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Retrons can produce multicopy single-stranded DNA in cells through
self-primed reverse transcription. However, their potential for inserting
genetic cargos in eukaryotes remains largely unexplored. Here we report
the discovery and engineering of highly efficient retron-based gene
editors for mammalian cells and vertebrates. Through bioinformatic
analysis of metagenomic data and functional screening, we identify retron
reverse transcriptases that are highly active in mammalian cells. Rational
design further improves the editing efficiency to levels comparable with
conventional single-stranded oligodeoxynucleotide donors but froma
genetically encoded cassette. Retron editors exhibit robust activity with
Casl2anuclease and Cas9 nickase, expanding the genomic target scope

and bypassing the need for a DNA double-stranded break. Using a rationally
engineered retron editor, we incorporate a split GFP epitope tag for live-cell
imaging. Lastly, we develop an all-RNA delivery strategy to enable DNA-free

gene editingin cells and vertebrate embryos. This work establishes retron
editors as a versatile and efficient tool for precise gene editing.

Precise genome editing is a cornerstone of biomedicine and gene
therapy. However, installing specific edits using templated homology-
directed repair (HDR) is limited by the challenge of delivering and inte-
grating an exogenous template DNA into the genome'™. The most effi-
cient delivery methods are viral vectors and synthetic DNA donors*”".
Viral vectors caninduce genotoxicity by insertional mutagenesis, are
depleted during the gene-editing window and are not suitable for mul-
tiplexed applications®”®. Synthetic DNA templates must be transfected
orelectroporatedinto cells, donot target the nucleus and areincompat-
iblewithRNA-based delivery in cells and organisms*¢. Therefore, recent
gene-editing technologies have begun to harness reverse transcriptases
(RTs) that can continuously generate the template DNA near its edit
site’”*, Among these approaches, retron-RTs are especially promising
toolsbecause they are self-priming and can generate high copies of long

single-stranded DNAs (ssDNAs) in vivo. Notably, retron-RTs direct the
ssDNA synthesis machinery to the nucleusrather thanrelying on passive
nuclearimportof the single-stranded oligodeoxynucleotide (ssODN).

Retrons are bacterial antiphage defense systems that consist of a
self-priming RT, a cognate noncoding (ncRNA) that primes and tem-
platesreverse transcription and anaccessory protein that participates
in anti-viralimmunity****. The ncRNA encodes two regions including
the msDNA-specific region (msr) and the multicopy ssDNA-coding
region (msd) (Fig. 1a). The msr is located at the 5’ end of the ncRNA
and forms a specific structure that is recognized by the RT**¢. This
region typically contains one to three stable stem loops with 7-10-bp
stems and 3-10-nt loops. The msr also includes a highly conserved
guanosine residue at the 5 end, which serves as the branching point
for initiating reverse transcription (Fig. 1a). The msd is positioned
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Fig.1| Ametagenomic survey reveals highly active RTs in mammalian cells.

a, Retron-RTs self-prime from ancRNA, termed the msr-msd (msr, gray; msd
stem, black; variable region, black, in dotted box). The arrow indicates the
direction of reverse transcription. b, Schematic of aretron editor. The RT is linked
to Cas9 (shown) or another nuclease. ¢, Reverse transcription of the variable
region of the msd generates an ssDNA template for HDR of the cleavage site.

d, Aplasmid-encoded fluorescent reporter assay. The RFP has a 9-bp deletion
proximal to a Y64L substitution to completely turn off RFP fluorescence.
Thereporteris cotransfected with a plasmid that encodes the retron editor,
along with an msd that repairs the broken RFP. RFP* cells are imaged by confocal
microscopy and quantified by flow cytometry. Scale bars, 100 and 50 um (inset).
e, Confocal microscopy images of cells transfected with Cas9-Ecol-RT (left),
Cas9 +ssODN (middle) and Cas9-Mval-RT (right). f, Phylogenetic classification

%RFP* cells

of novel retron systems discovered from metagenomic sources. These systems
are classified into clades, as described in a previous study®. g, Rank-ordered list
of RFP repair efficiency with 98 metagenomically discovered retron-RTs using
flow cytometry. Dashed line, RFP* repair with Ecol-RT. Inset, flow cytometry data
for Cas9 withascrambled sgRNA (top left), RFP-targeting sgRNA (top right), RFP
sgRNA and an ssODN repair template (bottom left) and RFP sgRNA and Mval-RT
(bottom right). Error bars represent the s.d. from n = 3 biological replicates. The
three most active RTs are labeled. h, Gene-editing activity of the six most active
retron-RTs, along with Ecol-RT with a cognate (diagonal) or noncognate msr-
msd. Flow cytometry was used to score activity with the transient RFP reporter.
The heat map represents the mean of n = 3 biological replicates. The schematic
was created with BioRender.com.

downstream of the msrand canbe divided into two parts: adispensable
regionthat canbe replaced with adesired sequence (thatis, the donor
DNA for genome editing) and a conserved region that is essential for
the proper folding and function of the ncRNA. The RT primes from the

msrand uses the msd as a template**¢, The resulting msDNA remains
covalently linked to the ncRNA through a 2’,5’-phosphodiester bond
formed between the branching guanosine residue in the msr and the
5" end of the msDNA**®, The host RNase H degrades the RNA-DNA
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hybrid to expose the ssDNA (Fig. 1a, right)*. By replacing the msd with
a user-programmable sequence, retron-RTs can generate templates
for HDRin cells.

Recent studies have demonstrated the potential of retrons cou-
pled with Cas9 to enhance precise genome editing in bacteria, yeast,
plants and mammalian cells??**?72%31% (Fig, 1b). Early studies fused
the Cas9 single guide RNA (sgRNA) to a retron ncRNA with a modi-
fied donor msd®. This increases the local concentration of the donor
template atadouble-stranded DNA break (DSB), biasing repair toward
templated HDR (Fig. 1c). Alternative designs fused the retron-RT to
Cas9 (refs. 21,35). Despite these advances, the potential of retrons for
precise genome editing has yet to be fully realized. To date, only ahand-
ful of retron-RTs have been benchmarked in mammalian cells. Further
engineering of the retron editor system, along with the ncRNA and
delivery methods, can furtherimprove editing efficiency. Developing
aflexible framework for retron editor optimization will greatly expand
the use of this tool across all domains of life.

Here, we report the discovery and engineering of a highly effi-
cient retron gene editor. We bioinformatically identified >500 high-
confidence retrons from metagenomic sources. Using a functional
reporter system, we screened 98 variantsin mammalian cells and iden-
tified 17 RTs that were more active than the previously established
Ecol-RT. Further rational design achieved editing efficiencies that are
comparable to conventional ssODN donors but from a genetically
encoded editor. Furthermore, steering DNA repair outcomes toward
HDR using small-molecule inhibitors and Cas9-DNA repair protein
fusions boosted targeted DNA insertion. Retron editors also function
with Casl2a, greatly broadening their genomic target range. The nick-
ase Cas9(D10A) also supports retron editing, and this activity can be
improved with DNA repair protein fusions. We apply retron editors for
installingin-frame epitopes for live-cellimaging in U20S cells. Lastly, we
demonstrate all-RNA-based retron editingin cell lines and vertebrates.
Broadly, this work establishes retron editors as a powerful tool for
templated cargoinsertion, opening additional gene-editing modalities.

Results

A metagenomic survey identifies retron-RTs active in
mammalian cells

We hypothesized that a metagenomic survey of retron-RTs would
uncover variants thatimprove HDRin heterologous hosts. Toward this
goal, we developed a pipeline to phenotypically assess retron-RTs using
fluorescent proteinsin HEK293T cells (Fig. 1d) The reporter expresses
RFP and GFP that are separated by aribosomal skipping T2A sequence®’.
RFP has a 9-bp deletion (A9) adjacent to a Y64L substitution*s. This
variant, RFP(A9), is dark until the wild-type (WT) sequenceis restored
by templated HDR following a Cas9-generated DSB. GFP serves as a
transfection controland also reports on Cas9-generated insertions and/
or deletions (indels) that shift the open reading frame out of frame. As
expected, transfecting Cas9 and an ssODN restored RFP fluorescence
(Fig. 1e, middle). The well-characterized Ecol-RT also repaired RFP,
although HDR activity was substantially lower than the ssODN (Fig. 1e,
left). The dispensable msd regionincluded 29 nt of homology flanking
a9-ntinsertion that paired with the target strand and also reverted the
Y64L substitution. Having established this assay, we proceeded to test
additional RTs from diverse microorganisms.

Retron-RTs are ubiquitousin bacteria but only ahandful have been
tested experimentally®’. Therefore, we developed a bioinformatics
pipeline to identify new retron-RTs from metagenomic sources (Sup-
plementary Fig. 1a). We first annotated all RTs in the National Center
for Biotechnology Information (NCBI) database of nonredundant
bacterial and archaeal genomes, as well as 2 million partially assembled
bacterial genomes from the human microbiome***°, We reasoned that
human microbiome-derived RTs would also be active under physi-
ological conditions. After identifying likely retron-RTs, we searched
for the msr-msd ncRNA and accessory proteins. This searchidentified

>500 high-confidence, nonredundant retrons with well-annotated
msr-msds (Supplementary Fig. 1b). We classified these systems into
a phylogenetic tree and sorted them into 11 clades following a prior
bioinformatic survey (Fig. 1f)*.. The highest-confidence systems across
multiple clades were prioritized for experimental characterizationin
mammalian cells.

Next, we screened 98 retron-RTs using flow cytometry and the
RFP(A9) reporter (Fig.1g). As expected, transfecting the Cas9-sgRNA
plasmid with an ssODN partially restored the RFP signal (Fig. 1g, inset).
Atotal of 31RTs (32% of all tested systems) restored RFP fluorescence
(defined as >1% RFP" cells). Ecol-RT restored the RFP* signal in 5%
of the cells. Ten RTs had >2-fold higher repair activity than Ecol-RT
(Fig. 1g). Mval-RT, derived from Myxococcus vastator, had an editing
efficiency that was sixfold higher than Ecol-RT in this transient repair
assay (Fig. 1g, inset). The best-performing RTs all belonged to clade 9,
indicating that these enzymes are especially active in mammalian cells
and/or our bioinformatics workflow was most accurate in predicting
the msr-msd sequences from this clade. The top systems also showed
mostly RFP* cells through confocal microscopy (Fig. 1e and Supplemen-
tary Fig.2a). Totest these RTsin agenomicreporter, we alsointegrated
the RFP cassette into the AAVS1locus of HEK293T cells*. While Ecol-RT
was minimally able to restore RFP, the top six RTs were all active inthe
genomically integrated assay (Supplementary Fig. 2b). Escherichia
fergusonii (Efel)-RT was the most active in the genomic reporter, restor-
ing RFP ~10-fold better than Ecol-RT.

Retron-RTs coevolve with a cognate msr-msd but their ability to
reverse-transcribe from the msr-msd of other retrons is unknown.
Therefore, we explored the feasibility of using two or more orthogonal
RTs for multiplexed retron editing (Fig. 1h). We tested the RFP repair
activity of six active novel RTs, along with Ecol-RT, when coexpressed
with the msr-msd from other systems. Mval-RT, the most broadly
cross-reactive RT, only shared 33-36% amino acid sequence identity
and 49-59% msr-msd nucleotide identity with all other systems (Sup-
plementary Fig. 3a). In contrast, Efel-RT shared 44-46% amino acid
sequence identity but remained exclusive toits cognate msr-msd. The
remaining RTs could use a broad range of msr-msds, including those
from Ecol-RT. Vibrio rotiferianus (Vrol)-RT and Vibrio aphrogenes
(Vapl)-RT showed comparable activity with Proteus sp. (Pspl) msr-msd
and their native msr-msds. Notably, all RTs shared a similar msr-msd
secondary structure, including a palindromic repeat and an extended
msd hairpin (Supplementary Fig. 3b). We conclude that retron-RTs are
more flexible in msr-msd use than previously appreciated and that cau-
tionshould be taken when combining multiple systemsinasingle cell
line. Furthermore, Efel-RT is the most active enzyme in the genomic
reporter assay and strikes an excellent balance between high activity
and specificity for gene-editing applications.

Next, we tested the top-performing RTs for their ability to integrate
al0-ntcargointo native genomicloci (Fig.2). Tworounds of PCR were
used to generate libraries for next-generation DNA sequencing (NGS)
(Fig. 2a). The first PCR reaction was primed outside the homology
arms to avoid amplifying the reverse-transcribed ssDNA. The second
PCRreaction barcoded the amplicons for short-read NGS. Cas9 and an
ssODN were used as a positive control and to benchmark the RT fidelity.
We distinguished retron editing efficiency from Cas9-generatedindels
by scoring the percentage of modified reads that had the intended
insert relative to all modified reads. Efel-RT showed the highest
editing activity at EMXI and CFTR, consistent with the genomically
integrated RFP(A9) assay (Fig. 2b). Thus, we selected Efel-RT for all
subsequent experiments.

Deep sequencing of the insert at the EMXI locus showed that
>99% of Efel-RT driven insertion events contained the intended 10-nt
cargo (Fig. 2c,d). The most frequent imperfect insertions included
indels and single-nucleotide substitutions that are the signature of
alternative end-joining pathways>***. To determine whether RT fidel-
ity is contributing to this error, we conducted a similar analysis for
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Fig. 2| Efel-RT catalyzes precise genomic insertions across multiple loci.

a, Schematic of the NGS library preparation strategy. Genomic DNA is first
amplified with primers that are outside the homology arms to avoid amplifying
the retron-synthesized msDNA. After gel extraction, asecond round of PCR
amplifies and barcodes the insertion site for deep sequencing. Blue and orange
denote universal lllumina P5/15and P7/17 adaptors and indices. b, Normalized
insertion efficiency for the top five retron-RTs at the CFTR and EMX1 loci. Error
barsrepresent the s.d. from n = 6 biological replicates (dots). Normalized
insertion denotes the sum of retron-RT insertions divided by total editing.

¢, Therelative insertion frequency of a10-nt cargo at the EMXI locus, along with
the four most frequent misincorporated sequences. The most common errors
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represents the sum of substitutions divided by sum of total reads across three
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insertion is most active with 50-nt homology arms at five genomic loci. Error bars
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the Cas9 + ssODN experiment at EMX1 (Fig. 2d). Efel-RT error rates
were ~107-107* errors per nt, consistent with the substitution rates
measured for high-fidelity RTs (Fig. 2d) in vitro®™*°. ssODN substitution
rates were nearly identical at the same locus. These results indicate
that RT-based editing fidelity matches that of chemically synthesized
ssODNs and repair fidelity may be limited by cell-intrinsic repair path-
ways, as discussed below.

We next tested retron editing across five native lociand as afunc-
tion of the homology arm length. In all cases, inserting 10 nt was most
efficient with 50-nt homology arms (7-28% insertion rates across
five loci) (Fig. 2e). Editing efficiency was strongly correlated with
Cas9 cleavage activity at each locus. Insertion efficiency generally
matched and, in the case of EMXI and HBB, exceeded the edit rates
with Cas9 + ssODN. We conclude that short homology arms support
the highest insertion rates.

Rational engineering of retron editors increases insertion activity
To furtherimproveinsertion activity, we optimized ncRNA expression,
nuclear localization signals (NLSs) and the nuclease-RT linker in an
Efel-RT-based retron editor (Fig. 3). The integrated RFP(A9) reporter
was used for rapiditerative screens. Splitting the sgRNA and msr-msd
intotwo transcriptsincreased editing efficiency (Fig. 3a,b). In the ‘split’
design, sgRNA expression was driven by aU6 promoter and the msr-msd
was transcribed by an Hl promoter (Fig. 3a). These results suggest that
fusing the sgRNA and the msr-msd may impact Cas9 and/or RT activity,
possibly by misfolding the structural elements of each ncRNA or by
imposing additional steric constraints. All subsequent experiments
used the split design.

Nuclear import can be a rate-limiting factor in mammalian gene
editing®*2. Therefore, we tested 25 N-terminal and C-terminal NLS
combinations that were previously reported to improve Cas9-based
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To
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biological replicates (dots). T2A linker, n = 2 biological replicates (dots).

e, Schematic (top) and editing activity (bottom) of a Cas12a-based retron editor
atfive genomicloci. Error bars represent the s.d. from n =3 biological replicates
(dots).f, Therelative insertion frequency of a10-nt cargo at the BRD8locus,
along with the four most frequent misincorporated sequences. In contrast to
Cas9-based retron editors, Cas12a retron editors generate substitution errorsin
theinsert. Normalized read frequency denotes specified alleles divided by total
alleles with Efel-RT insertions. Error bars represent the s.d. from n = 3 biological
replicates (dots). g, Insert substitution frequencies across five loci. The heat map
represents the sum of substitutions divided by sum of total reads (n =15).
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gene editing (Fig. 3c and Supplementary Table 5). A combination of
N-terminal and C-terminal bipartite SV40 (BP-SV40) NLSs showed
the highest RFP repair activity. Adding cMyc-SV40 to the N terminus
and two or more SV40s to the C terminus increased Cas9 cleavage
1.6-fold relative to an N-terminal SV40 and C-terminal NLP signal, as
measured by a reduction in GFP’ cells. However, this did not increase
templated DNA insertion (Fig. 3c). Retron-RTs interact extensively
with their ncRNA and msDNA through their C-terminal domains**®*, An
extended C-terminal NLS may impair thisinteraction, reducing overall
repair activity but not Cas9-catalyzed DNA cleavage. We conclude that
nuclearimportislikely not the limiting factor for templated insertion.

Thelinker between the nuclease and the RT canalsoimpactediting
outcomes. We tested 15 linkers with various physical properties, includ-
ing a ribosomal skipping T2A sequence between Cas9 and Efel-RT
(Fig.3d and Supplementary Table 6). Separating the two enzymes by a
T2Asequencereduced RFP* cellsby 20% relative to the reference linker,
(SGGS),-XTEN-(SGGS), (ref. 64). Next, we tested a panel of flexible (for
example, (GGS),) andrigid (forexample, (KL(A/E)AA),) linkers. Retron
editors accommodated a broad range of linker designs (Supplemen-
tary Table 6). However, multimerizing the RT on Cas9 using SpyTags
orSunTags reduced the RFP*signal by 85-90%%. As Cas9-SunTagand
SpyTag-Cas9 fusions are reportedly active in mammalian cells, we
speculate that multimerization disrupts RT activity®>°®, We conclude
that retron editors can accommodate a broad range of linker geom-
etries and even split enzyme designs.

To expand the retron editor target range, we tested Efel-RT with
WT AsCasl12a and AsCasl2a Ultra at five genomic loci (Fig. 3e-g)®".
Casl2a and Efel-RT were fused by an (SGGS),-XTEN-(SGGS), linker
and the CRISPRRNA (crRNA) and msr-msd were expressed frominde-
pendent promoters. Inall cases, AsCas12a Ultra—-RT fusions had higher
insertion activity than WT AsCas12a (Fig. 3e). This higher activity is
duetotheincreased cleavage by AsCasl2a Ultrarelative to WT enzyme
(Supplementary Fig.4). Deep sequencing of the BRD8 locus confirmed
that 99% of the inserts had the insert sequence (Fig. 3f). The most fre-
quenterror was anindel outside of theimmediate insert site, followed
by mismatches within the insert. Base substitution rates across five
genomic loci closely matched the pattern that was observed at EMX1
and were nearly identical to Cas9 + ssODN donor (Figs. 2d and 3g). In
sum, retron editors can be assembled from a broad range of ncRNA,
NLS and linker configurations and can be paired with Cas9 and Cas12a
nucleases to expand their target range.

Channeling repair pathway choice increases insertion efficiency
DNA repair by nonhomologous end joining (NHEJ) limits templated
DNA insertionin mammalian cells’*. To further increase retron editing
efficiency, we sought to channel repair away from NHEJ through two
approaches (Fig. 4a). First, we focused on small-molecule inhibitors
that inhibit NHEJ or enhance HDR. AZD7648 and M3814 inhibit the
DNA-dependent protein kinase catalytic subunit (DNA-PKcs) toimprove
templated repair of Cas9 breaks® 2. TAK-931is a CDC7-selective inhibi-
tor that arrests cells in the S phase, thereby increasing the HDR time
window”’. Wefirst established the optimal working concentrations for
each inhibitor (Supplementary Fig. 5a). All three inhibitors improved
insertion activity, with the strongest improvements with AZD7648 at
allloci (Fig. 4b, left). In contrast, M3814 showed strong improvements
atall loci except HBB.

Next, we tested whether retron editors can insert larger cargos
with 50-nt homology arms and how this is modulated by inhibitors
or DNA repair proteins (Fig. 4c). Without any drugs, insertion activity
declined rapidly beyond 10-nt cargos. To understand the mechanism
of this decline, we directly quantified ssDNA production by Efel-RT
(Supplementary Fig. 7). The inverse relationship between template
length and ssDNA copy number confirmed that longer templates are
produced at lower concentrations and/or rapidly degraded in vivo
(Supplementary Fig. 7c).

AZD7648 stimulated insertion of 25-nt and 50-nt cargos by 8.8-fold
and 6.0-fold respectively at EMXI (Fig. 4d). TAK-931 showed more mod-
est 2.4-fold and 1.8-fold editing increases for 25-nt and 50-nt cargos,
respectively. Acomparison of Cas9-generated indels and retron-driven
insertions confirmed that AZD7648 does not increase Cas9 cleavage
butincreasesthe use of atemplate ssDNA for genomic repair. Further-
more, AZD7648 reduced the mutational signature at the target site,
further highlighting the utility of repair pathway modulationinretron
editing applications.

Cas9 fusion proteins can improve templated DNA insertion
locally without perturbing repair pathways globally**. We focused
on three fusions that have been previously characterized across
multiple lociand cell types (Fig. 4a,b, right)™~"°. Fusing Cas9 with the
HDR-promoting CtIP and a dominant-negative RNF168 (dnRNF168)
increased retron editing efficiency 1.8-2.5-fold across five loci. A
dominant-negative mutant of 53BP1 (DN1S) had variable effects
across the five loci, with no improvements at EMX1 (Fig. 4b, right)”.
Fusion of Cas9 to the N-terminal region of human Geminin limits
Cas9 expression to the S, G2 and M phases of the cell cycle when
HDR is most active””. However, Cas9-hGem1/100 fusions either
decreased or had no effect on retron editing activity (Fig. 4b, right).
This result may reflect the mechanistic differences between ssODN
and double-stranded donor DNA repair pathways (Discussion). Com-
bining Cas9-CtIP-dnRNF168 fusions with AZD7648 and TAK-931 did
notimprove editing any further at EMX1 (Supplementary Fig. 5b). This
finding is consistent with the hypothesis that Cas9-CtIP-dnRNF168
and AZD7648 both downregulate NHE]J, albeit through different
mechanisms. In contrast, retron-mediated insertion with Cas9-DN1S
and Cas9-hGem1/110 fusions was higher with AZD7648 and TAK-931
but never exceeded AZD7648 or Cas9-CtIP-dnRNF168 alone. We
conclude that selective inhibition of DNA-PKcs greatly improves
retron-mediated gene editing.

Next, we tested retron editing activity with the nickases
Cas9(D10A) and Cas9(H840A) and their fusions with DNA repair pro-
teins (Supplementary Fig. 5c-e). On their own, bothnCas9(D10A) and
nCas9(H840A) paired with Efel-RT yielded abaseline insertion rate of
1% at the EMX1 locus. However, their performance diverged substan-
tially when fused to DNA repair proteins. Fusions of Cas9(D10A) to
CtIP-dnRNF168, the ATPase deficient recombinase hRad51(K133R)
and the processive helicase Rep-X all increased templated insertion
ratesby 3.3,2.5and 3.3-fold, respectively’>”. In contrast, the equivalent
fusions with Cas9(H840A) did not improve editing efficiency. These
results suggest that Cas9(D10A) but not Cas9(H840A) retron editors
canbeused for DSB-free editing.

Retron editing in other cell lines and vertebrates
Asaproof of principle, we next used retron editors toinsert asplit GFP
for live-cellimaging of endogenously expressed proteinsin U20S cells.
GFP1-10, comprising the first ten GFP 3-strands, is expressed from an
integrated and inducible promoter (Supplementary Fig. 8). The 11th
B-strand is fused to the protein of interest by a short linker. GFP1-10
isnot fluorescent until itis complemented by GFP11 because chromo-
phore maturation requires a critical GFP11-encoded glutamic acid®.
Thus, fusing GFP11to a target protein allows visualization of subcellular
localizationiin live cells® %,

Wetargeted two proteins for endogenous GFP11tagging by retron
editors. The dispensable msd region was replaced with a 197-nt DNA
template that included 70-nt homology arms, a 9-nt linker encoding
Gly-Gly-Gly and the 48-nt GFP11 epitope. To maximize the integration
efficiency, cells were transfected with Cas9-CtIP-dnRNF168.Then,72 h
after transfection, GFP1-10 was induced for 48 h and GFP* cells were
collected using fluorescence-activated cell sorting (FACS). Confocal
imaging of the insertion region confirmed the genomic edit (Supple-
mentary Fig. 8c). These results demonstrate that Efel-RT cansynthesize
200-nt ssDNAs. More broadly, this approach can be readily used for
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Fig. 4 |Inhibiting NHEJ boosts templated insertion. a, Two strategies that
boost templated insertion. Left, Cas9 is fused to proteins that alter DNA repair
pathway choice. Right, small-molecule inhibition of DNA-PKcs or CDC7.

b, The effect of inhibitors (left) and Cas9 fusions (right) on the relative rate of
templated insertion at five loci. AZD7648 (top left) and Cas9-CtIP-dnRNF168
(top right) both have the strongest effect at all tested loci. Open circles,
editing with no inhibitor or DNA repair protein. Closed circles, editing with the
indicated inhibitor or DNA repair protein fused to Cas9. All circles indicate the
mean across three biological replicates. Arrows, change in editing efficiency
with the indicated inhibitor. Fusions increase the relative rates of templated
repair across all loci. Normalized insertion denotes the sum of Efel-RT insertions
divided by total editing. ¢, Schematic of experiments with 50-nt homology

@)

arms and increasing insert lengths at the EMXI locus.d, AZD7648 increases
theinsertion efficiency across all cargo sizes tested in this study. Error bars
represent the s.d. from n =3 biological replicates. e, AZD7648 outperforms
TAK-931and M3814 in boosting 10-nt insertion efficiency at EMXI without
increasing mutational signature or Cas9-generated indels. Error bars represent
thes.d. fromn =3 biological replicates. f, Insertion efficiency decreases for all
Cas9-repair protein fusions at EMX1. Error bars represent the s.d. fromn =3
biological replicates. g, Cas9 fused to CtIP-dnRNF168 increased insertion
efficiency of 10-nt cargo at EMXI without increasing mutational signature or
Cas9-generated indels compared to no DNA repair fusion, DN1S and hGem1/110.
Error bars represent the s.d. from n = 3 biological replicates. The schematic was
created with BioRender.com.

installing epitopes, disease-specific alleles and other large insertions
across the entire proteome from a genetically encoded cassette.

To expand retron editors beyond plasmid-based expression, we
tested deliveryinan all-RNA format (Fig. 5). Inthese experiments, Cas9
and Efel-RT mRNAs were transcribed, 5’-capped and 3’-poly(A)-tailed
in vitro. The msr-msd was in vitro transcribed and the sgRNAs were
chemically synthesized (Fig. 5a). To optimize our four-component RNA
cocktail, wefirst fixed the Cas9 mRNA to sgRNA mass ratio at 2:1onthe
basis of prior studies, while varying the ratio of Efel-RT mRNA to the
msr-msd RNA template® ¥, We then determined the optimal amount
of each component by testing insertions of a 10-nt cargo with 50-nt
homology arms at the EMX1 locus (Supplementary Fig. 6). Maximum
insertion efficiency was achieved with 150 ng of Efel-RT mRNA and
600 ng of msr-msd. Using this optimized formulation, we obtained
insertion efficiencies 0f23.0%,19.6% and 17.9% at the AAVS1, CFTR and
EMX1loci, respectively. Optimizing the untranslated regions, chemical
modifications and mRNA-to-ncRNA ratio may further boost editing
at therapeutically relevant loci. We conclude that retron editors are
compatible with direct RNA delivery.

We next tested the repair of a pathogenic mutation by mRNA-
based retron editing in zebrafish. We designed an sgRNA to target a

pathogenic mutation in the kinesin family member 6 (kif6?°) gene.
Mutations in kif6"?° cause scoliosis in zebrafish and are linked to neu-
rological defects in humans®. The msd was designed to correct two
base mutations that reverted a pathogenic Pro>Thr substitution. In
addition, we introduced a silent T>C mutation that abolished a Bsal
cleavage site for downstream restriction enzyme analysis (Fig. Se,f).
Embryoswereinjected with the sgRNA, msr-msd and afused Cas9-RT
or split Cas9 and Efel-RT mRNAs. Genomic DNA was isolated 24 h
after injection and submitted to NGS, restriction enzyme digestion
and Sanger sequencing (Fig. 5d-f). As expected, untreated controls
did not show any editing. Injecting Cas9 and Efel-RT mRNAs, along
with the two ncRNAs, induced edits up to 10% of all reads from crude
genomic preparations. The fused Cas9-RT mRNA showed reduced
editing as compared to the splitmRNAs (Fig. 5e). This may be because
of the stability of the fusion mRNA in zebrafish. To further confirm
retron editing, we subcloned the genomic DNA and subjected it to
restriction enzyme and Sanger sequencing analysis (Fig. 5f,g). Bsal
treatment of the edited but not WT and kif6“?° embryos resulted
in a single band, indicating the expected cleavage pattern. Sanger
sequencing of the insert site subcloned from an edited embryo also
showed the expected edits. Collectively, these results indicate that
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Fig. 5| Retron editor delivery using an all-RNA package. a, Illustration of RNA-
based retron editing. Cas9 and Efel-RT are delivered as capped and poly(A)-tailed
mRNAs. The sgRNA and msr-msd are mixed with the mRNAs in a10:1 molar ratio
before transfection into HEK293T cells. b, Insertion efficiency of a10-nt insert
attheindicated loci with RNA-based delivery. Error bars represent the s.d. from
n=3biological replicates (dots). ¢, The relative insertion frequency of a10-nt
cargo at the EMX1 locus, along with the four most frequent misincorporated
sequences. Error bars represent the s.d. from n = 3 biological replicates (dots).

d, Schematic of the three substitutions that are introduced in kif6 by mRNA
injection. The first mutation s silent but abolishes a Bsal cut site. e, Percentage of
total insertions in embryos 24 h after RNA injection for the indicated conditions.

Each point represents asingle embryo (uninjected, n = 8; Cas9 +RT,n=29;
Cas9-RT fusion, n=19). Error bars represent the s.d. Statistical significance was
determined using a one-way analysis of variance with post hoc comparisons:
P=0.0009 (uninjected versus Cas9 + RT), P< 0.0001 (Cas9 + RT versus Cas9-
RT fusion) and P = 0.8974 (uninjected versus Cas9-RT fusion). Significance

was defined as *P < 0.05,**P < 0.01 and ***P < 0.001. NS, not significant. f, Bsal
restriction enzyme digests of the edit site subcloned from WT, kif6A and edited
embryos. The Bsal cut site is abolished in edited but not WT or kif6A embryos.
This experiment was performed once. g, Sanger sequencing of the edited embryo
from e confirms precise editing at the three expected sites (red triangles).

The schematic was created with BioRender.com.

retron editors are active in cell lines and zebrafish embryos when
delivered as an all-RNA package.

Discussion

Retron editors uniquely synthesize high-copy repair templatesinsitu,
enabling large gene alterations in vivo***>°°, Here, we engineer ret-
ron editors for precise genome engineering in mammalian cells and
zebrafishembryos. Our metagenomic survey yielded 17 RTs that outper-
form Ecol-RT inmammalian cells. Efel-RT, the lead candidate, is highly
active, specific for its cognate RNA and capable of generating at least
~200-ntssDNAsinvivo (Fig.1). The most active RTsin our survey were
allderived fromclade 9. Arecent bacterial functional screen also con-
cluded that RTsinthis clade generate high ssDNA levelsin Escherichia
coli®. Additional structure-function studies will be required to dissect
the mechanistic basis for this higher activity. Lastly, we demonstrated
retron editor delivery in an all-RNA format (Fig. 5). We anticipate that
further optimizations, such as increasing mRNA and ncRNA stability
will further improve editing efficiency, as discussed below.

We iteratively improved on prior designs by optimizing the
NLS, nuclease-RT linkers and nuclease combinations (Fig. 3). The
linker and NLS are key design components for both base and prime
editors’”. In contrast, we show that retron editors canaccommodate
diverse NLS and linker combinations. Importantly, retron editors
are compatible with Cas9, Casl12a and even the nickase Cas9(D10A)

(Fig. 3 and Supplementary Fig. 5). Our findings with nickase-based
retron editors are consistent with previous reports that Cas9(D10A)
is more effective than Cas9(H840A) for inserting single-stranded
donors by HDR****, We speculate that the repair pathways involved,
such as single-strand template repair (SSTR), are strand specific and
strongly favor the template annealing to the strand nicked by the D10A
variant. Further studies will be required to fully dissect the machinery
involved in repairing single-stranded breaks generated by different
nickases. Cas12a-based retron editors further expand the potential
target range and create opportunities for multiplexed retron editing
because of Cas12a’s ability to processits crRNA?. To facilitate broader
adoption by the gene-editing community, we developed a plasmid
system that simplifies retron editor assembly by a single Golden
Gate cloning step (Supplementary Fig. 9)°*. We also anticipate that
retron-RTs will be compatible with other established methods, such as
transcription-activator-like effectors and emerging RNA-DNA-guided
nucleases. Importantly, further development of nickase-based retron
editors promises to avoid the induction of DSBs (Supplementary Fig. 5).

We found that ssDNA concentration directly correlates with the
decrease in insertion efficiency observed for longer cargos (Supple-
mentary Fig. 7). Engineering the RT and ncRNA to increase ssDNA pro-
duction may facilitate larger edits. For example, rational engineering
of aretron-RT-based prime editor boosted editing efficiency >8-fold™.
Additional key design parameters include the msr-msd structure,
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homology arm length, strand selection and template sequence.
Optimizing these features, along with ncRNA stabilization strategies
(for example, circularization, pseudoknots and chemical modifica-
tions)®, will establish retron editors as versatile tools for precision
genome engineering.

Therepair of DSBswithan ssODN proceeds through single-strand
template repair (SSTR)?*%%. Our results are also consistent with an
SSTR-based repair mechanism for retron editors. First, NHEJ inhibi-
tors increase retron editing and reduce NHEJ-associated indels for
both Cas9 and Casl12a across all tested target sites (Fig. 4). Second,
fusing Cas9 with adominant-negative allele of 53BP1 or with the DNA
resection-promoting CtIP also increases retron editor efficiency. Third,
we observed that 36-50-nt homology arms are optimal for retron edi-
tors (Fig. 2). Similarly, SSTR is maximized with 30-60-nt homology
arms’>'%°, SSTR is a RAD52-dependent process in yeast and human
cells, suggesting that nuclease-RAD52 and/or RT-RADS52 fusions may
boost retron editing”'*". SSTR competes with two error-prone DSB
repair pathways: classical NHEJ and polymerase 6-mediated end join-
ing (TMEJ)**'°2, Dual inhibition of NHEJ and TME] may further synergize
with RADS2 fusions*”’?, Rational design of asymmetric templates,
cleavage-blocking mutations and dual Cas9 nickases are additional
avenues for maximizing editing efficiency'°*'°*. Mechanistic studies of
retron editor-mediated repair will further improve editing outcomes
across all domains of life.

In conclusion, retron editors are emerging as a highly promising
gene-editing tool. Their unique ability to accurately insert or replace
sizeable DNA segments opens up possibilities for correcting complex
genetic mutations that were previously challenging to address. Com-
patibility with an all-RNA formulation opens additional avenues for
therapeutic delivery into cells and organisms. Additionally, retron
editors are poised to broaden the scope of high-throughput functional
screens, allowing for the characterization of complex genetic variants
with single-base resolution. Integration of retron editors into existing
screening pipelines holds great promise for advancing our understand-
ing of gene function and regulation, ultimately paving the way for
improved therapeuticinterventions andbiotechnological applications.
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Methods

Oligonucleotides and plasmids

Retron-RT and ncRNA gene blocks were ordered from Integrated DNA
Technologies or Twist Biosciences and cloned into a GFP dropout entry
vector by Golden Gate assembly. mRNAs were purchased from Cisterna
Biologics. Retron editor expression plasmids were assembled by com-
bining the sgRNA, retron msr-msd, RT and SpCas9 or AsCasl2aina
ccdB-dropout mammalian expression vector using Golden Gate assem-
bly. A plasmid encoding SpCas9 and Efel-RT is available on Addgene
(237445), where the user can cloneinageneblock containg agRNA-H1
promoter-ncRNA (containing user-defined cargo).

Tissue culture

HEK293T cells were generously provided by X. A. Cambronne. HEK293T
and U20S cells were cultured in DMEM with 10% FBS (Gibco) and 1%
penicillin-streptomycin (Gibco). All cell lines were cultured and main-
tained at 37 °Cand 5% CO,. U20S FlpIln TREx GFP1-10 were generated by
stablyintegrating a GFP1-10 construct at the single FRT locus through
dual transfection of pcDNAS5/FRT/TO/Intron-eGFP1-10 and pOG44
plasmids in a 1:10 ratio and subsequent selection with hygromycin at
200 pg ml™and blasticidin at 15 pg ml™.

Metagenomic discovery

To find new retrons, we searched the NCBI genome and metagen-
omic contigs for the retron-RT gene using hidden Markov models
(HMMER'**%) and a database containing all experimentally validated
retron-RT witha permissive e-value threshold of 107 (refs. 70,85,105).
We next established a pipeline to detect structured RNAs near
retron-RT sequences. Initially, each experimentally validated msr-msd
transcript and its close counterparts served as seeds for CMfinder
0.4.1,an RNA motif predictor that leverages both folding energy and
sequence covariation'®, Covariate models were then crafted with
Infernal suite’s cmbuild and used to search for analogous structures
around the start of the RT openreading frame. We manually inspected
the msr-msd regions of all retron candidates, especially those that
did not return any hits using the automated pipeline. RNAfold was
used to inspect structured regions and to compare them to known
msr-msd transcripts'”. We then used MAFFT-Q-INS-i for multiple
alignments, focusing on identifying conserved sequences in related
genomes. Subsequently, we pruned the alignments at the al and a2
areas, cycling back to earlier pipeline stepsto acquire more sequences
from both ends. R-scape was used to pinpoint covarying base pairs
in the suggested consensus structures, mitigating the influence of
phylogenetic correlations and base composition biases not attributed
to conserved RNA structure. Accessory retron genes adjacent to the
RT were annotated using the Pfam database as a query and HMMER.
High-confidence retron systems were manually inspected to confirm
the expected protein domains, catalytic residues and ncRNA structure.
Toremove redundant sequences, all putative hits were clustered with
CD-HIT'%, setting a sequence identity threshold at 90% and an align-
ment overlap of 80%. The clustered datasets were then transformed
into phylogenetic trees and candidates for validation were selected
on the basis of their positioning in the tree.

To organize the retron-RTs into phylogenetic groups, we used
MAFFT software and progressive methods for multiple-sequence
alignments (MSAs)'*’. An MSA was constructed from the RTO-7 domain
of 1,912 sequences, sourced from a dataset of 9,141 entries previously
categorized as retron or retron-like RTs and an additional 16 RTs from
experimentally verified retrons®. Phylogenetic trees were generated
using FastTree, applying the WAG evolutionary model, combined with
adiscrete gamma model featuring 20 rate categories. Specifically, the
RT tree was crafted using IQ-TREE version 1.6.12, incorporating 1,000
ultrafast bootstraps (UFBoot) and the SH-like approximate likelihood
ratio test (SH-aLRT) with 1,000 iterations"°. The best-fit model, iden-
tified by Modelfinder as LG+F+R10 because of its minimal Bayesian

information criterion value among 546 protein models, was used.
TheRT clades’ internal nodes exhibited UFBoot and SH-aLRT support
values exceeding 85% (ref.108).

Plasmid-based fluorescent reporter assays

Atotal of 1.2 x 10° HEK293T cells were seeded in a 24-well plate 18-24 h
before transfection. Then, 0.35 pg of the retron editor plasmid and
0.35 pg of the fluorescent reporter plasmid were cotransfected using
Lipofectamine 2000 (Invitrogen). Cells were trypsinized and collected
for flow analysis 72 h after transfection. Flow analysis was conducted
onaNovocyte flow cytometer (ACEA Biosciences). Cells were gated to
exclude dead cells and doublet and 10,000 cells were analyzed in all
samples. Cells were then gated by FITC-A (x axis) and PE-Texas Red-A
(y axis). The editing efficiency was reported as the percentage of cells
inthe quadrant of FITC-A and PE-Texas Red-A.

Genomic reporter assays

The fluorescent reporter was cloned in a plasmid designed for Bxbl
recombinase-drivenlanding pad system®?. This plasmid was transfected
into landing pad HEK293T cells followed by doxycycline induction
and AP1903 selection to generate stably integrated reporter cells.
A total of 1.2 x 10° HEK293T reporter cells were seeded in a 24-well
plate 18-24 h before transfection. Next, 1 ug of the retron editor plas-
mid was transfected using Lipofectamine 2000. Then, 48-72 h after
transfection, cells were treated with doxycycline to induce the expres-
sion of the fluorescent reporter. Cells were trypsinized and collected
for flow analysis and genomic DNA extraction (Qiagen DNeasy blood
and tissuekit). Normalized insertion is defined as total insertion/total
editing. Normalized read frequency is defined as the frequency of an
insertion event/total insertion events.

Confocal imaging

HEK293T cells were seeded and transfected as described for the
plasmid-based fluorescent reporter assay. Then, 48 h after transfec-
tion, cells were seeded into 15-mm glass-bottom cell culture dishes
(NEST) and incubated for an additional 24 h. Cells were then imaged
with a Nikon Ti2 spinning disk confocal microscope at x20 magnifi-
cation. Images (8,858 x 8,858 pixels) were acquired and processed
using Image]J.

U20S FlpIn TREx GFP1-10 cells were transfected with 1 pg of ret-
ron editor plasmids that target the N or C terminus of the protein of
interest toinsert a GFP11fragment. Then, 48-72 h after transfection,
cellswere expanded into 10-cm plates. Cells with high GFP intensities
were then sorted by a cell sorter (Sony MA900). For confocal imaging,
cellswereincubated with doxycycline for 48-72 hbefore imaging to
induce the expression of the GFP1-10 construct. Image acquisition
was performed with live cells under a spinning disk confocal micro-
scope (Olympus).

NGS

Genomicsamples were subjected to two rounds of PCR for NGS library
preparation (Supplementary Table 2). The first round of PCR was
performed using the KOD One PCR master mix (Toyobo). Primers
were designed ~600 bp away from the cut site on each side to avoid
amplifying the RT-generated ssDNA. PCR products were gel-purified
and barcoded by a second round of PCR with lllumina P5/P7 adaptors
using Q5 HotStart high-fidelity master mix (New England Biolabs). PCR
amplicons were sequenced on an Illlumina Novaseq. Reads were demul-
tiplexed using NovaSeq Reporter (Illumina). Alignment of amplicon
sequences to areference sequence was performed using CRISPResso02
(ref. 111). The aligned sequences were first checked for the expected
cargo insertion. Next, the homology arms and insertion sequences
were further checked for any mismatches or deletions. We considered
a‘perfectedit’any sequence that had the expected insertion only, with
no additional mismatches and deletions. If these events also had a
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mismatch or deletion, we counted it as an ‘imperfect’ edit. Any inser-
tions, deletions or mismatches that did not have the intended cargo
were surmised to be from nuclease-only activity.

Invitro transcription of the msr-msd

The msr-msd was PCR-amplified from a plasmid or gene block witha T7
promoter. ThencRNA was generated using the HiScribe T7 high-yield
RNA synthesis kit (New England Biolabs) according to the manufac-
turer’s protocol. RNA products were purified using the RNeasy Mini
Kit (Qiagen).

mRNA transfection

Atotal of 2 x 10* HEK293T cells were seeded in a 96-well plate 18-24 h
before transfection. Then, 772 ng of RNA cocktail containing in vitro
transcribed ncRNA and capped and poly(A)-tailed mRNAs were trans-
fected using Lipofectamine MessengerMAX (Thermo Fisher Scientific)
following the manufacturer’s protocol. Cells were harvested 72 h after
transfection for downstream analyses including fluorescence imaging,
ssDNA purification or NGS.

ssDNA purification and detection

ssDNAs were expressed in HEK293T cells by mRNA transfection as
described above. Then, 72 h after transfection, cells were harvested
and total genomic DNA was extracted using a genomic DNA purifica-
tion kit. ssDNAs were subsequently enriched and purified following
the protocol provided with the ssDNA purification kit (Zymo Research,
D7011). ssDNAs were amplified by PCR using a 5’ end-labeled oligonu-
cleotide primer prepared as described above. Amplification was carried
out under standard cycling conditions for 30 cycles. PCR products
were analyzed on a denaturing polyacrylamide gel and imaged using
aTyphoon FLA 9500 phosphorimager.

[y*’P]ATP 5’ end labeling of DNA oligonucleotides

DNA oligonucleotides were 5 end-labeled with T4 polynucleotide
kinase (PNK) and 7ATP. Then, 50 pM of DNA oligonucleotides were
incubatedinaS5-plreaction containing 1x T4 PNK buffer (New England
Biolabs), 10 U of T4 PNK and 5 mCi of 7ATP. The labeling reaction was
incubated at 37 °C for 60 min. To quench the reaction, 1l of quench
buffer was added to each sample (60% glycerol, 0.025% bromophenol
blue and10 mM EDTA). Labeled DNA samples were separated on a12%
denaturing polyacrylamide gel. After electrophoresis, the gel was
imaged using a Typhoon FLA 9500 phosphorimager (500 photomul-
tiplier tube, 100-um resolution) and bands were identified and excised
with razor blades. To elute labeled DNA, slices were placed in 1.6-ml
tubes with200 pl of TE buffer and incubated overnight at 4 °C for pas-
sive elution. Allradioactive procedures were carried outinaccordance
with University of Texas at Austin radiation safety guidelines.

Zebrafish maintenance and gene editing

Allzebrafish experiments were performed according to University of
Texas at Austin Institutional Animal Care and Use Committee stand-
ards. Embryos wereraised at 28.5 °Cin fish water (0.15% Instant Ocean
in reverse osmosis water). WT and kif6ut20(P293T) mutants were
in-crossed and one-cell-stage embryos were injected with 1 nl of the
injection mix using a microinjector-pump system (World Precision
Instruments nanoliter injector and PV 820 pneumatic picopump).
Injected embryos and uninjected sibling controls were incubated
at 28.5 °C in fish water until 24 h after fertilization, at which point
surviving embryos were killed in excess Tricaine (0.4% MS-222).
Genomic DNA was extracted from individual embryos using the
HotSHOT method'?. Briefly, embryos were transferred into 50 mM
NaOH and heated to 95 °C for 20 min. The samples were neutralized
with 0.25 volumes of 1 M Tris-HCI pH 8 before downstream analysis.
For NGS sequencing, genomic DNA was PCR-amplified to extend the
amplicon withIllumina adaptors using the KOD One PCR master mix

(Toyobo). PCR amplicons were directly sequenced on an Illumina
NovaSeq sequencer.

Data analysis

Flow cytometry datawere acquired using an ACEA Biosciences Novo-
cyte 3000 with NovaExpress software and analyzed with FlowJo version
10.10.0. High-throughput sequencing reads were processed using
CRISPResso2 (version 2.3.2) for alignment and adaptor trimming.
Editing efficiency was quantified using custom Pythonscripts (Python
version 3.9.19). Image analysis was performed in Fiji (version 2.14.0).
Figures were assembled with BioRender.com and Adobe Illustrator
(version29.7.1).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Raw FASTQ files are available in GenBank under BioProject
PRJNA1308753. A plasmid encoding the retron editor components was
deposited to Addgene (237445) for distribution. Additional plasmids
and raw data are available upon request. Source data are provided
with this paper.

Code availability

Custom Python scripts for automated CRISPResso2 (ref. 111) batch
processing and CRISPR editing outcome classification are freely
available from GitHub (https://github.com/finkelsteinlab/retron-
editing-analysis). The repository includes two Jupyter notebooks:
CRISPResso2 Batch.ipynb for automated processing of paired-end
sequencing reads through CRISPResso2 and classify batch process.
ipynb for classification and quantification of editing outcomes. All code
isprovided under an open-source license with detailed documentation
and example datasets.
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Data analysis CRISPRess02 (v2.3.2) was used to align the raw reads and perform adapter trimming from the high-throughput sequencing data. Custom
python scripts were used to quantify the editing efficiency and generate data plots. Image analysis was performed using Fiji (Fiji Is Just ImageJ,
version 2.14.0, based on ImageJ 1.54f; March 2024 build). Adobe Illustrator (Version 29.7.1) was used for assembling and editing figures.
Python version (Version 3.9.19) was used to to generate graphs and perform data analysis. Custom Python scripts for automated CRISPResso2
batch processing and CRISPR editing outcome classification are freely available at https://github.com/finkelsteinlab/retron-editing-analysis.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

High-throughput sequencing data has been deposited in the NCBI database under a BioProject accession number PRJINA1308753.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.
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Reporting on sex and gender N/A

Reporting on race, ethnicity, or  N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were determined based on precedent in the genome editing literature and are consistent with similar studies in the field.

Data exclusions  Data were excluded only in cases of experimental failure, such as reagent degradation or sample contamination, as pre-defined prior to
analysis.

Replication Each data point represents an independent biological replicate, as indicated in the figure captions.
Randomization  Mammalian cells and fish embryos used in this study were grown under identical conditions; no randomization was used.

Blinding Mammalian cells and fish embryos used in this study were maintained under identical conditions; randomization was not performed. Blinding
was not performed, as it was not applicable to the study design.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq
Eukaryotic cell lines |:| |Z Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Clinical data
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Plants

Eukaryotic cell lines
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Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK293T (ATCC), U20S (ATCC)
Authentication Cell lines were authenticated by the supplier using STR analysis.
Mycoplasma contamination Cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines  None used.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Zebra fish (Danio rerio).
Wild animals This study did not involve wild animals.
Reporting on sex Sex is not determined in zebrafish during the stage of development used for genome editing analysis.

Field-collected samples  This study did not use field collect samples.

Ethics oversight All experiments were performed according to University of Texas at Austin IACUC standards.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks N/A

Novel plant genotypes  N/A

Authentication N/A




Flow Cytometry

Plots
Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

& A numerical value for number of cells or percentage (with statistics) is provided.
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Methodology
Sample preparation Cells were trypsinized and re-suspending in fresh culturing media.
Instrument ACEA Biosciences Novocyte 3000.
Software Measurement: NovaExpress. Analysis: FlowJo 10.10.0
Cell population abundance Cells were first gated using FSC/SSC. All subsequent analysis was done on live cells. Cells were analyzed for EGFP and
TurboRFP fluorescence.
Gating strategy Cells were first gated using FSC/SSC. All subsequent analysis was done on live cells. Cell populations were analyzed for EGFP

and TurboRFP+. An example of the gating strategy is outlined in Supplementary Figure S10.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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