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In 2012, it was discovered that precise gene editing could be
induced in target DNA using the reprogrammable characteris-
tics of the CRISPR system. Since then, several studies have
investigated the potential of the CRISPR system to edit various
biological organisms. For the typical CRISPR system obtained
from bacteria and archaea, many application studies have been
conducted and have spread to various fields. To date, orthologs
with various characteristics other than CRISPR-Cas9 have been
discovered and are being intensively studied in the field of gene
editing. CRISPR-Cas12 and its varied orthologs are representa-
tive examples of genome editing tools and have superior prop-
erties in terms of in vivo target gene editing compared with
Cas9. Recently, TnpB and Fanzor of the OMEGA (obligate mo-
bile element guided activity) system were identified to be the
ancestor of CRISPR-Cas12 on the basis of phylogenetic anal-
ysis. Notably, the compact sizes of Cas12 and OMEGA endonu-
cleases allow adeno-associated virus (AAV) delivery; hence,
they are set to challenge Cas9 for in vivo gene therapy. This re-
view is focused on these RNA-guided reprogrammable endonu-
cleases: their structure, biochemistry, off-target effects, and ap-
plications in therapeutic gene editing.
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INTRODUCTION
The CRISPR-Cas system is known as a system that recognizes and
controls target nucleic acids on the basis of RNA guides as a defense
mechanism against external viruses in bacteria or archaea.1–4 There
are two different classes of CRISPR systems: class I includes types I,
III, and IV, which require many Cas enzymes, whereas class II,
such as types II, V, and VI, uses a single Cas enzyme that requires
mature CRISPR RNA (crRNA) and trans-activating crRNA
(tracrRNA), discovered in some orthologs, for target recognition
and cleavage.5 Among them, the type V CRISPR-Cas12 system is be-
ing developed for gene editing because of its ability to recognize
T-rich or various protospacer adjacent motifs (PAMs) that are
different from existing CRISPR-Cas9 effectors and its ability to
induce target DNA cleavage very specifically.6–9 Recently, the
CRISPR-Cas12 system has been further classified according to the
form that exists in nature and the characteristics of processing asso-
ciated nucleic acid components (Figure 1; Table 1).10 Interestingly,
evolutionary analysis reveals that Cas12 and Fanzor protein found
in eukaryotes may share the same transposon-encoded TnpB as their
ancestor. Fanzor and TnpB belong to another RNA-guided endonu-
clease system called OMEGA (obligate mobile element guided activ-
Mo
This is an open access article under the CC BY-N
ity). In this review, we characterize and compare the lineages of
CRISPR-Cas12 and OMEGA endonuclease systems, discuss their
structures and target cleavage mechanism, and present their prom-
ising capability for in vivo gene therapy.
CHARACTERISTICS OF THE CRISPR-CAS12 AND
OMEGA EFFECTOR SYSTEM
Orthologs of the CRISPR-Cas12 effectors

The CRISPR-Cas12 system contains a variety of molecules, ranging
from the relatively large Cas12a (1,200–1,500 amino acids [aa])
known as the CRISPR-Cas12 prototype to the recently discovered
very small Cas12m (�600 aa), Cas12n (�500 aa), and Cas12f (400–
700 aa), each of which is known to recognize a unique PAM sequence
and bind to target DNA (Table 1).11–15 Most of these work as single
effectors, but Cas12f binds to the target DNA as a homodimer and in-
duces cleavage.15 In addition, the CRISPR-Cas12 system is divided
into a group (Cas12a, Cas12b, and Cas12f) that induces double-
strand breaks (DSBs) on target DNA and the Cas12c, Cas12m, and
Cas12k families, which control transcription or induce transposition
of target genes without double-strand DNA cleavage, depending on
the presence or absence of nucleic acid cleavage ability (Ta-
ble 1).13,16–19 CRISPR-Cas12 orthologs with new forms and functions
have been discovered in various species of bacteria and archaea.12,20,21

On the basis of these characteristics, the advent of the CRISPR
genome engineering technology has opened up endless potential ap-
plications for genome editing in living organisms.
OMEGA system: TnpB, Fanzor, and IscB effectors

Recently, a new family of RNA-guided endonucleases with a core
domain similar to that of the CRISPR-Cas12 family was discovered
(Figure 1; Tables 2 and 3).22–24 DNA endonucleases that use RNA
as a guide are evolutionarily conserved, each performing various
functions in vivo, from the TnpB effector found in prokaryotes to
the Fanzor effector in eukaryotic organisms. TnpB and Fanzor effec-
tors, known as the OMEGA system, are components of the transpos-
able elements and contain a CRISPR-Cas12-like domain (RuvC) that
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Figure 1. Phylogenetic classification of CRISPR and OMEGA endonucleases

The phylogeny shows the putative evolution of ISDra2 TnpB to CRISPR-Cas12 and Fanzor, respectively. Each CRISPR (Cas12) and OMEGA (TnpB, Fanzor) endonuclease

was grouped according to the previously reported phylogenetic classification of TnpB, Cas12, and Fanzor, and Cas12 is further classified into its subtypes A–M. The shared

domains of the Cas12 family are further distinguished by color. However, some domains, such as the ZF motif, NTSB, lid, and STP domains, are present only in specific

subtypes. The numbers above the domains indicate the length (amino acids) of each domain of the endonuclease. Notably, TnpB, the supposed ancestor of Cas12 and

Fanzor, displays the shortest length.
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acts as an RNA-guided endonuclease (Figure 1; Tables 2 and 3).22–26

In particular, TnpB enables the transposition of a specific locus by as-
sisting the TnpA module, using the uRNA complementary to target
DNA.22 According to this RNA guidance, the DNA targeting can be
reprogrammed and used extensively in genome editing (Table 2).
Considering that these TnpBs have only a minimum core domain
that provides the function of the CRISPR-Cas12 family, it is thought
that the CRISPR-Cas12 system found in prokaryotes evolved from
TnpB by inserting additional domains (Figure 1).25 The characteris-
tics of target DNA recognition of TnpB, from the first classified
ISDra2 TnpB, K, and racemifer TnpB types to the recently data-
base-screened ISDge10, ISAam1, and ISYmu1, have been described
(Table 2).27 TnpB recognizes a specific transposon-associated motif
(TAM) sequence and binds to the target DNA by forming an RNA-
DNA heteroduplex using uRNA complementary to the target DNA
(Table 2).

Fanzor effectors are found mainly in fungi, protists, arthropods,
plants, and eukaryotic viruses and show a considerable degree of sim-
2 Molecular Therapy Vol. 32 No 1 January 2024
ilarity with the TnpB system at the molecular level.23,26 Although the
functions of the Fanzor effector in vivo have not been fully studied, it
is thought that the TnpB system in prokaryotes evolved to perform
similar functions in eukaryotes by transferring it to eukaryotes
through gene transfer process using symbionts. Fanzor is primarily
classified into Fanzor 1 and 2 types, and both types have been re-
ported to form RNA-DNA heteroduplexes on target DNA using
TAM sequence recognition and uRNA complementary to target
DNA, similar to TnpB (Table 3).23,26 The discovery of the Fanzor sys-
tem indicates that RNA-guided endonucleases from prokaryotes to
eukaryotes have acquired various functions at the molecular level.
In addition, the discovery of many unknown functional orthologs
of Fanzor-like endonucleases will enable future applications in gene
editing. IscB (Insertion sequences Cas9-like OrfB) is another branch
of the IS200/IS650 superfamily and also assembles with an approxi-
mately 200-nt-longuRNA.28 Similar to TnpB and Fanzor endonucle-
ases, IscB also has a compact size of 496 aa (OgeuIscB) and recognizes
TAM. However, it shares similar domain organization (RuvC, BH,
and HNH domains) and functionality and nucleic acid binding
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Table 1. Classification of CRISPR-Cas12 subtype endonucleases

Cas12 subtype Origin Length (aa) PAM Cleavage activity Target substrates

Cas12a Francisella tularensis subsp. novicida U112 1,300 TTTV cleavage dsDNA and ssDNA

Cas12b Alicyclobacillus acidoterrestris C2c1 1,129 TTN cleavage dsDNA and ssDNA

Cas12c uncultured archaeon 1,218 TG no cleavage dsDNA and ssDNA

Cas12e Deltaproteobacteria 986 TTCN cleavage dsDNA

Cas12f uncultured archaeon (Un1) 529 TTTR cleavage dsDNA and ssDNA

Cas12g Metagenomic database 767 NONE cleavage ssRNA

Cas12i Lachnospiraceae bacterium ND2006 1,093 TTN cleavage dsDNA and ssDNA

Cas12k Scytonema hofmanni 639 GGTT no cleavage dsDNA

Cas12j Biggiephage 766 TTN cleavage dsDNA and ssDNA

Cas12m Mycolicibacterium mucogenicum CCH10-A2 596 TTN no cleavage dsDNA

The Cas12 subtypes are classified according to their length (amino acids), PAM, cleavage activity, and target substrates.
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mechanism to Cas9, suggesting that it is the ancestor of Cas9.24 IscB
also shows high target specificity and potential for gene editing
applications.29

COMPARISON OF DOMAIN STRUCTURE AND
RNA-GUIDED TARGET DNA RECOGNITION OF THE
CRISPR-CAS12 AND OMEGA EFFECTORS
CRISPR-Cas12 effectors

The structure of the CRISPR-Cas12 family protein, Cas12a (Cpf1),
was first elucidated by Yamano et al.30 in 2015. Since then, many
studies have identified new CRISPR-Cas12 effectors through database
searches and biochemical and structural studies.6 At a glance, like
typical CRISPR-Cas9 systems, the CRISPR-Cas12 complex shows
bilobed feature that is composed of a recognition (REC) lobe and
nuclease (NUC) lobe (Figures 2A, 2D, and 2G).15,31,32 The REC
lobe contains the WED domain, which shows defined PAM-interact-
ing domains for some effectors, and the REC domain, which is further
defined as REC1 and REC2 domains, respectively. In contrast, the
NUC lobe comprises a RuvC domain containing conserved amino
acid residues (D/E/D) and a nuclease domain containing a ZnF
domain that directly acts on cleavage.

Most of the discovered Cas12 family members use the WED/REC/
RuvC domain to extensively contact crRNA-tracrRNA and bind to
the target DNA in a pre-ordered form.33 PAM recognition is required
primarily for target DNA binding, and these Cas12 effectors are
known to structurally recognize PAM sequences in target DNA using
WED/REC domains.11,34–37 Cas12a is known to recognize each base
of the PAM sequence using (WED/REC/PI) domains (Figures 2A–
2C) through hydrogen bonding and van der Waals interactions
with TTTV PAM in the target DNA (Figure 2B, inset).30 The recently
identified ternary structure of Cas12b combined with the target DNA
also show that the REC/WED domain region is structurally similar to
that of Cas12a (Figures 2D–2F), and the positively charged groove be-
tween the REC/WED domain recognizes the TTN PAM on the target
DNA (Figure 2E).32 After this binding, a structural transformation
from the unlocked to the locked state occurs, and the branched
form of the crRNA-DNA heteroduplex is maintained. In the recently
reported case of Cas12f, PAM was recognized by the effector binding
asymmetrically to the target DNA as a homodimer (Figures 2G–2I).15

At this time, only one REC.1-WED.1 domain among the homodimers
was found to participate in PAM sequence recognition, and the re-
maining REC.2-WED.2 domains helped in the overall binding
through dimer interactions (Figure 2H).

In each of the effector-crRNA-target DNA ternary complexes of the
Cas12 series reported thus far, the crRNA-target DNA heteroduplex
formation after PAM recognition of target DNA by each molecule
showed a very similar pattern of target strand (TS) DNA branch-
ing.13,15,30,38 The DNA bending structure from the base immediately
following the PAM sequence was explained by the interaction be-
tween a specific amino acid residue in the REC/WED domain and
the DNA backbone (Figures 2B, 2C, 2E, 2F, 2H, and 2I). Subse-
quently, heteroduplex formation by complementary annealing of
crRNA and the TS DNA is advantageous for R-loop propagation.
The heteroduplex formed by complementary binding of crRNA
and the TS DNA forms an extended form from the PAM proximal
region to the distal region through interaction with the positively
charged central channel domain (WED/REC/RuvC) of the Cas
effector.13,38 At this time, a seed region was formed in the PAM prox-
imal region of the heteroduplex by interaction with the amino acids
constituting the channel of the Cas effector (Figures 2C, 2F, and
2I). Compared with the CRISPR-Cas9 system, the Cas12 family has
been reported to show a significant decrease in cleavage when
crRNA-target DNA mismatches are formed because of the introduc-
tion of mutations into these seed regions.39–41 This indicates that the
Cas12 system has evolved to recognize the target DNAwith great pre-
cision. However, as confirmed in structural studies of Cas12a and
Cas12m, the Cas12 effector’s recognition of the PAM-distal region
of the target DNA heteroduplex was stabilized by DNA backbone
contact using the REC2 domain inserted into the WED domain
(Figures 2B and 2C).42 In addition, it has been structurally shown
that this type of recognition of PAM-distal region is possible even
in Cas12f, which operates as a homodimer, by structural stabilization
Molecular Therapy Vol. 32 No 1 January 2024 3
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Table 2. Classification of TnpB systems

Selected TnpB system Origin Length (aa) TAM Cleavage activity Target substrates

ISDra2 Deinococcus radiodurans 408 TTGAT cleavage dsDNA and ssDNA

ISAba30 Acinetobacter baumannii 406 TGAC cleavage dsDNA and ssDNA

ISTfu1 Thermobifida fusca 397 TGAT cleavage dsDNA and ssDNA

ISDge10 Deinococcus geothermalis 391 TTAT cleavage dsDNA and ssDNA

ISYmu1 Youngiibacter multivorans 382 TTGAT cleavage dsDNA and ssDNA

ISAam1 Anoxybacillus amylolyticus 369 TTTAA cleavage dsDNA and ssDNA

Representative members of the vast TnpB family as characterized by their length (amino acids), TAM, cleavage activity, and target substrates.
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through the binding of the secondary molecule (Figures 2H and 2I).15

Overall, within the Cas12 family, there is functional conservation in a
form stabilized by the interaction of the domains with the DNA back-
bone from the PAM proximal region to the distal region. As shown in
these ternary structures (Figures 2B, 2E, and 2H), the R-loop gener-
ated by the interaction between the Cas12 effector domain and the
crRNA-DNA heteroduplex appears to be very unstable.38,43 The
recently identified Cas12m-crRNA-target DNA ternary complex
structure explains how the non-target strand (NTS), which was
repelled by the crRNA-target DNA hybridization, annealed to the
TS DNA again at the PAM-distal region and closed in the form of
an R-loop.42

TnpB effectors

Considering the representative ISDra2 TnpB structure among
OMEGA systems, whose functions and characteristics have been
identified recently, it is composed of a bilobed REC lobe and a
NUC lobe, and has been reported to show the highest similarity to
Cas12f of the Cas12 family (Figures 2J–2L).25,44 Through structural
comparison, the endonuclease effectors of the TnpB family were
found to be composed of only the core functional units of Cas12,
showing a highly compact state (300–400 aa) (Table 2), and TnpB
took precedence over Cas12 effectors evolutionarily (Figure 1). Ac-
cording to the recently identified structure of ISDra2 TnpB, the
(WED/REC) domain is used to recognize the TAM sequence
(50-TTGAT-30) of the target DNA by directly interacting with each
base in the TAM sequence (Figure 2K; Table 2), and this mechanism
is similar to that of the Cas12 family.25,35–37 In the currently identified
TnpB-uRNA-target DNA ternary structure, it can be seen that TnpB
also induces R-loop formation by uRNA-target DNA hybridization
(Figure 2L).25 DNA branching is induced by the interaction of specific
amino acids (K84 and Y52) in the REC domain with the base imme-
diately after the TAM sequence, and R-loop formation is promoted by
the complementary hybridization of uRNA and target DNA. Addi-
tionally, the interaction between the WED domain and backbone
phosphate stabilized the branch structure (Figure 2K, inset). The
uRNA-target DNA heteroduplex formed in this way requires a 12-
to 16-bp-long uRNA, and WED/REC/RuvC domains form 12 seed
regions proximal to the TAM through hydrogen bonding and van
der Waals interactions. Structural analysis revealed that the TAM
distal region in this uRNA-target DNA heteroduplex had little con-
4 Molecular Therapy Vol. 32 No 1 January 2024
tact with a specific domain in the TnpB effector; therefore, it appeared
highly disordered and flexible (Figure 2K). This means that compared
phylogenetically, it was designed to recognize the PAM-distal region
of the heteroduplex according to the acquisition of additional do-
mains in addition to the core functional domain as it evolved from
TnpB to the CRISPR-Cas12 system.42

Fanzor effectors

Structural analysis of the recently identified S. punctatus Fanzor1
(SpuFz1) endonuclease also showed that the target recognition
form of RNA-guide-based endonucleases is remarkably conserved be-
tween prokaryotic and eukaryotic systems (Figures 2M–2O).23 In the
structure of the SpuFz1-uRNA-target DNA ternary complex (Figures
2N and 2O), the SpuFz1 effector is composed of a bilobed REC/NUC
domain that is functionally similar to the CRISPR-Cas12 family
and TnpB effectors, and uses uRNA with a 15 nt guide and a 75 nt
scaffold region to form an RNA-DNA heteroduplex within the target
DNA.7,25,30,38,44 The method for recognizing the TAM nucleotide
sequence (50-CATA-30) (Table 3) in the target DNA showed a typical
TnpB-TAM sequence recognition form and induced DNA branching
using theWED/REC domain. Similar to TnpB, it recognizes the TAM
sequence using single-base unit interactions with specific amino acids
in theWED/REC domain (Figure 2N) and stabilizes the branch struc-
ture starting from the base immediately following the base-paired
TAM sequence (Figure 2O). On the basis of the structural features
of these CRISPR-Cas12, TnpB, and Fanzor endonucleases, it can be
seen that they recognize target DNA with a core domain conserved
from prokaryotic to eukaryotic systems and have an RNA-guide-
based action mechanism. They are thought to have evolved into
diverse molecular forms with molecular mechanisms similar to those
of various living organisms. In particular, Fanzor contains only core
functional domains like TnpB in the overall domain comparison
but lacks specific protein domains compared with the Cas12 effector
(Figures 2A, 2D, 2G, 2J, and 2M). Evolutionarily, the functionally
missing parts of these domains are supplemented with functional
participation by uRNA.

CLEAVAGEMECHANISMOF THE CRISPR-CAS12 AND
OMEGA EFFECTORS
The mechanism of operation of various CRISPR systems is known to
form a complex of CRISPR-Cas effectors and each crRNA-tracrRNA
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Table 3. Characteristics of Fanzor endonucleases

Fanzor Origin Length (aa) TAM Cleavage activity Target substrates

SpuFz1 Spizellomyces punctatus 638 CATA cleavage dsDNA

GtFz1 Guillardia theta 690 TTAAN cleavage dsDNA

NlovFz2 Naegleria lovaniensis 477 CCG cleavage dsDNA

MmeFz2 Mercenaria mercenaria 478 TAG cleavage dsDNA

The length (amino acid), TAM, cleavage activity, and target substrates of the eukaryotic type Fanzor endonucleases show their homology to other OMEGA systems.
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to have a structure favorable for target DNA recognition and to bind
to a sequence complementary to an RNA guide to induce effective
DNA cleavage.3,6,7,11,30–32,38,45–48 A series of processes in which
RNA-guided endonucleases, such as the CRISPR-Cas12a system,
identify target sequences in DNA and induce cleavage, have been con-
ducted at the single-molecule level (Figure 3).49–53 First, the CRISPR-
Cas12a effector recognizes the target sequence in DNA through an
effective one-dimensional search process. Upon binding to the
PAM sequence on the target DNA, crRNA triggers conformational
rearrangement of the CRISPR-Cas12a effector, which consequently
initiates DNA recognition and cleavage processes. In the case of
CRISPR-Cas12a, the model presented for the DNA cleavage method
based on the results of previous studies is unlike the CRISPR-Cas9 se-
ries, which has two HNH and RuvC cleavage domains, and uses one
RuvC domain to induce double-helix cleavage by the sequential cleav-
age of NTS and TS (Figure 3A).41 The role of the NUC domain linked
to the RuvC domain is to assist in loading the RuvC domain of the TS
after NTS cleavage by the RuvC domain, so that DNA cleavage occurs
sequentially.15,32,44,54 This DNA cleavage operation model is also sup-
ported by the loss of cleavage function for both the NTS and TS in
studies that introduced mutations in the RuvC domain of the
Cas12b effector.33 In contrast, effectors (Cas12c, Cas12m, Cas12k)
that have a non-canonical form (usually bound to a single 2+ metal
ion) cleavage pocket induce transcriptional silencing by binding to
the target DNA instead of inducing cleavage.13,16–19,42,55,56 A recently
published Cas12m showed a typical transcriptional silencing effect by
inducing strong binding to the NTS using arginine-rich REC and
RuvC domains.13

The recently reported RNA-guided endonucleases (ISDra2, TnpB,
and SpuFanzor) of the OMEGA series also have a single RuvC
domain, including typical D/E/D residues, and exhibit DNA cleavage
effect.22,23,25,44 In the case of the TnpB effector, structural changes are
induced by target DNA binding, resulting in the release of the RuvC
domain.25 The mechanism by which the effector in the activated form
cleaves the target DNA has been reported. The ternary complex of
TnpB-uRNA-target DNA shows a mechanism that enables effective
DNA double-helix cleavage using the RuvC domain with a minimal
functional structure compared with Cas12 family effectors.25 Specif-
ically, the Fanzor effector is stabilized by the interaction of
OMEGA RNA and the RuvC domain compared with the Cas12 fam-
ily of effectors and shows an optimized form for DNA cleavage.23 This
indicates that uRNAs contribute significantly to cleavage in addition
to the role of the RuvC domain evolutionarily. Interestingly, in the
case of the CRISPR-Cas12 series and the ISDra2 TnpB effector, a
non-specific trans-cleavage effect (non-specific single-stranded
DNA [ssDNA] cleavage activity) occurred after target recognition
and cleavage (Figure 3B).57–59 It has been reported that after guide
RNA-based target recognition, structural changes are induced in
each endonuclease effector, and the RuvC domain used for target
DNA cleavage is still exposed to the solution used to cut ssDNA.
This property has been used in many DNA-based detection
technologies.59–64

APPLICATION OF CRISPR-CAS12 AND OMEGA
EFFECTORS FOR GENOME REGULATION
A recent understanding of the mechanism of target DNA targeting by
CRISPR-Cas12 and the OMEGA system has made it possible to edit
target genomes of various living organisms. Compared with the
recently discovered OMEGA system, the CRISPR-Cas12 system has
relatively more research data on the targeting mechanism. Many
different types of genome regulation technologies based on the
CRISPR-Cas12module have been built and applied tomany living or-
ganisms. In this section, we compare the developmental aspects of
gene-editing technology on the basis of CRISPR-Cas12 and
OMEGA endonucleases, and the characteristics of gene editing in
living organisms.

DNA-targeted editing by CRISPR-Cas12 and OMEGA effectors

CRISPR-Cas12 effectors

The CRISPR-Cas12a system, which was first studied in gene editing in
the CRISPR-Cas12 family, is composed of a short crRNA and a
Cas12a endonuclease protein that operates on the target DNA.11

Cas12a is relatively smaller in size than the more widely used Cas9
system, allows multiplex genome editing, and functions to expand
the range of target genes by recognizing T-rich PAM instead of
G-rich PAM.7,34–37,65 In fact it has been used for gene editing in
various organisms successfully.21,66–74 Although the gene-editing ef-
ficiency of Cas12a orthologs in nature is relatively low compared
with that of the Cas9 effector, it can be optimized for in vivo gene ed-
iting by specific amino acid engineering to enhance target DNA bind-
ing and activity.69,75 In addition to the effective application of the
Cas12a system, various endonuclease systems of the Cas12 family
have been discovered and optimized for gene editing in vivo.6

In particular, Cas12f and Cas12n effectors are very small in size and
composed of bilobed forms with minimal functional domains that
induce DSBs on target DNA.14,76–81 Cas12f has a robust cleavage
Molecular Therapy Vol. 32 No 1 January 2024 5
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activity although relatively lower than that of Cas9 and Cas12a.77

However, the compact size of the Cas12f effector is highly advanta-
geous for a single AAV vector loading and results in highly efficient
gene editing by effective delivery to in vivo targets.81 Delivery by ad-
eno-associated virus (AAV) is highly effective compared with other
in vivo delivery systems because it does not trigger immune response
in the body. However, a single AAV can carry only up to 4.7 kb of ge-
netic load; hence, compact Cas12 effectors are preferred than the
larger SpCas9 protein.82 Recently, AAV-based gene therapy of tyr-
osinemia showed comparable efficacy between AAV-Cas12f and
AAV-CjCas9 (previously considered the most efficient small-size
effector).83 When these Cas12-type endonucleases are delivered
into the cells, they specifically recognize each PAM nucleotide
sequence in the target gene and induce effective indel formation (Fig-
ure 4A). In particular, if the target DNA is edited with the Cas12
endonuclease, the point at which DNA cleavage occurs appears
distant from the PAM as an overhang pattern attributable to sequen-
tial cleavage induced by a single RuvC domain.81,84,85 In addition,
when target DNA edited using Cas12-family endonucleases is
analyzed by NGS method, a deletion pattern of random size is domi-
nant, unlike in the Cas9 system, in which +1/�1 indels are dominant
around the expected cleavage point.86 In addition to inducing indel
formation in target genes, homology-directed repair can be induced
through the additional transfer of a donor template using the Cas12
family of endonucleases to correct the target or insert a foreign gene.87

OMEGA effectors

The OMEGA system was recently discovered, and its detailed
biochemical properties have been studied and applied to in vivo
gene editing.24 The results of treating ISDra2 TnpB and SpuFanzor
effectors in human-derived cell lines showed a typical indel pattern
very similar to that of Cas12 endonucleases.22,23,25,44 Gene editing
by the TnpB effector results in the formation of a typical deletion
pattern induced by sticky-end DNA cleavage.22 Various deletion sizes
are formed by error-prone repair centered on the cleavage point of the
distal region in the TAM sequence. Among the OMEGA systems, in
the case of TnpB, various ortholog effectors with gene-editing ability
in the human system were recently discovered through de novo
screening and characterization system.27 These TnpB effectors have
a rather complex TAM sequence, but can induce chromosome-tar-
geted DNA cleavage in human-derived cell lines, enabling effective
gene editing. As most of the TnpB effector series have a small gene
size, it is advantageous for in vivo delivery based on viral loading
and is expected to become an excellent gene editing tool in terms of
efficiency in the future through additional engineering to enhance
Figure 2. Structure and interaction of RNA-target DNA complexes of CRISPR a

The schematics of each domain (A, D, G, J, and M), structure (B, E, H, K, and N), and int

(PDB: 6I1K), Cas12b (PDB: 5U31), Cas12f (PDB: 7C7L), ISDra2 TnpB (PDB: 8EXA), and S

H, left insets) or TAM (K and N, left insets) interaction region. The structures (B, E, H, K

Molecular Graphics System version 2.5.4; Schrödinger, LLC.), with the colors of the dom

heteroduplex with the specific domain of the endonuclease are shown in the form of th

indicate disordered regions in RNA or protein structure. In (K) and (N), the structures of

heteroduplex interaction.
the interaction with target DNA. Recently, Fanzor endonucleases,
which are evolutionarily close and functionally similar to TnpB,
were confirmed to have gene-editing abilities in human-derived cell
lines.23 In particular, excellent gene-editing efficiency has been shown
for various genes using Fanzor effector variants, which exhibit strong
DNA interactions by introducing mutations. Because the TnpB and
Fanzor endonuclease families have TAM sequences that are more
complex than the PAM sequence of the CRISPR-Cas12 system, engi-
neering the REC-WED domain required for TAM recognition is also
necessary for the expansion of the targeting range.35–37

Base editing and transcriptional regulation without inducing

DSB by using CRISPR-Cas12 effectors

With the recent development of gene-editing technology, a base edi-
tor type that substitutes only a single base without inducing double
helix breaks in the target DNA or a CRISPR activation (CRISPRa)/
CRISPR interference (CRISPRi) system that controls the expression
level instead of gene editing has been developed (Figure 4).88,89 The
CRISPR-Cas12 series has also been applied to these technologies
and it is believed that the OMEGA system will be developed in this
form and applied to living organisms in the near future.

Base-editing technology uses a system in which a deaminase is linked
to the CRISPR module to induce single-base DNA substitutions ac-
cording to target binding (Figure 4B). Starting with the cytosine
(C) base editor that induces single base substitution from C to T,
an adenine (A) base editor that substitutes from A to G and a
trans-conversion editor have been developed and are continuously
improved in terms of efficiency and applied to various living organ-
isms.75,90–95 First, considering the case implemented in the form of
base editing using the CRISPR-Cas12 system, the substitution of
the target sequence was induced by linking the functional domain
deaminase and uracil glycosylase inhibitor (UGI) on the basis of
the Cas12a effector, such as Cas9.96 Unlike Cas9 nickase, which can
induce nicking of TS and improve base substitution efficiency by
base excision repair, the Cas12 base editor has no known nickase
form; therefore, the base substitution efficiency was optimized in
the form of a dead form that completely inhibited the activity of
the RuvC domain. Starting with Cas12a-based CBE in 2018, the
ABE system has also been implemented recently, enabling various
base edits.97 In particular, base editors in the form of hypercompact
CRISPR-Cas12 have been developed because it is difficult to develop
a virus-based delivery system because of the large size of the CRISPR-
Cas12amodule, in which deaminase andUGI are connected.81,98 This
highly compact base editor can be combined with modules with
nd OMEGA endonucleases

eraction between DNA-RNA heteroduplex and domains (C, F, I, L, and O) of Cas12a

puFz (PDB: 8GKH) are shown. The close-up snapshots highlight the PAM (B, E, and

, and N) are obtained from the PDB and illustrated using PyMOL software (PyMOL

ains unified across all RNA-guide endonucleases. The interactions of the DNA-RNA

e larger circle, with colors indicating the domain (C, F, I, L, and O). The white circles

TnpB and SpuFanzor are rotated 90� along the vertical axis to show the DNA-RNA
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Figure 3. The DNA cleavage models of the Cas12 family with targeting of dsDNA and ssDNA

(A) A sequential cis-cleavage mechanism is observed in dsDNA substrates. Target sequence recognition follows after the identification of PAM and induces conformational

changes in the endonuclease. Then, the non-target strand (NTS) is cleaved by the RuvC domain (RuvC). After the release of the cleaved NTS, the NUC domain then “grabs”

the target strand (TS) to bring it to the vacated RuvC domain for cleavage. (B) The indiscriminate degradation of ssDNA by the activated RuvC domain. After the cleavage of

the NTS and TS, the RuvC remains active for cleaving ssDNA. NUC, nuclease domain. The figures were created using BioRender software (BioRender.com).
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various functions, so it can be loaded into excellent delivery vehicles,
such as AAV, and it is becoming a cornerstone for the development of
future human-targeted treatments. In addition to the base-editing
system, there is a CRISPR activator or inhibitor as an example imple-
mented in the form of regulating the expression level of a target gene
using the CRISPR-Cas12 system (Figure 4C).99–103 Unlike base edi-
tors that edit target gene information, trans-activator domains such
as viral protein R (VPR) can be linked to the dead form CRISPR-
Cas12 module to transiently regulate target gene expression.

Off-target characteristics of Cas12 and OMEGA effectors

Accuracy is an important factor for inducing gene editing in living
organism.86,104,105 CRISPR-Cas12 is attracting more attention than
the Cas9 system because the DNA-RNA heteroduplex region that
forms the R-loop by guide RNA is very sensitive to mismatch forma-
tion, and the probability of off-target editing is low.39,40 Mismatch
formation in the DNA-RNA heteroduplex region is known to
form an unfavorable structure for target DNA cleavage, and most
8 Molecular Therapy Vol. 32 No 1 January 2024
Cas12 systems discovered so far is particularly sensitive to mismatch
formation in regions close to the PAM sequence, which is consid-
ered as a seed region.40,41,106 Previously, unbiased genome-wide
off-target detection methods such as CIRCLE-seq, SITE-seq,
CROss-seq, and Digenome-seq were used to determine the target
recognition accuracy of these RNA-guide-based endonucleases.107

Using these methodologies, it is possible to accurately predict poten-
tial off-target candidates and minimize unwanted off-target editing,
even for Cas12 and OMEGA systems. In particular, when using
Cas12f, one of the recent studies analyzing gene editing results
shows that this kind of off-target detection method effectively dis-
tinguishes small indels, deletions, and translocations generated by
DSBs.77 Recently, TnpB effectors, for which biochemical studies
on target DNA recognition and cleavage on the basis of endonu-
clease-uRNA complex have been conducted, were surprisingly
similar to CRISPR-Cas12 family members in their sensitivity to
mismatch formation in the DNA-RNA heteroduplex region.25,27

In particular, TnpB effectors have seeds in the proximal region of
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Figure 4. Mechanisms of indel formation, base

editing, and gene expression regulation that form

the basis of the applications of CRISPR-Cas12

(A) Canonical Cas12a cleaves the target DNA and acti-

vates DNA double-strand break repair in the cellular sys-

tem. An error-prone DNA repair system operates on the

target sequence, and DNA editing in the form of insertion

and deletion is induced. (B) The cytosine base editor is

composed of the cytosine deaminase (CDA), uracil gly-

cosylase inhibitor (UGI), and an effector. On the basis of

the dCas12 form, which cannot induce DSB on target

DNA, the base deamination domain can be conjugated

and induce target base substitution within the ssDNA-

exposed region of target DNA. The formation of the R-loop

structure leaves the NTS susceptible to effectors such as

cytosine deaminase to deaminate C to U. Because of the

sequential DNA repair and replication process, the

opposite nucleotide of U is converted from G to A, and

finally, deaminated U is read as T. (C) Conjugating trans-

activator domains such as viral protein R (VPR) or

Krüppel-associated box (KRAB) to the dead form of

Cas12 can enable the regulation of gene expression.

VPR is a protein that, together with other transcription

activators, facilitates the assembly of transcription

factors and RNA polymerase. On the other hand, KRAB

is an effective and widely used gene expression

inhibitor. The figures were created using BioRender

software (BioRender.com).
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the TAM sequence and generally have high target specificity, result-
ing in fewer unintended mutations at off-target sites.

CONCLUDING REMARKS
A decade has passed since the discovery of mechanisms enabling the
control of target genes on the basis of the reprogramming of the
CRISPR-Cas9 system. The infinite potential of the CRISPR-Cas9 sys-
tem for controlling biological genetic information has led to the devel-
opment of next-generation gene editing tools, such as CRISPR-Cas12
and the OMEGA system, through database-based screening of bacte-
ria and archaea. The CRISPR-Cas12 and OMEGA system discussed
in this review has a high degree of target gene accuracy and unlimited
potential for the future generation of transgenic animals and plants
and the development of gene therapy for humans.

Currently, gene-editing technology still has room for improvement
in terms of correcting genes in the context of future therapies target-
ing the human body, and further engineering is needed for bench-
to-bedside applications.108 Especially, improvements are possible
in terms of efficiency, accuracy, toxicity, and applicability in the
CRISPR-Cas12 and OMEGA systems. First, when using CRISPR-
Cas12 and OMEGA effectors, the efficiency of gene editing in living
organisms is lower compared with the traditional Cas9
effector.23,27,44 Therefore, effective gene editing can be achieved
through enhancing the target DNA binding of the effector protein
itself.69,75 Furthermore, an optimized expression system can be
used for effector protein and guide RNA components, tailored for
efficient delivery tools such as AAV.81 Second, not only efficiency
can be improved but accuracy as well. The increase in target speci-
ficity of CRISPR-Cas12 and OMEGA effectors can be possibly
achieved through directed evolution, similar to the engineering of
traditional CRISPR-Cas proteins.109,110 Third, addressing the issue
of immunogenic control during the introduction of various organ-
isms, including bacterial components, into the human body is essen-
tial.111,112 Introduction of engineering to effector protein and guide
RNAs to control the immunity signals triggered by RNA-guided
endonuclease components is possible.113 Finally, it should be
possible to induce various gene edits on the basis of CRISPR-
Cas12 and OMEGA effectors. For example, if an active nickase
form of CRISPR-Cas12 and OMEGA effectors can be created, it
would enable effective genome modifications such as base editing
and prime editing, thereby making it possible to correct a variety
of mutations of human diseases.88,114 In the future, thanks to the
development of delivery systems such as AAV, it will be possible
to create technologies that can be effectively applied to the treatment
of human diseases by manipulating miniaturized and precise RNA-
guided endonucleases such as CRISPR-Cas12 and OMEGA effec-
tors. Technical advances in gene editing of this kind will provide a
substantial foundation of knowledge for the development of gene
therapies targeting human beings.
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