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Figure 3 | Base editing in early human embryos without chromosome changes.
a, Schematic illustrating the consequences of Cas9-generated DNA DSBs on genome
stability and the hypothesis about the absence of chromosome breaks after adenine base
editing involving DNA nicks in human embryos. b, Copy number plots for chromosomes 1
(upper panel) and 11 (lower panel) in single blastomeres from CRISPR/Cas9-injected
human embryos. Positions of target genes, PCSK9 and HBG1/2, on their respective
chromosomes are highlighted. ¢, Summary of the chromosome break sites mapping in

cells collected from CRISPR/Cas9-injected human embryos. Copy number plots and
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SNP array data sets were analyzed for n = 23 cells from CRISPR/Cas9-injected embryos.
Individual breakages are categorized based on their position relative to on-target sites
and off-targets predicted by CRISPOR®*. d, Copy number plots for chromosomes 1
(upper panel) and 11 (lower panel) in single blastomeres from ABE-injected human
embryos. e, Summary of the chromosome break sites mapping in cells collected from
ABE-injected human embryos. Copy number plots and SNP array data sets were

analyzed for n = 117 cells from ABE-injected embryos.
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437

438 Figure 4 | Normal development of base-edited human embryos. a, Schematic
439 showing injection of base editors as mMRNA or a purified protein into metaphase Il (MIl)
440 oocytes with a sperm or into two-pronuclear (2PN) zygotes. b, Developmental potential
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441  of human embryos assessed by the number of cells after injections of adenine base editor
442  (ABE) encoded by mRNA (n = 19) or ABE ribonucleoprotein (RNP) (n = 25). Within the
443 ABE RNP cohort, n = 12 embryos were injected at fertilization (dark blue diamonds).
444  Statistical significance established with one-way ANOVA. ¢, Schematic illustrating
445  preimplantation development of ABE-injected embryos, trophectoderm (TE) biopsy from
446 day 6 (D6) blastocyst, and derivation of human embryonic stem cells (hESCs) from the
447 inner cell mass (ICM). d, A blastocyst injected with ABE RNP at the 2PN zygote stage.
448 Scale bar, 100 uym. e, f, Copy number plots showing the integrity of targeted
449  chromosomes 1 (e) and 11 (f) in TE biopsy (upper panel) and derived hESCs (lower
450 panel). g, Blastocysts developed after ABE RNP injections into 2PN zygotes or an Ml
451  oocyte at fertilization. Scale bars, 200 ym. h, i, Sanger sequencing chromatograms
452  showing editing outcomes at PCSK9 (h) and HBG1 (i) in three hESC lines from ABE-
453 injected embryos. Scale bars, 200 um. j, k, Schematic showing the effect of adenine base
454  editing of PCSK9 exon 1 splice-donor as predicted by Musunuru et al.?’ (j) and a Western
455  blot showing complete PCSK9 knockout in hESCs with homozygous PCSK9 edit (k).

456  GAPDH was used as the loading control.
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Figure 5 | Assessment of off-target editing in human embryos and in human

embryonic stem cells derived from base-edited embryos. a, b, Alleles frequency

tables around a potential off-target site OFF5 after NGS using a pooled WGA sample

from CRISPR/Cas9-targeted (a) and ABE-edited (b) human embryos. For both

technologies, multiplexed editing was performed using PCSK9 and HBG1/2 sgRNAs.
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463 n =24 WGA blastomere samples were pooled for CRISPR/Cas9 NGS analysis, and
464 n =27 WGA blastomere samples were pooled for ABE NGS analysis. Chromosomal
465 breakages at off-target sites were evaluated based on SNP arrays for individual
466 blastomeres. ¢, d, The efficiency of CRISPR/Cas9 targeting (c¢) and ABE editing (d) at
467 HBG1/2 and candidate off-targets based on chromosome breakage analysis. For
468 CRISPR/Cas9 targeting, the percentage of segmental chromosome breaks and the
469 percentage of NGS reads with Cas9-generated indels are shown for each genomic site.
470 e, f, ABE editing efficiency at PCSK9 and potential off-targets (ordered by Levenshtein
471  distance; LD1-25) in transfected HUES64 hESCs (n = 4) and untreated control (e), and
472 in human embryos and three hESC lines derived from base-edited embryos (f). n = 124
473  WGA blastomere samples were pooled for the NGS analysis of individual sites. Signals
474  at and below 0.5% were considered background, as clonal lines and embryo samples
475  produced identical results. g, ABE editing efficiency at potential off-targets (ordered by
476 cleavage score; CS1-60) in human embryos and three hESC lines derived from base-

477  edited embryos. n = 124 WGA blastomere samples were pooled for the NGS analysis.
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480 Extended Data Figure 1 | Analysis of adenine base editing efficiency and precision

481 in human cells. a, b, Nucleotide percentage distribution around PCSK9 sgRNA (a) and

482  editing efficiency together with detected indels (analyzed length range -20 bp to 10 bp)

483 (b) after adenine base editor (ABE) mRNA transfection of human embryonic kidney
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(HEK293T) cells or human embryonic stem cells (hESCs). ¢, d, Nucleotide percentage
distribution around HBG 1/2 sgRNA (c) and editing efficiency together with detected indels
(analyzed length range: -20 bp to 10 bp) (d) after ABE mRNA transfection of HEK293T
cells or hESCs. e, f, NGS read frequency of individual indels within the indicated length
range around PCSK9 (e) and HBG1/2 (f) target sites following ABE mRNA transfection
of HEK293T cells and hESCs. In all panels, n = 3 replicates for both cell types. Data were
analyzed, and panels (a) and (c) were prepared using Crispresso24’. g, Image showing
sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) analysis of the

purified adenine base editor (ABE) protein, version ABEmax. nCas9, Cas9 nickase.
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494 Extended Data Figure 2 | Comparison of on-target activity of CRISPR/Cas9 and
495 adenine base editor in human embryos. a, b, Alleles frequency tables around PCSK9
496  (upper panel) and HBG1/2 (lower panel) sgRNAs after NGS using pooled WGA samples
497 from CRISPR/Cas9-targeted (a) and ABE-edited (b) human embryos. n=24 WGA
498 blastomere samples were pooled for CRISPR/Cas9 NGS analysis, n=124 WGA
499 blastomere samples were pooled for NGS analysis of ABE with PCSK9 sgRNA, and
500 n =27 WGA blastomere samples were pooled for NGS analysis of ABE with HBG1/2
501 sgRNA. Data were analyzed, and panels (a) and (b) were prepared using Crispresso24’.
502 ¢, Schematic showing large deletion on one allele around the target site of gene editor

503 and the possibility of its detection via long-range PCR.
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Extended Data Figure 3 | Chromosome breakage analysis in single cells from

CRISPR/Cas9- or adenine base editor-injected human embryos. a-e, Copy number

plots after SNP arrays of single blastomeres collected from human embryos injected at

the zygote stage with CRISPR/Cas9 or ABE and PCSK9 and HBG1/2 sgRNAs. Each

break site was mapped visually and using SNP array data sets with heterozygosity calls.

Dashed red lines indicate the position of the target site in copy number plots. Presented

panels show chromosome break at the Cas9 target site (HBG) (a), break at the

centromeric region (b), combination of spontaneous and Cas9-induced breaks (as

determined by off-target analysis in this study) (¢), and spontaneous breaks detected in

33


https://doi.org/10.64898/2026.05.30.728989

bioRxiv preprint doi: https://doi.org/10.64898/2026.05.30.728989; this version posted June 1, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

514 ABE mRNA- or RNP-injected embryos (d, e). f, Gene density around: i) PCSK9 and
515 HBG1/2 target sites; ii) candidate off-targets identified through chromosome breakage
516  analysis (n = 18); iii) chromosome break sites in cells from ABE-injected embryos (n =
517  15); and iv) random genomic loci (n = 30) from a recent study?*. Statistical significance

518 established with a nonparametric t-test.
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519

520 Extended Data Figure 4 | Development of adenine base-edited human embryos and
521 characterization of derived base-edited embryonic stem cell lines. a, Heatmap
522  generated based on SNP array data sets for selected trophectoderm (TE) and human
523 embryonic stem cell (hESC) samples showing their genetic relatedness. b, Bar charts
524  demonstrating that three hESC lines derived from base-edited human embryos are

525 euploid. ¢, Immunostaining of three edited hESC lines derived from ABE RNP-injected
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526 human embryos showing expression of pluripotency markers SOX2 and OCT4. DNA
527  stained by DAPI. Scale bars: 100 um. d, Summary of Sanger sequencing analysis of
528 genetic mosaicism at the PCSK9 target site in human embryos injected with ABE at the
529  zygote stage. Only the embryo #10 (experimental group BE1) is uniform, containing only
530 cells edited on both PCSK9 alleles. Embryo #4 (experimental group BE3) might also be
531 uniform; however, 4/13 cells were not available for analysis. N.A., not available due to
532 failed whole-genome amplification. e, Quantification after NGS analysis of adenine base
533 editing at the PCSKO9 target site in multicell samples collected from human embryos at
534  different stages of preimplantation development. Three samples show uniform editing: a
535 complete morula- and blastocyst-stage embryo with 100% edited NGS reads (uniform
536 homozygous editing) and the TE biopsy from a 5AA embryo with 50% edited and 50%
537 unedited NGS reads (uniform heterozygous editing). The hESC line ESbe2 derived from
538 the 5AA embryo shows heterozygous PCSK9 editing (Fig. 4, panel h). The Gardner

539 grading system was used to mark the quality of blastocysts. ICM, inner cell mass.
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540

541 Extended Data Figure 5 | Cas9-induced indels at potential off-target sites identified
542 through chromosome breakage analysis. a, Workflow of the assessment of ABE
543  activity at candidate off-target sites OFF1-14 identified through chromosome breakage

544  analysis in human embryos. Analysis of amplicon next-generation sequencing (NGS) was
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performed using pooled samples of whole-genome amplified (WGA) blastomeres
collected from CRISPR- or ABE-injected embryos. Additionally, Sanger sequencing
analysis was done using base-edited hESC line ESbe2 derived from a human embryo
injected with ABE mRNA and HBG1/2 sgRNA. b-n, Alleles frequency tables around 13
candidate off-targets after NGS using a pooled WGA sample from CRISPR/Cas9-injected
human embryos. The result for candidate off-target site OFF5 is shown in Figure 5, panel
a. n = 24 WGA blastomere samples were pooled for the analysis. Data were analyzed,
and all panels were prepared using Crispresso2*’. Protospacers of candidate off-targets
are indicated by positions of the HBG1/2 sgRNA (grey bar) below the reference DNA

sequence in each panel.
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555

556 Extended Data Figure 6 | Base editing at potential off-target sites identified through
557 chromosome breakage analysis. a-m, Alleles frequency tables around 13 candidate
558 off-targets after NGS using a pooled WGA sample from ABE-injected human embryos.
559  The result for candidate off-target site OFF5 is shown in Figure 5, panel b. n = 27 WGA
560 Dblastomere samples were pooled for the analysis. Data were analyzed, and all panels

561 were prepared using Crispresso2*’. Protospacers of candidate off-targets are indicated
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562 by positions of the HBG 1/2 sgRNA (grey bar) below the reference DNA sequence in each

563 panel.
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Extended Data Figure 7 | Undetectable off-target editing in human embryonic stem

cells derived from a base-edited embryo at sites identified via chromosome

breakage analysis. a-n, Sanger sequencing chromatograms used to analyze base

editing at candidate off-target sites in ESbe2 hESCs derived from a human embryo

injected with ABE mRNA and HBG1/2 sgRNA at the zygote stage. All 14 off-target sites

(OFF1-14) analyzed in this figure were identified through chromosome breakage analysis

in human embryos.
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Extended Data Figure 8 | Undetectable off-target editing in human embryos and in
human embryonic stem cells derived from base-edited embryos at sites identified
via Digenome-seq. a, Workflow for identification of candidate ABE off-target sites.
Genomic DNA (gDNA) isolated from HUES64 hESCs was incubated with ABEmax
ribonucleoprotein (RNP), followed by treatment with endonuclease V and whole-genome

sequencing (WGS). Candidate off-target sites were selected after Digenome-seq analysis
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and comparison with an untreated HUES64 hESC control sample. b, Assessment of ABE
activity at candidate off-target sites via targeted deep sequencing in: i) ABE-treated
HUESG64 hESCs; ii) pooled WGA samples from base-edited embryos; and iii) hESC lines
derived from ABE-injected embryos. ¢, d, ABE gene editing efficiency at potential off-
targets (ordered by cleavage score; CL1-121) in transfected HUES64 hESCs (n = 4) and
untreated control. Panel (¢) shows analysis of candidate off-targets CL1-60, and panel
(d) shows analysis of candidate off-targets CL61-121. e, ABE gene editing efficiency
at potential off-targets (ordered by cleavage score; CL61-121) in human embryos
and three hESC lines derived from base-edited embryos. n = 124 WGA blastomere

samples were pooled for the NGS analysis.
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589 EXTENDED DATA TABLES

590 Extended Data Table 1 | Guide RNAs and genomic targets.

591
Target Genomic CRISPOR: Off-targets
sgRNA spacer Ge?\e PAM Chromosome Strand Coordinates for 0-1-2-3-4 mismatches
(+ next to PAM)
79 off-targets
CCCGCACCUUGGCGCAGCGG ~ PCSK9  TGG 1 - 55505705- 0-0-0-4-75
55505724 (0-0-0-0-0)
5271279-
HBG1  AGG " + 5271298 570 off-targets
GUGGGGAAGGGGCCCCCAAG 1-0-8-55-506
5276203- (1-0-1-4-3)
HBG2 AGG 11 + 5076222
592
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593 Extended Data Table 2 | Candidate off-target sites identified by chromosome breakage
594  analysis.
595
g?fr:.?:r‘;:: Genomic Region Protospacer* PAM Chromosome Strand Genomic Coordinates
intergenic:
OFF1 PRAMER 0.1 RRC38 TTGAGGAAGGGGACCCCAAG  AGG Chr1 + 13794717-13794739
OFF2 '”tergezfééﬁjssvf’f P4 GAGGAGAGGGGTCCCCCAAG GGG Chr1 + 48034490-48034512
intergenic:
OFF3 SPR w1 CTGGGGGAGGAGCCCCCAAG  GGA Chr2 - 73122411-73122433
OFF4 intergenic: ACOTT747.4-  1GGAGGAGGGGCCCCCACG — TGG Chr2 - 8727550-8727572
AC011747.6
OFF5 ;’}‘;‘;‘1 ATGAGGAAGCGACCCCCAAG  AGG Chr3 - 4746485-4746507
OFF6 '”terge”,fééggzwsg"' GGTAGGAAGGGGCTCCCAAG  AGG Chr3 - 34824506-34824528
intergenic: MTND3P4-
OFF7 RL2BPP7 CATGGGAAGGGGCCCACAAG  TGG Chro - 104713610-104713632
intergenic:
OFF8 VELK MiR4475 AGGGGGAAGTGGCTCCCAAG  TGG Chr - 36788064-36788086
intergenic:
OFF9 RP11-2761110 4.Coorf170  CAGGGGCAGGGGCCCCCAAG  GAG Chr - 89734219-89734241
intergenic:
OFF10 RPi1-6oaL s 1 MyoF  GAGGGAAAGGAGCCCCCGAG GGG Chr10 + 95059024-95059046
OFF11 slgt;g;vs GTGGGGAGATGGCCCCGAAG GGG Chr15 + 42153494-42153516
intergenic:
OFF12 RP11-1094H24.3-RP11-  GCAGGGAAGGGGACCCCAAG  AAG Chr17 - 48115836-48115858
1094H24.4
OFF13 '”Gt;‘T”; GGGAGGAAGGGATCCCCAAG GGG Chr17 + 27910983-27911005
OFF14 ;”Ffrrogk CTGGGGGAGGGGACCCAAAG GGG Chr17 - 78613303-78613325
intergenic: AC007106.1-
OFF15 p11.180C1.1 GTGTGGAAGGGGACCCCAGG GGG Chr4 - 28115246-28115268
intergenic:
OFF16 RP13-726E6.2- GTGTGGAAGGGGACCCCAGC GGG Chr11 - 3610758-3610780
AP006294.2
OFF17 i”terge”igT’f:’;;SL658P - TTGGGGAAGGGGACCCCAAC GGG ChrX ; 16594531-16594553
OFF18 i”tergegﬁ:CLs’,’;’%‘)O%g' GTGTGGAAGGGGACCCCAGG GGG ChrX ; 68637587-68637609
596
597 *Mismatches are in bold. Seed region (10 nt) is underlined.
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598 Extended Data Table 3 | Developmental potential of human embryos after ABE injections.

599
ABE mRNA ABE RNP
Embryo #
within each cohort 2PN zygotes 2PN zygotes Mil oocytes
1 4 100 100
2 4 100 100
3 3 24 100
4 2 20 100
5 2 14 9
6 2 13 8
7 2 12 8
8 2 10 7
1Y
]
2
g 9 2 6 5
c
3
© 10 2 6 4
11 2 6 3
12 2 4 1
13 2 3
14 1
15 1
16 1
17 1
18 1
19 1
600
601 Number of cells per each human embryo is listed. Embryos are sorted according to their developmental potential (from largest to smallest cell number).
602 Blastocyst are estimated to consist of 100 cells (a lower estimate).
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603 METHODS

604 Human Subjects Research

605 The work with human gametes, embryos, and embryonic stem cells was reviewed and
606 approved by the Columbia University Human Embryonic and Human Pluripotent Stem

607 Cell Research Committee and the Institutional Review Board.
608 Gamete and Embryo Donation

609  MIl oocytes were obtained from anonymous donors for the purpose of fertilization with
610 consent for use in research. 2PN zygotes were donated by patients who decided that
611 their treatment in the fertility center was complete and that the embryos were no longer
612 needed for the purpose of reproduction. Donation to research was chosen in lieu of

613  destruction. All embryos were de-identified prior to use in research.
614  Purification of Adenine Base Editor

615 Protein expression and purification were performed as described by Jang and
616  colleagues*?. Briefly, HEK293T cells were transiently transfected with pEX-FlagR-
617 ABEmax (NGG PAM) plasmid designed to express the base editor as a fusion protein
618  with a 10xHis-FLAG-tag at the N-terminus and an mCherry-10xHis-tag at the C-terminus.
619 Cells were ftransfected at a density of 7 x 10° cells/ml using 25-kDa linear
620 polyethyleneimine (Polysciences), and dimethyl sulfoxide (Amresco) was added
621 immediately after the transfection to a final concentration of 1%. The temperature in the
622 incubator was then lowered to 33°C. Two days after transfection, tryptone (Amresco) was

623 added to a final concentration of 0.5%. The cells were harvested four days after
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624  transfection, resuspended in a lysis buffer [20-mM Tris-HCI (pH 7.5), 1-M NaCl, 2-mM (3-
625 mercaptoethanol, and 20% glycerol], and lysed by sonication. The sonicated sample was
626 centrifuged, and the supernatant was loaded on an Ni-NTA column (Qiagen). The column
627 was washed with buffer A [20-mM Tris-HCI (pH 7.5), 500-mM NaCl, 2-mM (-
628 mercaptoethanol, and 20% glycerol] supplemented with 40-mM imidazole
629 (MilliporeSigma), and bound proteins were eluted with buffer A supplemented with 200-
630 mM imidazole. Eluted proteins were treated with tobacco etch virus (TEV) protease and
631  human rhinovirus (HRV) 3C protease overnight to expose the FLAG-tag at the N-terminus
632 and remove the C-terminal mCherry-10xHis-tag, respectively. The sample was then
633 mixed with a-FLAG M1 agarose resin (MilliporeSigma) in the presence of 5-mM CaCl2
634  and rotated slowly at 4°C for 1 hour. After a wash with buffer A supplemented with 1-mM
635 CaCly, the bound proteins were eluted with buffer A supplemented with 5-mM ethylene
636 glycol-bis(2-aminoethyl ether)-N,N,N’,N'-tetraacetic acid (EGTA). The eluted FLAG-
637 ABEmax was concentrated and further purified using a HiLoad 16/600 Superdex 200-pg
638 column equilibrated with a storage buffer [20-mM Tris-HCI (pH 7.5), 500-mM NacCl, 1-mM
639 PB-mercaptoethanol, and 20% glycerol]. The peak fraction was concentrated to a final

640 concentration of ~10 ug/pul, flash-frozen in liquid nitrogen, and stored at —80°C.

641 In Vitro Transcription

642 A plasmid encoding ABE8.8-m was obtained from Addgene (plasmid no. 136294). Base
643 editor ABE8.8.-m was PCR amplified with primers to include the T7 promoter and install
644 a 120-nt poly(A) tail to the 3' untranslated region (Supplementary Table 8). The PCR

645  product was purified with the QIAquick PCR Purification Kit (QIAGEN) and then used as

48


https://doi.org/10.64898/2026.05.30.728989

bioRxiv preprint doi: https://doi.org/10.64898/2026.05.30.728989; this version posted June 1, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

646  a template for in vitro transcription (IVT) using the HiScribe T7 High-Yield RNA Synthesis
647 Kit (New England Biolabs). Co-transcriptional capping with CleanCap AG (TriLink
648 BioTechnologies; Cat. no. N-7113) and full replacement of uridine-5'-triphosphates for
649 N1-Methylpseudouridine-5'-Triphosphates (TriLink BioTechnologies; Cat. no. N-1081)
650 was performed during the IVT. Synthesized RNA was purified by precipitation with 2.5-M
651  LiCl (Thermo Fisher Scientific), followed by two wash steps in 70% ethanol and dissolving
652 in nuclease-free water (Integrated DNA Technologies). The final concentration was
653 measured on a NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific), aliquoted,

654 and stored at —-80°C.

655 Ribonucleoprotein Assembly

656 Both PCSK9 and HBG1/2 sgRNAs (Extended Data Table 1) were purchased from
657 Integrated DNA Technologies (IDT) and dissolved in IDTE buffer (10-mM Tris, 0.1-mM
658 EDTA, pH 7.5) to prepare 100 uM stocks. Alt-R S.p. Cas9 Nuclease V3 (10 pg/ul) was
659 obtained from IDT. For CRISPR/Cas9 RNP assembly, 3 pl of injection buffer (5-mM Tris-
660 HCI, 0.1-mM EDTA, pH 7.8), 2 yl of Alt-R S.p. Cas9 Nuclease V3, and 1.5 pyl of 100-uyM
661 sgRNA were combined and incubated at room temperature for 15 minutes, followed by
662 the addition of 93.5 pl of injection buffer. Diluted Cas9 RNP was centrifuged at 16,000 x

663 g for 2 minutes prior to the injections to human oocytes or embryos.

664  For base editing, ABE RNP was prepared similarly as described above, only substituting
665 Cas9 nuclease with an equimolar amount of purified ABEmax protein (12.25 pg/pl). If

666 multiplexed targeting of PCSK9 and HBG1/2 was performed, identical amounts of
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667 solutions of RNP with the two sgRNAs were combined, mixed, and centrifuged prior to

668 the injections.

669 Intracytoplasmic Sperm Injection

670  Prior to intracytoplasmic sperm injection (ICSl), cryopreserved sperm was thawed by 10-
671  minute incubation at room temperature and transferred to a 15-ml conical centrifuge tube.
672  Sperm Washing Medium (FUJIFILM Irvine Scientific; Cat. no. 9983) was added dropwise
673 to a final volume of 6 ml. The sample was centrifuged at 300x g for 15 minutes. The
674 supernatant was discarded, and an additional wash was performed. The sperm pellet was

675 resuspended in the wash medium and analyzed for viability and motility.

676  Manipulation dishes contained a droplet with 10% polyvinylpyrrolidone solution with
677 human serum albumin (FUJIFILM Irvine Scientific; Catalog ID 90123), a droplet with
678 ABEmax RNP in injection buffer, and a droplet of global total with HEPES (LifeGlobal
679  Group; Cat. no. LGTH-050). Sperm was mixed with the PVP solution, and a single motile
680 sperm was immobilized by pressing its tail with the ICSI micropipette. The selected sperm
681  was then picked, ejected in the RNP droplet, and picked up again for injections. After all
682 manipulation, injected cells were cultured in dishes containing global total (LifeGlobal
683  Group; Cat. no. LGGT-100) and placed in an incubator at 37°C and 5.5% CO- and

684  cultured until collection. The pronucleus formation was confirmed on day 1 after ICSI.

685 Embryo Manipulation and Microinjection

686  All human oocytes and embryos were manipulated as previously described. For thawing

687  of cryopreserved human 2PN zygotes, cryo straws were held at room temperature air
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688 until liquid nitrogen dissipated, followed by thawing in a water bath at 37°C for 3 minutes.
689 Cryo straws were wiped and cut at the ends, and the content of each cryo straw was
690 pushed into a culture dish. Embryos were located and subsequently moved into a new
691 dish containing global total with HEPES (LifeGlobal Group; Cat. no. LGTH-050) for 5
692 minutes. Embryos were then placed in an incubator in global total (LifeGlobal Group; Cat.

693 no. LGGT-100) for an additional 10-15 minutes before injections were performed.

694 Injection needles were made from borosilicate glass capillaries (Sutter Instrument; Cat.
695 no. B100-75-10) using a P-1000 Micropipette Puller (Sutter Instrument) and a program
696  with the following parameters: Heat 578, Pull 0, Velocity 200, Delay 1, and Pressure 500.
697 Embryos were placed on the heated stage of an inverted Olympus 1X73 microscope in
698  droplets of global total with HEPES covered by mineral oil and injected with 50-200 pl of
699  a mixture of in vitro synthesized mRNA with synthetic sgRNA, or the RNP. After injections,
700 embryos in global total were placed in an incubator at 37°C and 5.5% CO: and cultured

701 until collection.
702  Derivation of Embryonic Stem Cells

703  Embryonic stem cells were derived as previously described*®. Briefly, a trophectoderm
704  biopsy of 5-10 cells was taken using laser-assisted micromanipulation. Two-thirds of the
705 trophectoderm (excluding the trophectoderm near the ICM) was ablated using laser
706  (Hamilton Thorne) pulses (300 us at 100% intensity)*4, and the remaining ICM was plated
707  on an MEF feeder layer with ESC derivation medium [KnockOut DMEM (Thermo Fisher
708  Scientific; Cat. no. 10829018), Gibco GlutaMAX Supplement (Thermo Fisher Scientific;

709 Cat. no. 35050061; dilution 1:100), Gibco MEM Non-Essential Amino Acids (Thermo
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710  Fisher Scientific; Cat. no. 11140050; dilution 1:100), 10,000 U/ml Penicillin-Streptomycin
711 solution (Thermo Fisher Scientific; Cat. no. 11140050; final concentration 100 U/ml) and
712  Gibco 2-Mercaptoethanol (Thermo Fisher Scientific; Cat. no. 21985023; dilution 1:1,000)]
713  supplemented with 5% HyClone FBS (Cytiva) and the following small molecules (Tocris
714  Bioscience): Chroman 1 (Cat. No. 7163; dilution 1:10,000), Emricasan (Cat. No. 7310;
715  dilution 1:10,000), Polyamine Supplement x1000 (Cat. No. 7739; dilution 1:1,000), and
716  trans-ISRIB (Cat. No. 5284; dilution 1:10,000). Attachment was monitored on day 2 after
717  plating, with laser removal of excess trophectoderm growth. Half medium was changed
718 every second day. After the emergence of the outgrowth, the ROCK inhibitor was
719 removed, and after ~2 weeks, when ~0.1-0.5 cm in diameter, a glass microcapillary was
720 used to cut the colony into smaller pieces and plated on a StemFlex-based culture system

721  for passaging and cryopreservation, as well as isolation of gDNA.
722  Genome-wide Single Nucleotide Polymorphism Array

723  Embryos were treated with EmbryoMax Acidic Tyrode's solution (EMD Millipore; Cat. no.
724  MR-004-D) to remove the zona pellucida and placed in droplets of PGD Biopsy Medium
725 (LifeGlobal; Cat. no. LPGG-020) covered by mineral oil. Embryos were dissected to
726 individual cells using a Narishige micromanipulator equipped with two fine capillaries to
727  pry individual cells apart. Each cell was then placed in 2 ul of PBS for WGA, followed by
728  SNP array analysis and genotyping. Genome amplifications were performed at Genomic
729  Prediction’s Clinical Laboratory using ePGT amplification protocol*®. Amplified DNA was

730 processed for Axiom GeneTitan and UK Biobank Axiom Arrays (Thermo Fisher Scientific)
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731 according to the manufacturer’s protocol. Copy number and genotyping analyses were

732  performed using gSUITE software (Genomic Prediction).
733 Chromosome Break Site Mapping

734 ldentification of endogenous break sites was done using copy number plots and by visual
735 evaluation of loss of heterozygosity. Genomic coordinates (Homo sapiens genome
736 assembly GRCh37/hg19 was used in this study) for each chromosome breakage were
737  determined through analysis of SNP array data sets using both copy number signals and
738  heterozygosity calls. The accuracy of mapping is between 10 and 200 kb. For the
739 comparison of gene densities around the chromosome breakages, a data set for random
740 genomic loci was used from recent study?* (Supplementary Table 3). For the
741  identification of potential off-target sites, genomic coordinates of chromosome breakages
742 in cells isolated from Cas9-injected embryos were compared with in silico-predicted

743 (CRISPOR?*; http://crispor.org/) off-targets for used PCSK9 and HBG1/2 sgRNAs

744  (Supplementary Table 9).

745 Genotyping by Sanger Sequencing and Next-Generation Sequencing

746  Amplified DNA samples were diluted in nuclease-free water and used for PCR
747  amplifications by AmpliTaq Gold 360 DNA Polymerase (Thermo Fisher Scientific). PCR
748  primers are listed in Supplementary Table 8. PCR amplicons were visually inspected on
749  agarose gel prior to Sanger sequencing or NGS at GENEWIZ (Azenta Life Sciences).
750  Sanger sequencing traces were visualized and analyzed using Benchling. For NGS, PCR

751  products were purified via sodium acetate precipitation or using the QIAquick PCR
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752  Purification Kit (QIAGEN), followed by submission for Amplicon-EZ sequencing at
753 GENEWIZ. Sequencing results were received in the form of raw reads and fastq files,
754  which were analyzed using CRISPRess024’. For evaluation of ABE activity at candidate
755  off-targets identified through chromosome breakage analysis, all 14 sites (OFF1-14) that
756  do not exhibit sequence variability were analyzed by NGS using pooled blastomere WGA
757 samples from CRISPR- or ABE-injected embryos. Four potential off-target sites (OFF15-
758  18) with alternative sequences that differ from the reference genome were not included
759 in this analysis. In experiments involving WGA samples from a small number of cells, we
760 set a read frequency threshold during the NGS analysis to avoid misinterpretation of
761  mutations introduced during DNA amplifications and/or sequencing errors. This applied
762 to NGS analyses of multicell embryo biopsies (threshold 1%; Extended Data Fig. 4e),
763 pooled WGA sample of cells from Cas9-injected embryos (threshold 0.5%; Fig. 5a,
764 Extended Data Fig. 5b-n), and pooled WGA sample of cells from ABE-injected embryos

765  (threshold 0.5%; Fig. 5b, Extended Data Fig. 6a-m).
766  Cell Culture Conditions for Human Cells

767 HEK293T cells were cultured in Dulbecco’s Eagle Modified Medium (DMEM) with
768  GlutaMAX (Thermo Fisher Scientific; Cat. no. 10566016) supplemented with 10% fetal
769  bovine serum (FBS) (Sigma-Aldrich). The cells were cultured at 37°C in a humidified
770  incubator with 5% CO- and passaged every 3-4 days at confluency below 80%. hESCs
771  were cryopreserved in a solution of freezing media containing 40% fetal bovine albumin

772  (FBS) and 10% dimethyl sulfoxide (Sigma-Aldrich).
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773 hESCs were cultured in Gibco StemFlex medium (Thermo Fisher Scientific; Cat. no.
774  A3349401) on Geltrex Matrix (Thermo Fisher Scientific; Cat. no. A1413301)-coated cell
775 culture plates. The cells were cultured at 37°C in a humidified incubator with 5% COa,
776 and passaged every 5-7 days (at approximately 70% confluency) at a ratio 1:10. For
777  passaging, TrypLE Express (Thermo Fisher Scientific; Cat no. 12605010) was used to
778 dissociate the cells into small clusters, which were then plated in a medium containing
779  10-uM ROCK inhibitor Y-27632 (Sigma-Aldrich; Cat. no. SCM075). Fresh medium without
780 ROCK inhibitor was added 24-48 hours after passaging. hESCs were cryopreserved in a
781  solution of freezing media containing 40% fetal bovine albumin (FBS; GeminiBio; Cat. no.

782  900-108) and 10% DMSO (Sigma-Aldrich; Cat. no. D2650).
783  Nucleofections of Human Cells

784  All cells were cultured as described in the previous section. Before nucleofection, hESCs
785 cells were dissociated with TrypLE Express (Thermo Fisher Scientific; Cat no. 12605010),
786  pipetted to fragment the colonies into small clusters consisting of 2-3 cells, and counted
787  using the Countess 3 Automated Cell Counter (Thermo Fisher Scientific). 4.5x10° cells
788  were resuspended in 20 yl nucleofection solution with ABEmax RNP [assembled using
789 1.8 yl ABEmax (12.25 pg/ul) and 1.2 yl 100-uM sgRNA] and nucleofected using P3
790 Primary Cell 4D-Nucleofector X Kit (Lonza; Cat. No. V4XP-3032) and Lonza 4D-
791  Nucleofector System (program CA-137) according to the manufacturer’s protocol. Cells
792  were subsequently plated into new dishes with StemFlex medium supplemented with 10-
793 uM ROCK inhibitor Y-27632 (Sigma-Aldrich; Cat. no. SCM075) and 100 pg/ml of

794  Normocin (Invivogen; Cat. No. ant-nr-1). The medium was changed one day post-
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795 nucleofection to withdraw the ROCK inhibitor and antibiotics. Three days after
796 transfection, cells were harvested, and genomic DNA was isolated using the DNeasy
797 Blood and Tissue Kit (QIAGEN; Cat. No. 69504) for PCR amplification of targeted loci

798 and sequencing analysis by NGS.

799  For nucleofections using mRNA, hESCs were cultured, harvested, and nucleofected
800 following the same procedure as described above, except with replacing ABE RNP with
801 4 g in vitro synthesized ABE8.8-m mRNA combined with 150 pmol synthetic sgRNA.
802 Identical amounts of mMRNAs were used also for nucleofections of HEK293T cells with
803 differences in culture conditions related to these cells and the use of SF Cell Line 4D-
804  Nucleofector X Kit S (Lonza; Cat. no. V4XC-2032). In Extended Data Fig. 1, panels (a-
805 f) the used hESC line was derived in the Egli laboratory, and the cells carry a

806 heterozygous mutation (rs758109813) at the EYS locus'.
807 EndoV-coupled Digenome-seq for In Vitro Off-target Profiling of ABEmax

808 To evaluate off-target activity of ABEmax in vitro, ribonucleoprotein (RNP) complexes
809 were assembled by incubating 465 pmol of in vitro transcribed sgRNA (synthesized via
810 T7 in vitro transcription) with 155 pmol of ABEmax protein at room temperature for 30
811 minutes. The RNP complex was then incubated with 10 pg of genomic DNA (HUES64)

812 in 2xBF buffer (Biosesang) at 37°C for 16 hours.

813 To remove residual sgRNA, 4 uL of RNase A (100 mg/mL) (QIAGEN) was added and
814  incubated at 37°C for 15 minutes. The reaction mixture was then purified using the Gel

815 and PCR Clean-up Kit (MACHEREY-NAGEL).
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816  Subsequently, 3 pg of the purified genomic DNA was treated with 8 units of Endonuclease
817 V (New England Biolabs) in NEBuffer 4 at 37°C for 2 hours. The final reaction was again
818 purified using the Gel and PCR Clean-up Kit (MACHEREY-NAGEL), and the resulting
819 DNA was subjected to WGS using the lllumina NovaSegX platform. As a negative control,
820 genomic DNA that had not been treated with ABEmax was processed in parallel and

821  subjected to WGS.
822  Off-target Site Identification via Digenome-seq

823 Potential off-target sites were identified by analyzing the WGS data from ABE-treated
824 HUES64 hESCs and untreated control HUES64 hESCs samples using the Digenome-
825 seq web tool (rgenome.net). Candidate sites were first filtered to include only those with
826 alLevenshtein distance of 10 or less from the on-target sgRNA spacer sequence targeting
827 PCSKO9. Independently, the top 50 sites with the highest cleavage scores, as determined
828 by the Digenome-seq tool?>, were also selected. The union of these two sets was

829 subjected to further analysis (Supplementary Table 6).

830 Sites that showed similar read patterns between the negative control and ABE-treated
831 samples or that exhibited an abnormally high indel frequency were excluded from
832 downstream analysis based on manual inspection using the Integrative Genomics Viewer

833 (IGV).
834 Targeted Deep Sequencing and A-to-T Conversion Analysis

835 For each selected site, targeted deep sequencing was performed to quantify A-to-T

836  conversion rates in the ABE-treated and control samples. Primers for each region were
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837 designed using Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast), and

838 amplification of the targeted regions was carried out using KOD Multi & Epi DNA
839 polymerase (TOYOBO) following the manufacturer's protocol. Primers are listed in

840 Supplementary Table 8.

841  The prepared libraries were sequenced using paired-end reads on the lllumina MiniSeq
842 platform with the MiniSeq High Output Reagent Kit (300 cycles). The resulting FASTQ
843 files were analyzed using custom scripts written in Python 3 to calculate base conversion

844  frequencies (https://github.com/BaeLab/off-target-deepseq).

845 Western Blot

846  The cultured hESC lines ESbe3 and HUES64 were homogenized in a protein lysis buffer
847 containing protease inhibitors using the IntactProtein Cell-Tissue Lysis Kit (GenulN
848 Biotech; Cat. no. 415). The protein concentration was determined using a BCA assay
849  (Thermo Fisher Scientific; Cat. no. 23225). The equal amounts of protein extracts (50 ug)
850 were loaded for polyacrylamide gel electrophoresis and subsequently transferred to
851  polyvinylidene fluoride (PVDF) membranes. The membranes were blocked for 1 hour with
852 5% non-fat milk in Tris-buffered saline (20-mM Tris, 150-mM NaCl) and 0.1% (w/v) Tween
853 20 (TBST) and then incubated with primary antibodies for PCSK9 (Invitrogen; Cat. no.
854 MA5-32843; dilution 1:500) and GAPDH (Proteintech; Cat. no. HRP-60004; dilution
855 1:2,000) at 4°C overnight. The protein bands were detected with HRP-conjugated
856 secondary antibodies (Cytiva; Cat. no. NA934 and NXA931; dilution 1:5,000) and
857 visualized by enhanced chemiluminescence (ECL) using Pierce ECL Western Blotting

858  Substrate (Thermo Fisher Scientific; Cat. no. 32106).
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859 Immunostaining

860 Human embryonic stem cells (lines ESbe1, ESbe2, and ESbe3) were fixed by incubation
861 in 4% (v/v) paraformaldehyde in phosphate-buffered saline (PBS) for 20 minutes at room
862 temperature (RT), followed by rinsing three times with PBS. Cells were permeabilized by
863 incubation in 0.1% Triton X-100 in PBS for 15 minutes at RT and washed three times with
864 PBS. Cells were blocked in 5% bovine serum albumin (BSA) in PBS for 1 hour at RT. The
865 following primary antibodies were diluted in 1% BSA in PBS and applied at 4°C for 16
866  hours: mouse monoclonal anti-OCT4 (Santa Cruz Biotechnology; Cat. no. sc-5279;
867 dilution 1:200) and rabbit monoclonal anti-SOX2 (Cell Signaling Technology; Cat. no.
868  23064; dilution 1:400). After the incubation, cells were washed with PBS three times, each
869 time for 5 minutes. Secondary antibodies Alexa Fluor 488 donkey anti-mouse (Thermo
870 Fisher Scientific; Cat. no. A-21202) and Alexa Fluor 555 donkey anti-rabbit (Thermo
871  Fisher Scientific; Cat. no. A-31572) were diluted (1:500) in 1% BSA in PBS and applied
872 for 2 hours at RT in the dark. Cells were then washed with PBS three times, each time
873  for 5 minutes, incubated in 300 ng/ml DAPI in PBS for 10 minutes, and rinsed three times
874 with PBS, each time for 5 minutes. Finally, samples were later visualized using a

875 fluorescent microscope (Olympus; Cat. no. IX73).

876  Statistical Analyses

877  Fisher's exact test was used for comparison of amplification frequency and incidence of
878 large deletions in PCR amplicons shown in Fig. 2c, f. Fisher's exact test was used for
879 comparison of frequencies of large deletions at PCSK9 and HBG1/2 target loci in NGS

880 reads from pooled CRISPR- and ABE-treated samples shown in Extended Data
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Fig. 2a, b. A non-parametric t-test was used for comparison of gene densities around
chromosome breaks in ABE-treated embryos and random genomic loci shown in Fig. 3f.
One-way ANOVA was used for comparison of developmental potential of human embryos
injected with ABE mRNA or ABE RNP at the 2PN stage or at fertilization, shown in
Fig. 4b. A p-value less than 0.05 was considered significant. GraphPad Prism (Version
10.3.1) was used to calculate all plotted statistical comparisons (* p < 0.05, ** p <0.01,
***p <0.001, and **** p < 0.0001). No statistical methods were applied to predetermine

sample sizes, as human embryo samples are difficult to project due to limited availability.
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