for the 5'-methyl group of thymine,
allowing for van der Waals interactions between the methyl group and the peptide chain backbone (average
distance ~3.3 A). NI RVD achieves recognition of adenine through van der Waals interactions between the
aliphatic side chain of Ile and the base ring [55]. NH RVD recognizes G through the hydrogen bond between
His13 and the purine N7 atom [56] (Figure 2B). In addition, Repeat 0, preceding the canonical repeats, forms
a similar structure, with a tryptophan residue recognizing thymidine by forming van der Waals interactions
with its 5’-methyl group [55]. The crystal structure sheds light on the molecular mechanism of TALE
recognition with high plasticity and modularity, laying the foundation for engineering and applications.

Resembling the design of ZFN, TALEN was created by fusing the DNA recognition domain of the TALE
protein with the Fok I endonuclease domain (Figure 2C). Once introduced, TALEN was rapidly applied to
gene editing in various model organisms, including yeast [57], C. elegans [58], Drosophila [59], zebrafish

c
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Figure 2 (A) The structure of the TAL effector with DNA substrate (PDB ID: 3UGM). (B) The interactions between 4 kinds of TALE
repeats with different RVDs and corresponding base pairs. The RVDs and base pairs are shown in sticks. Dashed lines indicate H bonds. The
HD, NG, and NI RVDs are derived from PthXol (PDB ID: 3UGM). The NH RVD is derived from engineered TALE Hax3 (PDB ID: 40SL).
(C) Schematic diagram of TALEN. TALE modules are indicated in different colors, with the corresponding base shown in the same color.
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[60], Arabidopsis [61], as well as medical disease treatment on Duchenne muscular dystrophy (DMD) [62]
and Hepatitis B virus (HBV) [63], etc. Furthermore, using a pair of TALEN, two long-distance DSBs can be
generated, potentially leading to large-scale deletions, inversions, and translocations. This allows researchers
to manipulate elements not susceptible to frame-shift mutations, such as microRNA and long non-coding
RNA (IncRNA), as well as to construct cancer models containing chromosome changes. Compared to zinc
fingers, TALE repeats with better modularity can be linked tandemly without protein engineering or con-
sideration of contextual correlation between repeats, which significantly decreases the threshold for TALEN
technology application and shortens the time required for construction. Several programmed TALEN con-
struction approaches have been proposed, including Golden Gate, iterative capped assembly (ICA), fast
ligation-based automatable solid-phase high-throughput (FLASH) system, ligation-independent cloning
(LIC), etc. [64—69]. Some of those have been reported to perform in-batch automated TALEN constructs. In
addition, although still constrained to the first thymidine at the target site, TALEN has no sequence pre-
ference similar to that of ZFN, which allows it to target nearly any sites of interest theoretically, thus
permitting the construction of genome-scale TALEN libraries in bulk [70]. Some cases demonstrated that
TALEN exhibited lower off-target and cytotoxicity compared to ZFN, while more complete assessments are
still required [71]. Despite many advantages, the large molecular weight of TALEN is a major drawback,
which is not conducive to delivery, especially for vehicles with strict molecular weight constraints such as

AAV (adeno-associated virus).

CRISPR-Cas system

Discovery history of CRISPR

The CRISPR-Cas system is widely distributed in bacteria and archaea as part of the adaptive immune system
to defend against invading nucleic acids [72]. CRISPR was first discovered in 1987 [73], characterized by a
cluster of 29 nt repeats with 32 nt non-repeat sequences (spacers) between such repeats. A series of specific
CRISPR-associated protein (Cas) genes were identified in the vicinity of the CRISPR array, which presumed
functional correlation [74]. The speculation of CRISPR as an adaptive immune system was raised in 2005
when 3 articles reported the origin of the spacers from phages or conjugative plasmid as well as the relevance
between spacer and resistance to the corresponding invaders [75—77]. Such speculation was experimentally
proven that after phage infection, the isolated resistant strains acquired novel spacers corresponding to the
phage genome, and the resistance was correlated with the removal or addition of such spacers [78]. Also,
researchers have noticed the consistency of several nucleotides adjacent to the sequences that spacers
matched [77], which was later named PAM (protospacer adjacent motif).

In 2011, Siksnys and his colleagues [79] successfully conferred resistance to corresponding phages on
Escherichia coli (E. coli) by reconstituting the Type II CRISPR system from Streptococcus thermophilus for
the first time and proved that Cas9 was the only gene necessary for interference, which was dependent on its
RuvC and HNH domains. One year later, two papers published by Doudna and Charpentier groups [80] and
Siksnys group [81] reported biochemical characteristics of Cas9 in vitro independently. Cas9 could introduce
double stranded break (DSB) to target DNA with the assistance of CRISPR RNA (crRNA) and trans-
activating crRNA (tractrRNA) in vitro. The target sequence was recognized by crRNA through base-paring
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and could be redesigned to target different sites. They also proved that the target strand (TS, the strand
complementary to crRNA) was cleaved by the HNH domain, while the non-target strand (NTS, the strand
complementary to TS) was cleaved by the RuvC domain. In addition, the fusion of crRNA with tracrRNA
into a single-guide RNA (sgRNA) could also direct Cas9 to cleave target DNA. The model of sgRNA was
widely used in subsequent applications.

The function of CRISPR-Cas as an adaptive immune system contains three main phases [82]. (1) Adap-
tation. The Cas1-Cas2 complex cleaves exogenous DNA and integrates it into the CRISPR locus. (2) crRNA
Maturation. When the host is reinfected, the CRISPR array can be transcribed to form a long precursor
crRNA (pre-crRNA). The pre-crRNA is then processed by Cas proteins or host RNases into mature crRNA.
(3) Interference. Under the guidance of crRNA (with tracrRNA in some cases), Cas proteins can specifically
recognize and cleave exogenous DNA complementary to the spacer, leading to target interference and
immunity. Components of the effectors for interference are varied in different systems.

Diversity of CRISPR nucleases

Since the discovery of the interference capability of Cas9, numerous research groups have predicted and
experimentally validated highly diverse CRISPR-Cas systems. And this diversity is continuously expanding.
Based on the organization of the effector complex, sequence similarity, and the arrangement of Cas genes in
the CRISPR locus, CRISPR systems can be classified into 2 classes, 6 types (I-VI), and over 30 subtypes
[86] (Figure 3). The most significant difference between these 2 classes is that Class I effector nucleases
consist of multi-subunits, while Class II effector complex is composed of a single multi-domain protein RNP
complex.

Class I systems are distributed in both bacteria and archaea, accounting for about 90% of the reported
CRISPR-Cas loci [87]. Class I systems are further divided into Type I, III, and IV based on the composition
of signature effector nucleases (Figure 3). In Type I system, Cas5, Cas6, Cas7, Cas8, and Casl1 assemble
along the crRNA and initiate the DNA unwinding and R-loop formation [88,89]. Then, an effector nuclease,
as well as a helicase, Cas3, is recruited to the RNP complex to unwind further and degrade the DNA substrate
[90,91]. In Type III system, targeting RNA is recognized by the effector complex through base-pairing with
crRNA and cleaved by Cas7-like proteins. Upon binding crRNA, the Cas10 nuclease is activated and exhibits
both nuclease activity for ssDNA cleavage and enzymatic activity for cyclic oligoadenylate [92] synthesis
[93,94]. The effector nucleases in Type IV are the least understood among the six types. Four subtypes in
Type IV-A, -B, -C, and -D are distinct in specific enzymes: dinG, cysH-like, Cas10-like, and a helicase of the
RecD family, respectively [95,96].

Class II systems are mainly present in bacteria and rarely detected in archaea and can be divided into Types
II, V, and VI based on the different effector nucleases [97] (Figure 3). The Type II systems have been
extensively studied due to their widely used signature nuclease Cas9. Diverse Cas9 orthologs have been
identified with versatile properties in the PAM spectrum, cleavage pattern, and cleavage activity at varying
temperatures [92]. The systems in Type V mainly target dsSDNA with Cas12 nucleases, which contain a
conserved RuvC domain instead of two nuclease domains as Cas9 [98]. Despite the recently identified
Casl12l (also denoted as Casm) nucleases which prefer 5’ C-rich PAM, most Cas12 homologs recognize 5’ T-
rich PAMs and cleave the NTS and TS sequentially at PAM distal end, forming a staggered end with the 5’
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Figure 3 The Cas proteins involved in target cleavage of six types. In Type I systems, multiple subunits assemble along the crRNA and
initiate the R-loop formation, which then recruits Cas3 for dsDNA cleavage. The complex in Type III exhibits a similar architecture as that in
Type 1, and the difference is that this complex recognizes and degrades complementary target RNA. Complex in Type IV is less understood;
here shows the ribonucleoprotein (RNP) complex of Type IV-B, whose structure has been determined [83]. Cas9 nuclease in Type II mediates
dsDNA cleavage guided by crRNA and tracrRNA. The non-targeting DNA cleavage of Cas9 is reported to be RNA-independent in the
presence of Mn®" ions [84]. However, in Type V, Cas12 has both targeting and non-targeting DNA cleavage activity guided by crRNA alone

or crRNA and tractRNA (scoutRNA in Type V-C and Type V-D). Cas13 from Type VI is an RNA-guided RNA nuclease. And target-activated
Casl3 complex can cleave surrounding RNA molecules non-specifically [85].
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overhang [99,100]. The Cas12 family contains more diversity in phylogeny. Based on the bioinformatics
analysis, several members of the Cas12 family, including Cas12a to Cas12l, have been reported gradually.
Different Casl12 nucleases vary greatly in domain architecture, guide-RNA, PAM requirement, cutting
velocity, targeting specificity, etc. To date, dSSDNA-cleavage activity has been experimentally validated in 10
subtypes, including Casl2a (previously known as Cpfl), Cas12b (previously known as C2cl), Casl2d
(previously known as CasY), Casl2e (previously known as CasX), Cas12f, Cas12h, Cas12i, Cas12j (pre-
viously known as Cas®), Cas12] and Cash [98,100—108]. Some naturally DNase-free Cas12 nucleases are
demonstrated with various functions in biology. In bacteria, the Casl2c-scoutRNA complex binds to the
targeted viral-derived DNA as a transcription repressor to provide antiviral immunity [109]. Naturally
inactive Cas12k nuclease is co-opted for RNA-guided DNA transposition [110]. Distinguished from other
Cas12 nucleases, Cas12g can cleave RNA guided by crRNA and tractrRNA without requiring a PAM [105].
Notably, after target cleavage mediated by guide RNA, all the active Casl2 nucleases can degrade non-
specific ssDNA in trans [111]. Moreover, for Casl2a, the frans-cleavage activity also affects RNA and
dsDNA in addition to ssDNA in vitro [112,113]. The magnitude of trans activity varies among nucleases in
different types as well as orthologs from the same subtype.

The effector nuclease for the Type VI system is Cas13, which contains two higher eukaryotes and pro-
karyotes nucleotide-binding (HEPN) RNase domains [102]. It recognizes, and cleaves targeted RNA guided
by crRNA [85]. Since the review is to discuss gene editing, we will mainly focus on DNA nucleases rather
than Casl13.

Target recognition and cleavage of CRISPR nucleases

The interactions between Cas-gRNA and target DNA are mechanistically diverse. PAM recognition and
gRNA-DNA hybridization provide the specificity for gene editing. Various nucleic acid-binding domains are
involved in inducing conformational changes for double-stranded DNA cleavage. Since CRISPR-Cas sys-
tems from Types Il and V have been widely programmed to manipulate the genome of eukaryotic cells, we
will mainly discuss the cleavage processes of these systems represented by CRISPR-Cas9 and CRISPR-
Cas12a, respectively. We summarize and provide mechanistic models for DNA cleavage by Streptococcus
pyogenes Cas9 (SpCas9) (Figure 4A) and Acidaminococcus sp. Casl2a (AsCasl2a) (Figure 4B).

CRISPR-SpCas9

The structure of SpCas9 has been best-elucidated [114,115]. SpCas9 consists of two lobes: a recognition lobe
(REC lobe) and a nuclease lobe (NUC lobe) [114]. The NUC lobe contains a RuvC domain, an HNH domain,
and a PAM-interacting (PI) domain. The PI domain is critical for PAM recognition and specificity [115]. The
PAM duplex is nestled in the positively charged cleft on the PI domain [114]. HNH and RuvC nuclease
domains are responsible for the cleavage of TS and NTS, respectively. RuvC domain has an RNase H fold
and requires Mg®* for cleavage activity. In similar positions to the RuvC nuclease in E. coli, Asp10, Glu762,
His983, and Asp986 of the SpCas9 are catalytic residues for nuclease activity [115]. The HNH domain
contains a ffB-metal fold and cleaves the nucleic acid substrate catalyzed by Asp839, His840, and Asn863
[115]. Mutation of the catalytic residues in these two domains results in Cas9 nickase or dead Cas9 without
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Figure 4 Schematic models of staggered cleavage of DNA by SpCas9 (A) and Cas12a (B). (A) The SpCas9-sgRNA complex searches the
target via both 1D and 3D diffusion. The PAM recognition by the PI domain initiates the R-loop formation. As the R-loop elongates, the REC
domains and PI domain undergo significant conformational changes and distort the RNA-DNA heteroduplex, enabling the activation of the
HNH domain. Finally, the NTS and TS are cleaved by RuvC and HNH domains, respectively. (B) The AsCasl12a-crRNA complex searches
the target through 1D diffusion. Unlike SpCas9, AsCas12a recognizes bases T and A from both strands in the PAM region. As the formation
of the R-loop, the REC lobe and NUC lobe become more open to accommodate the RNA-DNA heteroduplex. The NTS is displaced and
further cleaved by the RuvC domain. The TS is then loaded to the active site of the RuvC domain and cleaved, which is speculated to be
mediated by the Nuc domain.

REC domains

Nuc

harming the target binding activity, which is an advantage for precise gene editing. REC lobe interacts with
repeat: anti-repeat duplex of guide RNA to facilitate RNA-guided DNA cleavage [115]. As described later,
mutants in the REC domain or target-binding region would affect on-target specificity. And mutations of
arginines in the PI domain enable Cas9 to recognize alternative PAMs.

Under the physiological salt condition, the SpCas9-gRNA complex combines 3- and 1-dimensional
asymmetric diffusions to search 5'-NGG-3' PAM and the flanking region [116,117]. Once the complex finds
the target, two conserved arginine residues (Arg 1333 and Arg 1335) form major groove interactions with the
GG dinucleotide in the NTS [114]. Interactions with the minor groove of the PAM duplex and the phos-
phodiester group at the +1 position in the target DNA strand by the Lys 1107-Ser 1109 loop promote the local
melting immediately upstream of the PAM [114]. Then the spacer sequence hybrids with the target to form a
catalytically competent R-loop. Along with this process, the domains in the REC lobe go through re-
arrangements and relocate the HNH domain [118]. Once 17 or more base pairs form, the HNH domain is
conformationally activated, driven by the displacement of REC domains and distortion of the gRNA-DNA
duplex [118]. Meanwhile, both NTS and TS are located to and cleaved by the catalytic sites of the RuvC
domain and HNH domain, respectively. The scissile phosphate of the target strand is hydrolyzed via the one-
metal-ion mechanism, whereas the cleavage of NTS is mediated by the two-metal-ion mechanism. In the
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HNH domain, an Mg2+ is coordinated into the catalytic center with six surrounding oxygen atoms from a
water molecule, three polar residues (Asn863, Asp839, and Asn854), and the scissile phosphate between
nucleotide +3 and +4 of the TS [115,119,120]. Then, the side chain of H840 activates a water molecule for
nucleophilic attack on the former scissile phosphate, generating two products with 5’ phosphate and 3’
hydroxyl [115,119]. For the cleavage of NTS, two Mg?" are positioned into the catalytic center surrounded by
water molecules, some acidic residues, and the target scissile phosphate [115,119]. Subsequently, the clea-
vage is mediated by His986 in a way similar to that of TS cleavage. It is conceived that the coordination of
two ions induces the conformational change toward the active state and bridges the gap between the NTS and
RuvC domains in varying degrees [120].

The HNH domain-mediated cleavage occurs at the position of 3 nucleotides upstream of PAM on TS
[81,121]. Unlike TS, the exact cleavage site on NTS was controversial at first. It was generally believed that
SpCas9 created a blunt end at 3 base pairs (-3 position) upstream of the PAM [80,81,114,115]. Subsequently,
the NTS was trimmed from 3’ to 5’, mediated by the exonuclease activity of Cas9 [80]. This conclusion is
drawn from the patterns of cleaved products on the denaturing polyacrylamide gel [80]. The staggered
cleavage pattern was not deeply analyzed until 2017 when Wu and his team [122] demonstrated that Cas9
could cleave the NTS endonucleolytically and generate a staggered end with 1 to 3-nucleotide (mainly 1
nucleotide) overhang at the 5’ end. Actually, the double Mg binding at the phosphate between —4 and —5 is
energetically more favorable than binding at other positions [120]. More importantly, Wu and his team’s
[122,123] novel work suggested that Cas9-mediated nucleotide insertions can be predictable. Similar
findings were demonstrated by another two groups through a machine-learning model [124,125]. These
works have inspired investigators to persistently improve the editing outcomes by manipulating DNA repair
pathways for research and clinical applications [123,126].

CRISPR-AsCas12a

The structures of AsCas12a and Lachnospiraceae bacterium ND2006 Casl2a (LbCas12a) were first resolved
after the identification of type V effector proteins in 2015 [98,127,128]. Similar to SpCas9, AsCas12a adopts
a bilobed architecture consisting of the REC lobe and NUC lobe. The REC lobe is composed of helices-rich
REC1 and REC2 domains. They form a positively charged channel with the RuvC domain to stabilize the
crRNA-DNA duplex. The NUC lobe contains the RuvC domain and three unique domains referred to as
Wedge [93], PI, and Nuc domains [127]. WED and PI domains play functional roles similar to those of
domains in Cas9 [114,115,129,130]. The 5’ handle of crRNA accommodates within the groove between the
RuvC domain and WED domain. Specifically, the WED domain recognizes the U(—1)*U(—16) bases in the 5’
handle of crRNA in a base-specific manner [127,131]. The Nuc domain is considered responsible for the TS
cleavage, for the mutation R1226A on the Nuc domain shows slightly reduced NTS cleavage activity,
whereas the TS cleavage is almost blocked [127]. In addition to these common structural features, more
unique domains have been identified recently in other Cas12 homologs, such as the non-target strand binding
(NTSB) domain in CasX (Casl2e), zinc-finger in Cas® (Casl2j), lock-catch (LC) and proline-rich string
(PRS) domains in Casn (Casl2l), provided new insights into the mechanism and evolution of Type V
CRISPR family [100,103,132,133].

AsCasl2a-crRNA complex searches for the target site by one-dimensional diffusion along the DNA [134].
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The target DNA recognition initiates with PAM-containing base pairs binding by residues from PI, WED,
and REC1 domains via hydrogen bond and salt bridge [131]. Among these residues, Lys607 in the PI domain
specifically recognizes both N3 from the second dA and O2 from the first dT upstream of the 20-nt target,
contributing to the 5’-TTN-3’ PAM specificity of AsCas12a [131]. PAM recognition promotes DNA melting.
Then the crRNA hybrids to the target DNA and the dramatic rearrangements of the REC lobe form a channel
to accommodate the crRNA-DNA heteroduplex [135]. After the formation of the complete R-loop, the NTS
is displaced into the catalytic site of the RuvC domain and cleaved [131]. Interestingly, the formation of the
crRNA-target DNA duplex is limited to 20 bp, for the remaining base pairings are blocked by stacking
interaction from Trp382 in the REC2 domain [127]. In the studies of Francisella novicida Casl2a (FnCa-
s12a), the PAM distal target DNA is perceived to further separate, facilitating the cleavage of TS [136]. This
sequential cleavage manner of Cas12a has been validated by single-molecule fluorescence assays [134,137—
139]. It is speculated that the Nuc domain in FnCas12a induces a kink in the TS during the interaction, so the
TS is well-loaded into the catalytic site of the RuvC domain [136]. Bulk cleavage assays by Cofsky et al.
[140] suggest that FnCas12a cleaves the target strand within a tract of DNA destabilized by adjacent R-Loop.
In summary, NTS cleavage occurs in the region opened by R-loop formation, whereas TS cleavage is likely
dependent on the melting of the double stranded DNA beyond the crRNA-TS hybrid region at the 5’ end of
the TS, leaving the cleavage sites on TS exposed to the catalytic pocket in a single-strand form. In this way,
Casl2a cuts NTS and TS inside and outside the R-loop, respectively, generating staggered ends. In the case of
Cas9, the cleavage site on TS by HNH is more unambiguously identified as occurring at the phosphate
between +3 and +4. However, the non-specific cleavage of the single strand by RuvC is impacted by the
degrees of the coordination of divalent ions and the TS-loading process by Nuc or zinc-ribbon domains [141].
In addition, cleavages of NTS and TS occur within the R-Loop, so that both blunt and staggered ends are
produced [80,122]. These conclusions well-explain the fundamental cleavage mechanisms by a single-RuvC
domain of Type V CRISPR-Cas systems.

Gene editor derived from Cas nucleases

Due to the programmability of targeting sites by simply changing spacer sequence, CRISPR-Cas systems that
cut the dsDNA with single-protein nucleases, especially Cas9 and Cas12 (Figure 5A), have been widely
utilized for gene editing. Additionally, the naturally evolved diversity of Cas nucleases provides various
options in PAM, type of substrate, efficacy, and specificity for desired genetic manipulation. In the following
sections, we will overview the gene-editing capacity of these nucleases, including some naturally occurring
Cas nucleases (Cas9, Cas12a, Cas12b, Casl2e, Cas12f, engineered Cas variants, Cas proteins from Class I);
Cas-like nucleases reported with promising gene-editing efficacy, like IscB and TnpB. We will also briefly
summarize the precise gene-editing tools developed from CRISPR-Cas systems.

Cas9

CRISPR-Cas9 is one of the best-characterized, dual-RNA guided DNA endonuclease systems. Cas9 is the
first Cas nuclease reported to mediate programmable genome editing in mammalian cells [142—145], which
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greatly inspires interest in developing more gene-editing tools using CRISPR-Cas9 systems. Although
SpCas9 is most widely used in gene-editing experiments, it still has many limitations. It is not sensitive to
mismatches in the gRNA-DNA duplex. It can also recognize alternative PAMs, like 5'-NAG-3' and 5'-NGA-
3’ [146]. Additionally, it is difficult to deliver into eukaryotic cells efficiently for its relatively large size.
Therefore, researchers have developed various CRISPR-Cas9 systems over the past few years. Some of these
naturally-occurring variants show improved properties. Besides, structural studies have provided instructive

information for engineering Cas9 nuclease by rational designs or evolution strategies.

Naturally-occurring Cas9 variants

Two orthologs of SpCas9, Streptococcus thermophilus Cas9 (St1Cas9) and Staphylococcus aureus Cas9
(SaCas9), function efficiently in human cells [146]. The small protein size and robust genome editing
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efficiency comparable to SpCas9 make SaCas9 a good candidate for AAV delivery in therapeutic applica-
tions [147]. Mediated by AAV, SaCas9 has successfully edited specific neuronal subpopulations in rats and
mutated genes in difficult-to-isolate cell types in mice [148,149]. Apart from the neuron system, the AAV-
derived CRISPR-SaCas9, promoted by a liver-specific promoter, is reported to inhibit Hepatitis B virus
(HBV) replication both in vitro and in vivo in mice [150]. Newly discovered compact Cas9 orthologs from
Staphylococcus auricularis (SauriCas9) and chimeric SlugCas9 (Staphylococcus lugdunensis Cas9)-SaCas9
also maintain high activity for genome editing [151,152]. Recently, a batch of Cas9 orthologs has been
biochemically identified with extraordinary variations [92]. Advanced studies on these systems may provide
more efficient and safer tools for clinical applications in the future.

Engineered Cas9 alternatives and variants

Off-target effects could be detrimental and concerning for gene editing using CRISPR-Cas systems in human
cells. Previous studies on the off-target cleavage of guide RNA: Cas9 complex suggested that using a shorter
less-active guide RNA or decreasing the RNP concentration would limit the enzyme activity and lead to
higher target specificity [153]. Other engineered Cas9 nucleases show diverse improved properties, rapidly
expanding the genome editing toolbox. The enhanced SpCas9 variant, eSpCas9 (1.1), maintained a solid on-
target cleavage ability but a reduced off-target effect due to the neutralization of some positively charged
residues from the non-target groove, which resulted in weaker binding affinity between RNP and DNA
substrates [ 154]. Similarly, four substitutions in SpCas9-HF1 (N497A/R661A/Q695A/Q926A) decreased the
energetics of interaction between RNP and the target DNA that the non-specific interaction could be di-
minished [155]. The hyper-accurate Cas9 (HypaCas9) introduced mutations in the REC3 domain, a part of
the REC lobe that can sense mismatch, to avoid cleavage of mismatched DNA substrates due to the improved
proofreading before cleavage [156]. This variant has been successfully implemented to edit mouse zygotes to
generate allele-specific genetic mutations [157]. Expanding the range of PAM sequences is another way to
increase the scope of the application of CRISPR-Cas systems. Many engineered Cas9 nucleases with
mutations, including key arginines in the PI domain, could recognize alternative PAM sequences [146]. An
engineered Cas9 variant by rational design, SpCas9-NG, was proven to recognize a relaxed NG PAM [158].
Phage-assisted continuous evolution evolved a SpCas9 variant (xCas9) recognizing a broad range of PAMs,
including NG, GAA, and GAT [159]. Moreover, this variant has higher target specificity than SpCas9 [159].
Remarkably, xCas9 displayed the lowest tolerance for mismatched target sequences compared to SpCas9 and
SpCas9-NG [160]. A near-PAMIless SpCas9 variant named SpRY (NRN and, to a lesser extent, NYN PAMs)
(Yis Cor T; R is A or G) was developed and exhibited robust activities on previously inaccessible targets
[161]. By introducing mutants in the hinge region between the HNH and RuvC domains, seven Cas9 variants
(G915F, F916P, AF916, K918A, RI19P, Q920P, R780A) are demonstrated to enable the altered scissile
patterns with precision and predictability of nucleotide insertions or specific cleavage events [122].

Similar to SpCas9, SaCas9 was also modified for better applications. A rationally engineered SaCas9
variant (SaCas9-HF) was reported with highly genome-wide specificity in human cells without compro-
mising on-target efficacy [162]. Another variant, KKHSaCas9, could effectively target sites with NNARRT,
NNCRRT, and to a lesser extent, NNTRRT, and PAM sequences, thereby broadening the targeting scope by
24 times relative to the wile type SaCas9, which recognizes an NNGRRT PAM [163].
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Research and clinical applications of Cas9

Compared to ZFN and TALEN, the RNA-guided CRISPR-Cas9 system offers significant advantages in high
programmability and low cost. In 2013, Cong et al. [142] and Mali et al. [143] independently reported the
first successful applications of CRISPR in human cells. Soon after, CRISPR-Cas9 was reported to be
successfully applied in the gene-editing of different species of model organisms, including bacterium [164],
yeast [165], rice [166], fruit fly [167], zebrafish [168], and mouse [169]. Besides point mutations, insertions,
or deletions, applications of CRISPR-Cas9 have also been extended to scenarios including chromosome
translocations [170], genome-wide screening [171], gene regulation [172,173], and genomic locus imaging
[174]. In medical applications, CRISPR-Cas9 has also shown great potential. As the first clinically proven
CRISPR therapy, exagamglogene autotemcel (exa-cel, previously named CTX001), which treats sickle cell
disease and B-thalassemia through editing the patient’s own stem cells by CRISPR-Cas9 to produce high
level of fetal hemoglobin [175], has been submitted to the U.S. FDA for rolling review and is expected to be
the first CRISPR-based gene editing therapy. A clinical trial (NCT03164135) in which transplantation of
CRISPR-edited CCR5-ablated hematopoietic stem and progenitor cells (HSPCs) was used to treat HIV
infection is also reported [176].

Cas12a

Casl2a is the first described Cas12 with the genome-editing ability [98]. It has been widely used in eu-
karyotic genome editing [177-179]. The Cas12a orthologs cleave dsDNA with a T-rich PAM: 5'-TTTV-3' (V
is A, G, or C) for LbCas12a and AsCas12a; and 5’-TTV-3' for FnCas12a [98]. To expand the targeting scope
of Casl2a, Zhang’s group [180] performed a structure-guided mutagenesis screen and successfully en-
gineered two AsCasl2a variants: S542R/K607R and S542R/K548V/N552R, which recognized TYCV and
TATV PAMs. Inspired by these designs, Welker’s group [181] engineered an improved LbCasl2a (im-
pLbCas12a) with altered PAM specificities by combing the RR and RVR mutations in Zhang’s work [180].
Joung’s group [182] engineered an enhanced AsCasl2a (enCasl2a) with a substantially expanded PAM
scope, including canonical TTTV and non-canonical TTYN, VTTN, and TRTV. Besides, they also developed
a high-fidelity version of enAsCas12a (enAsCas12a-HF1) with a lower off-target effect [182].

Compared to SpCas9, Casl2 is generally more specific, for it has lower mismatch tolerance for gene
therapy [183,184]. The staggered ends in DNA post-cleavage make Casl2a useful for genetic manipulation
via the HDR pathway [140]. Another advantage of using Cas12a is the simplicity of multiplex targeting by
introducing a single crRNA array with multiple targeting sites, albeit only feasible in bacteria so far [185].

Cas12b

CRISPR-Cas12b is a dual-guide DNA endonuclease system with minimal off-target effects [186]. However,
37°C in mammals is unsuitable for efficient dsDNA cleavage by AacCas12b from Alicyclobacillus acid-
oterrestris ATCC 4902 in the early study [99]. Thus, researchers have been devoted to discovering and
engineering more efficient Cas12b orthologs for mammalian genome editing. Teng ef al. [187] reported a

thermo-acidophilic Cas12b nuclease from Alicyclobacillus acidophilus (AaCas12b) that maintained maximal
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nuclease activity between 31°C and 59°C. Moreover, AaCas12b enabled robust genome editing in mam-
malian cell lines and mice [187]. Strecker et al. [188] identified a mutant BhCas12b from Bacillus hisashii
that exhibited robust genome editing in primary human T cells with greater specificity compared to SpCas9.
Ming et al. [189] demonstrated that AaCas12b enabled multiplexed genome editing in rice with high
sequence specificity. A vital advantage of these systems is that their high mismatch sensitivity reduces off-
target cleavage, which makes them suitable for target recognition in base editors. Besides, engineering either
Cas protein or RNA scaffold would help to evolve the system with higher editing efficacy in mammalian
cells.

Casl2e

Given that the well-established AAV delivery in vivo is limited by DNA packaging size, CRISPR-Cas
systems with compact effector proteins have been intensively described. CRISPR-Cas12e (also denoted
CasX) is a more compact dual-RNA-guided tool for gene editing [107]. Both chemical and structural features
of 2 known Cas12e systems, DpbCas12e and PImCas12e, have been elucidated in detail [103,132]. Among
these studies, structure-based domain switches between Cas proteins and rational gRNA modification sig-
nificantly improved the genome editing efficiency in mammalian cells [132]. However, the editing efficiency
at different targeting sites varies a lot, and almost half of the sites cannot be edited robustly [132]. One
possible reason is that some spacer sequences interfere with the proper folding of sgRNA and reduce RNP
complexes in cells. In other words, the guide RNA scaffold of the CRISPR-Cas12e system is less stable
before RNP formation or R-Loop formation. Therefore, efforts in guide RNA engineering to overcome this
problem are necessary.

Cas12f

The Type V-F effectors, Cas12f (originally denoted Cas14), are hypercompact Cas proteins ranging between
400-700 amino acid residues. So far, only 2 natural Cas12f1 nucleases, SpCas12f1 (497 aa) and AsCas12f1
(422 aa), have been characterized with genome editing ability in eukaryotic cells [190,191]. And AsCas12fl
is superior in human genome editing [190]. While the firstly characterized Un1Cas12f was unable to edit
bacteria or mammalian genome, guide RNA and protein engineering turned it into an efficient gene editing
tool in mammalian cells [192,193]. Interestingly, Wang et al. [194] transformed SpCas12f1, which was less
efficient for mammalian genome editing earlier, into a robust nuclease comparable to FnCas12a by guide
RNA engineering. These transformations of editing capacity do expand our understanding of the Cas-RNA
complex. Although Cas12f homologs prefer low salt concentration and higher temperatures (45°C-55°C) for
target dsDNA binding and cleavage [104], the formation of stable RNP might be a key factor for successful
dsDNA targeting. Given that CRISPR-Cas12f systems have remarkably long tracrRNAs and function as a
Cas-dimer upon one single RNA, the properly folded guide RNA is vital for the whole process. The
interaction between modified RNA and Cas protein may overcome some thermo-kinetic requirements for
conformational changes in Cas protein. Additionally, RNA engineering involves improving RNA tran-
scription levels to promote the RNP constitution in cells. As a tool for genome editing, Cas12f systems
contain advantages both in editing efficiency as high as Cas12a or Cas9 at sites indicated and in size-limited
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AAV-delivery therapy.

Class I: Transposon-associated CRISPR-Cas system

Several Cas proteins form a multi-subunit effector complex in Class I systems for crRNA binding and target
interference. These systems utilize a number of nuclease activities for the cleavage of dSDNA, ssDNA, and
RNA. Multiple subunits in Type I assemble across a single crRNA to form a seahorse-like architecture. Once
PAM is recognized, the local bending of dsDNA followed by base-pairing along the crRNA will unwind the
dsDNA to form an R-loop structure “Cascade” (CRISPR-associated complex for antiviral defense) complex,
which further recruits Cas3, a helicase-nuclease effector protein for target dsDNA degradation. Notably,
some minimal Type I-F and Type I-B systems that lack the adaptation module and Cas3 are associated with
Tn7-like transposons composed of TnsA/B/C and TniQ [195]. Thus, it was hypothesized that these systems
recognize but do not cleave the dsDNA to allow the transfer of transposons. It was demonstrated by studies
on Type I-F CRISPR system from Vibrio cholerae that cargo DNA can be integrated into the site around
50 bp downstream of the DNA target recognized by the Cascade complex [196]. This insertion of trans-
posable elements by guide RNA-assisted targeting (INTEGRATE) is further engineered for multiplexed,
kilobase-scale genome integration in bacteria [197]. Recently, Jinek’s group [198] resolved the structure of
Cascade-TniQ and found that the TnsC heptamerized upon binding ATPs and wrapped around the DNA,
which explained the specificity of the insertion site of the exogenous DNA (Figure 5B). Similarly, two Tn7-
like transposons encoding subtype V-K CRISPR-Cas systems termed CASTs, or CRISPR-associated
transposase, were also demonstrated to be directed to target sites by CRISPR RNA and insert DNA into the
genome of E. coli [188]. In this context, a naturally inactive Cas12k with a RuvC-like domain corresponds to
the lack of Cas3 effector protein in Type I. Although these systems successfully insert cargo fragments, none
were found to function in mammalian cells. Besides, the large size of Cascade in INTEGRATE from Type I
and relatively low specificity in CRISPR-associated transposase from Type V-K are major challenges for
further application in mammalian cells. Given that a single effector protein is involved in target recognition
in Class II CRISPR systems, deeper exploration for various transposon-associated systems in Class II may
provide utility for gene insertion in mammalian cells. In addition, natural eukaryotic transposases might be

co-opted for site-specific gene insertion guided by the CRISPR complex in mammalian cells.

More compact RNA-guided protein: IscB and TnpB

Recently, a brief system composed of IscB, likely an ancestor of Cas9, and associated noncoding RNA,
®RNA, was identified [199]. Co-expression of IscB and ®RNA was capable of cleaving DNA com-
plementary to the putative RNA guide in a target-adjacent motif [94] dependent way [199]. Among the six
IscB candidates, OgeulscB (496 aa) exhibited varying editing efficiency of up to 4.5% at 28 out of 46 sites in
the human genome [199]. Another transposon-encoded nuclease: ISDra2 TnpB (408 aa) form Deinococcus
radiodurans, guided by ~230 nt RNA transcript derived from right-end element RNA (reRNA), was also
demonstrated to induce genomic DNA cleavage both in bacteria and human cells [200]. The structure of
IscB-oRNA-dsDNA has been determined [201], whereas the structure of TnpB is not available (Figure 5C).
IscB and TnpB are thought to be the ancestors of Cas9 and Casl2, respectively, since they have highly
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conserved RuvC-like domain and/or HNH domain [199]. Newly found RNA-guided nuclease activities of
IscB and TnpB strongly supported this theory. Structure-based analysis can reveal their evolutionary re-
lationships more directly and help us optimize the editing systems. These small transposase-derived systems
show huge potential as genome editing tools that can be packaged into AAV for therapeutic applications.
Based on our RNA engineering trials in Cas12b, Casl2e, and especially Cas12f, modifications in RNA are
likely to show higher editing efficacy in vivo. This highlights the importance of studying RNA structure in
these systems for further engineering.

Precise gene editing: base editing (BE) and prime editing (PE)

Genome editing based on the Cas-gRNA complex relies on introducing DSBs on the locus to generate
random indels, while base editing technologies enable us to rewrite DNA more precisely. Liu’s group [202]
engineered the fusion of dSpCas9 and a cytidine deaminase enzyme that could mediate the conversion from
cytidine to uridine within a small window. This mis-pair was then turned into desired T-A pair via cellular
repair processes [202]. Among the designs in the study, BE3 construction (APOBEC-XTEN-dCas9
(A840H)-UGI) could induce efficient single-base editing in human cells [202]. A-T pair can also be con-
verted to G-C pair by adenine base editors (ABEs) that fuse dCas9 with various evolved adenine deaminases
[203] (Figure 5D, left). Gao’s group [204] has successfully developed or optimized new base editors for
precise editing in plants, especially crops, since 2017. Fusion of Cas9 nickase and human APOBEC3A
(A3A-PBE) can efficiently convert C to T in wheat, rice, and potato. Another plant adenine base editor is
based on the fusion of nCas9 and an evolved tRNA adenosine deaminase, which shows AeT to G+C
conversion at frequencies of up to 59% in rice and wheat [205].

Recently, a more versatile genome-editing tool, prime editing, has expanded the scope for single-base
transversions and transitions [206]. This strategy fuses an impaired Cas9 with an engineered reverse tran-
scriptase (RT), which generates desired DNA sequence taking prime guide RNA (pegRNA) as the template
[206] (Figure 5D, right). Using an engineered Moloney murine leukemia virus (M-MLV) RT variant fused
with nCas9 (H840A) and primer binding sites in proper length exhibits the most efficient editing results
[206]. Engineered pegRNAs (epegRNAs), which incorporate structured RNA patterns at the 3’ ends of
pegRNAs, can improve plasmid editing efficiency by 3—4 fold in human cells without increasing off-target
editing activity, as this modification enhances gRNA stability and prevents degradation of the 3" extension
[207]. Other engineered modifications on PE have proven effective, including untethering Cas9 from the
reverse transcriptase [208], splitting the pegRNA into a single guide RNA and a circular RNA RT template
[208], and compacting the PE by deleting the RNase H domain of RT with or without a split site on Cas9
[209].

Instead of using the CRISPR-Cas system, Liu’s group [210] developed a DddA-derived cytosine base
editors (DACBE) system that uses TALE proteins to specifically target sites for base editing on human
mitochondrial DNA. The successful editing by DACBEs has been reported in human embryos, mice, zeb-
rafish, and plants [211-216]. Soon after, Kim’s group [217] developed DdABE combining DdCBE and
adenine base editor ABE8&e to enable adenine base editing of mitochondrial DNA. Recently, through phage-
assisted directed evolution, they further evolved DddA variants with enhanced editing efficiency in mi-
tochondrial and nuclear DNA, overcoming the constraints imposed by target cytosine within the spacing
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region between the two target protospacers [218]. Although DACBE is a promising approach for the treat-
ment of mitochondrial diseases, extensive off-target editing has been observed in the nuclear genome [219],
which has promoted further efforts to mitigate such off-targets.

Since DSBs harmful to cells are avoided during the editing process theoretically, base editing and prime
editing have a higher safety profile for medical applications. In addition, the cell division-independent nature
of prime editing allows it to be used for the genetic modification of non-dividing cells. Although both the
base editor and prime editor face the packaging constraints as other less compact CRISPR-Cas systems, these
technologies can be appropriately applied for genome editing in plants and mice [220-222]. Base editors
have been successfully implemented in rice, wheat, and tomato [223-225]. More technological develop-
ments and biological applications in plants are reviewed in this article [222]. This review [226] summarizes
the research progress of base editing and the application of this technology in medical therapeutics before
2021. Last year, Liu’s team [227] developed an upgraded version of pilot editing technology, twin prime
editing (twinPE), which consists of a prime editor protein and two pegRNAs to cleave target DNA at
different sites creating two single-stranded nicks. Combined with a site-specific recombinase, this editor
successfully inverted the sequence of about 40,000 base pairs and also inserted a plasmid of more than
5000 bp in length, up to the gene size, into the specific site in the human genome [227]. Gao’s group [225] is
the first to successfully establish and optimize the prime editor in plants (PPE). They found that the editing
efficacy could be increased by optimizing the expression vector of pegRNA, the length of PBS and template
for RT, and editing conditions. Further, they substantially enhanced the efficiency by combining designing
PBS with a melting temperature of 30°C and using two pegRNAs in rice [228]. Another strategy is to
optimize the reverse transcriptase. Gao’s group proved that deleting the RNase H domain of M-MLV RT or
fusing the viral nucleocapsid protein at the N terminal of M-MLV RT could significantly improve the PE
efficiency [229]. All these pieces of work have laid a good foundation for applying PE in plants [230].

Concluding remarks and future perspectives

In this review, we have discussed the history and application scenarios of four gene editing technologies. The
structural mechanisms of targeted DNA recognition by different nucleases are briefly described. Updates in
gene editing technologies have been accompanied by an easier implementation of targeting specific se-
quences, from cooperative recognition patterns between amino acid residues to modular base recognition
motifs, then to gRNA recognition through base complementary pairing. ZFN and TALEN target specific sites
by tandem DNA recognition modules. Although relatively complicated to be constructed, they have acquired
an essential position in medical applications due to high specificity. Furthermore, such entirely protein-based
editing systems have unique advantages in the mitochondrial editing scenario where delivery of nucleic acids
is quite difficult [210,231,232].

CRISPR-Cas systems have been extensively adopted and successfully implemented in numerous funda-
mental studies in eukaryotic cells and mammals. Some clinical trials using Cas9 seem promising so far.
Obviously, the CRISPR-Cas system has been a dominant strategy for gene editing. In future, the feasibility of
using precise editing tools for clinical applications should be emphasized and developed. This highlights the
importance of studying those compact systems and the delivery vector used for gene therapy. Although
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various gene-editing tools have been developed, their efficiency, off-target effects, and feasibility of delivery
remain major issues for clinical treatments. Precise editing has become a major direction for the future of
gene editing. Still, current precise editing tools require more effort to simplify components, reduce the size,
and improve editing efficiency while decreasing off-target effects. In fundamental research, how to select a
proper editing tool should depend on our major aims. Each strategy needs to be carefully evaluated and
optimized, especially when using base editors or prime editors.

Given the never-ending optimization of the CRISPR-Cas system, new gene editing systems, naturally
occurring or engineered, may substantially improve gene editing. The numerous varieties of biology re-
sources provide the endless possibility to develop more advanced tools. Can we find or evolve a single
chimeric protein with all the activities required for base editing or prime editing? Or could we do this simply
with a single RNA, DNA, or by using an intrinsic mechanism and modifying it slightly? In addition, other
types of nucleic acid-directed or binding systems could be exploited for gene editing.

Gene editing by transposons like INTEGRATE and CAST has emerged as a promising tool to achieve site-
specific insertion of long sequences. However, it is still challenging to enable DNA insertion in human cells.
In addition to insertion via the “cut and paste” mechanism, we can achieve this in human cells by reverse
transcription, given that retrotransposons are abundant in eukaryotes. However, the loci they recognize are
highly specific and conserved. Perhaps, we can explore new retrotransposon-derived reverse transcriptase
with substantial locus tolerance to achieve targeted insertion in combination with TALEN (Figure 6A,
middle). Alternatively, using the CRISPR-Cas system that inserts specific motifs before retrotransposons
recognize them may also help (Figure 6A, right). On the other hand, we can engineer the domain responsible
for target-site recognition and develop suitable reverse transcriptase with high engineerability (Figure 6A,
left).

A possible direction for gene editing technology is to exploit DNA-guided systems. Some prokaryotic
Argonaute (pAgo) protein members, which exhibit DNA endonuclease activity under the guidance of short
ssDNA at complementary pairing sites, are potential candidates [233]. Gene editing based on pAgo is more
flexible because there is no such requirement for PAM in this system as in CRISPR. The convenient synthesis
of short guide DNA simplifies the cloning and delivery procedure. A retracted study claiming to achieve gene
editing in mammalian cells based on Natronobacterium gregoryi Argonaute (NgAgo) [234], however, was
not reproducible by other groups [235]. The exploration of new pAgos or engineering current members into
other functions like base editing (Figure 6B) remains a potential direction for the development of novel gene
editing technologies. Another type of DNA-guided gene editing tool, structure-guided nuclease (SGN),
consists of a hairpin DNA probe and a flap structure-specific endonuclease 1 (FEN1)-Fok 1 effector
[236,237]. FEN1 recognizes the 3’ flap structure formed by hairpin DNA binding to the target site and guides
Fok 1 cleavage, resulting in decent editing efficacy in both bacterial and human cells [237]. More com-
prehensive assessments, including a broader range of targeting sequences across different model organisms
and cytotoxicity, are still required.

The specificity of target-site recognition can be achieved by artificial intelligence (AI)- assisted modular
design of proteins capable of binding nucleic acids, similar to ZFN and TALEN technology. In recent years,
many achievements have been made using Al for protein-structure predictions and structure-based protein
designs. Recent studies have shown that new machine-learning algorithms could design proteins faster and
more accurately than before [238-240]. Designing new DNA or RNA binding proteins may rely on extensive
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A RNA RNA RNA
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transcriptase
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retrotransposon Retrotransposon Retrotransposon
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New RT with more relaxed recognition sites TALEN-assisted DNA insertion CRISPR/Cas-assisted DNA insertion

B C Other desired activity for editing?
-~ O

Cytidine deaminase
Adenine deaminase
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Uracil glycosylase
inhibitor (UGI)

Targeting specificity ?

Base editor developed from Ago-ssDNA or Al-assisted protein design for gene editing tools
Ago-ssRNA systems
(No PAM constrains)

Figure 6 The potential engineered tools for genome editing. (A) Combining the reverse transcriptases (RTs) from retrotransposon with
TALEN or CRISPR system may overcome the limitation of specific recognizing motifs by RTs. Or we can evolve new RTs that have less
strict recognizing motifs. (B) The Ago system can provide specific targeting for precise editing, relying on the complementation of ssDNA or
RNA with the locus regardless of PAM. Compared with CRISPR, its relatively weak cleavage ability will reduce the hazards of off-target
cleavage events. (C) Al-assisted protein design may be able to generate proteins with higher targeting specificity, efficiency, and low
redundancy.

machine learning and screening. With Al-assisted design, we may develop more compact, diverse, and
specific nucleic acid-binding proteins (Figure 6C). Although it sounds feasible, the difficulty of designing
such proteins with high specificity and efficiency has not been evaluated.
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