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Abstract

CRISPR-Cas systems revolutionize the genome engineering field but need to induce double
strand break (DSB) and may be difficult to deliver due to the large protein size. In 2019, Tn7-like
transposons such as CASTs (CRISPR-associated transposons) are repurposed for RNA-guided
DSB-free integration. In 2021, OMEGA (obligate mobile element guided activity) proteins of the
IS200/IS605 transposons are developed as the hypercompact RNA-guided genome editing tools.
The characteristics of these systems generate excitement for leveraging CASTs and OMEGA as
innovative genome engineering tools and exploring methods to improve the precision and
efficiency of editing. This review explores the recent developments and uses of CASTs and
OMEGA in genome editing across prokaryotic and eukaryotic cells. The pros and cons of these

transposon-based systems are deliberated in comparison to other CRISPR systems.



44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

CRISPR and Transposons for Genome Engineering

CRISPR-Cas systems are categorized into 2 classes, 6 types (e.g. Cas9 for type Il and Cas12 for
type V) and 33 subtypes [1], among which CRISPR-Cas9 is first repurposed for genome
engineering of eukaryotes [2, 3] and prokaryotes [4, 5]. CRISPR-Cas9 requires Cas9 (See
Glossary), crRNA and tracrRNA (See Glossary) to recognize the PAM (See Glossary) sequence
on the target DNA and induce double strand break (DSB), which triggers intrinsic DNA repair
(See Glossary) and ensuing DNA insertions/deletions (indels). However, DNA repair is inefficient
in non-dividing eukaryotes [6] and some bacteria [7]; DSB sparks innate immune responses in
human cells [8] and may elicit genomic deletions and chromosomal translocations [9, 10].
Furthermore, the large size of the most widely used Cas9 and Cas12 (1000-1300 aa) hinders their
delivery by AAV (See Glossary) for gene therapy [11, 12]. Although miniature Cas12f homologs

(400-700 aa) are found, their editing efficiencies remain low [13-15].

In 2017, the connection between Tn7-like transposons (See Glossary) and CRISPR is
discovered [16], with subsequent observations revealing associations with various CRISPR types,
including I-B, I-D, I-F, and V-K [17-22]. In 2019, the type V-K [17] and type I-F3 [18] CRISPR-
associated transposons (termed CASTs) are first repurposed for DSB-free, RNA-guided DNA
insertion into E. coli, which implicates the potentials of CASTs to obviate the requirement of DSB
induction in CRISPR-Cas systems. In 2021, IscB (400-500 aa) and TnpB (408 aa) nucleases in the
insertion sequence (IS) (See Glossary) family transposons are transformed into hypercompact
programmable RNA-guided DNA nucleases [23, 24]. These nucleases, part of the OMEGA
(obligate mobile element guided activity) system, show promise in overcoming the size limitations

of current CRISPR-Cas nucleases.
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Several articles have comprehensively reviewed CASTs, either offering a general introduction
[25-28] or delving into specific aspects like molecular mechanisms [20, 21, 29] and applications
related to DSB-free DNA integration [28, 30, 31]. Yet OMEGA system is reviewed in only two
papers [21, 32] and several research spotlight articles [33-35]. This paper provides a comprehensive
review of recent advances, specifically focusing on the development and applications of CASTs in
genome editing for both prokaryotes and eukaryotes. Additionally, we offer an updated overview

of OMEGA in the context of eukaryotic genome editing.

What are CASTs and OMEGA

Bioinformatic searches have revealed CASTs repertoire to over 1000 subsystems [36], among
which types V-K and I-F are the most exhaustively studied [26]. Type V-K CASTs encode four
proteins (TnsB, TnsC, TniQ, Cas12k), tracrRNA/crRNA and the genetic cargo within the left end
(LE) and right end (RE) of transposon (Fig. 1A). TnsB is the transposase for integration; TnsC is
an ATPase for target site selection while TniQ is an adaptor protein. Type I-F3 CASTs encode
seven proteins (TnsA, TnsB, TnsC, Cas6, Cas7, Cas5/8 and TniQ) and expresses only crRNA
(without tracrRNA). The cassette, along with the cargo, is embedded within the LE/RE ends (Fig.

1A).

OMEGA is a new family of miniature RNA-guided endonucleases comprising TnpB, IscB, IsrB
and Fanzor [32]. IscB and TnpB prevent permanent transposon loss [37] and are evolutionary
ancestors of Cas9 and Cas12 [38], respectively (Fig. 1B). IscB shares HNH and RuvC nuclease
domains with Cas9 [23] and is guided by ®RNA, enabling IscB to cleave its target DNA (Fig. 1B).
Similarly, TnpB associates with ®RNA for dsDNA cleavage (Fig. 1B) [24]. Recently, Fanzors
found in eukaryotic transposons are utilized as the first eukaryotic OMEGA RNA-guided DNA

endonucleases for programmable human genome engineering [39].
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CASTs for Prokaryotic Genome Engineering
Development of type V-K CASTs

Strecker, et al. first characterize the type V-K CAST from Scytonema hofmanni (ShCAST) and
design gRNAs (see Glossary) for DNA insertion into E. coli [17]. The insertions occur
unidirectionally with the requirement of a targeting protospacer and a PAM sequence. The authors
construct a helper plasmid (pHelper) expressing all 4 SACAST proteins and a donor plasmid
(pDonor) carrying the genetic cargo flanked by LE/RE (Fig. 2A). Co-electroporation of both
plasmids into E. coli confers integration with varying efficiencies (Table 1). ShiCAST requires
Cas12k to coordinate with gRNA and recruit the transposase complex to integrate DNA cargo (up

to 10 kb) into the target site *60—66 bp downstream of the PAM, without triggering DSB [17].

Note that SACAST induces the integration of LE/RE and is not a scarless method. Although the
PAM and target sequence remain unchanged post-transposition, they prevent additional integration
at the same site [17], resembling “target immunity”. Under overexpression conditions, ShCAST
results in off-target integration through Casl2k-independent mechanisms [17, 28]. Moreover,
ShCAST mediates co-integration of not only the transposon but also the donor plasmid [17, 40-42].

Such co-integration is observed in multiple E. coli strains [42].

ShCAST is subsequently improved by using different promoters in the pHelper plasmid (Table
1), which shows that stronger promoter and higher expression improve integration efficiency [43].
By designing the crRNA to target elements that naturally exist in multiple copies in bacteria,
ShCAST enables multiplexed gene insertion into 4 identical repeats and integration of a large DNA

cargo into genomic sites (Table 1).

Increasing Cas12k expression level alone enhances on-target integration efficiency [42, 44].

Accordingly, the SHOT system (Fig. 2A, Table 1) is developed by increasing Cas12k expression
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and tuning editing conditions [42]. SHOT can insert genes into loci that cannot be edited using the
original SACAST [42]. Other ShACAST-based systems such as CI12KGET [45] is also developed by

modifying the expression cassette designs (Table 1).

These studies confirm that SACAST can be adapted and improved for DSB-free, multiplexed
integration of large DNA cargo into prokaryotic genome. Note that the insertion efficiencies vary
widely with the genomic sites, probably because the sequences directly adjacent to the LE/RE are
pivotal for the integration efficiency [46]. The stoichiometry of individual proteins is also crucial
for editing efficiencies, which can be explained by recent discoveries of structures and transposition
mechanisms (Box 1 and Fig. 2B). Tuning the expression levels of each component proteins can
enhance the editing efficiencies and reduce the off-target effects, yet co-integration of plasmid

backbone remains problematic.

This co-integration problem is addressed in a recent study [46]. Bacterial transposons propagate
through cut-and-paste or copy-and-paste pathway [47]. In the Tn7 transposon, TnsA and TnsB nick
the 5> and 3’ end of donor DNA, respectively, resulting in simple insertions via cut-and-paste
transposition. Tou ef al. reason that the lack of TnsA in the type V-K CAST leads to TnsB-mediated
3’ nicking only, thus resulting in copy-and-paste integration and undesired co-integration [46].
With this hypothesis, HELIX (Table 1) is developed from ShCAST by fusing a nicking
endonuclease (nAnil) to the N terminus of TnsB to restore the 5 nicking capability (Fig. 2A).
HELIX confers large DNA insertion into genomic targets in E. coli via cut-and-paste mechanism,
which almost abolishes the co-integration while retaining robust integration efficiencies (Table 1).
Note, however, that C-terminal fusion of nAnil to TnsB does not yield transposition. The HELIX
design, derived from ShCAST, is also applicable to other type V-K CASTs or a different strain of

S. hofmannii [46].
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Altogether, HELIX streamlines the type V-K transposition and enables programmable, cut-and-
paste, unidirectional and recombination-independent DNA insertions. Note, however, that
engineering of the component proteins is sensitive to perturbations.

Development of Type I CASTs

At the same time, Klompe et al. [18] demonstrate programmable transposition in E. coli using
the type I-F3 CAST from Vibrio cholera (VchCAST) and establishes the INTEGRATE system.
INTEGRATE encode all required proteins and donor DNA in 3 separate plasmids: pQCascade,
pTnsABC and pDonor (Fig. 3A and Table 1). INTEGRATE enables large DNA integration into E.
coli genome in either forward or reverse direction with a 5-bp target site duplication (TSD), and
accurate DNA integration into E. coli genome 4655 bp downstream of the PAM-distal end target
site (Table 1 and Fig. 3B). Similar INTEGRATE systems based on type I-B CASTs are also

described [48, 49].

Following the concept of INTEGRATE, MUCICAT (Table 1) systems based on different type
I-F CASTs is developed for multicopy and multiplexed integration by changing the crRNA design
[50, 51]. Yet, the multicopy integration does not function as effectively in E. coli
MG1655AendAArecA(DE3) [50]. Another type I-F CAST also fails to mediate cargo insertion
[51]. These studies indicate the need to screen appropriate type I CASTs from different organisms

for INTEGRATE system development.

To streamline INTEGRATE, Vo, ef al. assemble all components of INTEGRATE in an all-in-
one expression vector (Fig. 3A) [52]. The all-in-one INTEGRATE confers higher integration
efficiencies than the original INTEGRATE, presumably because the higher efficiency of
transforming a single plasmid than co-transforming 3 plasmids into single cells. DNA insertion is

directional and off-target effect is lower than that of the original version. The all-in-one type I-F3
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INTERGRATE is further harnessed with an orthogonal all-in-one type V-K ShCAST [52] to
facilitate iterative insertions and circumvents the target immunity problem of SACAST. Using a
gRNA array, the all-in-one INETGRATE achieves multiplexed insertions into E. coli genomic loci
and can be used in other bacteria [52]. Similarly, all-in-one MUCICAT is generated and operated
orthogonally with all-in-one VchCAST for multiplexed gene insertion [5S1]. Rubin, et al. further
develop a DNA-editing All-in-one RNA-guided CRISPR—Cas Transposase from V. cholerae
(VeDART) [53]. VeDART resembles the all-in-one INTEGRATE but the genetic cargo is barcoded
for environmental transformation sequencing (ET-seq), which enables tracking of edited cells.

These studies highlight the broad utility of all-in-one type I CASTs for bacterial engineering.

Overall, type I-F CASTs confer higher integration specificity (i.e. no co-integration) than type
V-K CASTs due to their differences in transpososome structures and transposition mechanisms
(Box 1 and 2). Both CASTs can be cloned into a single plasmid for enhanced efficiency, specificity,
and orthogonal editing, indicating a growing preference for all-in-one CASTs. Although type V-K
CASTs yield more serious off-target integration and co-integration, these issues can be addressed
by the HELIX design, supplementation of additional components such as pir [46] and fine-tuning
the stoichiometry of component proteins. The intrinsic target immunity problems of type V-K
CASTs can be circumvented by using orthogonal CASTs. Type V-K CASTs require only 4 proteins
and is more compact than type I-F CASTs that necessitate 7 proteins, which makes it easier to
construct and deliver the all-in-one vector. Consequently, it is anticipated that type V-K CASTs

will become more popular for prokaryotic genome editing compared to type I-F.



178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

Applications of CASTs in Bacteria
Metabolic engineering for improved product synthesis

E. coli BL21(DE3) is commonly used for protein production, but excess acids byproduct
accumulation is a problem. Chang, ef al. design a 10.3 kb CRISPR interference (CRISPRi1) module
that concurrently suppresses 4 genes accountable for acid accumulation [42]. Integration of the
CRISPRi module into E. coli BL21(DE3) using SHOT (Table 1) represses all 4 genes and acid
accumulation, hence producing more recombinant protein [42], and making this strain a promising
platform for recombinant protein production. The C12KGET system (Table 1) is used to integrate
genes of the vitamin B12 synthetic pathway into strain, which improves the vitamin B12 yield [45].
Conversely, Shewanella oneidensis is promising for bioenergy production, but its application is
limited by substrate dependence on three-carbon compounds [54]. Cheng, et al. employ the
improved SACAST to integrate two key genes to engineer a strain that can utilize six-carbon

glucose and fructose [43].

Meanwhile, the type I-F CAST-based MUCICAT is applied to increase the copy numbers of
the gene encoding glucose dehydrogenase (GDH) in E. coli BL21(DE3) to enhance GDH
production [50]. MUCICAT is also exploited to optimize the N-acetylglucosamine (GlcNAc)
biosynthesis in E. coli [55]. Multiplexed integration generates a library with 1-11 copies of the
GlcNAc cassette. The strain harboring 5 copies of GIcNAc yields the highest GIcNAc titer [55].

Gene editing within a complex bacterial community

Understanding the functions of many bacteria and archaea is challenging due to the difficulty in
culturing these microorganisms [56]. Achieving programmable organism- and locus-specific
editing within a microbial community is desired but challenging, given that most microorganisms

exist in communities [57]. Vo, et al. tackle this problem by conjugating the all-in-one
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INTEGRATE plasmid from an E. coli into the mixed bacterial community, which achieves
efficient RNA-guided transposition across distinct microbiome community sources [52].
Meanwhile, VcDART (Table 1), coupled with ET-seq, facilitates selection-free tagging and
tracking of genetic mutant fitness in synthetic soil communities. It allows simultaneous loss-of-
function and gain-of-function mutations, exerting strong selective pressure for the enrichment of
two bacteria in the community. Additionally, VcDART achieves strain-specific editing in an infant
gut consortium, enabling the enrichment and isolation of edited community members [53].
Consequently, CASTs offer a tool to investigate the function and fitness of specific genes in
microbial communities, overcoming challenges associated with isolating unculturable bacteria.
This capability suggests the potential use of CASTs in inhibiting methane-producing bacteria in
the guts of ruminant livestock to mitigate methane production, a major greenhouse gas contributing
to global warming.

Targeted mutagenesis and genetic screening in diverse bacteria

The ShCAST-based STAGE (Table 1) is used to construct transposon mutant libraries, and
further generate P. aeruginosa loss-of-function mutant libraries by interrupting 593 transcription
factors (TFs) [58]. This method allows for identification of TFs for antibiotic resistance. Another
study leverages ShCAST for targeted mutagenesis in 3 classes of proteobacteria, especially in

Betaproteobacteria and Gammaproteobacteria [59].

These studies altogether implicate the potentials of DSB-free CASTs to engineer prokaryotes
that are difficult to edit, especially those in a mixed community, thus allowing for not only

metabolic engineering and fundamental research, but also climate change control.
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CASTs and OMEGA for Eukaryotic Genome Engineering
CASTs

Tou, et al. discover that a type V-K CAST from Nostoc Sp. PCC7101 (N7CAST) enables DNA
insertion in the HEK293 cell lysate [46]. The authors further construct NJHELIX (Fig. 4A), which
comprises pN7HELIX to express transposition proteins, pTarget, pdonor, psgRNA, and pS15
expressing S15 (a host ribosomal protein required for type V-K CASTs, Box 1). Delivering the
system into HEK293T cells enables insertion of a 2.6 kb cargo into the target plasmid 57-62 bp
downstream of the PAM with only 7.9% co-integrate products, a 5.3-fold improvement compared

with N7CAST. However, the integration efficiency is very low (<0.1%) [46].

Recently Lampe, et al. construct pDonor, pTarget and plasmids expressing proteins and RNA
components from a type I-E Cascade from Pseudomonas sp. S-6-2 (Fig. 4B) [60]. Delivering these
plasmids into HEK293T cells enables cargo integration from pDonor into pTarget, at efficiencies
<0.1%. To increase the efficiency, the authors screen 18 additional CASTs and identify a
transposon from Pseudoalteromonas sp. (PseCAST). Using the same approach and systemic
engineering, the engineered PseCAST confers 3-5% cargo transposition from pDonor to to pTarget,
with the integration efficiency decreasing with cargo size (0.8 tol5 kb). The authors further
optimize PseCAST and achieve donor integration into several genomic loci with efficiencies
varying from 0.005-0.01%. The authors identify the essential roles of post-transposition complex
(PTC) unfolding and disassembly for transposition. By co-expressing bacterial ClpX, an ATPase
from MuA transposon that unfolds protein substrates, the integration efficiency is improved to =1%,
indicating that PTC disassembly limits integration into genomic sites in HEK293T cells [60]. This
work lays a foundation to exploit CASTs for eukaryotic genome engineering and demonstrates the

possibility to improve the editing efficiency through systematic engineering and discovery of new

11
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helper proteins. However, the editing efficiency is low compared with CRISPR-Cas9 and
CRISPR-Cas12 systems. Furthermore, not all CASTs can edit eukaryotic genomes.
OMEGA

In 2021, Altae-Tran, et al. discover that prokaryotic IscB (=400-500 aa) functions in conjunction
with non-coding ®RNA to enable eukaryotic DNA cleavage [23]. ®RNA is encoded within the LE
of the transposon and is longer than 200 nt. IscB-oRNA cleaves dsDNA with a 3’ target-adjacent
motif (TAM) preference. Among 6 IscB proteins, a compact OgeulscB (496 aa) induces indels in
the genome of HEK293FT cells with varying efficiencies up to 4.4% [23]. Subsequent studies show
that ®RNA plays the equivalent function of REC domains in Cas9 [38] and replaces some structural

elements of Cas9 and crRNA/tracrRNA duplex [61].

In the meantime, Karvelis, ef al. uncover that TnpB from Deinococcus radiodurans 1ISDra2 (408
aa) can complex with the ®RNA (=150 nt) encoded within the RE of transposon [24]. TnpB-oRNA
complex recognizes the TAM and mediates in vitro plasmid cleavage. Delivering the plasmid
encoding TnpB and ®RNA (Fig. 4C) into HEK293T cells induces indels at frequencies (10-20%)
comparable to CRISPR—Cas9 and CRISPR-Cas12 [24]. ®RNA directs TnpB to create a staggered
DNA cut in a manner similar to Cas12. TnpB represents the minimal structural and functional core
of Cas12 and is the evolutionary ancestor of Cas12 [62]. TnpB can processes its own mRNA into

®RNA [63], which is conserved among all guide RNAs of Cas12 [64].

Recently, Xiang et al. identify new TnpB proteins, particularly ISAam1 (369 aa) and ISYmul
(382 aa), and showcase their ability to induce indels across genomic loci in HEK293T cells [65].
ISAam1 and ISYmul outperform 3 Casl2f editors, exhibiting editing efficiency comparable to
SaCas9 (1,053 aa) but with a significantly smaller size. They predominantly induce deletions, and

insertions are less common, in a way similar to those in CRISPR-Cas systems. Notably, the

12
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compact ISAaml1 editor is packed into AAVS and injected into mice, achieving >5% editing
efficiency that outperforms Un1Cas12f1 and SaCas9. This groundbreaking study demonstrates the
in vivo delivery of the hypercompact OMEGA system via AAV and establishes TnpB's potential

as a human genome editing tool.

Fanzor (Fz) protein is a class of endonucleases encoded by transposons discovered in various
eukaryotes ranging from fungi to flies and even eukaryotic viruses [35, 66]. Fz is categorized into
Fzl and Fz2, both arising from prokaryotic IS607 TnpBs [67] and can coordinate with ®RNA for
RNA-guided genome cleavage in human cells (Fig. 4D). Fz is also smaller than Cas12a nucleases,
an important feature for genome editing applications [35]. Saito, ef al. screen multiple Fz homologs
and show that 3 Fz homologs can induce indels at genomic sites in HEK293T cells with efficiencies
ranging from 0.01% to 11.8%. The overall editing efficiency of 3 Fz variants is comparable with
that of a minimal Cas12 editor, AsCas12f1 (422 aa) [14]. Two of the homologs cause large deletion,
with a pattern similar to that of Casl2a. Mutating SpuFz1 (638 aa) and optimizing the ®RNA
architecture increase indel mutation frequency (>10%) at multiple loci. SpuFzl efficiently
performs programmable RNA-guided DNA cleavage, matching the effectiveness of miniature
AsCas12f1. In contrast to TnpB and Casl2, all examined Fn orthologs exhibit no collateral

cleavage activity on dsDNA, dsRNA, ssDNA, or ssRNA when bound to target dsDNA [39].

Jiang, et al. further reveal that Fz proteins encode a nuclear localization signal (NLS) essential
for nuclear transport to access genome [68]. The intrinsic NLS obviates the need to fuse extra NLS,
rendering Fz advantageous to other prokaryotic OMEGA nucleases for eukaryotic genome editing.
These Fz orthologs enable primarily large deletions with varying editing frequencies (0.5-15%) at

different loci.

13



290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

These studies validate the functionality of Fz proteins as eukaryotic OMEGA RNA-guided
nucleases in mammalian cells. The creation of staggered ends by Fz proteins would allow for
specific DNA integration through homology-directed repair and enable extensive sequence
deletions for knockout mutagenesis. This approach enhances the comprehension of genetic and
epigenetic landscapes in the genome. However, Fz proteins exhibit lower DNA cleavage
efficiencies compared to CRISPR-Cas9 and -Cas12, and they have not been employed for the

integration of foreign genes.

Concluding Remarks and Future Perspectives

CRISPR-Cas system is not suitable for gene integration into prokaryotes with poor DNA repair
machinery or in a complex community. The DSB-free property of CASTs makes them ideal to
integrate large genetic payload into prokaryotes that are difficult to engineer using conventional
CRISPR systems [20, 21, 25-28, 30] and bacteria in a mixed community for various applications.
Note, however, that CASTs-mediated gene integration is not scarless. Caution should be used when

editing is performed in the operons containing gene clusters.

Both type V-K and I-F CASTs are burgeoning tools for eukaryotic genome editing, but their
editing efficiencies are still too low. Compared with other emerging DSB-free prime editors (e.g.
TwinPE [69], PASTE [70]) and dCas9 fusion proteins [71, 72] which can integrate large genetic
payload with higher efficiencies, CASTs are currently less practical. Despite the low efficiency,
this field has captured growing interests. The inefficient editing of eukaryotic genomes by the
prokaryotes-derived CASTs may be attributed to the alteration of transposon protein structures in
eukaryotic cells, difficulty to optimize the relative expression levels of individual CASTs proteins
and the requirements of CASTs for host-encoded factors to facilitate transposition. Future

bioinformatic mining to search appropriate CASTs (or even eukaryotic CASTs) for eukaryotic

14



313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

engineering is necessary. Further research is needed to identify eukaryotic host proteins that can
collaborate with CASTs components (see Outstanding Questions), clarify the protein structure and
transposition mechanisms, and engineer individual proteins to enhance transpososome assembly in
eukaryotes. Once these mechanisms and factors are understood and manipulated, CASTs have the

potential to become a novel category of DSB-free genome editors for eukaryotes.

To date, the large size of most Cas9 and Cas12 remain the bottleneck for their in vivo delivery
by AAV [11, 12]. Although miniature Casl2f homologs are active in human cells, the overall
editing efficiency is below 10% [13-15]. Therefore, the small OMEGA IscB and TnpB
endonucleases discovered in prokaryotic transposons provide promising new toolkits for
eukaryotic genome editing. Specifically, hypercompact TnpB orthologs demonstrate superior
performance to Cas12f editors in vitro and outperform both Un1Cas12f1 and SaCas9 in vivo [65].
TnpB constitutes the largest group of genes in prokaryotes, with more than one million putative
loci [73]. The enormous diversity of TnpBs makes it promising to discover more miniature genome
editors for facile delivery and eukaryotic genome engineering. Yet whether bacterial TnpB elicits

immune responses and genome aberrations in mammals like Cas9/Cas12 remain to be elucidated.

The compact Fz protein derived from eukaryotic transposons provides another exciting option
for evading immune responses, especially if human Fz homologs can be identified (see Outstanding
Questions). The broad diversity of Fz across eukaryotes suggests the potential discovery of
additional Fz endonucleases, expanding the genome engineering toolbox. While current
achievements in mammalian cells show low indel mutation rates and no transgene integration, there
is room for optimization of Fz components to enhance editing efficiency [39]. The eukaryotic
origin, structural attributes, and miniature size of Fz proteins position them as potential alternatives

to large CRISPR/Cas endonucleases for human genome editing and unexplored applications in

15
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synthetic and applied biology. Note that both TnpB and Fz endonuclease families necessitate more
complex TAM sequences compared to the PAM sequences of the CRISPR-Casl2 system.
Engineering the domain for TAM recognition is essential to expand the targeting range [32].
Furthermore, whether TnpB and Fz proteins elicit immune responses require further investigations

(see Outstanding Questions).

In conclusion, CASTs and OMEGA are burgeoning genome engineering tools derived from
transposons. Albeit in their infancy, there is growing enthusiasm to explore CASTs and OMEGA

systems, indicating a paradigm shift towards the use of transposons for genome editing.
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Glossary

AAV: adeno-associated virus, the most-widely used gene delivery vector and is approved by Food
and Drug Administration (FDA). However, its packaging capacity is only ~4.7 kb [11, 12],
rendering co-delivery of Cas proteins, genetic cargo and other transcriptional regulators
challenging.

Cas9: An endonuclease containing an HNH domain that nicks the target DNA strand, and a RuvC
domain that nicks the non-target strand.

crRNA: CRISPR RNA that encodes a spacer sequence complementary to the target DNA.

DNA repair: In eukaryotic cells, DSB is repaired through non-homologous end joining (NHEJ)
pathway if a homologous DNA is absent, resulting in insertions/deletions (indels). With a template
DNA carrying the sequence homologous to the targeted locus, DSB can be repaired by homology-
directed repair (HDR) pathway, leading to foreign gene integration [27, 74].

gRNA: A simplified artificial chimeric guide RNA by fusing crRNA and tracrRNA [4-6].
insertion sequence (IS): Widespread transposons among which the IS200/IS605 families are the
simplest [75]. IS200/IS605 families perform transposition through a single-strand ‘peel and paste’
mechanism [76]. These IS elements encode a well-documented TnpA transposase [77] and often
encode an accessory TnpB nuclease. The well-characterized Deinococcus radiodurans 1SDra2 of
the IS200/IS605 family comprises overlapping tnmpA and tnpB genes flanked by LE and RE
elements [24].

PAM: protospacer-adjacent motif, the DNA sequence that can be recognized by the
Cas9/crRNA/tractrRNA complex for the cleavage of adjacent sequence. Different Cas proteins hava

different PAM preferences.
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tracrRNA: small transacting RNA partially base pairing with a pre-crRNA to form a
crRNA/tracrRNA hybrid duplex. Cas9 complexes with the crRNA/tracrRNA to coordinate the
recognition of protospacer-adjacent motif on the target DNA and trigger DSB [11].

transposons: mobile genetic elements (MGEs) that can move from one location to another within
a host genome and are widespread in prokaryotes, eukaryotes and even viruses [28]. The prototypic
Tn7 transposon from E. coli contains characteristic left end (LE) and right end (RE) sequences,
cargo gene and encodes five intervening genes (tnsA to tnsE, Fig. 1A). The core transposase
proteins, TnsA, TnsB, and TnsC direct transposition in two modes: homing and mobile element
transposition. In the homing mode, the heteromeric TnsABC complex interacts with the DNA-
binding protein TnsD for site-specific transposition into the chromosomal homing site [78]. In the
second mode, TnsABC interact with TnsE to direct the transposon preferentially to mobile

elements such as conjugative plasmids [47, 79].

Box

Box 1. Mechanisms of type V-K CASTs transposition: In type V-K CASTs, the overall structure
of Cas12k resembles other Cas12 proteins. Cryo-electron microscopy (cryo-EM) studies show that
Cas12k adopts a bi-lobed structure connected by a loop [80, 81]. The N-terminal lobe is composed
of the wedge (WED), recognition (REC) and PAM interacting (PI) domains, in which WED
domain is crucial for recognizing crRNA/tractrRNA. The tractrRNA serves as a scaffold to position
Cas12k and crRNA for pinpointing complementary PAM sequences [80, 81]. Upon binding to a
5’-GTN-3" PAM, Cas12k initiates RNA hybridization to the target strand DNA, hence inducing
incomplete R-loop formation [82]. TniQ recognizes tracrRNA and R-loop to bridge tracrRNA and

TnsC filament [82].
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Conversely, TnsC prefers to form helical filaments unidirectionally on AT-rich DNA stretches
in the presence of ATP [83]. In the next step, TniQ contacts TnsC to prime the polymerization of
TnsC filament along the target DNA and terminate the TnsC polymerization [44, 82-85]. The TnsC
filaments interact with one DNA strand within the duplex, providing a target site search mechanism
to define downstream insertion polarity [83]. The complex establishes the connection between the

CRISPR module and the transposition module (Fig. 2B).

In the last step, TnsC filaments recruit the tetrameric TnsB transposase [85], which triggers
TnsC filaments disassembly upon ATP hydrolysis to expose the insertion site and then TnsB
catalyzes donor DNA transposition [81, 82, 84]. TnsB interacts with TnsC filaments on only one
face, which stimulates the ATPase activity [84, 85]. The C-terminal end of TnsB adopts a short,
structured 15-residue hook that decorates TnsC filaments, hence serving a pivotal role in
transposase recruitment to the target site [85]. TnsB functions as a site-specific 3°-5’ exonuclease,
which specifically cleaves the transferred strand of donor DNA at the junction of the flanking DNA
and terminal repeats [86]. The interactions between TnsB and TnsC directs DNA insertion in a
fixed position relative to the target DNA recognition site of the CRISPR module (Fig. 2B). These
studies demonstrate that the transpososome, consisting of crRNA/tracrRNA-bound Cas12k, one
TniQ subunit, one ribosomal S15 subunit, four subunits of TnsB, and two full turns of TnsC with

six subunits per turn [84], cooperatively directs the programmable DNA transposition (Fig. 2B).

One problem for type V-K CASTs is off-target integration [17]. Saito and coworkers discover
that type V-K CASTs preferentially localize to tRNA genes and mediate transposition with two
different mechanisms: (i) crRNA-guided transposition and (ii) crRNA-independent homing [49].
The homing to off-target site is guided by a short, delocalized crRNA. In agreement, George, et al.

unveil that type V-K CASTs undergo RNA-dependent and RNA-independent transposition [44].
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RNA-dependent transposition relies on Casl2k for accurate target selection and TnsB

preferentially integrates into sites within the target site duplication [44, 87].

These studies indicate that the stoichiometry of type V-K CAST proteins governs the integration
efficiency and specificity. Raising the expressing levels of Casl2k alone [42] or the entire
TnsC/TnsB/TniQ/Cas12k cassette [81, 83] increases the integration efficiency. High TnsC
expression decreases the accuracy, while low TnsC expression enhances the on-target integration
frequency to 98% [44], indicating that TnsC filament assembly drives RNA-independent,
untargeted transposition [44]. Conversely, TnsB disassembles TnsC filaments [83, 85], rescuing
the specificity at on-target sites when TnsC concentration is high [44]. These data implicate that
increasing TnsB expression and lowering TnsC determine the transposition pathway choice and
enhance on-target integration [44].

Box 2. Mechanisms of type I CASTs transposition: In type I-F3 VchCAST, one Cas6 subunit,
six subunits of Cas7 and one Cas8/5 molecule form the Cascade complex and associate with crRNA
[18, 88]. Cascade binds DNA and TniQ, recruits TnsC and the heteromeric TnsAB transposase in
complex with the donor DNA, to assemble the catalytically active transpososome (Fig. 3B) [87].
The Cas8/5 fusion protein binds the 5’ crRNA handle and contacts the TniQ dimer [18]. The
dimeric TniQ binds to the Cascade complex in a head-to-tail configuration at the interface formed
by Cas6 and Cas7 near the 3’ end of crRNA [89]. One TniQ interacts with Cas6 whereas the other
TniQ interacts with Cas7 [88]. The Cascade-TniQ complex results in the complete R-loop
formation and scans numerous sites in the target DNA to specify the site of DNA integration [20].
Notably, TniQ-Cascade complex alone binds not only at the target site specified by Cascade’s

crRNA, but also many off-target sites with mismatches [90]. Most off-target sites fail to recruit
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TnsC and TnsB to form catalytically active transpososome. Only a subset is bound by TnsC and

an even smaller subset is bound by TnsB, hence minimizing off-target integration [90].

Type I-F TnsC bridges the RNA-guided DNA targeting module (TniQ-Cascade) and the DNA
integration module (TnsAB), hence contributing to the integration fidelity [91]. In the presence of
ATP, TnsC forms a heptameric ring architecture with a central pore that threads DNA like a needle,
but does not appear to form higher-order filaments [90] as observed in type V-K CASTs. The TnsC
heptameric ring recruits the TnsAB-loaded donor DNA and subsequently integrates the donor
DNA cargo at the location usually 47-51 bp downstream of the Cascade target site flanked by a 5-

bp target site duplication (Fig. 3B).

Similar to CRISPR-Cas systems, the crRNA/tractrRNA or ctRNA in CASTs can be engineered
as the chimeric gRNA carrying the guide sequence for PAM recognition [92]. CASTs systems are
more complex than the class 2 CRISPR-Cas systems, but do not require DSB induction. Both type
V-K and I-F CASTs encode a core transposition machinery composed of a transposase TnsB for
integration, a AAA+ ATPase TnsC for target site selection, and an adaptor protein TniQ [17, 18,
22, 78]. Despite the similarities, differences between these two CASTs exist [21, 26, 30]. Type V-
K TnsC forms continuous helical filaments on DNA [84], whereas type I-F3 TnsC forms
heptameric structure [90]. Moreover, type V-K CASTs require host ribosomal protein S15 while

type I CASTs require a host-encoded integration host factor (IHF).

Figure Captions

Figure 1. CASTs and OMEGA. (A) CASTs. Both type V-K and type I CASTs are Tn7-like
transposons but are linked to CRISPR. Type V-K CASTs encode four proteins (TnsB, TnsC, TniQ,

Cas12k), tracrRNA/crRNA and harbor the genetic cargo within the LE and RE ends. Type I-F3
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CASTs encode seven proteins (TnsA, TnsB, TnsC, Cas6, Tns7, a fusion protein Cas5/8 comprising
Cas8 and Cas5, and TniQ) and expresses only crRNA (without tractRNA). (B) OMEGA. IscB and
TnpB are encoded in the IS200/IS605 family transposons. IscB and TnpB are evolutionary
ancestors of Cas9 and Casl12, respectively. IscB shares HNH and RuvC nuclease domains with
Cas9 proteins and associates with OMEGA RNA (oRNA) to recognize the RNA-targeted DNA by
transposon-associated motive (TAM), enabling IscB to cleave its target DNA using the HNH and

RuvC domains. Similarly, TnpB associates with the ®RNA guide for dsDNA cleavage.

Figure 2. Development and transposition mechanisms of type V-K CASTs. (A) Original
ShCAST, SHOT and HELIX. HELIX is engineered from ShCAST by fusing TnsB to a mutated
homing endonuclease nAnil. (B) The detailed transposition procedures. The transpososome
consists of gRNA-bound Cas12k, one TniQ subunit, four subunits of TnsB, two full turns of TnsC
with six subunits per turn and a host-encoded ribosomal protein S15. Cas12k acts in concert with
gRNA to bind PAM sequence without triggering DSB, and recruits the transposase complex to
integrate DNA cargo into the target site *60-66 bp downstream of the PAM. TSD, target site

duplication.

Figure 3. Development and transposition mechanisms of type I CASTs. (A) Original
INTEGRATE system containing 3 plasmids and the streamlined all-in-one INTEGRATE. (B) The
detailed transposition procedures. The INTEGRATE system recognizes a flexible PAM, and
achieves transposition in either forward or reverse direction with a 5-bp TSD. TniQ forms essential
interactions with Cascade (composed of Cas6, Cas7 and Cas8/5). Cascade binds DNA and TniQ,
recruits TnsC and the heteromeric TnsAB transposase in complex with the donor DNA, to assemble
the catalytically active transpososome. The transpososome subsequently integrates the donor DNA

cargo at the location downstream of the Cascade target site flanked by a 5-bp TSD.
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Figure 4. CASTs and OMEGA for genome engineering in eukaryotes. (A) Type V-K CAST.
The N7HELIX enables insertion of a 2.6 kb into the target plasmid 57-62 bp downstream of the
PAM in the HEK293T cells. The proteins are fused with bipartite (BP) NLS and may be linked by
2A peptides. (B) Type I CAST. Co-transfection of pDonor harboring the mini-transposon, pTarget
and plasmids expressing proteins and RNA components into HEK293T cells enables cargo
integration from the pDonor plasmid into pTarget. (C) OMEGA-encoded TnpB for genome
engineering. The plasmid encoding TnpB and ®RNA optimized for expression in eukaryotic cells
is transfected into HEK293T cells and induces mutation. (D) Fn-mediated genome editing in
HEK293FT cells. Transfection of plasmids encoding Fz and ®RNA induces RNA-guided DNA

cleavage in the genome of human cells.
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Table 1. Development of CASTs for prokaryotic genome engineering

System Expression features Engineered strain editing features Ref
pHelper carries a lac promoter-
driven operon comprising tnsB, integrates cargo into =60% of selected genomic
Original tnsC, tiQ, cas12k, together with £ coli Pi sites with efficiencies varying from <10% to (7]
ShCAST gRNA. pDonor contains the ' ~80%
genetic cargo flanked by the
transposon LE/RE. integrates a cargo up to 10 kb.
The lac promoter in the pHelper inserts a 2 kb cargo into 4 identical repeats at
Improved plasmid is . swapped  with Shewanella ~100% f.:ﬁicie.ncy. .
SHCAST prf)moters of different §trengths to oneidensis MR-1 enables insertion of DNA up to 31.7 kb into [43]
drive the tnsB-tnsC-tniQ-Cas12k- genome at ~100% efficiency in a single
gRNA expression. orientation
@ increasing Cas12k
expression, independent of E. coli
SHOT TnsC/TnsB/TniQ, under a BL21(DE3), enhances on-target integration efficiency to
» | (ShCAST- stronger promoter such as T7 | MG1655, W3110, >90% in different bacteria strains.
> | based or Tac. W, BW25113 alleviates off-target effects for cargo gene into 3 [42]
Qé Optimized ® Deccreasing  the  editing strains and tested loci and enables on-target integration of
= Transposon) temperature from 37°C to Pseudomonas 14.5 DNA cargo with =100% efficiency
30°C and re-streaking the putida
colonies.
CI2KGET
(Casl2k- . .stronger 123119 promf) ter 10 Sinorhizobium achieves genomic integration of fragments up
based genetic | improve the expression of o oo . . [45]
. . meliloti to 10 kb in size with up to 100% efficiency
engineering transposase and Cas12k.
toolkit)
HELIX enables cut-and-paste DNA insertion with up to
(Homing 99.4% simple insertion product purity, while
End.onuclease fusing nAnil to the N terminus of E. coli pirl, retainil.lg robust integration efficiencies on
-assisted TnsB. Scytonema genomic targets. [46]
Large- hofmannii enables integration of DNA at least 9.8 kb into
sequence target genomic site with comparably high
Integrating efficiency.
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CAST

C-terminal fusions of one or two copies of

increased with several rounds of re-streaking.

compleX) TniQ to Cas12k retains up to 62-69%
integration efficiency relative to that of
unfused SACAST, while fusion of either TniQ
or TnsC to the N-terminus of Cas12k reduces
integration efficiency.

Fusion of TnsC to the C-terminus of Cas12k
similarly retains high integration efficiency
Comprising 3 separate plasmids:

INTEGRATE | (i) pQCascade encoding tniQ-

(INsert cas8/5-cas7-cas6 along with a confers >95% accuracy of DNA integration in

Transposable | synthetic crRNA array; (ii) 16 genomic sites.

Elements by pTnsABC encoding the E. coli accommodates genetic payloads of variable | [18]

Guide RNA- transposase complex lengths up to 10 kb, although the optimal size is

Assisted tnsA/tnsB/tnsC;  (iii)  pDonor 775 bp.

TargEting) harboring the donor DNA flanked

by LE/RE.
o
2
£ . . i .
= | MUCICAT Usmg a crRNA targeting the 28 cqpy IS1 loci,
. colonies that accumulate >10 copies of cargo

(multicopy . . .
integration at IS1 loci can be detected.

chromosomal S .. . . . .

inteeration 3 plasmids similar to the original E. coli Using a crRNA array, cargo integration into 8 50

singr INTEGRATE, but with different BL21(DE3), different genomic sites is achieved. 5 1]’
ustg crRNA designs Tatumella citrea Achieves 12.5% of colonies harboring 8 gene

CRISPR- . .

. copies after a round of re-streaking. The
associated multico integration frequency can be

transposases) Py & q Y
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gene cassettes in the 3 plasmids
are similar to those in VchCAST
INTEGRATE but the component

achieves up to 100% insertion efficiency for a

}b);ZS:ST- proteins are derived from E. coli 15.4 kb cargo. . . . [51]
MUCICAT Pseudoalteromonas  translucida | BL21Star™(DE3) achieves 12.5% of colonies harboring 8 copies
(PtrCAST) driven by different after a single round of re-streaking.
promoters such as tetracycline
inducible (Tet) promoters
higher protein expression levels drives higher
integration frequencies, without compromising
E coli the specificity.
All-in-one all components of INTEGRATE improves editing efficiency by lowering the E.
. . . Pseudomonas . [52]
INTEGRATE | are packaged in a single plasmid putida coli culture temperature from 37°C to 30°C.

Under the optimal conditions, a 10 kb cargo can

be integrated into the genome at =~100%
efficiency.
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Figure 4

(A) Type V-K CASTs enable DNA insertion in human cells
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