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Supplementary legends 

Supplementary Fig. 1  

a Predicted aligned error (PAE) plot for the top-ranked AlphaFold2 model of CasPER. Blue indicates low 
expected positional error and greater confidence in the relative placement of residue pairs, whereas red 
indicates high positional uncertainty. The high interdomain PAE indicates that the relative orientation of 
the Cas9 and PIAS4 domains is not confidently resolved. b Validation of the dGFP reporter line following 
Cas9-mediated editing. GFP restoration was quantified by flow cytometry 48 h after transfection (n = 3). 
c Sanger-sequencing chromatograms confirming correction of the 18-bp defective GFP sequence in 
GFP-positive cells and mutagenic editing outcomes in GFP-negative cells. d Schematic of the CasPER 
expression vector. CasPER expression is driven by the cytomegalovirus (CMV) promoter, whereas the 
blue fluorescent protein (BFP) selection marker is driven by the hybrid chicken β-actin (CBh) promoter. 
e BFP expression over time, showing progressive loss of the transiently delivered editor plasmid. f Time-
course analysis of GFP restoration in reporter cells edited with Cas9 or CasPER over 14 days (n = 3). 
CasPER delivered without gRNA was used as the negative control. At 48 h, transfected BFP-positive cells 
and corrected GFP-positive cells were enriched by FACS to remove untransfected cells while retaining 
cells corrected during the initial 48-h period. g Quantification of on-target indel formation by T7 
endonuclease I mismatch-cleavage assay and the corresponding ratio of HR-mediated correction to 
indel formation (n = 2). h Representative indel profiles showing deletions extending to approximately 20 
bp in Cas9-edited cells, compared with approximately 5 bp in CasPER-edited cells. i On-target indel 
frequencies in the FACS-isolated GFP-negative populations shown in Fig. 1d. Data are presented as the 
mean ± SEM. Statistical significance was assessed by one-way ANOVA in b and t-test in g; P < 0.02 in g. 

Supplementary Fig 2. 

a Relative mRNA expression of PIAS4 and selected DNA-repair factors across human cell lines and 
primary cells. b Whole-genome sequencing coverage across chromosomes in unedited, Cas9-edited 
and CasPER-edited HEK293T cells targeted at the AAVS1 locus. Mean sequencing depth was 
approximately 20×; one sample was analysed per condition. c Venn diagrams showing the overlap 
among conditions of all genomic sites containing single-nucleotide variants (SNVs) and the subset of 
SNV-positive sites overlapping Cas-OFFinder predictions. One sample was analysed per condition. d 
Time-course analysis of HDR-mediated GFP knock-in at the KLRC1 locus in K562 cells over 5 weeks, 
quantified by flow cytometry. e On-target indel frequencies at the KLRC1 locus determined by Sanger 
sequencing and TIDE analysis. f Comparison of GFP knock-in at the AAVS1 locus in K562 cells following 
delivery of Cas9 or CasPER as mRNA together with a AAV6 donor. 

Supplementary Fig. 3 

a qPCR analysis of the HR-associated genes BRCA1 and RAD51 and the NHEJ-associated gene RIF1 in 
resting and activated primary human NK cells. Expression was normalised to the housekeeping gene 
HPRT. NK cells were obtained from two independent donors and analysed using two technical 
replicates per donor. b Representative flow-cytometry analysis confirming CD45 and CD56 expression 
in expanded primary NK cells before editing. c Representative flow-cytometry plots showing NK-cell 
viability and retention of CD45 and CD56 expression following genetic manipulation. d Optimisation of 
mRNA nucleofection using three electroporation programmes. DRAQ7-positive cells indicate non-
viable cells, whereas GFP-positive cells indicate successful mRNA delivery. e Viable-cell counts during 
feeder-cell-mediated expansion of NK cells from three independent donors (D189, D190 and D191). f 
Heatmap showing eGFP expression across three time points following titration of eGFP-encoding 
mRNA. g Quantification of eGFP expression following mRNA nucleofection of NK cells from two 



independent donors. Three independent nucleofections were performed per donor; statistical 
significance was assessed using a two-tailed Mann–Whitney test. h Flow-cytometry analysis of GFP 
knock-in at the KLRC1 locus in primary NK cells from donor D206 following nucleofection with Cas9 or 
CasPER mRNA and transduction with an AAV6 donor carrying the homologous repair template. 
Statistical significance was assessed using an unpaired two-tailed t-test; P < 0.05. i–k GFP knock-in 
efficiency and on-target indel frequency at the KLRC1 locus in primary NK cells from donors D241 (i), 
D240 (j) and D206 (k). Knock-in was quantified as the percentage of GFP-positive cells, and indel 
frequencies were determined by Sanger sequencing followed by TIDE analysis. 

Supplementary Fig.4  

a Targeted next-generation sequencing of four computationally predicted KLRC1 off-target sites 
analysed using CRISPResso2. Substitution frequencies at positions −1 and +1 relative to the predicted 
cleavage position are shown. b Representative CRISPResso2 allele-frequency outputs for the 
nominated off-target loci, showing the sequence, read count and relative frequency of each detected 
allele. c CAST-seq coverage at the on-target KLRC1 locus in Cas9- and CasPER-edited samples. Upper 
and lower tracks represent independent technical replicates. d Number of rearrangement-associated 
CAST-seq events per gene at loci detected in both Cas9- and CasPER-edited samples. e Relative 
enrichment of CAST-seq signals at distal genomic loci reproducibly detected across technical 
replicates of Cas9- and CasPER-edited samples. 

Supplementary Fig. 5 

a Time-course analysis of PIAS4 and selected DNA-repair gene expression in resting T cells and during 
the 72 h following activation. b Total frequency of CAR-expressing T cells generated using Cas9 or 
CasPER, quantified across two independent donors. c Specific lysis of ^51Cr-labelled LeY-positive 
OVCAR-3 tumour cells by unedited control T cells, TRAC-knockout T cells and TRAC-targeted LeY CAR-
T cells derived from donor 3 at the indicated effector-to-target ratios. d IFNγ and TNFα concentrations 
in culture supernatants from donor 3-derived T cells cultured alone or exposed to LeY-positive OVCAR-
3 tumour cells. e Percentage of CD69-positive donor 3-derived T cells following exposure to OVCAR-3 
tumour cells, determined by flow cytometry.  

 

 



LOCI detected as significant and confirmed in both technical replicates

CAS9

chr start end

Cas9.RepI
.g3.KLRC1
.Aus_read
_unique

Cas9.RepI
I.g3.KLRC
1.Aus_rea
d_unique

Cas9.RepI
.g3.KLRC1
.Aus_read

Cas9.RepI
I.g3.KLRC
1.Aus_rea
d

Cas9.RepI
.g3.KLRC1
.Aus_read
_ctl

Cas9.RepI
I.g3.KLRC
1.Aus_rea
d_ctl

Cas9.RepI
.g3.KLRC1
.Aus_hits

Cas9.RepI
I.g3.KLRC
1.Aus_hits

Cas9.RepI
.g3.KLRC1
.Aus_hits_
ctl

Cas9.RepI
I.g3.KLRC
1.Aus_hits
_ctl

Cas9.RepI
.g3.KLRC1
.Aus_pval
ue

Cas9.RepI
.g3.KLRC1
.Aus_adj.
pvalue

Cas9.RepI
I.g3.KLRC
1.Aus_pva
lue

Cas9.RepI
I.g3.KLRC
1.Aus_adj
.pvalue

reads_uni
que reads hits read/hit NB_ OVL

NB_ 
SIGNIF site

log10read
_hits

BarcodeH
opping start.site end.site top_coord start.bin end.bin aln_id

pattern__
gRNA3

subject__
gRNA3

aln_sum_
_gRNA3

aln_orient
__gRNA3

NRG__gR
NA3

score 
__gRNA

homology
__gRNA3

nb_mism_
_gRNA3

nb_ins__g
RNA3

length_ins
__gRNA3

nb_del__g
RNA3

length_de
l__gRNA3

aln_chr__
gRNA3

aln_abs_s
tart__gRN
A3

aln_rel_st
art__gRN
A3

lcss_fw__
ON1

lcss_fw_le
ngth__ON
1

lcss_rc__
ON1

lcss_rc_le
ngth__ON
1 group ON OMT HMT

OMT_pv_
_gRNA3

OMT_adj_
pv__gRNA
3

HMT_pv_
_ON1

HMT_adj_
pv__ON1

alignment
.id

annotatio
n geneChr geneStart geneEnd

geneLengt
h

geneStran
d geneId

chr12 10450204 10451804 10633 13216 2707620 4730516 26349 26326 6071 7180 60 63 0 0 0 0 23849 7438136 13251 561 2 2 site_1 2.749215 no 10420415 10466758 10451004 10450604 10451404 aln1 TGAACAGGTGAACAGGtgaacaggaa rc. TRUE 20.5 91.3 2 0 0 0 0 TGAACAGG 10451054 50 CAAACTTCA 500 GGGTTTGG 10 OMT ON1 gRNA3 ON1 0 0 0 0 aln_1 Promoter ( 12 10442264 10454685 12422 2 KLRC1
chr19 38517749 38518549 16 12 83 49 1 1 14 10 1 1 2.12E-22 1.73E-20 2.06E-13 1.37E-11 28 132 24 6 2 2 site_2138 0.740363 no 38518145 38518149 38518149 38517749 38518549 aln1290 TGAATCAG TGAA-CAGGtgaa+caggarc. TRUE 11.5 74.07 3 3 4 0 0 TGAA+CAG 38518261 112 ACTGTACTC 9 TTGAGGAT 9 OMT gRNA3 0 0 0.603 0.608599 aln_1290 Intron (NM 19 38433691 38587564 153874 1 RYR1
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chr16 24292549 24293349 3 3 24 26 1 1 3 2 1 1 2.3E-06 2.1E-05 4.6E-07 7.28E-06 6 50 5 10 2 2 site_7109 1 no 24292948 24292949 24292949 24292549 24293349 aln4422 GGAACAGGTGAACAGGGgaacaggaafw. TRUE 10.5 69.57 7 0 0 0 0 ?GAACAGG 24292884 -65 CTTCTCTTT 9 TTTCCTGTT 10 OMT gRNA3 0.002 0.239521 0.222 0.28623 aln_4422 Intron (NM 16 24256335 24362412 106078 1 CACNG3
chr18 35759970 35760770 5 1 59 16 1 1 5 1 1 1 8.21E-16 3.78E-14 0.000221 0.001218 6 75 6 13 2 2 site_4245 1.09691 no 35760261 35761300 35760370 35759970 35760770 aln2493 TGAA-AGAATGAACAGGtgaa-agAaa fw. FALSE 10.5 73.91 4 0 0 2 2 TGAA-AG?A35760090 -280 TATATTGA 8 CTTTGGGTT 10 OMT gRNA3 0.002 0.239521 0.222 0.28623 aln_2493 Distal Inter 18 35690076 35730856 40781 2 LOC105372064
chr5 1.51E+08 1.51E+08 4 2 29 36 1 1 4 1 1 1 1.09E-07 1.4E-06 8.34E-10 2.83E-08 6 65 5 13 2 2 site_5139 1.113943 no 1.51E+08 1.51E+08 1.51E+08 1.51E+08 1.51E+08 aln3051 TAAACAGGTGAACAGGtAaacaggaafw. FALSE 12.5 78.26 4 0 0 1 1 T?AACAGG 1.51E+08 -29 CTCTTTGG 8 TTATTTCCT 12 OMT gRNA3 0 0 0.025 0.148104 aln_3051 Exon (NM_ 5 1.51E+08 1.51E+08 57074 2 ANXA6
chr5 1.28E+08 1.28E+08 4 2 35 11 1 1 3 2 1 1 2.69E-09 4.86E-08 0.004368 0.0147 6 46 5 9 2 2 site_7871 0.963788 no 1.28E+08 1.28E+08 1.28E+08 1.28E+08 1.28E+08 aln4954 TGTACACTATGAACAGGtgTacaCTaTrc. TRUE 10.5 70.83 6 1 1 0 0 TG?ACA??A 1.28E+08 -8 CCTTTAGGT 11 AGGTTATTT 9 OMT gRNA3 0.002 0.239521 0.066 0.163934 aln_4954 Intron (NM 5 1.28E+08 1.29E+08 280337 2 FBN2
chr8 5999708 6000508 4 1 52 19 1 1 4 1 1 1 6.69E-14 2.45E-12 3.54E-05 0.000265 5 71 5 14 2 2 site_4571 1.152288 no 6000108 6000108 6000108 5999708 6000508 aln2688 TGAGACAATGA-ACAGGtga+acaAgafw. TRUE 10.5 72 5 2 2 0 0 TGA+ACA?G 6000085 -23 TGGGTTTG 8 GTTAATAAA 9 OMT gRNA3 0.002 0.239521 0.603 0.608599 aln_2688 Intron (XR_ 8 5858276 6004226 145951 2 LOC105377795
chr14 75724744 75725544 92 41 1147 305 777 777 31 31 11 11 1.3E-10 3E-09 1 1 133 1452 62 23 2 1 site_301 1.369575 no 75725145 75725145 75725144 75724744 75725544 aln291 TTAA-AGGATGAACAGGtTaa-aggaa rc. FALSE 10.5 73.91 5 0 0 1 1 T?AA-AGGA75725454 310 GGTTATTTC 11 TTTACATTG 9 OMT gRNA3 0.002 0.239521 0.066 0.163934 aln_291 Intron (NM 14 75661246 75955079 293834 1 TTLL5
chr2 48701119 48701919 75 40 669 239 465 465 51 27 16 16 4.99E-06 4.22E-05 1 1 115 908 78 12 2 1 site_405 1.065991 no 48701520 48701524 48701519 48701119 48701919 aln373 TGAATAAG TGAACAGGtgaaTaAg+arc. TRUE 10.5 70.83 6 1 1 0 0 TGAA?A?G+48701692 173 CTTTGGGTT 10 ACAATGAG 8 OMT gRNA3 0.002 0.239521 0.222 0.28623 aln_373 Intron (NM 2 48686774 48755724 68951 2 LHCGR
chr4 71945857 71946657 86 23 845 210 425 425 33 16 6 6 1.51E-24 1.42E-22 1 1 109 1055 49 22 2 1 site_360 1.333056 no 71946258 71946262 71946257 71945857 71946657 aln342 TGAATGTG TGAACAGGtgaaTGTgaarc. TRUE 11.5 73.91 5 0 0 1 1 TGAA???GA71946473 216 TGCCTTTAG 15 TGAAGGTT 9 OMT gRNA3 0 0 0.001 0.058824 aln_342 Distal Inter 4 72032000 72148305 116306 1 NPFFR2
chr2 1.62E+08 1.62E+08 62 21 582 121 402 402 35 18 10 10 1.3E-05 0.000101 1 1 83 703 53 13 2 1 site_467 1.122679 no 1.62E+08 1.62E+08 1.62E+08 1.62E+08 1.62E+08 aln419 TGAAGAGGTGAACAGGtgaaGaggaafw. TRUE 11.5 73.91 5 0 0 1 1 TGAA?AGG 1.62E+08 156 TTTTAAATG 9 CCTTTAGGT 9 OMT gRNA3 0 0 0.603 0.608599 aln_419 Intron (NM 2 1.62E+08 1.62E+08 81971 2 DPP4
chr7 48437542 48438342 14 3 103 17 37 37 11 2 2 2 2.39E-07 2.89E-06 0.999111 1 17 120 13 9 2 1 site_2396 0.965238 no 48437338 48438010 48437942 48437542 48438342 aln1423 TGCCCAGA TGAACAGGtgCCcagAaarc. TRUE 11.5 73.91 5 0 0 1 1 TG??CAG?A48437829 -113 TTTGCAAAT 9 ACATTGAA 10 OMT gRNA3 0 0 0.222 0.28623 aln_1423 Intron (XM_ 7 48171458 48647497 476040 1 ABCA13
chr19 53115329 53116129 12 4 72 32 37 37 12 4 1 1 0.002725 0.008738 0.838662 1 16 104 16 7 2 1 site_2818 0.812913 no 53115730 53115730 53115729 53115329 53116129 aln1669 TGACCAGA TGAACAG-GtgaCcag+gTrc. TRUE 10.5 70.83 6 1 1 0 0 TGA?CAG+G53115817 88 ATGAGCAC 9 AAAAGGGT 9 OMT gRNA3 0.002 0.239521 0.603 0.608599 aln_1669 5' UTR 19 53107879 53132910 25032 2 ZNF415
chr2 78991775 78992575 11 5 102 61 67 67 8 5 1 1 0.023034 0.051864 0.836888 1 16 163 13 13 2 1 site_1687 1.098244 no 78992176 78992176 78992175 78991775 78992575 aln1070 TTAAGAGGTGAACAGGtTaaGagg+arc. TRUE 10.5 70.83 6 1 1 0 0 T?AA?AGG+78992559 384 CAGTCTTCA 11 ATACAGGA 8 OMT gRNA3 0.002 0.239521 0.066 0.163934 aln_1070 Distal Inter 2 79025702 79028501 2800 1 REG3G
TOTAL HITS 488
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chr12 10450208 10451808 10636 12245 3737446 3680460 25039 25063 5955 6415 41 39 0 0 0 0 22881 7417906 12370 600 2 2 site_1 2.777912 no 10438623 10468967 10451008 10450608 10451408 aln1 TGAACAGGTGAACAGGtgaacaggaarc. TRUE 20.5 91.3 2 0 0 0 0 TGAACAGG 10451054 46 CAAACTTCA 500 GGGTTTGG 10 OMT ON1 gRNA3 ON1 0 0 0 0 aln_1 Promoter ( 12 10442264 10454685 12422 2 KLRC1
chr19 38517749 38518549 6 9 24 59 1 1 6 8 1 1 1.06E-06 0.000104 1.3E-15 1.74E-13 15 83 14 6 2 2 site_834 0.77295 no 38518145 38518149 38518149 38517749 38518549 aln498 TGAATCAGTGAA-CAG tgaa+caggarc. TRUE 11.5 74.07 3 3 4 0 0 TGAA+CAG 38518261 112 ACTGTACT 9 TTGAGGAT 9 OMT gRNA3 0 0 0.603 0.610942 aln_498 Intron (NM 19 38433691 38587564 153874 1 RYR1
chr6 63460955 63461755 3 3 11 14 2 2 3 3 1 1 0.012724 0.19715 0.004092 0.03913 6 25 6 4 2 2 site_3129 0.619789 no 63461356 63461356 63461355 63460955 63461755 aln1375 TTCACAGGTGAACAGGtTCacaggaarc. TRUE 10.5 69.23 5 1 3 0 0 T??ACAGG 63461543 188 GTTATTTCC 12 AGCATATC 10 OMT gRNA3 0.002 0.236686 0.025 0.188356 aln_1375 Intron (XM 6 63275951 63573607 297657 2 LGSN
chr11 27396935 27397735 3 3 7 15 1 1 3 3 1 1 0.038213 0.320511 0.000564 0.009371 6 22 6 4 2 2 site_3701 0.564271 no 27397336 27397336 27397335 27396935 27397735 aln1686 T-AACAGGATGAACAGGt-aacaggaa fw. TRUE 10.5 73.91 4 0 0 2 2 T-AACAGGA27397615 280 TAAAAGGG 12 CTTTGCAAA 10 OMT gRNA3 0.002 0.236686 0.025 0.188356 aln_1686 Intron (NM 11 27365961 27472790 106830 2 LGR4
chr1 50405521 50406321 2 3 7 11 1 1 2 3 1 1 0.038213 0.320511 0.005545 0.043657 5 18 5 4 2 2 site_4794 0.556303 no 50405922 50405922 50405921 50405521 50406321 aln2352 TGCACACC TGAACAGGtgCacaCCaarc. TRUE 10.5 69.57 7 0 0 0 0 TG?ACA??A50405622 -299 TTTAGGTTT 10 GAATTCTG 9 OMT gRNA3 0.002 0.236686 0.222 0.304945 aln_2352 Promoter ( 1 50405040 50406062 1023 2 FCF1P6
chr11 1.07E+08 1.07E+08 1 1 9 7 1 1 1 1 1 1 0.011987 0.186108 0.049455 0.181964 2 16 2 8 2 2 site_6109 0.90309 no 1.07E+08 1.07E+08 1.07E+08 1.07E+08 1.07E+08 aln3202 TGAAGAG- TGAACAGGtgaaGag-aafw. TRUE 10.5 75 3 1 1 2 2 TGAA?AG-A 1.07E+08 -263 TGTACCCCA 9 CTTTCCCCA 10 OMT gRNA3 0.002 0.236686 0.222 0.304945 aln_3202 Distal Inter 11 1.07E+08 1.07E+08 1555 1 ASS1P13
chr1 41826904 41827704 4 2 9 7 1 1 4 2 1 1 0.011987 0.186108 0.049455 0.181964 6 16 6 3 2 2 site_5672 0.425969 no 41827304 41827304 41827304 41826904 41827704 aln2932 TGAACAGGTGAACAGGtgaacaggaGfw. TRUE 10.5 70.83 6 1 1 0 0 TGAACAGG 41827068 -236 TTGCTGCCT 11 TTTAGGTTT 10 OMT gRNA3 0.002 0.236686 0.066 0.188356 aln_2932 Intron (NM 1 41506365 42035934 529570 2 HIVEP3
TOTAL HITS 39

chr2 2.36E+08 2.36E+08 0 16 0 9021 0 1 0 5 0 1 1 1 0 0 16 9021 5 1804 1 1 site_70 3.256285 no 2.36E+08 2.36E+08 2.36E+08 2.36E+08 2.36E+08 aln70 CGAACAGGTGAACAGGCgaacaggaarc. FALSE 10.5 70.83 6 1 1 0 0 ?GAACAGG 2.36E+08 -148 TTTCCTGTT 10 AGGTTTTC 9 OMT gRNA3 0.002 0.236686 0.222 0.304945 aln_70 Exon (XR_0 2 2.35E+08 2.36E+08 637751 1 AGAP1
chr7 1.3E+08 1.3E+08 10 0 8530 0 1 0 5 0 1 0 0 0 1 1 10 8530 5 1706 1 1 site_78 3.231979 no 1.3E+08 1.3E+08 1.3E+08 1.3E+08 1.3E+08 aln78 TGAACAGTTGAACAGGtgaacagTaCfw. TRUE 10.5 69.57 7 0 0 0 0 TGAACAG? 1.3E+08 -196 AAAATCCT 10 TACTCTAT 8 OMT gRNA3 0.002 0.236686 0.222 0.304945 aln_78 Intron (XM 7 1.3E+08 1.3E+08 122229 2 UBE2H
chr1 2.14E+08 2.14E+08 0 10 0 6787 0 1 0 4 0 1 1 1 0 0 10 6787 4 1697 1 1 site_98 3.229618 no 2.14E+08 2.14E+08 2.14E+08 2.14E+08 2.14E+08 aln98 TGATCACTATGAACAGGtgaTcaCTaarc. TRUE 10.5 69.57 7 0 0 0 0 TGA?CA??A 2.14E+08 237 AAGATATA 10 CACATTCCT 12 OMT gRNA3 0.002 0.236686 0.025 0.188356 aln_98 Intron (XM 1 2.14E+08 2.14E+08 58360 1 PROX1
chr6 507840 508640 0 11 0 6264 0 1 0 6 0 1 1 1 0 0 11 6264 6 1044 1 1 site_108 3.0187 no 508239 508249 508240 507840 508640 aln108 TGTAACAGTG-AACAG tg+aacaggarc. TRUE 10.5 75 3 1 1 2 2 TG+AACAG 508514 274 TTAAATGC 9 ATCTCTGCA 9 OMT gRNA3 0.002 0.236686 0.603 0.610942 aln_108 3' UTR 6 485154 693139 207986 2 EXOC2
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