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Precise CRISPR-based DNA integration and editing remain challenging, largely
because of insufficient control of the repair process. We find that repair at the
genome-—cargo interfaceis predictable by deep learning models and adheres
to sequence-context-specific rules. On the basis of in silico predictions,

we devised a strategy of base-pair tandem repeat repair arms matching
microhomologies at double-strand breaks. These repeat homology arms
promote frame-retentive cassette integration and reduce deletions both at
the target site and within the transgene. We demonstrate precise integrations
at32lociin HEK293T cells. Germline-transmissible transgene integration and
endogenous protein tagging in Xenopus and adult mouse brains demonstrated
preciseintegration during early embryonic cleavage and in nondividing,
differentiated cells. Optimized repair arms also facilitated small edits for
scarless single-nucleotide or double-nucleotide changes using oligonucleotide
templatesinvitro andin vivo. We provide the design tool Pythia to facilitate
precise genomicintegration and editing for experimental and therapeutic
purposes for awide range of target cell types and applications.

The precise and targeted integration of transgenes using CRISPR-Cas
technology holds great promise for applications in biotechnology and
gene therapy'. However, itis paramount that genomic integrity is main-
tained to avoid unintended side effects and the integration technique
is suitable for targeting the intended cell types>>. Typically, CRISPR-
Cas-mediated integration relies on homology-directed repair (HDR),
which necessitates large homology arms andis only active in proliferat-
ing cells, or on nonhomologous end joining (NHEJ), microhomology

(uH)-mediated end joining (MME]J) or single-strand annealing*. How-
ever, NHEJ and MMEJ may resultin unintended genomic alterations at
transgene-genome borders, including deletions within the surround-
ing genome or transgene, potentially disrupting neighboring genes®®.

In humans, naturally occurring double-strand breaks (DSBs) are
typically repaired accurately; however, occasionally, inherently muta-
genic MMEJ repair results in genetic errors. Microdeletion variants
account for 20-25% of all clinically pathogenic sequence variants”’.
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The majority of these mutations display alocal sequence signature char-
acteristic of deletions through pHs and are often three adjacent base
pairsinlength. Using this natural MME) mechanism for frame-retaining
DSBrepair of coding sequences offers biotechnological opportunities.

MME] as a repair mechanism for DSBs induced by CRISPR-Cas
is conserved across a broad spectrum of organisms, ranging from
Hydrozoa' and plants" to zebrafish>**, Xenopus' and humans®¢,
Such MME]J repair occurs in a nonrandom fashion and is predictable
by algorithms and deep learning models, such as inDelphi” . This
predictability has been harnessed to establish programmable smaller”
and larger®>” deletions after DSB repair but never transgene inser-
tions. While MMEJ-mediated approaches have been successfully used
for integration (for example, GeneWeld** and PITCh* %), these did
not offer control over gene-editing outcomes at genome-transgene
repair boundaries. On the other hand, prime editing’s effectiveness
depends on the coordination of multiple components and is tradi-
tionally restricted to edits ranging from 1 to ~50 bp, rendering larger
insertions inaccessible?®. New tools that combine prime editors with
serine integrases, such as TwinPE?, PASTE* and PASSIGE®, have been
shown to enable larger DNA insertions yet leave a footprint, making
them less suitable for protein tagging applications.

The CRISPR-Cas system has been widely adopted in biotechnol-
ogy and basic research. Here, we explore the insertion of transgenic
cassettes using the CRISPR-Cas system and the predictable nature of
DSB repair mechanisms when introducing exogenous genetic mate-
rial. We harnessed deep learning models, pretrained on DNA repair
outcomes, to develop optimal rules for designing repair arms, both to
integrate transgenic cassettes and to establish small point mutations.
This results in predictable editing outcomes driving intended edits
andintegrations.

We used tandem repeats of pHs, placed at the edges of transgene
cassettesto facilitate on-target integration by MMEJ using CRISPR-Cas.
We find that DSB repair is nonrandom on the interface between the
genome and such pH tandem repeat repair arms of transgenic cassettes
invitroandinvivo. Moreover, pH tandem repeat repair arms safeguard
the boundaries during integration, precluding extensive DNA trim-
ming. We deduced optimal design rules and showed integration using
HHtandemrepeats to be effective in cell contexts where HDR s largely
ineffective, such asrapidly cycling vertebrate embryos (Xenopus) and
adult postmitotic mouse neuronal cells. Lastly, we extend the notion
of predictability to the rational design of small repair templates for
the introduction of desired point mutations at permissive loci with
single-stranded oligodeoxynucleotide (ssODN) donor templates.

Cas9integration with donor templatesis
nonrandom and predictable

Endogenous DNA repair outcomes following DSBsinduced by CRISPR-
Cas (specifically Streptococcus pyogenes Cas9) are nonrandom and
can be predicted on the basis of the local sequence context™ ¢, We
explored whether one such algorithm, inDelphi”, could also predict
editing outcomes at the interface between endogenous DSB edges
and exogenous donor DNA. When the inDelphi model predicted a
1H-mediated 4-bp deletion as the major editing outcome of an exam-
ple sequence (Fig. 1a), adding the 3 bp present on the left side of the
cut to the sequence right of the cut pivoted the most frequent pre-
dicted outcome toward a 3-bp deletion. This effectively removed the
inserted 3-bp pH, overruling the previously dominant 4-bp deletion.
Further repeating the 3-bp sequences in tandem increased the pro-
portion of predicted editing outcomes that use an inserted artificial
HH from 52% to 62% (Fig. 1a). Extending the in silico simulation to
250,000 putative guide RNA (gRNA) target loci on human chromo-
somelrevealed anincreaseinartificial uH usage for DNA repair with
anincreasing number of tandem repeats, plateauing at five tandem
repeats (Fig. 1b and Supplementary Fig.1). The local sequence context
strongly influenced the use of uH tandem repeats (Fig. 1c), suggesting

that the optimal design needs to be computed for each gRNA and its
surrounding genomic sequence.

Next, we experimentally investigated whether inDelphi predic-
tions of repair outcomes between endogenous DSB edges and exog-
enous donor DNA would facilitate CRISPR-Cas-mediated knock-in. For
this, the AAVSIlanding site was targeted in HEK293T cells (Fig. 1d). We
added five tandem repeats of 3-bp pH (5% 3-bp pH) to the left and right
ofthe donor cassette, matching the sequence context left and right of
the AAVSI cutssite (Fig. 1e). We assessed the resulting scarring patterns
and validated the predictability of DNA repair at genome-transgene
borders and the increased frame retention. To more easily customize
the donor edges without undesired 5’->3’ overhangs, we added two
PaqCl type IIS endonuclease restriction sites invertedly flanking the
donor cassette (pCMV:eGFP) forin vitrorelease of linear DNA (PagMan
plasmids; Supplementary Fig. 2a). PagMan linearization facilitated
on-target genomic integration (5.2% GFP*), whereas nonlinearized
plasmid donor merely resulted in random integration (2.3% GFP*),
demonstrated by boundary PCR analysis (Fig. 1f,g and Supplementary
Fig.2b). On-targetintegration only occurred with an AAVSI-targeting
ribonucleoprotein (RNP) and never with control RNP (gRNA target site
not presentinthe human genome) (Fig. 1h and Supplementary Fig. 2c).

Using 3-bp pH tandem repeat repair arms provided us with a
unique way to sample the distribution of editing outcomes at the
interface between endogenous DNA and exogenous cargo. Targeted
amplicon sequencing of the boundary PCR products revealed that
the rate of pH tandem repeat use after DNA integration observed
experimentally correlated well with the inDelphi predictions at the
left (r=0.81,P<0.001) and right (r=0.97, P < 0.001) junctions (Fig. 1i,j
and Supplementary Fig. 3a). Furthermore, 73% of the reads at the left
junction boundary did not trim into the genome. Of these, 63% (46%
of total reads) also did not trim into the transgene (Supplementary
Fig. 3b,c). On the other hand, 78% of the reads on the right junction
did not trim into the genome and 55% of these (43% of total) also did
not trim into the transgene. The most common genetic lesion after
trimming-free integration was the loss of one or more of the pH tan-
dem repeats in the repair arms (45% of total reads on the left and 28%
of total reads on the right) (Supplementary Fig. 3b,c). To investigate
integration in a clinically relevant site for chimeric antigen receptor
(CAR) T production, we introduced a second-generation CAR*’into the
TRAClocus (Supplementary Fig. 4a,b). Using 6-bp frame-retaining pH
repair arms, we found boundary products, also detected in NHEJ-driven
HITP' and HDR-mediated integration methods performed in parallel
(Supplementary Fig. 4c,d).

Thus, merely 3-6 bp of pHs were sufficient to mobilize DNA donor
arms during CRISPR-Cas knock-in. In conclusion, Cas9-mediated MMEJ
integrationis nonrandom and predictable.

pH tandem repeat repair arms safeguard the
%enome and integration efficiency is influenced by
ocal sequence context
Next, we benchmarked our methodology to NHEJ-mediated gene
cassette knock-in, such as HITI, which does not use homology arms™.
PaqgMan plasmid donors (Fig. 2a and Supplementary Fig. 2d) showed
no detectable differences inintegration efficiencies when using either
zero (NHEJ, 9.3%) or four (10.7%) 3-bp 1H tandem repeats matching the
AAVSI target site in HEK293T cells (Fig. 2b) (P> 0.05). When NHE] was
used, however, amplicon sequencing revealed extensive deletions at
the genomicintegrationsite (95% of reads) (Fig.2c,d and Supplemen-
tary Fig. 2d). All remaining reads showed substantial trimming of the
transgene cassette. In contrast, using ptH tandem repeat repair arms
decreased DNA trimmingbothinto the genome and onthe repair cas-
sette, with over 50% of reads free from any deletionsin either direction.
Next, we tested whether the nucleotide composition of pH tandem
repeat arms affected their integration efficiency. In silico simulation
with the inDelphi HEK293 model for >10 million gRNAs across the
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Fig.1|Modeling predicted gene-editing outcomes using inDelphi while
providing synthetic pHs. a, Predicted editing outcomes are shown using
inDelphi (HEK293T) on synthetic DNA. Adding tandem repeats of the bases

left of the CRISPR-Cas cut site to the right of the cut affected the predicted
editing outcomes. Cumulative pH repair is defined as the percentage of editing
outcomes that mobilize (delete) synthetic pHs during repair. Iterative recutting
of productsis not computationally modeled. b, Modeling of expected editing
outcomes across 250,000 distinct gRNAs target sites across human Chrl,
when adding the 3 bp flanking the left site of the CRISPR-Cas cut site either as
asinglerepeat (1x) or as tandem repeats (2x-8x). The percentage of repair by
HH usage is shown. Box plots show the median, interquartile range (IQR) and
whiskers extending to 1.5 the IQR with n = 250,000. ¢, Heat map highlighting
the expected percentage of repair by pH as a function of the length of pH and
the number of tandem repeats for 25 gRNAs, demonstrating that thereis a
sequence-context-specific optimal solution for maximizing the percentage of
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40

pH repair outcomes. d, Schematic of the experimental setup: PaqCl digestion
releases the linear dsDNA donor, which contains 5% 3-bp pH tandem repeat arms,
and is codelivered with RNP targeting AAVSI. e, Sequence of the target locus and
3-bp pH tandem repeat repair arms. f, After 14 days, flow cytometry indicates an
increase in stable integration in cells transfected with the linear dSDNA template.
g, Integration occurs specifically with PaqCl-linearized templates; circular
templates show no detectable on-target integration. h, Quantification of integration
efficiency of AAVSI gRNA compared to a negative control gRNA. Statistical analysis
was performed using an unpaired two-tailed t-test; P= 0.021 (n =3 independent
biological replicates). Error bars represent the s.d. ij, The InDelphi HEK293T
modelaccurately predicts the observed frequency of distinct editing outcomesin
the pH tandem repeat arms at both junctions. Data points are the means of three
independent biological replicates. A two-sided Pearson correlation was applied
(i,r=0.815,P=0.00022;j,r=0.969, P=1.10 x 10~%). No multiple comparisons were
performed. Some schematics were created with BioRender.com.
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Fig. 2| pH tandem repeat repair arms protect the genome and the relationship
between integration efficiencies and local sequence context. a, Schematic
representation of the experimental setup comparing NHEJ integration (no
repair arms) to 4x 3-bp pH tandem repeat repair arms using PagqMan plasmids.
b, Comparison of pH tandem repeat-mediated and NHE] integration efficiencies
(n=2independent biological repeats). ¢, Visualization of genome-editing
outcomes on both genome-transgene junctions showing the percentage of
reads that trimmed the genome (1), the percentage of reads that trimmed the
cassette (2) and specific editing outcomes of reads that trimmed neither the
genome nor the cassette (3). d, Quantification of genome-editing outcomes on
both genome-transgene junctions demonstrating that NHEJ leads to extensive
trimming, while 4x 3-bp pH tandem repeat arms protect both the genome and
the transgene cassette. e, In the absence of exogenous DNA, in silico modeling
predicts that the nucleotide at position —4 will influence the percentage of repair
outcomes that is expected to be driven by MMEJ (total n=10,813,171; plotted
random subselection of 500,000 data points). f,g, The 32 gRNAs designed to
target coding exons of nonessential genes with four in each of eight classes
covering all possible permutations of strong (G or C) and weak (A or T) bases

at 3 bp left of the DSB. Each class was composed of four gRNAs binned across
theinDelphi-predicted percentage of repair by MMEJ and had similar expected
on-target efficiencies (CRISPRScan scores). h, For each gRNA, a distinct dSDNA
repair template was generated with 5x 3-bp pH tandem repeat repair arms
matching the gRNA-specific context left of the DSB and 5% 3-bp pH tandem
repeat repair arms matching the AGG right of the DSB. These were delivered
with nontargeting control RNP (top) or gene-targeting RNP (bottom) to

HEK293T cells. Each data point represents an independent biological replicate. 1,
Integration efficiencies at day 14, determined by flow cytometric quantification
of GFP* cells. Statistical analysis was performed using a Mann-Whitney test (two-
tailed, exact, P=6.23 x 1077, n = 32).j, Quantification of on-target integration
efficiencies comparing the presence of a strong or weak base at position —4, just
left of the DSB. Statistical analysis was performed using a Mann-Whitney test
(two-tailed, exact, P=0.0211, n =16.k, On-target integration efficiencies by base
identity at position —4, with guanine showing the highest. Each point represents
the mean of three biological replicates. Samplesizes: T,n=7;A,n=9;C,n=11;G,
n=5.Statistical analysis was performed using a Kruskal-Wallis test (P = 0.0445)
with Dunn’s post hoc test (two-sided, corrected for six comparisons); T versus

G, adjusted P=0.0397.1, inDelphi modeling of the junction product between

the sequence left of the DSB and the dsDNA donor. A higher percentage of
predicted editing outcomes that have a +1insertion will result in alower on-target
integration efficiency. Samples were grouped on the basis of the predicted
percentage repair with +1insertion (>25% and <25%). Statistical analysis was
performed using aMann-Whitney test (two-tailed, exact, P=0.0092, U = 54,
n1=12,n,=20).Ini-1,error flags represent the s.d.; the center is the mean and
each data point represents the mean of three independent biological replicates.
m, NGS of left (5) junction product and the percentage of reads containing
genomic deletions or cassette deletions or neither genomic nor cassette
deletions (n =16 genes, each analyzed by sequencing after equimolar pooling of
DNA from three independent biological replicates). Box plots show the median,
IQR (box) and whiskers extending to 1.5x the IQR. Some schematics were created
with BioRender.com.
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human genome revealed variations in predicted repair outcomes
driven by pH composition, particularly linked to the nucleotide at
position —4 (counting the NGG protospacer-adjacent motif (PAM) as
nucleotides 0-2) (Fig. 2e). G at position —4 was predicted to enhance
integration over C, A or T and was independent of the PAM sequence
used (Supplementary Figs. 5 and 6). No similar effects were noted
for any other position in the gRNA (Supplementary Figs. 5 and 6).
This indicated that the nucleotide located immediately to the left of
the CRISPR-Cas-induced DSB (position —4) could be a parameter to
improve integration.

Totest this, we targeted 32 genesin HEK293T cells and codelivered
target-specificrepair templates with five pH tandem repeats. To avoid
a potential negative selection effect, we chose nonessential genes™.
We ensured that the gRNAs had similar predicted on-target efficiency
and abalanced distribution across different G+C contexts (Fig. 2f). To
directly assess whether the nucleotides at position -7 to —4 influence
integration, we only considered gRNA target sites with AGG at nucleo-
tides -3 to-1.The 32 targets were chosento fallinto one of eight classes,
eachrepresentingadistinct combination of strong (G or C) or weak (A
or T) bases at positions —4 to -7 (n = 4 per class) (Fig. 2f,g). Withineach
class, we binned gRNAs according to predicted MMEJ repair usage.
Target-specific repair templates, incorporating five 3-bp pH tandem
repeats, were generated by overhang PCR (Fig. 2h).

Across all 32 targets, we observed a median 1.6-fold increase in
integration efficiencies comparing on-target RNP to negative control
RNP (median on-targetintegration of 3.61%, P < 0.0001, n = 32) (Fig. 2i).
Next we assessed whether genomic pHs flanking the DSB compete with
synthetic pHs at the genome-cassette interface. There wasno correla-
tion between on-target integration efficiency and inDelphi-modeled
MME] repair at the DSB in the absence of exogenous repair templates
(Supplementary Fig. 7a). This suggests that such local motifs flanking
the DSB do notinfluence integration efficiency when arepair cassette is
provided, meaningthat preselecting gRNA target sites to avoid themis
notnecessary for successfulintegration. gRNAs that had astrong base
(G or C) at nucleotide —4 drove integration at a median 1.8-fold more
efficiently than those with a weak base (P < 0.05) (Fig. 2j). We found a
hierarchical trend at nucleotide -4, where G (7% + 4%), C (4.3% £ 2.9%),
A (2.8% +1.3%) and T (2.2% + 2.1%) influenced the use of pH-mediated
integrationrates (Fig. 2k), completely matching the predicted distribu-
tion (Fig.2e). Next, we used inDelphi to predict gene-editing outcomes
attheleftjunction betweenthe endogenouslocus and the cargo tem-
plate. We observed amoderate inverse correlation betweenintegration
efficiencies and the percentage of repair predicted tobe a+1linsertion
(r=-0.512,P<0.01) and betweenintegration efficiencies and the pre-
dicted percentage of perfect repair products (defined as having used
one pHtandemrepeat) (r=0.51, P< 0.01) (Supplementary Fig. 7b-d).
We observed a median 2.2-fold higher rate of integration efficiency
at junction events where inDelphi predicted the editing outcomes
to be <25% +1 insertions than >25% +1 insertions (P < 0.01) (Fig. 21).
Of note, 5" junction analysis revealed that, across these sites (n =16
sequenced),amedian of 83% + 36% reads showed no genomic deletions,
with 66% + 35% exhibiting deletionsin neither the genome nor the cas-
sette (Fig. 2m). Additionally, we tested whether single-stranded DNA
(ssDNA) repair templates could be used instead of double-stranded
DNA (dsDNA), again using five 3-bp pH tandem repeats (Supplementary
Fig.8a). While thisapproachgreatly reduced random integration when
using a negative control gRNA (0.79% + 0.11%; n = 8), the integration
efficiencies were lower than with dsDNA templates (Supplementary
Fig. 8b). On-target Integration efficiencies (P < 0.001 versus negative
control) were comparable between sense (1.32% + 0.32%, n=4) and
antisense (1.25% + 0.18%, n = 4) orientations (Supplementary Fig. 8c,d).

On the basis of these observations, we propose the following for
selecting gRNAs for optimal pH tandem repeat-mediated integration:
(1) G nucleotide at position —4; (2) low rate (<25%) of predicted editing
outcomes with a +1insertion; and (3) a high percentage of predicted

editing outcomes that use pH tandemrepeats. Collectively, our findings
demonstrate that deep-learning-based predictionsimprove integration
outcomesandinformtherational design of optimalintegrationstrategies.

pH tandem repeat integrationinvivo at the hipp11
(h11)landingsite of Xenopus tropicalis

Existing transgenesis methods (I-Scel** and REMI**) to generate reporter
linesin Xenopus are limited to random and multiple integration events.
Weidentified aconserved hlllocus® on chromosomeloftheX. tropi-
calis genome, in the intergenic sequence between drgl and eif4enifl,
asapotential landing site for stable transgene integration. X. tropicalis
h1I flanking gene models showed direct synteny with chicken, pig,
human and rat orthologs (Supplementary Fig. 9a)**. We identified two
gRNAs (h1I-a and h11-$3), spaced 767 bp apart, and verified efficient
editing activity (h11-a, 91% + 9%; h11-B, 80.3% + 2%) (Supplementary
Fig. 9b-f). Linear donor DNA containing four 3-bp pH tandem repeat
repair arms corresponding to h1I-a on the left and with 211-p on the
right was generated by overhang PCR of aplasmid encoding CMV:eGFP
(Fig. 3a). We coinjected h1I-a and h11- Cas9 RNP together with the
3-bp pH tandem repeat donor template into both blastomeres of
two-cell stage embryos and consistently observed eGFP expression
across developmental stages, indicative of stable integration events
(Fig. 3b and Supplementary Fig. 10d). PCR analysis of embryo pools
(n=25) revealed deletion of DNA between the hll-a and h1I-3 target
sites (Supplementary Fig.10a,b) and PCRjunction fragmentsindicative
of exogenous cassette integration in 411 (Fig. 3c and Supplementary
Fig.10c,e). To further simplify the procedure, freshly fertilized embryos
weretargeted withonly h17-0 gRNA and a CMV:eGFP transgene contain-
ing four 3-bp pH tandemrepeats (Fig. 3d). Furthermore, 3% of embryos
(4 of 134) were half-transgenic, suggesting that integration occurred at
the two-cell stage (Fig. 3e), clearly distinguishable from embryos with
amosaic expression pattern (Fig. 3f).Junction PCR productsindicative
of on-targetintegration were present for half-transgenic embryos but
never for embryos with mosaic eGFP expression (Fig. 3f). Sequencing
confirmed the usage of uH tandem repeats for MMEJ-mediated repair
(60%; n=5) (Fig.3g).

One application of pH tandem repeat-mediated integration is
characterizing cis-regulatory elements by integrating a candidate
noncoding element witha minimal promoter and analysis of reporter
expression levels and tissue specificity”. Such assays, ideally, require
the number and sites of integration to be controlled*®*’, Therefore, a
pax8-CNS1:eGFP construct was targeted to the h1llocus*’. In7% of the
injected embryos (9 0f133), eGFP expression was observed in the pro-
nephros, otic vesicle and, to alesser extent, the neural crest, consistent
with the described activity of the cis-regulatory element (Fig. 3h and
Supplementary Fig.11a)*°. Integration resulted in stable and persistent
transgene reporter activity observed in the kidney tubules of adult F,,
frogs (Fig.3iand Supplementary Video1). Germline transmission was
confirmed in 50% (n = 6) of F, founder animals crossed with wild type
and 33% + 12% of F,embryos exhibited tissue-specific GFP expression,
which was then outcrossed to obtain stable F, animals (Fig. 3j, Sup-
plementary Fig.11b,c and Supplementary Video 2).

ThepHtandemrepeat-mediated integration approach was further
validated invivo by integrating a Xenopus cardiacactin (CarAct):dsRed2
reporter cassette (Supplementary Fig. 11d)***'. Strong nonmosaic
muscle-specific dsRed2 expression was observedin 8.6% (3 of 35) of the
Foanimals (Fig. 3k). Germline transmission was successfully confirmed
inboth assessed founder animals showing transmission rates 0f10.5%
and 45.5%, respectively (Fig. 31, Supplementary Fig.11e and Supplemen-
tary Video 3).InF,homozygotes, we confirmed tissue-specific dsRed2
activity in myotomes (Fig. 3] and Supplementary Video 4) and found
single-copy integration of the reporter construct at 411 (Supplemen-
tary Fig. 11f). Taken together, we successfully achieved single-copy
integration at the h1I landing site in X. tropicalis of multiple donor
templates without position effects or generational silencing.
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Fig.3|pH tandem repeat-mediated integration at stable landing site h11in
X. tropicalis with germline transmission. a, Schematic of the CRISPR-Cas
integration strategy. b, Mosaic but stable GFP expression after 5x 3-bp pH
tandem repeat-mediated integration of apCMV:eGFP in F, founders at various
developmental stages. ¢, Detection of PCR products demonstrating on-target
integrationinto the h11locus. d, Schematic of the CRISPR-Cas integration
strategy, using only the 711-a RNP. e, Unilateral nonmosaic GFP expressionin F,
founders because of pPCMV:eGFP integration into the h11 locus at the two-cell
stage (half-transgenic embryos). f, Nonintegrative mosaic expression patternin
muscle cells. Junction PCR analysis shows that this represents merely transient
expression as correct junction products can only be detected in half-transgenic
animals shownin e. g, Sequencing of junction products reveals usage of uH

tandem repeats)

8.6% (n=3/35)

dsRed2

F, heterozygote

/brightfield

mesoSPIM
/DAPI

tandem repeats in 60% of reads (n = 5). h, Tissue-restricted expression pattern
of pax8-CNS1:eGFP knocked in at the h11-a and h11-flociin the F, generation
by five uH tandem repeats is observed in 7% of the injected embryos (n =133).
i, Benchtop mesoSPIM whole-organ imaging of akidney from an adult F, pax8-
CNS1:eGFP founder, confirming stable integration and expression in renal
tubules amenable for U-Net-based segmentation. j, Reporter expressionin the
embryonic kidneys of the F, generation. k, Tissue-restricted expression pattern
of CarAct:dsRed knocked in at the h1I-alocus in the F, generation by eight pH
tandem repeatsis observed in 8.6% of injected embryos (n = 35).1, Benchtop
mesoSPIM imaging of F, and F, CarAct:dsRed knock-in animals revealing stable
and strong tissue-restricted transgene expression.
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pH tandem repeats enable endogenous protein
labelinginX. tropicalis

We next explored whether our transgene integration approach was
suitable for endogenous protein tagging in X. tropicalis. Predicting
integration scores for each possible gRNA target in the final 3’ exons
revealed that 3-bp pH tandem repeats enable efficient tagging of 3% of
genes and satisfactory targeting of 16%. Incorporating 6-bp pH tandem
repeatsinstead improved design flexibility, ensured frame preservation
and was predicted to increase the percentage of efficiently (35%) and
satisfactorily (51%) targetable genes (Supplementary Fig. 12).

Next, we targeted the last exon of myh9with a transgenic cassette
containing the remaining 3’ exon fragment after the DSB, the fluo-
rescent protein mBaoJin (a monomeric StayGold), an ALFAtag and a
3xFLAG tag**, flanked by 6-bp frame-retentive tandem repeats on the
left and the right. The half-transgenic mBaoJin signal was detected in
0.90% (n =222) of the injected embryos (Fig.4a,b and Supplementary
Tables 4 and 5). Live fluorescence imaging revealed intricate Myh9
protein dynamics at cellular junctions (Fig. 4c and Supplementary
Video 5) and tagged Myh9 colocalized with anti-myosin signal inimmu-
nostainings (Fig. 4f).

While effective, the success of precise in-frame tagging within a
3’ exonis constrained by PAM availability and local sequence context,
whichinfluencesintegration prediction scores. Even with 6-bp tandem
repeats, 14% of X. tropicalis genes were predicted to be untargetable
at high efficiencies (Supplementary Fig. 12). Targeting the last intron,
however (Supplementary Fig. 13), allows greater design flexibility on
the repair arms, as frame retentiveness is no longer required and is
predicted to beefficient for 98.4% of X. tropicalis genes. Using arepair
cassette containing a splice acceptor, the last exon sequence fused in
frame to mBaoJin and a tag cassette (Fig. 4a), we successfully tagged
acta2(0.81%,n=1,299) (Fig.4b,d) and ncam1i (0.82%, n = 365) (Fig.4b,e).
Liveimagingrevealed expected expression patterns of mBaoJin-tagged
Acta2and Ncam2 (Fig.4d-fand Supplementary Video 6). Boundary and
whole-insert PCR products for myh9and ncamlI confirmed single-copy
integration into the genome (Supplementary Fig. 14a) and Sanger
sequencing revealed MMEJ-mediated integration (Fig. 4g), nextto other
repair outcomes. We detected more homology repeats than expected
(2-5extrarepeats) insome of the boundaries (Supplementary Fig.14b),
likely because of cassette amplification or sequencing artifacts. Lastly,
immunoprecipitation using the FLAG tag in mBao}in-positive embryos
confirmed successful tagging for each protein (Fig. 4h).

pH tandem repeat-mediated in vivo fluorescent
tagging of Tubb2ainmice
Traditional HDR is ineffective in nonproliferating cells but
NHEJ-dependent HITlis frequently used®*>*¢, Thus, we asked whether
addition of frame-retentive pH tandem repeat repair arms could con-
currently activate NHEJ and MMEJ, potentially increasing the propor-
tion of in-frame tagged repair products.

We targeted the 3’ end of Tubb2a, a neuronal-specific tubulin
localizing to both axons and soma*’, for in-frame eGFP tagging. We

performed in vivo transduction by adeno-associated virus (AAV) into
adult mouse brains (Fig. 5a,b). One AAV carried Cas9, while the other
carried Tubb2a-targeting gRNA, promoterless eGFP and a ubiqui-
tous promoter driving mCherry for assessing cargo delivery. Then,
3 weeks after transduction, eGFP-positive neuronal cells, featuring
eGFP-tagged Tubb2a proteindriven from the endogenous Tubb2a pro-
moter, were observed by classical histology (Fig. 5c) and in volumetric
mesoSPIM imaging of awhole-mount mouse brain optically cleared by
modified wildDISCO*® (Fig. 5d and Supplementary Video 7). Cortical
and hippocampal neurons with eGFP expression along their projections
were seen exclusively in virus-infected areas. eGFP expression also
colocalized with Tubb2a (Fig. 5e). Compared to a control mouse with
AAV-driven widespread eGFP expression (not fused to any protein),
immunoprecipitation and western blot analysis detected a band at
the combined sizes of Tubb2aand eGFP, demonstrating that eGFP was
exclusively linked to Tubb2a (Fig. 5f). Next, we deep-sequenced the
expected Tubb2a-eGFP junction site in two independently injected
mouse hemispheres. Compared to earlier studies™, we did not pre-
select for cells expressing eGFP, thus getting an unbiased view of the
gene-editing outcomes at the expected junctionsite. While we detected
NHEJ-mediated gene tagging, it accounted for 1.8% of editing outcomes
(Fig. 5g,h). MMEJ-mediated mechanisms were active in postmitotic
cells as we observed 8.6% + 0.5% of gene-editing outcomes that used
HH tandem repeat-dependent repair. As predicted by inDelphi, the
most common editing outcome was a deletion of 6 nt occurring at a
frequency of 4.5% + 0.4%. As such, our design strategy and use of pH
tandem repeat repair arms increased the number of reads containing
in-frame mutations 4.8-fold and rate of scar-free gene tagging 2-fold
when compared to reads containing HITI or NHE] outcomes (Fig. 5i).

Taken together, pH tandem repeat-mediated integration dramati-
callyincreasedthe efficiencies of in-frame gene tagging in mouse brains
by engaging not only the NHE] but also the MME] repair pathways.

Pythia editing: precise genome rewriting by
rational design of ssODN repair templates driving
predictable DNA repair

Because junctional products of pH tandem repeat-mediated integra-
tion were successfully predicted, we asked whether the predictive
power of inDelphi could also be used to design more customized
editing strategies. For example, would the model be able to predict
the optimal repair sequence to maximize small but precise edits? To
investigate this, we used ssODN templates to obtain gene edits exploit-
ing single-strand templated repair (SSTR) through the Fanconi anemia
(FA) DNA repair pathway*. Previously, numerous studies focused on
enhancing gene-editing efficiency using HDR by adjusting the lengths
of repair arms®, chemically modifying repair templates or inhibit-
ing DNA repair regulators®. We next investigated whether inDelphi
could be used for optimal ssODN repair design, forecasting predicted
gene-editing efficiencies and theratio of intended versus unintended
editing outcomes. We used an eGFP-to-eBFP conversion assay™, which
depends on the change of two nucleotides (CCT to GCC) to explore

Fig. 4| Endogenous fluorescent protein taggingin X. tropicalis. a, Schematic
representation of the repair templates for endogenous gene tagging. Coding
sequences linked with GSG linkers. b, Unilateral (Myh9 and Acta2) and bilateral
(Ncam1) mBaojin expression in F,animals because of endogenous gene tagging.
Scale bars, 500 pm. ¢, Imaging of tagged Myh9 in a living stage 45 tadpole.

Top left, kidney tubules with aluminal Myh9 layer (*tubular lumen) and Myh9
signalin intertubular fibroblasts. Top right, epidermal cells showcasing the

role of Myh9 in cell-cell adhesions. Bottom right, live imaging of actomyosin
dynamics within cell-cell boundaries. Scale bars, 10 um (top) and 5 pm (bottom).
d, Imaging of tagged Acta2 in a living stage 45 tadpole. Left, overview showing
fluorescence signal in intestinal smooth muscle cells (SMCs), vascular SMCs,
heart muscle and skeletal muscle. Line-scanning artifacts in heart muscle
because of heartbeat during acquisition. Gamma correction of 0.2 because

of strong signal from intestinal SMCs. Top right, vascular SMCs wrapping
around developing blood vessels. Bottom right, actomyosin network of the two
perpendicular layers of intestinal SMCs. Scale bars, 250 pm (left) and 25 pm
(right). e, Imaging of tagged Ncamlinaliving stage 45 tadpole. Expression of
Ncamlin the central and peripheral nervous system. Bottom right, spinal cord
withbranching motor and sensory neurons. Scale bars, 200 um (top and bottom
left) and 50 um (bottom right). f, mBaoJin signal (cyan), immunofluorescence
staining (red) and overlay in stage 45 fixed tadpoles. Top, intracellular Myh9
networkin the epidermis. Middle top, intestinal SMCs in a unilaterally transgenic
tadpole. Bilateral origin of SMCs leading to mosaic expression of labeled Acta2.
Middle bottom, Striated skeletal muscle. Bottom, tail motor neuron. Scale bars,
10 pm. g, Repair outcomes of genome-cassette boundaries. h, Western blots
detecting tagged endogenous protein.
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Fig. 5| Endogenous fluorescence tagging of Tubb2ain vivo in adult mouse
brains by pH tandem repeat-mediated integration. a, Schematic of AAV
constructs for targeted eGFP knock-in at the 3’ CDS of Tubb2a.b, Schematic
ofthe experimental setup and subsequent analysis. ¢, Histology of brain

tissue and immunofluorescence detects eGFP-tagged Tubb2ain individual
neurons. d, Benchtop mesoSPIM light-sheet imaging of wildDisco-cleared
whole mouse brain shows eGFP-tagged Tubb2a in cortical and hippocampal
neurons. e, Representative widefieldimmunofluorescence images showing
GFP and Tubb2a expression in neurons. f, Western blot analysis comparing GFP
immunoprecipitation from brains infected with either AAV2 alone, codelivered
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AAV1and AAV2 or a control virus constitutively expressing GFP under the
control of aCMV promoter. g, Sequence of the targeted Tubb2alocus (gRNA
underlined, PAM in bold), the repair template and possible NHEJ and pH tandem
repeat-mediated editing outcomes. h, Summary of integration outcomes using
NGS reads spanning Tubb2a-eGFP amplified from two mouse hemispheres.

i, Frequency of in-frame reads of Tubb2a-eGFP detecting either NHEJ or pH
tandem repeat-mediated integration outcomes as defined in g. Each data point
represents asingle, independently injected brain hemisphere zone from the
same mouse. Some schematics were created with BioRender.com.
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the design space by inDelphipredictions. We computed the predicted
percentage of on-target repair as a function of both the left and right
repairarmlengths and calculated the chance for overall perfect repair
asthejoint probability of perfect repair occurring between the genome
and both repair arms (Fig. 6a). Because this extended the use of the
inDelphi model beyond previous applications, we termed this approach
Pythia, in reference to the priestess at the Greek temple of Delphi in
antiquity>*. We introduce a bioinformatics-based solution for generat-
ing ‘Pythiamatrices’ (Fig. 6aand Supplementary Fig.15), which depict
the predicted gene-editing efficienciesin relation to the lengths of both
the left and right repair arms. Next, we investigated whether Pythia
predictions correlated to experimental observations by designing
repair templates with high and low Pythia scores (Fig. 6b).

For each eGFP gRNA (n =3), we generated 30 repair templates
with three repair templates in each decile of Pythia scores (bin) and
quantified eGFP-to-eBFP conversionratesin HEK293T cells (Fig. 6c and
Supplementary Table 6). This revealed gene-editing efficiencies of up
t018%, adheringtoa monotonic correlation between Pythia prediction
matrices and experimentally determined conversion rates (combined
Spearman correlationr=0.77,P<0.001) (Fig. 6¢,d and Supplementary
Fig.16). As the distance from the intended base-pair modification
to the DSB increased, gene conversion efficiency decreased, a trend
accurately predicted by the Pythia matrices (Fig. 6e).

Next, we explored computationally whether the predictability
would allow us to model the editing window for small but precise
nucleotide substitutions. We computed the maximum Pythia score
to establishindividual base changes at positions -22to +17to all three
possible nucleotide substitutions for 35 distinct gRNAs. Thisrevealed
no preference in substitution efficiency, suggesting that all possible
substitutions are theoretically achievable (Fig. 6f). Furthermore, the
greater the distance between the intended substitution and the DSB,
the lower the highest possible Pythia score was. Thus, alonger ssODN
templateisneeded to achieve an optimal Pythiascore (Fig. 6f). Notably,
at the individual gRNA level, sequence contexts exerted a profound
influence, which led to considerable variation in the optimal ssODN
repair length. Our model suggested that awindow of =11 (mean Pythia
score 61.1+ 6.3) to +4 (mean Pythia score 61.5 + 4.6) from the cut site
constituted a suitable window for Pythia editing. We predicted the
optimal ssODN repair templates for gene correction of all RPE6S mis-
sense mutations associated with retinal degeneration and annotated

in ClinVar> where a suitable gRNA was found in proximity (n=248).
We observed an average Pythia score of 84.4% +12.5%, with an ssODN
length of 33.9 + 5.7 nt (Fig. 6g). Given that 81% (n =293) of RPE65 mis-
sense mutations could be edited with aPythiascore > 60, Pythiaediting
may hold promise for clinical applications.

Pythia editing in vivo: computationally guided
design of repair templates for precise CRISPR-Cas
editing
Lastly, we questioned whether Pythia editing could be validated by
in vivo experiments in Xenopus embryos. For this, we chose to design
an ssODN repair template to introduce two silent mutations (spaced
5bpapart) intyrosinase (tyr), agene essential for pigmentation. Pythia
predicted highly efficient repair between the right templatearmandthe
genome (17-bp distance to cut site, Pythia score = 94) but suboptimal
welding between the left repair arm and the genome (24-bp distance to
cut site, Pythia score = 46), yielding a total Pythia score of 43 (Fig. 6h).
In 65% (n=20) of pigmented animals (class 3) (Fig. 6i and Supplemen-
taryFig.17a-c) thatreceived a high dose of the RNP-ssODN mixture, we
observedrestriction enzyme patternsindicating successful insertion of
the desired point mutations (Fig. 6j). Next-generation sequencing (NGS)
analysis of four animals with altered restriction enzyme digest patterns
revealed efficient repair between the ssODN and the genome to the right
ofthe DSB, incorporating the C>Geditin16% + 7.5% of reads, with 51% of
these also containing the expected A>G edit (8% + 4.8% of total reads)
(Fig. 6k). In contrast, repair on the left arm was less efficient (24-bp dis-
tanceto cutsite, Pythiascore =46), resultingin only 1.4% + 1.42% of reads
exhibiting perfect repair onbotharmswith the intended silent mutations.
Tofurtherincrease editing efficiencies and assess whether Pythia
scores were indicative of in vivo gene-editing efficiency in Xenopus
embryos, we againtargeted the tyrlocus. We used a predicted optimal
repair template generating a single-base substitution, two templates
of decreasing repair armlength and Pythiascore and two templates of
increasing length but decreasing Pythiascore (Supplementary Table 7).
Injections of equimolar ssODN templates resulted in dramatic lethality
(upto100%) withincreasing template length (Fig. 61), indicating toxic-
ity asafunction of total nucleotide concentration. At equal, sublethal
nucleotide concentrations, the predicted optimal template resulted
in the highest percentage of scarless base substitution, compared to
both longer and shorter repair templates (Fig. 6m,n). Even without

Fig. 6 | Pythia editing, leveraging predictability to create small point
mutationsinvitroandinvivoinX. tropicalis. a,eGFP-to-eBFP conversion can
be achieved by establishing two point mutations. Schematic representation of
Pythia, abioinformatics pipeline, deploying the inDelphi model to calculate
expected editing outcomes on both junctions, which yields acombined Pythia
score defined as the binomial co-occurrence of the intended edit. Right, the
Pythiascores for different repair arm lengths is depicted as a Pythia matrix.

b, Strategy for converting eGFP into eBFP using an 18-bp-long ssODN designed
by Pythia (homologous sequences underlined). ¢, Experimental setup for
determining eGFP-to-eBFP conversion efficiencies using three different gRNAs,
with 30 distinct ssODN repair templates binned across deciles of Pythia scores.
d, Scatter plot showing a direct correlation between Pythia scores and
fluorescence conversion, across all three tested gRNAs (Spearman’s two-tailed,
exact, P=3.66 10, p=0.774, n=90). Comparison of conversion rates between
ssODN repair templates with a predicted Pythia score of below and above 30.
Samples were grouped on the basis of the predicted percentage repair: <30%,
n=45;>30%, n=45. Statistical analysis was conducted using a Mann-Whitney
test (two-tailed, exact, P=3.20 x 1072, U=148.5, n; = 45, n, = 45). Box plots show
the median, IQR (box) and whiskers extending to 1.5x the IQR. e, The distance
between the induced DSB and the site of the intended point mutation influences
the median percentage of gene conversion. Statistical analysis was conducted
using a one-way two-sided analysis of variance (P < 0.01). Sample sizes: gRNA1,
n=12;gRNA2, n=14;gRNA3,n=9.Error bars represent thes.d.Ind,e, each
datapoint represents the mean of three independent biological replicates.
f,Modeling of potential Pythia editing outcomes for 35 gRNAs targeting the

X. tropicalis tyr gene. From top to bottom, the average Pythia score for converting
abase to one of the other three bases is shown, plotted first for each destination
nucleotide at each position and below for each original nucleotide at each
position. Scatter plot of maximum Pythia scores for optimal ssODN design at
each position and the length of optimal ssODN (n = 75; each data point represents
oneinsilico simulation). Box plots show the median, IQR (box) and whiskers
extending to 1.5 the IQR. g, At-scale modeling of Pythia editing for restoring
human RPE6S5 pathogenic missense variants annotated in ClinVar to restore

the wild-type amino acid. For each variant and the closest gRNA, the maximal
achievable Pythia score (top) and the length of the optimal repair ssODN repair
template (bottom) are shown. h, Strategy for establishing two silent point
mutations inthe X. tropicalis tyr gene, using an RNP and a 41-bp ssODN repair
template as designed using the Pythia pipeline. i, Schematic of experimental
design to detect and quantify successful editing events. j, Evidence of gene
editing by restriction digest. k, Quantification of NGS amplicon read analysis.
Each data point represents one unique embryo that was individually sequenced
(n=4).Errorbarsrepresent the s.d. 1, Embryonic survival rates after injection
with RNP and 1 tM ssODN template. Increased template length significantly
correlates withincreased lethality (Pearson’s r = 0.9440, one-sided P = 0.0280).
m, Survival rates at a fixed nucleotide concentration. No significant correlation
between molarity and lethality (Pearson’s r = 0.6047, one-sided P= 0.0752).

n, Predicted repair outcomes (blue) versus sequencing results (green). Left,
increasing Pythia score leads to higher perfect repair outcomes in allbut one site.
Some schematics were created with BioRender.com.
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preselection, we achieved up to 3.2% perfect base substitutionina
pool of 75 injected embryos, gene-editing levels sufficient to enable
germline transmission and the establishment of patient-mimicking
genetic modelsin X. tropicalis.

We provide a freely accessible web tool (https://www.pythia-
editing.org) to allow custom design strategies for base edits or integra-
tion using Pythia (Supplementary Figs.12a and 17d).

Discussion

Improvements in gene-editing strategies often rely on rational
design or systematic protein engineering’®. Alternatively, we used
a pretrained model (inDelphi'’) toward optimizing transgenic
cassette integration, gene tagging and gene editing (Pythia).
Exploiting a system of pH tandem repeats, our key finding is that
DNA repair is predictable at the interface between Cas9-mediated
breaks and exogenously delivered DNA, both in vitro and in vivo.
We distill a rule set for selecting gRNAs driving high integration effi-
ciencies and for designing said target-specific repair templates. As
such, rational design of donor repair arms to maximize desired edit-
ing outcomes is achievable, substantially aided by the deep learn-
ing network, and delivers mechanistic insights into how genomic
context (G at nucleotide position —4) impacts the efficiencies of
geneintegration. Thisisinverseto the relationship between the nucleo-
tide at position —4 and the propensity to repair by a +1 insertion'".
Of note, the presence of a G at this position predicts blunt DSB
induction by CRISPR-Cas”, possibly directly connecting the
Cas9 incision type to the preferential engagement of distinct DNA
repair pathways. Together, this allows for gRNA selection and
rational design of repair arms using deep learning approachesin a
sequence-context-specific manner.

These findings have numerous applications in biotechnology.
Some of the advantages of pH tandem repeat-mediated integration
are thatitis directional, single copy and locus specific, thus avoiding
most of the drawbacks of other in vivo transgenesis techniques, such
as positional effects in enhancer screenings***’. We demonstrated that
HH tandem repeat-mediated integration enables cargo insertion and
endogenous tagging in human, mouse and Xenopus. A key advantage
of such repair arms is their short lengths (6-15 bp), which simplifies
the generation of repair templates that can be efficiently produced
using straightforward overhang PCR methods, facilitating large-scale
cell screening projects and reducing cargo size associated with viral
delivery strategies.

By co-opting the MME]J repair pathway, pH tandem repeat-
mediated integration is applicable in certain cellular contexts when
HDR is known to be inefficient or eveninactive, such asin early devel-
oping vertebrates® or postmitotic adult tissues such as the retina or
brain*®, providing potential for gene therapy approaches™. pHtandem
repeat-mediated integration allows endogenous protein tagging,
overcoming the limitations of previously reported HDR-mediated
methods**°. Although our approach achieved relatively low efficien-
cies (0.5-1%), it successfully targeted all three sites tested in Xenopus
embryos. Because of the ease of delivery, asingle-injection experiment
canreliably produce more than ten half-transgenic founder animals, a
sufficient number for establishing stable lines.

Together, we show thatintegration with tandemrepeat repairarms
is sufficient for predictable in-frame repair and offers higher predict-
ability than error-prone NHEJ-based methods®"*"*2, Notably, we dem-
onstrate that pH tandem repeat repair arms safeguard the genome and
the donor template from extensive deletions during DNA integration.

Next, we demonstrate the potential for transfer learning of pre-
trained deep learning models (such as inDelphi) toward optimizing
gene editing. We establish a metric called Pythia score that provides
a predictive measure toward the efficiency of establishing intended
point mutations but not bystander mutations using CRISPR-mediated
SSTR with ssODN repair templates. As such, rational design of

mass-producible small ssODN repair templates specifically designed
to maximize gene editing is possible.

We demonstrate single-base-pair substitutions in rapidly develop-
ing Xenopus vertebrate embryos with ssODN repair templates without
resorting to host transfer methods®. Although our efficiency rates are
modest, they align with previous studies conductedinrapidly developing
zebrafish embryos®>®, These efficiencies can be potentially enhanced
through modifications to the ssODNs® or the addition of small inter-
fering molecules targeting mediators of DNA repair pathways®*. Next,
these findings suggest that DNA repair outcomes canalso be predictably
influenced when using ssODN templates. This opens up new possibilities
forenhancing Pythia-based integration by using ssODN or hybrid ssDNA
templatesto further reduce off-target integration and cellular toxicity®.

One limitation of our methodologies is their dependence on
DSBs, which are known to activate the p53 pathway and can some-
timesresultin complex genomicrearrangements, including genomic
deletions, chromosomal translocations and chromothripsis. While
several alternative strategies, such as base editing®, prime editing?®,
integrase-based approaches”* and retrotransposons®, offer potential
solutions, they are not without their own challenges. Meanwhile, base
editing is constrained by its editing window, limited in the variety of
genetic substitutions it canachieve®. Despite the inherent limitations
associated with inducing DSBs, this study demonstrates that sequence
context specificity can be leveraged to optimize outcomes of both
gene integration, gene tagging and small base-pair exchanges. These
findings highlight deterministic patterns underlying such editing
events, opening avenues to further refine and optimize gene-editing
tools relying on DSB repair mechanisms. Another limitation is that
CRISPR-Cas carries arisk of off-target cleavage®®; we mitigated this by
consistently applying gold-standard off-target prediction algorithms®
to substantially reduce the likelihood of unintended edits.

Indeed, deep learning has been shown to effectively predict out-
comes for CRISPR-Cas", base editing’”® and prime editing”’. In our study,
werevealed anunanticipated level of nonrandomness of DNA repair on
theinterface between the genome and exogenous donor DNA, whichis
explainable by deep learning models trained on CRISPR-Cas-induced
DSB repair”. While our approach was validated experimentally, fur-
ther transfer learning could be performed by fine-tuning models for
emerging Cas nucleases exhibiting distinct incision patterns or by
addressing cell-specific repair contexts. We believe that our findings
open an unexplored design space to optimize genome rewriting and
will serve as a primer for training additional cell-type-specific models™.
This may have profound implications for CRISPR-Cas-mediated gene
therapy approaches.

Tofacilitate easy access, we created an online tool for automated
design of repair templates for both pH tandem repeat-mediated inte-
grationand Pythia editing (https://www.pythia-editing.org). Drawing
inspiration from the ancient world, we named our approach Pythia
after the high priestess at the Temple of Apollo in Delphi. Renowned
for her perceived ability to foretell the future, the Pythia was arevered
figure whose prophecies guided countless decisions in antiquity>*. Like
the Pythia, our methodology predicts outcomes, albeitin the realm of
CRISPR-Cas genome editing.

Online content
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acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41587-025-02771-0.

References

1. Wang, J.Y.&Doudna, J. A. CRISPR technology: a decade of
genome editing is only the beginning. Science 379, eadd8643
(2023).

Nature Biotechnology


http://www.nature.com/naturebiotechnology
https://www.pythia-editing.org
https://www.pythia-editing.org
https://www.pythia-editing.org
https://doi.org/10.1038/s41587-025-02771-0

Article

https://doi.org/10.1038/s41587-025-02771-0

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Adikusuma, F. et al. Large deletions induced by Cas9 cleavage.
Nature 560, E8-E9 (2018).

Silva, J. Fda, Meyenberg, M. & Loizou, J. I. Tissue specificity of DNA
repair: the CRISPR compass. Trends Genet. 37, 958-962 (2021).
Xue, C. & Greene, E. C. DNA repair pathway choices in CRISPR-
Cas9 mediated genome editing. Trends Genet. 37, 639-656 (2021).
Park, S. H. et al. Comprehensive analysis and accurate
quantification of unintended large gene modifications induced by
CRISPR-Cas9 gene editing. Sci. Adv. 8, eabo7676 (2022).

Boutin, J. et al. CRISPR-Cas9 globin editing can induce
megabase-scale copy-neutral losses of heterozygosity in
hematopoietic cells. Nat. Commun. 12, 4922 (2021).

Grajcarek, J. et al. Genome-wide microhomologies enable precise
template-free editing of biologically relevant deletion mutations.
Nat. Commun. 10, 4856 (2019).

Qi, M. et al. Distinct sequence features underlie microdeletions
and gross deletions in the human genome. Hum. Mutat. 43,
328-346 (2022).

Seol, J.-H., Shim, E. Y. & Leg, S. E. Microhomology-mediated end
joining: Good, bad and ugly. Mutat. Res. 809, 81-87 (2018).
Momose, T. et al. High doses of CRISPR/Cas9

ribonucleoprotein efficiently induce gene knockout with low
mosaicism in the hydrozoan Clytia hemisphaerica through
microhomology-mediated deletion. Sci. Rep. 8, 11734 (2018).

Van Vu, T. et al. CRISPR/Cas-based precision genome editing via
microhomology-mediated end joining. Plant Biotechnol. J. 19,
230-239 (2021).

Thyme, S. B. & Schier, A. F. Polg-mediated end joining is essential
for surviving DNA double-strand breaks during early zebrafish
development. Cell Rep. 15, 707-714 (2016).

Ata, H. et al. Robust activation of microhomology-mediated end
joining for precision gene editing applications. PLoS Genet. 14,
1007652 (2018).

Naert, T. et al. Maximizing CRISPR/Cas9 phenotype penetrance
applying predictive modeling of editing outcomes in Xenopus
and zebrafish embryos. Sci. Rep. 10, 14662 (2020).

van Overbeek, M. et al. DNA repair profiling reveals nonrandom
outcomes at Cas9-mediated breaks. Mol. Cell 63, 633-646 (2016).
Taheri-Ghahfarokhi, A. et al. Decoding non-random mutational
signatures at Cas9 targeted sites. Nucleic Acids Res. 46, 8417-
8434 (2018).

Shen, M. W. et al. Predictable and precise template-free CRISPR
editing of pathogenic variants. Nature 563, 646-651(2018).
Chen, W. et al. Massively parallel profiling and predictive
modeling of the outcomes of CRISPR/Cas9-mediated
double-strand break repair. Nucleic Acids Res. 47, 7989-8003
(2019).

Allen, F. et al. Predicting the mutations generated by repair of
Cas9-induced double-strand breaks. Nat. Biotechnol. 37, 64-72
(2019).

Owens, D. D. G. et al. Microhomologies are prevalent at
Cas9-induced larger deletions. Nucleic Acids Res. 47, 7402-7417
(2019).

Tan, J. et al. Efficient CRISPR/Cas9-based plant genomic fragment
deletions by microhomology-mediated end joining. Plant
Biotechnol. J. 18, 2161-2163 (2020).

Wierson, W. A. et al. Efficient targeted integration directed by
short homology in zebrafish and mammalian cells. eLife 9,
53968 (2020).

Nakade, S. et al. Microhomology-mediated end-joining-
dependent integration of donor DNA in cells and animals using
TALENs and CRISPR/Cas9. Nat. Commun. 5, 5560 (2014).
Sakuma, T., Nakade, S., Sakane, Y., Suzuki, K.-I. T. & Yamamoto, T.
MMEJ-assisted gene knock-in using TALENs and CRISPR-Cas9
with the PITCh systems. Nat. Protoc. 11, 118-133 (2016).

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

43.

44,

45.

46.

47.

Morita, H., Taimatsu, K., Yanagi, K. & Kawahara, A. Exogenous
gene integration mediated by genome editing technologies in
zebrafish. Bioengineered 8, 287-295 (2017).

Anzalone, A. V. et al. Search-and-replace genome editing without
double-strand breaks or donor DNA. Nature 576, 149-157 (2019).
Anzalone, A. V. et al. Programmable deletion, replacement,
integration and inversion of large DNA sequences with twin prime
editing. Nat. Biotechnol. 40, 731-740 (2022).

Yarnall, M. T. N. et al. Drag-and-drop genome insertion of

large sequences without double-strand DNA cleavage using
CRISPR-directed integrases. Nat. Biotechnol. 41, 500-512 (2023).
Pomeroy, E. J. et al. Multiplex prime editing and PASSIGE TM for
non-viral generation of an allogeneic CAR-T cell product. Blood
142, 4803 (2023).

Glaser, V. et al. Combining different CRISPR nucleases for
simultaneous knock-in and base editing prevents translocations
in multiplex-edited CAR T cells. Genome Biol. 24, 89 (2023).
Suzuki, K. et al. In vivo genome editing via CRISPR/Cas9 mediated
homology-independent targeted integration. Nature 540,
144-149 (2016).

Luo, H. et al. DEG 15, an update of the Database of Essential Genes
that includes built-in analysis tools. Nucleic Acids Res. 49, D677-
D686 (2021).

Ogino, H., McConnell, W. B. & Grainger, R. M. High-throughput
transgenesis in Xenopus using I-Scel meganuclease. Nat. Protoc.
1,1703-1710 (2006).

Kroll, K. L. & Amaya, E. Transgenic Xenopus embryos from sperm
nuclear transplantations reveal FGF signaling requirements
during gastrulation. Dev. Camb. Engl. 122, 3173-3183 (1996).
Hippenmeyer, S. et al. Genetic mosaic dissection of Lis1and Ndell
in neuronal migration. Neuron 68, 695-709 (2010).

Nguyen, N. T. T, Vincens, P., Dufayard, J. F., Roest Crollius, H. &
Louis, A. Genomicus in 2022: comparative tools for thousands
of genomes and reconstructed ancestors. Nucleic Acids Res. 50,
D1025-D1031(2021).

Kvon, E. Z. et al. Comprehensive in vivo interrogation reveals
phenotypic impact of human enhancer variants. Cell 180,
1262-1271(2020).

Bessa, J. et al. Zebrafish enhancer detection (ZED) vector:

a new tool to facilitate transgenesis and the functional analysis
of cis-regulatory regions in zebrafish. Dev. Dyn. 238, 2409-2417
(20009).

Lalonde, R. L. et al. pIGLET: safe harbor landing sites for
reproducible and efficient transgenesis in zebrafish. Sci. Adv. 10,
eadn6603 (2024).

QOchi, H. et al. Evolution of a tissue-specific silencer underlies
divergence in the expression of pax2 and pax8 paralogues. Nat.
Commun. 3, 848 (2012).

Mohun, T. J., Garrett, N. & Gurdon, J. B. Upstream sequences
required for tissue-specific activation of the cardiac actin gene in
Xenopus laevis embryos. EMBO J. 5, 3185-3193 (1986).

Hirano, M. et al. A highly photostable and bright green
fluorescent protein. Nat. Biotechnol. 40, 1132-1142 (2022).
Zhang, H. et al. Bright and stable monomeric green fluorescent
protein derived from StayGold. Nat. Methods 21, 657-665 (2024).
Gotzke, H. et al. The ALFA-tag is a highly versatile tool for
nanobody-based bioscience applications. Nat. Commun. 10,
4403 (2019).

Balke-Want, H. et al. Homology-independent targeted insertion
(HITI) enables guided CAR knock-in and efficient clinical scale
CAR-T cell manufacturing. Mol. Cancer 22, 100 (2023).
Tornabene, P. et al. Therapeutic homology-independent targeted
integration in retina and liver. Nat. Commun. 13, 1963 (2022).
Brock, S. et al. Defining the phenotypical spectrum associated
with variants in TUBB2A. J. Med. Genet. 58, 33-40 (2021).

Nature Biotechnology


http://www.nature.com/naturebiotechnology

Article

https://doi.org/10.1038/s41587-025-02771-0

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Mai, H. et al. Whole-body cellular mapping in mouse using
standard IgG antibodies. Nat. Biotechnol. 42, 617-627 (2024).
Richardson, C. D. et al. CRISPR-Cas9 genome editing in human
cells occurs via the Fanconi anemia pathway. Nat. Genet. 50,
1132-1139 (2018).

Boel, A. et al. CRISPR/Cas9-mediated homology-directed repair
by ssODNs in zebrafish induces complex mutational patterns
resulting from genomic integration of repair-template fragments.
Dis. Model. Mech. 11, dmm035352 (2018).

Ghanta, K. S. et al. 5-Modifications improve potency and efficacy of
DNA donors for precision genome editing. eLife 10, 72216 (2021).
Canny, M. D. et al. Inhibition of 53BP1 favors homology-dependent
DNA repair and increases CRISPR-Cas9 genome-editing
efficiency. Nat. Biotechnol. 36, 95-102 (2018).

Glaser, A., McColl, B. & Vadolas, J. GFP to BFP conversion: a
versatile assay for the quantification of CRISPR/Cas9-mediated
genome editing. Mol. Ther. Nucleic Acids 5, €334 (2016).

de Boer, J. Z., Hale, J. R. & Chanton, J. New evidence for the
geological origins of the ancient Delphic oracle (Greece).
Geology 29, 707-710 (2001).

Landrum, M. J. et al. ClinVar: public archive of relationships
among sequence variation and human phenotype. Nucleic Acids
Res. 42, D980-D985 (2014).

Chen, P. J. & Liu, D. R. Prime editing for precise and highly versatile
genome manipulation. Nat. Rev. Genet. 24, 161-177 (2023).
Longo, G. M. C. et al. Linking CRISPR-Cas9 double-strand break
profiles to gene editing precision with BreakTag. Nat. Biotechnol.
43, 608-622 (2025).

Kelly, J. J. et al. Safe harbor-targeted CRISPR-Cas9
homology-independent targeted integration for multimodality
reporter gene-based cell tracking. Sci. Adv. 7, eabc3791 (2021).
Aslan, Y., Tadjuidje, E., Zorn, A. M. & Cha, S.-W. High-efficiency
non-mosaic CRISPR-mediated knock-in and indel mutation in F,
Xenopus. Development 144, 2852-2858 (2017).

Piccinni, M., Sharpe, C. & Guille, M.Using HDR and a template to
introduce an in-frame HA tag on the 3' end of the Xenopus laevis
gata2.L open reading frame. MicroPubl. Biol. https://doi.org/
10.17912/micropub.biology.000170 (2019).

Schmid-Burgk, J. L., Honing, K., Ebert, T. S. & Hornung, V.
CRISPaint allows modular base-specific gene tagging using a
ligase-4-dependent mechanism. Nat. Commun. 7, 12338 (2016).
He, X. et al. Knock-in of large reporter genes in human cells via
CRISPR/Cas9-induced homology-dependent and independent
DNA repair. Nucleic Acids Res. 44, e85 (2016).

63. Bai, H. et al. CRISPR/Cas9-mediated precise genome modification
by a long ssDNA template in zebrafish. BMC Genomics 21, 67 (2020).

64. Prill, K. & Dawson, J. F. Homology-directed repair in zebrafish:
witchcraft and wizardry? Front. Mol. Biosci. 7, 595474 (2020).

65. Shy, B. R. et al. High-yield genome engineering in primary cells
using a hybrid ssDNA repair template and small-molecule
cocktails. Nat. Biotechnol. 41, 521-531(2023).

66. Komor, A. C., Kim, Y. B., Packer, M. S., Zuris, J. A. & Liu, D. R.
Programmable editing of a target base in genomic DNA without
double-stranded DNA cleavage. Nature 533, 420-424 (2016).

67. Fell, C. W. et al. Reprogramming site-specific retrotransposon
activity to new DNA sites. Nature 642, 1080-1089 (2025).

68. Fu, Y. etal. High-frequency off-target mutagenesis induced
by CRISPR-Cas nucleases in human cells. Nat. Biotechnol. 31,
822-826 (2013).

69. Bae, S., Park, J. & Kim, J.-S. Cas-OFFinder: a fast and versatile
algorithm that searches for potential off-target sites of Cas9
RNA-guided endonucleases. Bioinformatics 30, 1473-1475 (2014).

70. Arbab, M. et al. Determinants of base editing outcomes from
target library analysis and machine learning. Cell 182,
463-480(2020).

71.  Mathis, N. et al. Predicting prime editing efficiency and product
purity by deep learning. Nat. Biotechnol. 41, 1151-1159 (2023).

72. Han, X. et al. Pre-trained models: past, present and future. Al
Open 2, 225-250 (2021).

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2025

Nature Biotechnology


http://www.nature.com/naturebiotechnology
https://doi.org/10.17912/micropub.biology.000170
https://doi.org/10.17912/micropub.biology.000170
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Article

https://doi.org/10.1038/s41587-025-02771-0

Methods

Cell culture

HEK293T (American Type Culture Collection (ATCC), CRL-11268) were
cultured as recommended by the ATCC. Cell lines tested negative for
Mycoplasma and were authenticated by the suppliers.

Modeling of gene-editing outcomes

The inDelphi model was obtained from GitHub (https://github.com/
maxwshen/inDelphi-model) and deployed in asuitable Python virtual
environment (https://github.com/XenoThomasNaert/Pythia-Editing).
To investigate the impact of the number of tandem repeats on the
expected percentage of perfect DNA repair, we developed custom
Python code. The percentage repair by pH is defined as the sum of
all repair outcomes that use at least one pH tandem repeat. The code
iteratively analyzes pH tandem repeat lengths ranging from two to
sixand the number of tandem repeats from one to eight. This analysis
was conducted using the inDelphi HEK293T or mouse embryonic stem
cell (mESC) predictive model for the first 250,000 gRNA sites identi-
fied by presence of an NGG PAM, encountered in the human gencode
v43 transcript sequences. For all HEK293T experiments, predictive
modeling was performed using inDelphi’s HEK293T mode, whereas,
for predictive modeling in Xenopus and mice, the mESC mode was used
asitwas validated as predictive in early-dividing Xenopus embryos™.

Cloning and in vitro linearization of PaqMan repair plasmids
and PCR generation of repair templates

Donor plasmid was assembled in a pUC19 backbone using Gibson
cloning (NEBuilder HiFi DNA assembly master mix) and featured a
pCMV-eGFP transgenic cassette flanked by zero, four or five pH tan-
dem repeat repair arms and inverted PaqCl restriction enzyme sites.
The insert was obtained from AAV-CMV-GFP, which was a gift from C.
Cepko (Addgene, plasmid 67634; RRID:Addgene_67634). The pUC19
destination vector was commercially purchased (N3041S, New England
Biolabs (NEB)). Inverted PaqCl sites and pH tandem repeat repair arms
were added by overhang PCR before Gibson assembly. Linearization
was performed by overnight digest at 37 °C of 10 pg of donor plasmid
using 20 U of PaqCI (RO745, NEB) in 1x rCutSmart buffer (B6004S,
NEB). Complete linearization was ensured using classical agarose gel
electrophoresis.

Alternatively, repair templates containing pH tandem repeat
repair arms were generated by overhang PCR using Phusion polymerase
(ThermoFisher, F530S) with primers designed to contain an overhang
sequence containing the pH tandem repeat repair arms (listed in Sup-
plementary Table1).Forinvitro use, PCR products were cleaned using
aMinElute PCR purification kit (28004, Qiagen) and eluted in ultrapure
water. Forinvivo use, PCR products were cleaned by classical phenol-
chloroform extraction with sodiumacetate-ethanol precipitation and
quantified using Nanodrop (ThermoFisher).

pH tandem repeat-mediated integration in vitro

AAVSIgRNA was assembled using Alt-R CRISPR-Cas9 IDT CRISPRRNA
(crRNA) and Alt-R CRISPR-Cas9 trans-activating crRNA (tracrRNA),
according tothe manufacturer’sinstructions, by heatingitto 95 °Cand
coolingittoroomtemperature, yielding a duplex at afinal concentra-
tion of 1 uM. Cas9 protein (PNABio, CPO1) was diluted t0166.67 ng pl ™
in1x PBS.HEK293T cells were reverse-transfected using Lipofectamine
CRISPRMAX (Thermo Fisher, CMAX00003) as follows. RNP was assem-
bled by incubation for 5 minatroom temperature of 1 uM gRNA duplex,
250 ng of Cas9 protein and 0.6 pl of Cas9 PLUS reagent (from CRIS-
PRMAX kit) in 23 pl of Opti-MEM (Thermo Fisher, 31985070). Then,
200 ng of PaqCI (RO745, NEB) digest product was added to the RNP.
Transfection complexes were generated by incubation at room tem-
perature for 20 minof 25 pl of RNP repair template, 1.2 pl of CRISPRMAX
transfection reagent and 23.8 pl of Opti-MEM medium. Resulting trans-
fection complexes were mixed with 40,000 HEK293T cells (suspended

in a total volume of 100 pl of DMEM) and plated on 96-well Nunclon
plates (Thermo Fisher, 167008). Cells were cultured for 25 days and
cell sorting for GFP* cells was performed.

For TRAC CAR knock-in, gene editing was performed identically
to above, with some exceptions. Specifically, a CD19-specific CAR
expression construct based on pUC19-HDRT-TRAC-CD19.CAR-Casl2a.
PAM.mutated (Addgene, plasmid 215769; RRID:Addgene_215769)*°
was ordered synthetically. The construct consisted of P2A,
CD19-Car, bHg poly(A) and 400 bp of classical HDR homology
arms. For targeting the TRAC locus, we used the following gRNA
5’-AGCTGGTACACGGCAGGGTC-3'. Repair templates were generated
containing classical HDR homology arms (400 bp), no repair arms
(HITI) or tandem repair arms by PCR. We used 100 ng of repair template
(instead 0of 200 ng) and transfection was performed1 day after seeding
0f20,000 cellsina 96-well plate.

For the 32-target experiment, gRNAs were designed for the cod-
ing sequence (CDS) from human genome assembly GRCh38 using a
custom python script, identifying gRNAs with each permutation of
strong (S) and weak (W) bases at positions -6 to -4 and AGG at posi-
tions -3 to-1with NGG as the PAM at positions 0 to 2. Identified gRNAs
were filtered for those with CRISPRScan scores” exceeding 80. To
avoid negative selection because of gene essentiality when targeting
CDS, wefiltered the gRNA list to exclude any gene occurring in DEG15
(ref.32), adatabase of essential genes as determined from shRNA and
CRISPR-Cas screens. Next, the eight classes of permutations involv-
ing Sand W bases were sorted into bins. For each class, one gRNA was
selected per bin, arranged according to the degree of sequence context
KH, ranging from low to high. For each gRNA, the off-target profile
was determined and deemed acceptable using Cas-OFFinder®’ (list of
gRNAs in Supplementary Table 2).

Gene editing was performed identically to above, with some
exceptions. Specifically, we used 100 ng of repair template (instead
of 200 ng), generated by overhang PCR as described above from
AAV-CMV-GFP (Addgene, plasmid 67634; RRID:Addgene_67634) (Sup-
plementary Table 3). Transfection was performed 1 day after seeding
0f 25,000 cells in a 96-well plate. Cells were sorted on days 2 and 15.
Here, integration efficiency was defined as follows. All cells were pre-
gated onlive cells, using SYTOX deep red nucleic acid stain (1 M final)
(Thermo Fisher, S11380). Then, the percentage of GFP* cells on day 15
was calculated as a proportion of the percentage of GFP* cells at day
2, thus accounting for differences ininitial transfection efficiency by
transient expression of the pCMV:eGFP cassette on day 2. On-target
efficiency was defined as the difference between the integration effi-
ciency of on-target gRNA and that of negative control gRNA on day 15,
thusidentifying the level of true on-target integration.

For ssDNA donor experiments, dsDNA repair templates were
generated by overhang PCR as described above from AAV-CMV-GFP
(Addgene, plasmid 67634; RRID:Addgene_67634).ssDNA was generated
and quality-controlled by the Guide-it Long ssDNA production system
vl (TakaraBio, 051818) according to the manufacturer’s instructions.
Here, 50 ng of ssDNA repair template was used. On day 15, gene inte-
gration by GFP* cells was quantified using flow cytometry. Living cells
were pregated before gating for SYTOX deep red nucleic acid stain
(1 pM final) (Thermo Fisher, S11380).

ptHtandem repeat-mediated integration and gene tagging
invivoin Xenopus

X. tropicalis animals were kept according to Swiss law for care and
handling of research animals. Husbandry and treatment were approved
by the local authorities (Veterinaramt Zurich). Gene symbols follow
Xenbase (http://www.xenbase.org/, RRID:SCR_003280). For Xenopus
experiments, repair templates for pCMV:eGFP, pax8-CNS1:eGFP and
CarAct:dsRed2 were generated by overhang PCR as described above.
For pCMV:eGFP (5% 3-bp pH tandem repeats) and pax8-CNS1:eGFP
experiments, h11-a and h11- gRNAs were assembled as follows: 1 pl of
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Alt-R CRISPR-Cas9 IDT crRNA (100 pM stock) and 1 pl of Alt-R CRISPR-
Cas9 tracrRNA (100 pM stock) were mixed with 3 pl of nuclease-free
duplex buffer (IDT) and heated at 95 °C for 5 min and allowed to cool to
room temperature. For RNP assembly, 1.8 pl of Cas9 protein (1 pg pl ™,
PNABio CPO1) was mixed with 0.2 pl of gRNA and heated to 37 °C for
5 min, before adding repair template. The final injection mix consisted
of 1 plof h11-aRNP, 1 pl of A11-3 RNP and 1 pl of repair template (stock
concentration:10 ng pl™), thusyielding afinal repair template concen-
tration of 3.33 pg nl™. Embryos were injected unilaterally at the two-cell
stage. For pCMV:eGFP (4x 3-bp pH tandemrepeats) and CarAct:dsRed2,
we mixed Cas9 protein (3 pl at1 pg pl™, PNABio CPO1) with gRNA (1 pl)
andincubated for 5 minat37 °C to assemble RNP. RNP was mixed with
repair template at a ratio of 4:1; thus, adding 1 pl of repair template
(10 ng pI™) to the mix yielding a final repair template concentration of
2 pg nl".Embryos were injected at the one-cell stage immediately after
cortical rotation, targeting the gray sperm entry point with 5-10 nl of
injection mix.

Embryo development was monitored and, at Nieuwkoop-Faber
stage 40, embryos were lysed (50 mM Tris pH 8.8, 1 mM EDTA, 0.5%
Tween-20 and 2 mg ml™ proteinase K) overnight at 55 °C. Three classes
of embryos were lysed as follows: embryos with unilateral or bilateral
nonmosaic fluorophore expression, embryos with mosaic expression
oftenrestricted to a subset of the muscle cells and control embryos
of the same clutch that were not microinjected. After proteinase K
inactivation, junction products between the hII locus and transgene
cassette were picked up using PCR and subjected to Sanger sequenc-
ing. Whole-embryo bleaching, staining and clearing were performed
as previously described™ using 1:250 anti-GFP (Aves, GFP-1020) and
1:250 anti-RFP (Rockland, 600-401-379-RTU).

For tagging, the repair templates including the homology arms
(Supplementary Table 4) were ordered from Twist Biosciences,
PCR-amplified, and phenol-chloroform-purified. RNP was assembled
asdescribed above and was coinjected with repair template (2-8 ng pl™)
and TRITC-dextran (0.5 ng pl™; Sigma-Aldrich). Embryos were sorted
for TRITC fluorescence the next morning and mBaoJin fluorescence was
assessed at the tailbud stage. Stage 45 tadpoles were anesthetized in
0.02% MS-222 (Sigma-Aldrich, A5040) for confocal live-cell imaging.
Then, tadpoles were tail-clipped for genomic DNA extraction. Tails were
lysed (50 mM Tris pH8.8,1 MM EDTA, 0.5% Tween-20 and 2 mg ml™ pro-
teinase K) at 55 °C overnight and heat-inactivated at 98 °C. Boundary
products were amplified using phusion polymerase (NEB, MO530L) and
sent for commercial Sanger sequencing (Microsynth). Sequence align-
ments were performed in Benchling. The tadpoles were fixedin 4% PFA
(Merck, 158127) at4 °C overnight and permeabilized in PBS-Tween-20
(0.1%; PanReac AppliChem, A4974). Immunostaining for myh9-tagged,
acta2-tagged and ncamiI-tagged animals was performed by incubation
at4 °Covernightin1:100 anti-myosinIIA (Sigma-Aldrich, M8064),1:100
phalloidin-FluoProbes 647 (Interchim, FP-BA0320) or 1:10 anti-Ncam1
(DSHB, supernatant, XAN-3 (clone 6F11)). The myh9 and ncam1I animals
were furtherincubated at 4 °C overnight with 1:200 goat anti-rabbit IgG
(H+L)DyLight 633 (Thermo Fisher, 35562) and 1:200 goat anti-mouse
IgG (H + L) Alexa Fluor 633 (Thermo Fisher, A21050) respectively.

Immunoprecipitation of endogenously labeled Myh9, Ncam1
and Acta2 in Xenopus embryos

X. tropicalisembryos displaying unilateral or bilateral mBaoJin expres-
sioninatissue-restricted manner were snap-frozeninliquid nitrogen
at NF stage 42-45. Protein extraction was performed by placing 2-5
embryos in a 1.5-ml tube containing 500 pl of immunoprecipitation
lysis buffer (Pierce, 87787) solution with freshly added protease and
phosphataseinhibitor cocktail (Thermo Fisher, 78440). Homogeniza-
tion of the tissue was achieved by 15 strokes of a21G needle, followed by
10 strokes of a26G needle. After 15-minincubationonice, lysates were
centrifuged at 16,000g for 30 min at 4 °C. Protein lysates were trans-
ferred to a fresh 1.5-ml tube. Then, 1% of the input samples were used

for westernblotting and the remaining lysate was subjected to immu-
noprecipitation. For precipitation, the protein lysates wereincubated
with anti-DYDDDK magnetic agarose beads (Thermo Fisher, A36797)
for3 hat4 °C.Resin-associated proteins were washed four times with
lysis buffer and eluted with 4x Laemmli buffer (Bio-Rad, 1610747). Sam-
pleswere subjected to western blotting as described below. Anti-FLAG
(Sigma-Aldrich, F3165;1:1,000) was used as the primary antibody and
anti-mouse IgG-peroxidase (Sigma-Aldrich, A8924;1:5,000) was used
asthe secondary antibody for protein detection.

pH tandem repeat-mediated integration in vivo in mouse brain
pAAV-mTubb3 and pAAV-nEFCas9 were gifts from J. Belmonte
(Addgene, plasmid 87116; RRID:Addgene_87116; Addgene, plasmid
87115; RRID:Addgene_87115). The sequence between Agel and Ndel
restriction sites was exchanged for a synthetic DNA fragment contain-
ing a gRNA targeting mTubb2a (5-GGGCGAGTTCGAGGAGGAGG-3'),
the 3’ Tubb2a sequence context, uH tandem repeat repair arms and
eGFPtogenerate pAAV-mTubb2a. pAAV-nEFCas9 and pAAV-mTubb2a
were packaged with serotype 8 and were generated by the Viral Vector
Facility at the University of Zurich.

All procedures of mouse animal experimentation were carried out
accordingtothe guidelines of the Veterinary Office of Switzerland and
following approval by the Cantonal Veterinary Officein Zurich (license
008/2022). Four C57BL/6 mice were used for virus injections. Mice were
housed onal2-hreversedlight-dark cycle atan ambient temperature
of between 21 °C and 23 °C, with the humidity level between 55% and
60%. Mice were anesthetized with1.5-2% isoflurane mixed with oxygen
and were head-fixed in a stereotactic frame (Kopf Instruments). Body
temperature was maintained at~-37 °C using a heating pad with arectal
thermal probe. Vitamin A cream (Bausch & Lomb) was applied over the
eyestoavoid dry eyes. After analgesia treatment (extended buprenor-
phine release EthigaXR, 3.25 mg kg™, subcutaneous; lidocaine over
scalp), an incision was made on the scalp and small holes were drilled
over bilateral visual cortex using the following coordinates: 3.5 mm
caudal, 2.5 mm lateral relative to bregmaand 0.5 mm ventral from the
pia. We used 1:1 mixture of AAV-Cas9 (1.5 x 10" genome copies (GC)
per ml) and AAV-mTubb3 (2.3 x 10" GC per ml) and injected 600 nl of
AAVs in each hemisphere. To prevent virus backflow, the pipette was
left in the brain for 5-10 min after completion of injection. Mice were
housed for 3 weeks to allow for gene knock-in. Next, animals were killed
and perfused using 4% PFA; brains were dissected and postfixed for2 h
in 4% PFA. Whole-brain staining was performed, adapted from previ-
ously described WildDisco*®”*. Whole-mount brains were dehydrated
to 100% methanol (high purity throughout this adapted wildDISCO,
Supelco Emplura; Merck, 8.22283), delipidated with dichloromethane
andbleachedin 3% hydrogen peroxide prepared by diluting 30% H,0-
1:10in100% methanol. Then, brains were permeabilized and blocked
for 3 days using 10% donkey serum and 2% Triton X-100 in1x PBS. Anti-
body staining was performed with1:250 anti-GFP (Aves, GFP-1020) and
1:250 anti-RFP (Rockland, 600-401-379-RTU) in 5 ml of immunostain-
ing buffer containing 3% donkey serum (Jackson ImmunoResearch,
017-000-121), 10% CHAPS (BioChemica, A1099), 10% dimethyl sul-
foxide (DMSO), 1% glycine (Sigma-Aldrich, G7126) and 1% CD5 (Santa
Cruz; sc-215141B) in 0.1x PBS for 7 days at 37 °C on a rotating wheel.
After 3 days of washing, 1:400 of donkey anti-rabbit-Cy3 antibody
(Jackson ImmunoResearch, 711-165-152) and donkey anti-chicken-
AlexaFluor594 antibody (Jackson Immuno Research, 703-585-155)
inimmunostaining buffer was added for 7 days at 37 °C on a rotating
wheel. Brains were washed extensively, dehydrated to 100% methanol
in steps and then cleared overnight in BABB (high-purity solvents
required; two parts benzyl benzoate (Sigma-Aldrich, 8.18701) and
one part benzyl alcohol (Sigma-Aldrich, 108006)). For colocalization
of Tubb2a and GFP, we performed standard immunofluorescence’,
with 1:250 anti-GFP (Aves, GFP-1020) and 1:300 anti-tubulin BII anti-
body (Abcam, ab179512/EPR16773). As secondary antibody, we used
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1:500 Alexa Fluor 594 AffiniPure donkey anti-chickenIgY (IgG) (H + L)
(Jackson ImmunoResearch, 703-585-155) and 1:500 goat anti-rabbit
IgG (H + L) secondary antibody, DyLight 488 (Thermo Fisher, 35552).

Immunoprecipitation of endogenously labeled Tubb2a
derived from mouse brain tissue

Mice were injected with AAV-mTubb2a and AAV-Cas9 or ssAAV-
8/2-hCMV-chl-EGFP-WPRE-SV40p(A)) as a control as described above,
with the exception that the the AAV mixture was injected at eight loca-
tions (four locations per hemisphere) with400 nl of AAV per injection
site. After 21 days, mice were killed and brain halves were extracted and
snap-frozen in liquid nitrogen. One brain half was used per immuno-
precipitation reaction. Protein extraction was performed by placing
thawed brain halves in 2-ml bead-beating tubes filled with 1.4-mm
ceramic beads (Revvity, 19-627D) and 500 pl of 0.32 M sucrose con-
taining immunoprecipitation lysis buffer (Pierce, 87787) and freshly
added protease and phosphatase inhibitor cocktail (Thermo Fisher,
78440). Homogenization was achieved by shaking at 6 m s™ for one
cycle for 30 s using Bead Raptur Elite (Omni International, 19-042E).
Brainlysates wereincubated onice for 5 min before being centrifuged
at500gfor 5 minat4 °C. The homogenized brain solution was carefully
transferred to a fresh, prechilled 1.5-ml Eppendorf tube containing a
layer of 1.2 Mand alayer of 0.84 M sucrose lysis buffer solution. Gradi-
ent centrifugation was carried out at 21,000g for 60 min at 4 °C and
deceleration set to 3 out of 10. The myelin-free fraction, which was
found below the 0.84 M layer, was transferred to afresh tube. An equal
amount of lysis buffer was added, followed by a last centrifugation at
16,000g for 15 min at 4 °C. Then, 1% of input sample was taken from
the clarified lysates. Forimmunoprecipitation of GFP or endogenous
GFP-labeled Tubb2a protein, 25 pl of GFP-trap magnetic agarose beads
(Proteintech, gtma) were used per reaction and incubated for 3 h at
4°C on an overhead shaker. Resin-associated proteins were washed
four times with lysis buffer and eluted with 4x Laemmli sample buffer
(Bio-Rad, 1610747). Samples were loaded on10% SDS polyacrylamide
gels followed by western blotting on a PVDF membrane (Roth, T830.1).
Blots were stained with Ponceau S (Roth, 5938.1) and blocked in 2.5%
BSA for 1 h at room temperature. Incubation with primary antibody
was performed overnight at 4 °C using anti-GFP (Thermo Fisher, MA5-
15256;1:1,000) followed by a 1.5-h incubation at room temperature
withsecondary antibody anti-horseradish peroxidase (Sigma-Aldrich,
A8924,1:5,000). The enhanced chemiluminescence detection system
(ThermoFisher, 32209) was used to visualize proteins using the Vilber
Fusion FX machine.

Imaging methods

For stereomicroscopy imaging, a SteREO Discovery.V8from Zeiss and
Zen2011 Blue Edition was used. In toto cleared X. tropicalis embryos
and mouse brains were imaged using mesoSPIM”””. For all mesoSPIM
recordings, fluorophores were excited with the appropriate laser lines
and a quadband emission filter (ZET405/488/561/640, Chroma) was
used. Imaging was performed using dibenzyl ether as the immersion
medium. Two-photon imaging was performed using a custom-built
system with a reflective multi-immersion Schmidt objective’®. A fem-
tosecond Ti:sapphire laser (Chameleon Ultra I, Coherent) tuned to
980 nm provided excitation. A 720-nm short-pass filter (ET720SP,
AHF) placed in front of the photomultiplier tube blocked excitation
light and custom interchangeable filter cubes were used to select the
GFP emission channel. Live time-lapse imaging for Xenopus embryos
was performed on a widefield Thunder imager (Leica) and on aLSM980
Airyscan 2 (Zeiss). For widefield epifluorescence, a Leica DMi8 with a
Leica K3M camera using a widefield light-emitting diode was applied
for colocalization of Tubb2a and GFP. Stitching was performed with
BigStitcher”. Data were rendered using Fiji®’, Imaris (Oxford Instru-
ments) or Napari (https:/github.com/napari/napari)®. Segmentation
was performed with U-Net”*%2,

DNA preparation, Sanger sequencing and NGS

Cells, Xenopus embryos or mouse AAV-injected hemispheres were lysed
(50 mM Tris pH8.8,1 mMEDTA, 0.5% Tween-20, 2 mg ml™” proteinaseK)
at 55 °C overnight. After proteinase K inactivation (10-minincubation
at 98 °C), PCRs were performed using GoTaq G2 (Promega, M7845),
Q5 (NEB, M0491L) or Phusion polymerase (ThermoFisher, F530S)
(primerslisted in Supplementary Table 1). For sequencing, amplicons
were cleaned using nucleoSpin gel and PCR cleanup (Machery-Nagel,
740609) and sent for commercial sequencing (Microsynth). For
NGS, amplicons were generated by PCR with appropriate adaptor
sequences and commercially sequenced (INVIEW CRISPR Check (size:
450-500 bp, lllumina PE sequencing 2x 300 bp), Eurofins Genomics).
Dataanalysis was performed using CRISPResso2 (ref. 83) and/or custom
data processing.

Pythiain silico modeling

ThePythia Pythonscriptis designed to simulate CRISPR-Cas-mediated
gene-editing efficiencies using a given wild-type and mutant DNA
sequence. Ititeratively constructs potential editing templates by vary-
ing thelengths of the left and right homology arms and uses theinDel-
phitoolto predict repair outcomes and their frequencies. The results,
including the predicted repair outcomes and their corresponding fre-
quencies, are stored and reported to identify the most effective repair
template for achieving the desired genomic modification.

We modeled the optimal ssODN repair template length, with the
maximal Pythia score, across clinically relevant point mutations in
RPE6S, involved in retinitis pigmentosa and Leber congenital amau-
rosis, among others. For this, we obtained all RPE65 ClinVar (accessed
atJanuary 6,2024) single-nucleotide missense variants. For each mis-
sense variant, we calculated the minimal number of base changes
required to change the codon usage from the human missense variant
amino acid toward the restoration of the wild-type amino acid at that
location. Next, Pythia code was used to compute the optimal ssODN
repair template with the maximal Pythia score to establish this base
point mutation, thus reverting the clinically relevant mutation at the
amino acid level.

Pythia editing in vitro

Potential ssODN repair templates were designed for three independ-
ent GFP gRNAs to establish two point mutations to convert eGFP to
eBFP. Pythia scores were calculated with repair arm length set at 1to
24, both left and right. From these, we performed a binning from O
to 100 across the scores and randomly selected 30 repair templates
for each gRNA, selecting three repair templates per decile bin and,
thus, 90 in total. ssODN repair templates were ordered as desalted
nonmodified primers from Microsynth (Supplementary Table 6).
HEK293T-AAVSI(CMV:eGFP), featuring a stable one-copy integration
of a pCMV:eGFP construct, was seeded at a density of 10,000 cells
in a 96-well plate in 150 pl of standard DMEM. Then, 24 h later, cells
were transfected using Lipofectamine CRISPRMAX (Thermo Fisher,
CMAX00003) and Lipofectamine 3000 (Thermo Fisher, L3000001).
gRNA was assembled using Alt-R CRISPR-Cas9 IDT crRNA and Alt-R
CRISPR-Cas9tracrRNA, according to the manufacturer’sinstructions,
by heating it to 95 °C and cooling it to room temperature, yielding a
duplex at a final concentration of 1 pM. RNP was assembled by incu-
bation for 5 minat room temperature of 1 uM gRNA duplex, 250 ng of
Cas9 protein (Alt-RS.p. Cas9 Nuclease V3, IDT) and 0.6 pl of Cas9 PLUS
reagent (from CRISPRMAXkit). Transfection complexes for RNP were
generated by incubation at room temperature for 20 min of 25 pl of RNP
repairtemplate, 1.2 pl of CRISPRMAX transfection reagent and 23.8 pl
of Opti-MEM medium. Transfection complexes for ssODN were gener-
ated using Lipofectamine 3000 (Thermo Fisher, L3000001) accord-
ing to the manufacturer’s instructions. In brief, 1 pl of 20 nmol ml™ of
ssODN repair template was packaged in a final volume of 10 pl. Both
RNP transfection (50 pl final per well) and ssODN transfection (10 pl
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final per well) reagents were added to the 96-well plate. On the next
day (approximately 20 h later), the medium was refreshed and cells
were splitand maintained according to standard HEK293T principles
until analysis using flow cytometry at day 18.

Pythia editing in vivo in Xenopus

AgRNA targeting the X. tropicalis gene tyrwas designed and the Pythia
software was deployed to identify the optimal repair template to gener-
ateadouble point mutation. Repair template was ordered as desalted
ssODN from Microsynth. gRNA was assembled using Alt-R CRISPR-
Cas9IDT asdescribed above for Xenopus. For RNP assembly, 3 pl of Cas9
protein (1 pg pl™, PNABio CPO1) was mixed with1 plof gRNA and incu-
bated at 37 °Cfor 5 min. Next, 1 pl of ssODN repair template (5 uM stock,
1M final concentration) was added. Embryos were microinjected in
the one-cell stage immediately after cortical rotation, targeting the
gray sperm entry point with 5-10 nl ofinjection mix. Restriction digests
of PCR products were performed with BsrDI (NEB, R0574S) overnight
at37 °Cin NEB buffer r2.1and with Btsl-v2 (NEB, R0667S) overnight at
37 °CinNEB rCutSmart.

For viability testing, RNP was assembled as described above and
mixed with ssODN templates (35 bp, 48 bp and 66 bp, 1 uM final con-
centration) and TRITC-dextran (0.5 ng pl™, Sigma-Aldrich). Then,16 h
afterinjections, embryos were sorted for TRITC' fluorescence, followed
by live-dead sorting.

To compare Pythiascores to editing outcomesin the generation of
apointmutation, the Pythia software was used toidentify the optimal
repair template for a new locus on the tyr gene. Two repair templates
of decreasing length and Pythia score and two templates of increasing
length but decreasing Pythia score were designed. Injections were
performed as described above but with a fixed DNA concentration of
10.8 ng pl™ (below the identified toxicity limit). The experiment was
splitinto twoinjection rounds with a different mating pair for each. The
optimal repair template and the two shorter-than-optimal templates
or the two longer-than-optimal templates were injected per injected
round. After 40 h, the embryos were pooled into groups of 75 per con-
dition and lysed (50 mM Tris pH 8.8,1 mM EDTA, 0.5% Tween-20 and
2 mg ml™ proteinase K) at 55 °C overnight, followed by 10 min of heat
inactivationat 98 °C. After centrifugation, DNA in the aqueous middle
phase was PCR-amplified using Phusion polymerase (NEB, MO530L)
with overhang primers containing NGS adaptor sequences (Supple-
mentary Table1). The product was purified (Macherey Nagel, 740609)
and analyzed by NGS (INVIEW CRISPR Check (size: 450-500 bp), Euro-
fins Genomics) using CRISPR-GRANT®*,

Statistics and reproducibility

Statistical analyses are described in detail throughout the manuscript.
For Xenopus, stereomicroscopy and mesoSPIM light-sheet imaging
were performed on multiple embryos obtained frominjected clutches
or natural matings. The images shown are representative examples
that reflect the consistent expression patterns as observed across
positive embryos (efficiencies reported throughout the manuscript)
of the same reporter genotype or injection condition. These imaging
experiments were designed to qualitatively assess spatial expression
of tagged proteins or reporter constructs and no statistical analysis
was applied.

For the mouse experiments, mesoSPIM light-sheet imaging was
performed on a single injected brain hemisphere. These datasets
provide near full-tissue views that are representative of outcomes
observed in our injection. Histological immunofluorescence stain-
ing of gene-edited mouse brains was performed on serial sections
fromindividual animals. The images presented are representative of
expression patterns reproducibly observed across multiple sections
and animals processed under the same conditions. These experiments
were intended to provide qualitative spatial validation rather than
quantitative comparisons.

Immunoprecipitation of endogenously tagged Myh9, Ncaml
and Acta2 in Xenopus was performed once using pooled lysates from
2-5representative embryos per condition. Western blotting and GFP
immunoprecipitation from mouse brain tissue were carried out once,
using lysate fromasingle brain hemisphere of one injected animal per
condition. These experiments served as qualitative validations and
were not designed for direct statistical comparison.

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

Data availability

The sequencing data generated in this study were deposited to the
National Center for Biotechnology Information Sequence Read Archive
under BioProject PRJNA1282594. Source data are provided with this
paper.

Code availability

The code used for analysis and implementation in this study is pub-
licly available from GitHub (https://github.com/XenoThomasNaert/
Pythia-Editing). The inDelphi model is available online (https://
indelphi.giffordlab.mit.edu/ and https://github.com/maxwshen/
inDelphi-model). The Pythia design tools can be accessed at (https://
pythia-editing.org).
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Software and code
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Data collection  Microscopy data was collected:

Stereomicroscopy: via commercial packages associated with Zeiss Zen2021 blue edition software

mesoSPIM: via mesoSPIM-control (https://github.com/mesoSPIM/mesoSPIM-control)

Schmidt objective microscopy: Scanlmage 2017b12 (Vidrio Technologies) running on MATLAB 2019b (MathWorks)

Widefield (time-lapse) imaging: via Leica Thunder Imager or Leica DMi8 with K3M camera using widefield LED illumination, controlled by Leica
LAS X software

Confocal (time-lapse) imaging: via Zeiss LSM980 Airyscan 2 controlled by Zeiss Zen2021 blue edition software
Flow cytometry was collected:
as described below in partum Flow Cytometry

Sequencing was performed on the Illumina NextSeq/MISeq platform.

Data analysis Custom analysis code written for this paper
Code available at https://github.com/XenoThomasNaert/Pythia-Editing.

gRNA design: CRISPRscan (https://www.crisprscan.org)




CRISPRscan is a scoring algorithm from the Giraldez Lab (Yale University) that helps select the best gRNAs for a given gene, predicting both
cutting efficiency and possible target rate.

Cas-OFFinder (http://www.rgenome.net/cas-offinder/)
Cas-OFFinder is a bioinformatics tool used for identifying potential off-target sites of CRISPR-Cas nucleases in a given genome, facilitating the
assessment of genome editing specificity and safety.

inDelphi
https://github.com/maxwshen/inDelphi-model

Crispresso V2 (https://github.com/pinellolab/CRISPRess02)
The CRISPResso package is a versatile computational tool designed for the analysis and quantification of genome editing outcomes from
CRISPR-Cas experiments, providing detailed insights into insertion, deletion, and substitution events.

GraphPad Prism 9
GraphPad is a versatile tool purpose-built for statistical analysis of both quantitative and categorical data.

Processing of mesoSPIM recordings: U-Net Fiji plug-in
U-Net Fiji plugin can be found at following hyperlinks:
https://Imb.informatik.uni-freiburg.de/resources/opensource/unet/
https://github.com/Imb-freiburg/Unet-Segmentation

Imaris

Imaris (Bitplane) is a leading software platform designed for visualizing, analyzing, and understanding microscopy data, particularly in the
fields of life sciences and biomedical research. It provides advanced features for 3D data exploration, offering tools for segmentation,
quantification, and presentation of complex biological information.

CRISPR-GRANT (Cross-platform Graphical Analysis Tool for CRISPR Indel Assessment) is a standalone GUI software enabling streamlined

analysis of CRISPR/Cas editing outcomes from NGS data. It supports crossplatform operation (Linux, Windows, macQS), and guides users
through preprocessing (Fastp), mapping (BWARIMEM), variant calling (VarScan2), and visualization steps—all via intuitive point and click
workflows. - https://github.com/fuhuancheng/CRISPR-GRANT
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Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).
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Involved in the study n/a | Involved in the study
g Antibodies & |:| ChiIP-seq
Eukaryotic cell lines |:| Flow cytometry
|:| Palaeontology and archaeology g |:| MRI-based neuroimaging

|Z Animals and other organisms
|:| Clinical data

|:| Dual use research of concern

|:| Plants

XXXOXO s
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Validation

Anti-Ncam1 (DSHB, XAN-3 (Clone 6F11), supernatant; 1:10)

Goat anti-rabbit IgG, DyLight 633 (Thermo Scientific, 35562, 1:200)

Goat anti-mouse 1gG, AlexaFluor 633 (Thermo Scientific, A21050; 1:200)
Anti-DYDDDK magnetic beads (FLAG IP) (ThermoFisher, A36797)

Anti-FLAG (Sigma-Aldrich, F3165; 1:1000)

Anti-mouse IgG-HRP (Sigma-Aldrich, A8924; 1:5000)

Donkey anti-rabbit-Cy3 (Jackson ImmunoResearch, 711-165-152; 1:400)

Donkey anti-chicken AlexaFluor594 (Jackson ImmunoResearch, 703-585-155; 1:400)
Anti-beta Il Tubulin (Abcam, ab179512, EPR16773; 1:300)

Alexa Fluor 594 anti-chicken IgY (Jackson ImmunoResearch, 703-585-155; 1:500)
Dylight 488 goat anti-rabbit IgG (ThermoFisher, 35552, 1:500)

Anti-GFP (ThermoFisher, MA5-15256; 1:1000)

Anti-HRP (Sigma-Aldrich, A8924, 1:5000)

All antibody lots are routinely tested by the manufacturers, and each product comes with a certificate of analysis from the indicated
vendor stating that the product has met all quality control standards.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

American Type Culture Collection (ATCC)

Cell lines were bought authenticated from ATCC and fresh thaws where used

Mycoplasma contamination All cell lines used in the laboratory are regularly tested for mycoplasma contamination and tested negative.

Additionally, all medias and serum lots tested negative.

Commonly misidentified lines o commonly misidentified cell lines were used.

(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance

Specimen deposition

Dating methods

Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable,
export.

Indicate where the specimens have been deposited to permit free access by other researchers.
If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where

they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight

Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Wild animals The study did not involve wild animals
Reporting on sex Xenopus: the sex of the animal is not known at embryonic and tadpoles stages. Mice: Animals were male
Field-collected samples  No field collected samples were used.

Ethics oversight Mouse animal experimentation were carried out according to the guidelines of the Veterinary Office of Switzerland and following
approval by the Cantonal Veterinary Office in Zurich (licenses 008/2022).

Xenopus animals were kept according to the Swiss law for care and handling of research animals. Husbandry and treatment were
approved by the local authorities (Veterindramt Ztrich).

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

Clinical data
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Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
Qutcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes

[ ] Public health

|:| National security

|:| Crops and/or livestock

|:| Ecosystems
[] Any other significant area

Ooodo s

Experiments of concern

Does the work involve any of these experiments of concern:
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Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

OoOodOooods
Oooooogdgg

Any other potentially harmful combination of experiments and agents




Plants

Seed stocks

Novel plant genotypes

Authentication

ChlP-seq

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied. ) )
Describe-any-atithentication-procedtres foreach seed stock- tised-ornovel genotype generated—Describe-any-experiments-tsed-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Data deposition

|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links

For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,

May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.

Genome browser session
(e.g. UCSC)

Methodology

Replicates

Sequencing depth
Antibodies
Peak calling parameters

Data quality

Software

Flow Cytometry

Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
enable peer review. Write "no longer applicable" for "Final submission" documents.

Describe the experimental replicates, specifying number, type and replicate agreement.

Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.

Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and
lot number.

Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files
used.

Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.

Describe the software used to collect and analyze the ChlP-seq data. For custom code that has been deposited into a community
repository, provide accession details.

Plots
Confirm that:

|Z| 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).

|Z| All plots are contour plots with outliers or pseudocolor plots.

|Z| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

Software

Cells were isolated via classical trypsin/EDTA, spun down for 5min at 400g and resuspended in either 1x PBS or 1x PBS
supplemented with Sytox Deep red (final concentration 1 uM)

Data was aqcuired on BD FACS Canto Il 2L, BD LSR Il Fortessa with HTS and BD FACSAria Ill

Data was analysed using FlowJo
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Cell population abundance

Gating strategy

All shown cell populations were significantly abundant. Prior to sorting cell populations were alive by using a live/dead marker.

Single cells where gated according to scatters (removing doublets) and live cells selected via Sytox Deep Red staining. Cells

were then counted based on GFP and BFP expression

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

Magnetic resonance imaging

Experimental design

Design type

Design specifications

Behavioral performance measures

Acquisition
Imaging type(s)

Field strength

Sequence & imaging parameters

Area of acquisition

Diffusion MRI

D Used

Indicate task or resting state; event-related or block design.

Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used

to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across
subjects).

Specify: functional, structural, diffusion, perfusion.
Specify in Tesla

Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

|:| Not used

Preprocessing

Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Preprocessing software

If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization

Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Normalization template

Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Noise and artifact removal

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Model type and settings

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether

ANOVA or factorial designs were used.

|:| Both

Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

Specify type of analysis: [ | whole brain || ROI-based
Statistic type for inference

(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

-
g
C
=
()

©
O
E‘t\
o
=
—
™

©
O
E;..
)

Q
wn
C
3
=
Q
>

<




Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.qg. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.

-
Q
C
=
()

o
o)
=
o
=
-
D)

S,
o)
E,..
)

Q@
wm
C
3
=
Q
S

<




	Precise, predictable genome integrations by deep-learning-assisted design of microhomology-based templates
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