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Abstract

Efficient targeted integration is not necessarily safe: CRISPR—-Cas9-induced DNA double-strand breaks
can generate indels and chromosomal rearrangements even with highly specific gRNAs. Here, we
developed CasPER (Cas9-PIAS4 for error reduction), a genome-editing platform that localises the SUMO
E3 ligase PIAS4 to Cas9-induced breaks to modulate repair. Across multiple loci, cargo sizes, cell types
and donos, CasPER maintained targeted transgene integration while reducing mutagenic indels and
improving editing precision. The platform was compatible with plasmid-, mMRNA- and RNP-based editor
delivery and with linear DNA, circular DNA and AAV donor templates. In primary human NK cells, CasPER
achieved knock-in comparable to Cas9 but generated fewer on-target indels. CAST-seq further showed
that structural rearrangements can arise despite the absence of detectable off-target indels and that
CasPER was associated with fewer distal rearrangement events. In primary human T cells, CasPER
enabled targeted CAR insertion and generated functional CAR-T cells exhibiting tumour-cell killing,
cytokine secretion and activation. Together, these findings distinguish cleavage specificity from repair
fidelity and establish CasPER as a versatile platform for reducing genome-editing-associated
mutagenesis while preserving therapeutically relevant cell function.

Introduction

Chimeric antigen receptor (CAR)-engineered immune cells have become an established therapeutic
modality, particularly for haematological cancers (1). However, current manufacturing strategies remain
complex, costly and rely largely on integrating viral vectors such as lentiviruses. Although these vectors
enable efficient transgene delivery, they result in stochastic genomic integration, contributing to product
heterogeneity and potential insertional mutagenesis (2-5). Targeted CAR integration at defined
endogenous loci can instead provide more predictable transgene expression and a more uniform cell
product, while simultaneously modifying endogenous regulators to enhance function. Such approaches
can, for example, disrupt inhibitory signalling pathways in T cells and modulate cytotoxicity- or
persistence-associated programmes in natural killer (NK) cells (6). However, CRISPR-Cas approaches
carry their own genomic risks, including off-target cleavage, mutagenic repair outcomes and
chromosomal abnormalities, particularly when large DNA cargos are introduced. Although
mechanistically distinct from random lentiviral integration, these events can also disrupt genes or
regulatory elements and remain an important barrier to clinical translation.

Pharmacological inhibition of non-homologous end joining using small molecules such as AZD7648 and
M3814, which target the DNA-dependent protein kinase catalytic subunit (DNA-PKcs), can reduce indel
formation and enhance homologous recombination during CRISPR-mediated genome editing,
representing a promising strategy (7). However, despite increasing knock-in efficiency, these approaches
globally perturb DNA-repair activity, potentially limiting their clinical translation. Indeed, DNA-PKcs
inhibition has been associated with impaired cell viability and an increased frequency of chromosomal
abnormalities (8). To avoid the cytotoxic and genotoxic consequences of globally perturbing DNA repair,
several studies have fused components of the homologous recombination pathway directly to Cas9 or
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its derivatives, thereby localising repair modulation to the Cas9 cleavage site (9). Although these
engineered nucleases can improve precise integration, their efficacy remains strongly influenced by
cellular context and target locus. Moreover, most designs recruit only a single DNA-repair component,
which may be insufficient to coordinate the multiple steps required for efficient homologous
recombination. These limitations underscore the need for more robust and broadly applicable strategies
to control DNA-repair pathway choice.

We reasoned that tethering a catalytic enzyme capable of modifying multiple DNA-repair associated
proteins directly to Cas9 could exert broader control over repair-pathway choice than recruiting a single
repair factor. Based on this rationale, we developed CasPER (Cas9-PIAS4 for Error Reduction), a
genome-editing platform in which CRISPR-Cas9 is fused to the SUMO E3 ligase PIAS4 and designed to
locally modulate DNA repair through post-translational SUMOylation (Fig. 1a and Supplementary Fig. 1a).
Previous studies have suggested that SUMOylation shapes chromatin accessibility, as well as DNA
double-strand break signalling and repair (10-12). We therefore hypothesised that localising SUMO
activity to Cas9-induced breaks could coordinate repair-factor assembly and chromatin responses in situ
and bias repair towards homologous recombination. Here, we show that CasPER supports targeted
transgene insertion across multiple clinically relevant loci, delivery formats, and primary immune-cell
platforms like T and NK cells. Finally, CasPER reduced mutagenic chromosomal rearrangements in NK
cells and enables efficient generation of functional CAR-T cells, supporting its use as a platform for more
precise immune-cell engineering that preserves therapeutically relevant function.

Materials and methods

Structural prediction and molecular visualization

Protein structural predictions for CasPER were generated using AlphaFold2 (v2.0) and ColabFold.
Structural rendering and molecular visualization were performed using PyMOL (v2.5, Schrédinger, LLC).

Cell line and primary cell culture

Human embryonic kidney (HEK293) cells were maintained in Dulbecco’'s Modified Eagle
Medium/Nutrient Mixture F-12 (DMEM/F-12; Gibco) supplemented with 10% fetal bovine serum (FBS;
Gibco) and 1% penicillin—streptomycin (100 U mL-" penicillin, 100 pg mL-" streptomycin; Gibco, cat. no.
15140122). K562 human lymphoblast cells were cultured in RPMI-1640 medium (Gibco, cat. no.
11875093) supplemented with 10% FBS and 1% penicillin—-streptomycin. Human ovarian cancer cell line
OVCAR-3 was obtained from American Type Culture Collection. Cells were confirmed as mycoplasma
negative through polymerase chain reaction testing. OVCAR-3 cells were cultured in Roswell Park
Memorial Institute (RPMI) 1640 medium supplemented with 10% heat-inactivated fetal bovine serum
(FBS), 1 mM sodium pyruvate, 2 mM glutamine, 0.1 mM non-essential amino acids, 10 mM 4-(2-
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hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 100 U ml - 1 penicillin and 100 pg ml - 1
streptomycin (complete RPMI).

Primary NK cells were isolated from buffy coats provided by the Australian Red Cross as previously
described (13). Primary NK cells were activated using irradiated K562 feeder cells. Seven days post-
activation, NK cells were expanded in NK MACS medium (Miltenyi Biotec) supplemented with 5% heat-
inactivated human AB serum, 500 IU mL-" recombinant human IL-2 (Miltenyi Biotec, cat. no. 130-097-
743), and 5 ng mL-" human IL-15. Cells were maintained in 24-well plates at an initial seeding density of
5 x 105 cells mL~". Half-media exchanges were performed every 3 days, with complete media
replacement conducted on day 7 via centrifugation at 300 x g for 5 min.

Primary human T cells were cultured and genome-edited as previously described (14). Human T cells
were activated by isolating peripheral blood mononuclear cells from healthy buffy coats and culturing in
complete RPMI containing human anti-CD3 (OKT3, Biolegend) (30 ng ml - 1) and hIL-2 (obtained from
the National Institute of Health) (600 IU ml - 1) for 48 h. All cell lines were incubated at 37°Cin a
humidified atmosphere containing 5% CO.,.

Plasmid construction and gene editing reagents

All custom expression plasmids encoding CasPER and exogenous donor templates targeting the AAVST1,
KLRC1, HBB, and B2M loci were designed using SnapGene (v6.2.1) and synthesized by VectorBuilder.
The following pre-designed plasmid constructs were obtained from Addgene: empty gRNA backbone
(#61424), Cas9/gRNA co-expression vector (#62988), 4.2 kb AAVS1-GFP donor vector (#22212),
defective GFP (dGFP) reporter cassette (#113193), AAVST TALEN-L (#35431), and AAVS1 TALEN-R
(#35432). Complete sequence maps are available via the Addgene repository.

To generate target-specific gRNA constructs, the empty gRNA backbone (Addgene #61424) was
digested with Bbsl, followed by ligation of annealed guide oligos using T4 DNA Ligase (Invitrogen).
Ligation products were transformed into competent Escherichia coli cells (OneShot TOP10 or STBLS3;
Invitrogen) for clonal propagation, and accurate insertion was confirmed by Sanger sequencing.

To produce double-stranded linear homology donors (400, 600, or 800 bp homology arms), the GFP
donor plasmid was engineered with flanked restriction sites, digested with appropriate restriction
enzymes (New England Biolabs, NEB), and purified via agarose gel extraction.

In vitro-transcribed (IVT) CasPER mRNA and recombinant CasPER protein were manufactured by
VectorBuilder. Recombinant Cas9 protein was obtained from VectorBuilder. Cas9 and GFP mRNAs were
produced by Base Facility (University of Queensland) as described (15). Synthetic gRNAs were
synthesized by Integrated DNA Technologies (IDT). Custom recombinant adeno-associated virus
serotype 6 (AAV6) vectors containing AAVS1, KLRC1, and TRAC donor templates were produced by
VectorBuilder.
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Transfection and electroporation

For HEK293 transfections, cells were seeded into 24-well plates at 7 x 104 to 1 x 105 cells per well 24 h
prior to transfection in antibiotic-free media. Plasmids were mixed at indicated molar ratios, diluted in

Opti-MEM Reduced Serum Medium (Gibco), and co-transfected using Lipofectamine 2000 (Invitrogen)
according to the manufacturer's protocol. Culture media was refreshed 48 h post-transfection. mMRNA

deliveries and plasmid co-deliveries were performed using Lipofectamine MessengerMAX (Invitrogen)
following standard manufacturer procedures.

K562 cells were electroporated using the 4D-Nucleofector System (Lonza) equipped with the X Unit.
Briefly, 2 x 105 cells were resuspended in 20 pL SF Cell Line Solution (V4XC-2021/2032) containing 150
ng of each plasmid and electroporated using program FF-120. Following pulse delivery, cells were
incubated in the cuvette at room temperature for 10 min prior to transfer into 6-well plates containing
pre-warmed media.

Primary NK cells were refreshed with media 24 h prior to nucleofection. Immediately prior to
electroporation, 5 pg mMRNA was complexed with 120 pmol synthetic gRNA in a total volume of 20 yL P3
Primary Cell Solution (Lonza, cat. no. V4XP-3032). NK cells were washed with PBS, pelleted at 250 x g
for 5 min, and resuspended at 1 x 10° cells per cuvette. Electroporation was carried out using program
DO-100. Cells were immediately recovered in pre-warmed NK medium. For homology-directed repair
(HDR) experiments, AAV6 vectors carrying exogenous donor templates were added 5-10 min post-
electroporation at a multiplicity of infection (MOI) of 5 x 10%. Media was refreshed 24 h post-
transduction.

T-cells were electroporated according to previously described parameters (14). To perform CRISPR/Cas9
editing, 37 pmol recombinant Cas9 (IDT) or CasPER and 270 pmol single guide RNA (sgRNA; Synthego)
were combined and incubated at room temperature for 10 min to form Cas9/sgRNA ribonucleoprotein
(RNP) complexes. Then, 1 x 106 T cells were resuspended in 20 pl X-VIVO 15 buffer (Lonza), combined
with RNP and electroporated in 20-pl cuvettes using a 4D-Nucleofector X Unit (Lonza) with pulse code
EO115. T cells were immediately washed out with prewarmed media to a concentration of 50 x 106 cells
per millilitre and added to an appropriate culture plate containing a mixture of AAV6 at a multiplicity of
infection (MOI) of 10,000 and 2 uM M3814 (MedChemExpress). T cells were incubated at 37°C for 4 h
before AAV6 and M3814 were washed off and downstream protocols were performed. Homologous
repair templates were manufactured and cloned by Notl digest into pAAV-MCS (Agilent Technologies) by
Genscript, and the resulting plasmids were packaged into AAV6 vectors by PackGene Biotech.

Analysis of cytokine production

Supernatants from the in vitro co-culture assays were analysed for cytokine concentration using BD
Cytometric Bead Array Flex sets for IFNy (cat# 558269) and TNF (cat# 558273) (BD Biosciences). Data
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were acquired using the FACSCanto Il (BD Biosciences) and analysed using FlowJo and GraphPad Prism
10.

Chromium-51 release assay

Tumour cells were labelled with 51Cr by resuspending cell pellets in 50 uCi 51Cr per 1x106 cells and
incubating at 37°C for 1 h. 1x104 51Cr-labelled tumour cells were then co-cultured with T cells at the
indicated E:T ratios. As controls for background and total 51Cr levels, tumour cells were cultured either
alone or with 5% Triton X-100 (Sigma-Aldrich). After a 16-h incubation, the 51Cr level in the supernatant
was measured using the automatic gamma counter Wallac Wizard 1470 (PerkinElmer), and T cell killing
was quantified using the following formula: [51Cr CPM (sample) - 51Cr CPM (background)]/[51Cr CPM
(total) - 51Cr CPM (background)], where CPM stands for counts per minute.

Generation of the reporter HEK293T cell line

To establish a quantitative reporter for HDR, HEK293T cells were co-transfected with equimolar amounts
of AAVS1-targeted TALEN-L and TALEN-R alongside the dGFP cassette (Addgene #113193) using
Lipofectamine 2000. Stable integrants were selected with 200 pg mL-" hygromycin for 3 weeks. To
eliminate background fluorescence resulting from spontaneous intrachromosomal gene conversion,
cells were subsequently subjected to puromycin selection for 1 week. The dGFP reporter contains
multiple stop codons across an 18-bp non-frameshifting sequence and a truncated 5' GFP fragment
serving as an internal repair template. Site-specific cleavage by Cas-endonucleases initiates
homologous recombination (HR), restoring a functional GFP open reading frame (Fig. 1b).

Flow cytometry and cell sorting

For HR analysis, flow cytometry was performed 2—-3 weeks post-nucleofection to ensure complete
dilution and loss of unintegrated episomal donor vectors. GFP expression was quantified on a CytoFLEX
(Beckman Coulter) or BD LSRFortessa cell analyzer, and data were processed using FlowJo software
(v10; Tree Star). Forward scatter (FSC-A vs. FSC-H) and side scatter (SSC) parameters were applied to
gate single, viable cells. Cell sorting (FACS) was performed at the QBI Flow Cytometry Facility and the
Translational Research Institute (TRI) FlowCore (Brisbane, Australia).

To assess NK cell viability and immunophenotype, cells were stained with Zombie Violet Fixable Viability
Kit (BioLegend) according to manufacturer instructions. Active primary NK populations were identified
using the following antibody gating strategy: CD56 (Biolegend, #318332, 1:50), CD45(Biolegend,
#304043, 1:400), CD3 (Biolegend, #317340, 1:200).

To assess T cell phenotype both in culture and post tumour stimulation, viable, single cells were stained
with LIVE/DEAD™ Fixable Yellow Dead Cell Stain Kit (# L34959, Invitrogen, 1:800). Live cells were then
gated on CD8 + T cells (BD, #612754, 1:1000). T cell phenotype was evaluated using CD69 (BD
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Pharmigen, #557745, 1:200), CD45RA (BD Horizon, #562885, 1:1000), CD62L (BioLegend, #304814,
1:200), LAG3 (BioLegend, #369304, 1:200), TIM3 (BD Horizon, #565564, 1:600), FLAG (Biolegend,
#637318, 1:400), TCRap (invitrogen, #12-9986-42, 1:100). Cells were incubated in FACS buffer (2% FBS, 2
mM EDTA in PBS) with fluorochrome-conjugated antibodies at 4°C for 30 min in the dark. Data was
acquired on the FACSymphony A3 (BD Biosciences), and analysed using FlowJo software (v10; Tree
Star). Acquisition was performed at the Research Flow Core, Peter MacCallum Cancer Centre.

Western Blot

HEK293 cells transfected with Cas9 or CasPER expression vectors were harvested 48 h post-
transfection and lysed in RIPA buffer (Thermo Fisher Scientific) supplemented with 1x protease inhibitor
cocktail. Cell lysates were sonicated using a single pulse (1 s at 40% intensity; VCX750, Sonics &
Materials). Protein concentrations were quantified using the Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific, cat. no. 23225) against a bovine serum albumin (BSA) standard curve.

Total protein lysates (20 pg) were resolved on 4-20% precast polyacrylamide gels (Bio-Rad, cat. no.
17000436) and transferred onto PVDF membranes (Bio-Rad, cat. no. 1704156) using the Trans-Blot
Turbo Transfer System (Bio-Rad). Membranes were blocked with 5% non-fat dry milk in Tris-buffered
saline containing 0.1% Tween-20 (TBS-T) for 1 h at room temperature, followed by overnight incubation
at 4°C with primary anti-Cas9 antibody (Cell Signaling Technology, cat. no. 14697S; 1:1,000). After three
washes in TBS-T, membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary
antibodies for 1 h at room temperature. Chemiluminescent signals were developed using Clarity Western
ECL Substrate (Bio-Rad, cat. no. 1705060) and imaged on a ChemiDoc MP Imaging System (Bio-Rad).
Membranes were subsequently stripped using stripping buffer and re-probed with anti-B-actin antibody
(Sigma-Aldrich, cat. no. A5441; 1:2,000) as a loading control.

PCR amplification and indel analysis

Target genomic regions were amplified using NEBNext High-Fidelity 2X PCR Master Mix (NEB, cat. no.
MO0541L) with target-specific primers (Table Y). Amplicons were purified using Qiagen or Monarch Gel
Extraction / PCR Purification Kits according to the manufacturer’s instructions.

For T7 Endonuclease | (T7EIl) assays, 200 ng of purified PCR product was denatured and re-annealed in a
thermal cycler, followed by enzymatic cleavage using T7 Endonuclease | (Alt-R Genome Editing Detection
Kit; IDT, cat. no. 1075931) according to manufacturer instructions. Cleavage fragments were resolved on
a 1% agarose gel.

For sequence decomposition analysis, purified PCR products were submitted for Sanger sequencing and
analyzed using the TIDE web tool (16). Sequence traces were aligned against mock-transfected or wild-
type controls using default parameters (maximum indel size of 20 bp; decomposition window set to
maximal high-quality trace regions). For next-generation sequencing (NGS), target amplicons were
subjected to paired-end 250 bp (PE250) sequencing on an lllumina platform. Library preparation and
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high-throughput sequencing were conducted by GentleGen Sequencing (Guangzhou, China) and
Novogene (Singapore). Raw sequencing reads were analyzed for editing efficiency using CRISPRess02
(v2.0)(17).

Whole genome sequencing

Genomic DNA from GFP* HEK293 cells targeted at the AAVS1 locus with CasPER or Cas9 was extracted
and submitted to GentleGen Biotech (Guangzhou, China) for 20x whole-genome sequencing (WGS).
Candidate off-target loci were predicted using Cas-OFFinder (18) based on sequence homology with the
target gRNA, and alignment datasets were screened using custom bioinformatic pipelines to evaluate
potential off-target editing events.

Real-time quantitative PCR (RT-qPCR)

Total RNA was extracted from naive and activated NK cells using the NucleoSpin RNA Kit (Macherey-
Nagel / Scientificx) according to the manufacturer’s protocol. Reverse transcription was performed with
500 ng of total RNA using the iScript cDNA Synthesis Kit (Bio-Rad). Quantitative PCR reactions were
carried out using cDNA equivalent to 5 ng of input RNA with PowerUp SYBR Green Master Mix (Applied
Biosystems) on a CFX Opus Real-Time PCR Detection System (Bio-Rad). Relative expression levels were
normalized to hypoxanthine phosphoribosyltransferase 1 (HPRT) as an internal reference gene using
primers listed on Supplementary Table 1.

CAST-Seq

Genomic DNA was extracted using the Qiagen DNeasy Kit according to the manufacturer’s protocol.
CAST-Seq analyses were performed according to (19) and leveragingan improved algorithm to classify
chromosomal rearrangements (20). In brief, 500 ng of genomic DNA were used as input material for
each technical replicate. Libraries were prepared using the NEBNext® Ultra™ Il FS DNA Library Prep Kit
for lllumina (NEB E7805L). Enzymatic fragmentation of the genomic DNA was aimed at an average
length of 500-800 bp. CAST-Seq libraries were sequenced on a NovaSeq using 2x150 bp paired-end
sequencing (GENEWIZ, Azenta Life Sciences). For each sample, 2 technical replicates library
preparations were run and analysed. Only sites that were present in both technical replicates and
significant in at both replicates are shown in the circos plots. For sites under investigation, the spacer
sequence of the gRNA was aligned to the most covered regions for each site (x 400 bp). Sites were
labelled as OMT if any of the two p-values reached the cutoff of 0.005. Two decoy primers and bait
primers on the telomeric side were used.

Precision Score

The precision score was calculated for each sample as the ratio of precise editing frequency to on-target
indel frequency. Precise editing was quantified by flow cytometry as GFP restoration or targeted GFP
knock-in, whereas on-target indels were measured by TIDE or targeted next-generation sequencing in the
corresponding cell population. This metric was adapted from a previously described approach for
comparing outcomes between genome-editing platforms (21).
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Statistical analysis

Statistical analyses were performed using GraphPad Prism (version X). Data are presented as the mean
+ s.e.m. unless otherwise indicated. Individual data points represent biological or technical replicates, as
specified in the figure legends. Statistical significance was assessed using t-tests or analysis of variance
with the appropriate multiple-comparisons test, as indicated in each figure legend. Exact P values are
reported for prespecified comparisons, with P = 0.05 considered not significant.

Results

Improved HR mediated precise gene correction using CasPER

A HEK293T defective GFP (dGFP) reporter cell line was generated by TALEN-mediated integration of a
constitutively expressed dGFP cassette (Addgene plasmid #113193) at the AAVST locus (22). HDR-
mediated correction of the defective sequence restores GFP expression (Fig. 1b and Supplementary
Fig. 1b). GFP-positive and GFP-negative populations were isolated by FACS and analysed by Sanger
sequencing. Accurate repair of the 18-bp region was observed in GFP-positive cells, whereas GFP-
negative cells showed a high frequency of indels, confirming that the system reliably reports successful
HDR events (Fig. 1c). We next compared the performance of Cas9 and Cas9 fused to PIAS4 (CasPER)
(Supplementary Fig. 1d). Transfection efficiency, transgene expression, and plasmid retention were
comparable across conditions (Supplementary Fig. 1e). Maximal GFP correction was observed 5 days
post-transfection, showing a slower kinetics than previously reported (Supplementary Fig. 1f) (23).
Exploratory assessment of on-target indel formation after two weeks by T7E1 assay showed a reduction
in CasPER-treated cells relative to Cas9 (Supplementary Fig. 1g).

To directly compare Cas9- and CasPER-mediated repair outcomes, vector-positive (BFP+) cells and cells
exhibiting restored GFP expression (GFP*) were enriched by FACS 48 h after transfection (Fig. 1c). Cas9
produced modestly higher GFP-restoration frequencies than CasPER (~ 15% versus ~ 10%; Fig. 1d).
However, this increase was accompanied by substantially greater indel formation, as Sanger sequencing
of the dGFP locus followed by TIDE analysis (16) revealed indel frequencies of ~ 70% with Cas9
compared with ~ 10% with CasPER (Fig. 1e and Supplementary Fig. 1h). A similar trend was also
observed in the GFP negative sorted population (Supplementary Fig. 1i). We then confirmed the results
with targeted next-generation sequencing (NGS) of the dGFP locus analysed with CRISPRess02.0 (17).
Consistent with previous results, CasPER showed significantly reduced indel frequencies (< 20%)
compared to Cas9 (> 40%) (Fig. 1f). Finally, to quantify editing fidelity, we used the precision score (21),
calculated within each sample as the ratio of precise repair frequency, measured by GFP restoration or
knock-in, to mutagenic indel frequency, determined by TIDE or targeted NGS. This metric was used
throughout subsequent experiments to identify conditions favouring precise over mutagenic repair.
Using this metric, CasPER exhibited an approximately 3-fold higher precision score compared to Cas9

(Fig. 19).
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Cell type and gene target impact CasPER performance in
large gene insertion

Although the dGFP reporter provided initial evidence that CasPER improves editing precision relative to
Cas9, this system relies on intrachromosomal homologous recombination and may not reflect editing
outcomes when donor DNA is supplied exogenously. We therefore evaluated CasPER for large-transgene
knock-in, an application in which integration efficiency is strongly influenced by cell type, target locus,
chromatin context and donor configuration (9). Because CasPER activity was expected to depend partly
on the endogenous DNA-repair environment, we profiled PIAS4 alongside the HR regulators RAD51 and
BRCA1 and the NHEJ-associated factor RIF1 across candidate cell types. Both BRCA1 and RIF1 have
been reported to undergo PIAS4-dependent SUMOylation (11, 24). HEK293 and K562 cells were selected
as experimentally tractable adherent and haematopoietic models, respectively, because they expressed
these factors at levels broadly comparable to those observed in human peripheral blood mononuclear
cells (PBMCs) and Natural Killer (NK) cells, providing a relevant benchmark for subsequent experiments
(Supplementary Fig. 2a). We then compared large-transgene knock-in efficiencies between Cas9 and
CasPER across these distinct cellular contexts (Fig. 2a).

To optimise donor suitability, we first assessed the effect of homology-arm length on targeted GFP
integration at the AAVST safe-harbour locus in HEK293 cells. Among linear double-stranded DNA donors
carrying 400-, 600- or 800-bp homology arms, the 800-bp design yielded the highest integration efficiency
with both Cas9 and CasPER (Fig. 2b-c). We next compared donor topology using the optimised 800-bp
homology arms and found that linear donors supported higher integration efficiencies than circular
plasmid donors, consistent with previous reports (25)(Fig. 2d). We preliminary investigated off-target
activity by whole-genome sequencing at a mean coverage of 20x on FACS-sorted GFP-positive cells
(Supplementary Fig. 2b). Many SNVs were detected across the genome, consistent with the substantial
genomic instability and aneuploidy characteristic of HEK293 cells, which limited the suitability of this
approach for evaluating off-target editing. Nevertheless, Cas-OFFinder identified approximately 13,000
potential off-target sites for the AAVST gRNA (27), fewer than 0.2% of which contained detectable SNVs,
with a trend towards fewer affected sites in CasPER-edited cells than in Cas9-edited cells
(Supplementary Fig. 2c).

We next assessed the safety of CasPER editing at four clinically relevant loci: the safe harbour AAVST,
B2M, HBB and KLRC1. The B2M locus is a promising candidate site for CAR insertion in T cells (26),
whereas mutations in HBB are responsible for several blood disorders, including sickle cell anaemia and
B-thalassaemia (27). KLRC1 was selected as a clinically relevant locus of interest for NK-cell engineering
because of its established role in regulating antitumour activity (27). Prioritising specificity over
predicted editing efficiency, we screened published and novel candidate gRNAs using two
complementary tools: COSMID (28) and CHOPCHOP (29) prediction algorithms and integrated their
outputs to identify the guide with the highest predicted specificity. Notably, the selected KLRCT gRNA
had previously demonstrated high editing efficiency in NK cells (30), but its genomic safety profile had
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not been investigated. This provided an opportunity to determine whether an efficient guide also
possessed the specificity required for future therapeutic development and whether CasPER could further
improve repair fidelity. The selected gRNAs were initially screened by editing K562 cells with the
optimized 800-bp ds-linear donor template and we compared the performance of CasPER and Cas9.
FACS analysis showed that GFP knock-in efficiency varied across the targeted loci, and CasPER
efficiency was comparable or higher than what achieved with Cas9 (Fig. 2e). Among the loci examined,
KLRC1 (Supplementary Fig. 2d) showed the greatest relative improvement with CasPER and was
therefore selected for further investigation. We investigated the indel rate at this locus (Supplementary
Fig. 2e) and found that CasPER showed a 2.3-fold higher precision score than Cas9 (Fig. 2f). Before
extending this approach to a more clinically relevant setting in primary cells, we confirmed its
compatibility with a non-plasmid delivery format in K562 cells. Delivery of mRNA encoding each editor
together with a synthetic gRNA and an AAV6 donor did not alter the relative editing performance of
CasPER and Cas9 compared with the plasmid-based system used in the preceding experiments
(Supplementary Fig. 2f).

CasPER improves repair fidelity during high-specificity
KLRC1 editing

Having observed greater editing precision with CasPER at the KLRCT locus, we next evaluated its
capacity to support large-transgene integration in primary human NK cells. To assess feasibility and
genomic safety in a clinically relevant configuration, Cas9 or CasPER were delivered as mRNA and with a
donor template by AAV6, consistent with other ex vivo gene-editing protocols (31, 32). Previous reports
showed distinct DNA-repair gene-expression profiles in resting and activated NK cells: pro-NHEJ genes
were robustly expressed in both states, whereas pro-HR gene expression increased following activation
(31). We therefore examined DNA-repair regulators by qPCR in resting and cytokine-activated primary NK
cells from two healthy donors (Supplementary Fig. 3a). Consistent with the previous report (30),
expression of the pro-NHEJ regulator, RIF1 remained high and did not differ significantly between states,
whereas activated NK cells exhibited higher expression of pro-HR regulators (12-fold for BRCA1 and 31-
fold for RAD51). Based on these findings, all subsequent editing experiments were performed in
cytokine-activated NK cells. Primary NK cells were isolated from healthy donors, expanded (Fig. 3a) and
confirmed to maintain a CD45+*CD56* phenotype before editing (Supplementary Fig. 3b)(33). Cells were
then nucleofected with Cas9 or CasPER mRNA using an optimised protocol (Supplementary Fig. 3c-d)
(29), transduced with the AAV6 donor and could be further expanded (Supplementary Fig. 3e). The
MRNA nucleofection protocol was independently validated using GFP-encoding mRNA, yielding
approximately 95% GFP-positive cells with minimal inter-donor variability (Supplementary Fig. 3f-g). For
targeted integration, the AAV6 donor contained a 1.3-kb GFP expression cassette driven by the
constitutive SFFV promoter and flanked by 800-bp homology arms corresponding to the targeted KLRC1
region. SFFV was selected because it drives higher transgene expression in human NK cells than other
commonly used strong promoters, including CAG and CMV (34). Using this workflow, Cas9 and CasPER
achieved substantial and comparable levels of GFP knock-in, which remained stable from day 7 to day
14 (Fig. 3b and Supplementary Fig. 3h). Although editing efficiencies and indel frequencies varied among
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donors (Supplementary Fig. 3i—k), analysis across independent donors and experiments confirmed that
CasPER generated significantly fewer indels at the targeted KLRC1 locus (Fig. 3c) and achieved a
significantly higher editing precision score than Cas9 (Fig. 3d).

We next assessed sequence-level off-target editing and performed NGS at four candidate sites
nominated for the KLRC7 gRNA using two independent prediction tools (Supplementary Table 1). No
insertions or deletions were detected within + 10 bp of the predicted cleavage site at any locus in either
Cas9- or CasPER-edited cells. Within a narrower * 1-bp window, raw sequencing reads contained only
sporadic substitutions below the predefined variant-calling threshold (Supplementary Fig. 4a). Thus,
none of the candidate sites exhibited a detectable cut-site-associated indel signal suggesting a high
sequence specificity of the KLRCT gRNA under the tested conditions.

To extend the analysis beyond in silico—predicted sites and assess structural genomic outcomes using a
prediction-independent approach, we performed after four days CAST-seq (19, 20) on paired Cas9- and
CasPER-edited samples from donor D241, which exhibited the highest on-target indel frequency among
the three donors edited. Both editors generated a similar incidence of rearrangements at the targeted
KLRC1 locus across the technical replicates with independent library preparations (Fig. 3e and
Supplementary Fig. 4c). However, CasPER-edited cells exhibited fewer rearrangements involving distal
genomic loci compared to Cas9 (Fig. 3f and Supplementary Table 1). Specifically, among OMTs
reproducibly detected across both technical replicates, 21 loci were unique to Cas9-edited cells, one was
unique to CasPER-edited cells and five were shared between conditions (Fig. 3g and Supplementary

Fig. 4d). Circos analysis further showed that rearrangements involved fewer chromosomes in CasPER-
edited cells than in Cas9-edited cells (5 vs 15; Fig. 3h), and relative CAST-seq enrichment at reproducibly
detected distal loci was lower in CasPER-edited samples (Supplementary Fig. 4e). To assess local indel
formation at CAST-seg-nominated rearrangement partners, we performed rhAmpSeq at all loci shared
between Cas9- and CasPER-edited samples, together with the six highest-ranking editor-specific
candidates for each nuclease. Because fewer than six CasPER-specific loci passed the reproducibility
threshold, the CasPER panel was supplemented with the highest-ranking candidates detected in only one
technical replicate (Supplementary Table 1). Robust indel formation was confirmed at the KLRC7 on-
target site, whereas no cut-site-associated indel enrichment was detected at any nominated distal locus
in either condition (Fig. 3i). Thus, any local indel activity at the CAST-seg-nominated loci, if present, was
below the ~ 0.1% detection threshold of rhAmpSeq under the tested conditions. Importantly, although
CAST-seq identified distal rearrangements with both editors, the rearrangement rate was markedly lower
in CasPER-edited samples, with fewer affected loci and lower signals than in Cas9-edited samples.

RNP-delivered CasPER enables the generation of
functional TRAC-targeted CAR-T cells

Having demonstrated CasPER-mediated editing following mRNA delivery in primary NK cells, we next
evaluated whether the platform could be delivered extended to another format (RNP, ribonucleoprotein)
and another cell type of interest (primary T cells, Fig. 4a). Because primary T cells are typically activated
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before genome editing to promote expansion and efficient genetic modification, we analysed published
transcriptomic data from resting and activated T cells (35). PIAS4 expression remained comparatively
low throughout the 72-h activation period (Fig. 4b), whereas NHEJ-associated genes were generally
more highly expressed than HR-associated genes (Fig. 4c and Supplementary Fig. 5a). This repair profile
provided a relevant context in which to test whether localised PIAS4 activity could improve editing
outcomes. Cas9 or CasPER RNPs were then used to generate TRAC-targeted LeY CAR-T cells. To mirror
the high-specificity targeting context established in NK cells, we selected a TRAC gRNA with no
detectable off-target activity in previous genome-wide analysis (36, 37). We then assessed whether
CasPER could support CAR integration at this clinically relevant locus and generate CAR-T cells with
antigen-dependent effector function.

Primary T cells from healthy donors were edited using Cas9 or CasPER RNPs together with an AAV6
donor encoding the LeY CAR for targeted insertion at the TRAC locus (14). Flow cytometry showed no
significant difference in overall editing efficiency between Cas9 and CasPER (Supplementary Fig. 5b),
although the distribution of editing outcomes differed between the two editors (Fig. 4d). CasPER
generated significantly fewer TCR-FLAG* cells but significantly more TCR*FLAG* cells, consistent with a
shift towards CAR integration with retained TCR expression (Fig. 4e). CasPER-treated cultures also
contained a significantly higher proportion of TCR*FLAG- cells, consistent with reduced TRAC knockout
in the absence of CAR integration. Under the same sampling conditions used for NK-cell CAST-seq,
targeted sequencing showed an indel frequency of approximately 50% following Cas9 editing, whereas it
remained below 10% following CasPER editing (Fig. 4f). Although consistent with reduced mutagenic
repair, the low indel frequency in the CasPER condition precluded a reliable matched CAST-seq
comparison, which requires sufficient on-target activity in both experimental arms to remain within the
assay'’s detection range.

We next assessed the functionality of CasPER-generated CAR-T cells from three independent donors to
determine the reproducibility of the approach. These cells exhibited CAR-dependent killing of LeY-
positive tumour cells (Fig. 4g and Supplementary Fig. 5¢) and responded to tumour-cell exposure by
increasing secretion of the pro-inflammatory cytokines IFNy and TNFa (Fig. 4h-i and Supplementary
Fig. 5d). Tumour-cell exposure also significantly increased the percentage of CD69+* cells (Fig. 4j and
Supplementary Fig. 5e). Altogether, these phenotypic changes were consistent with antigen-induced
activation, induction of inhibitory-receptor expression and differentiation away from a naive-like state
towards a more differentiated effector phenotype. Overall, these results establish the compatibility of
CasPER with RNP delivery and primary T-cell engineering, enabling the generation of functional TRAC-
targeted LeY CAR-T cells using a clinically relevant workflow and a highly specific gRNA.

Discussion

Here, we show that CasPER improves targeted-editing precision across multiple genomic loci, cell types
and delivery formats. Experiments in HEK293 and K562 cells established that CasPER supports gene
correction and large-transgene knock-in across different donor configurations while reducing mutagenic
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indel formation. We then extended the platform to primary NK and T cells, delivering CasPER as mRNA
and RNP, respectively, and demonstrated improved repair precision at the clinically relevant KLRC1 and
TRAC loci while preserving targeted integration and cellular function. To our knowledge, CasPER
represents the first fusion of Cas9 to a SUMO E3 ligase. Unlike approaches that recruit an individual
repair factor, CasPER was designed to localise PIAS4-dependent SUMOylation at Cas9-induced breaks
and thereby modulate multiple components of the repair response. By profiling PIAS4 together with key
HR- and NHEJ-associated factors across cell types and activation states, we explicitly considered the
endogenous repair environment when evaluating CasPER rather than treating it as a context-independent
editor. Targeted integration avoids the stochastic transgene insertion associated with conventional
integrating viral vectors. However, CRISPR-induced double-strand breaks introduce distinct risks,
including indels, large deletions, inversions and translocations (38). High-fidelity nucleases and highly
specific gRNAs reduce unintended cleavage but cannot prevent repair-associated alterations arising
from the intended break. Indeed, CAST-seq analysis has shown that HiFi Cas9 can reduce off-target-
mediated translocations without eliminating homology-mediated or on-target rearrangements (19).
Editing safety therefore depends on both where cleavage occurs and how the resulting break is repaired.

We first evaluated CasPER in primary human NK cells using mRNA delivery of the editor and AAV6
delivery of the donor template, extending previous NK-cell knock-in studies based on RNP delivery (31,
39). CasPER produced GFP knock-in at KLRCT at levels comparable to Cas9 while significantly reducing
on-target indel formation and increasing editing precision. Safety analyses at KLRC1 provided strong
evidence for the sequence-level specificity of the selected gRNA. Targeted deep sequencing detected no
cut-site-associated indels at four candidate sites nominated across three prediction algorithms. CAST-
seq extended this analysis beyond in silico predictions by identifying distal loci involved in structural
rearrangements, none of which showed local indel enrichment upon rhAmpSeq validation. Thus, off-
target cleavage was not detectable by either prediction-guided NGS or prediction-independent CAST-seq
nomination followed by targeted deep sequencing. Nevertheless, CAST-seq detected structural
rearrangements involving the targeted KLRCT locus with both editors. In the donor analysed, on-target
rearrangement profiles were similar, whereas CasPER was associated with fewer rearrangements
involving distal genomic regions. The absence of local indels at these distal loci indicates that they
should be considered rearrangement patterns rather than confirmed sites of off-target cleavage. These
findings confirm that unwanted structural genomic outcomes can arise even when a highly specific
gRNA is used and may escape detection by conventional amplicon sequencing. CasPER did not
eliminate this risk but reduced indel formation and distal rearrangement-associated outcomes, providing
an additional layer of risk reduction following cleavage.

We next extended CasPER to primary T cells using RNP delivery and an AAV6 donor carrying a LeY CAR
targeted to TRAC. The selected gRNA had previously undergone genome-wide off-target analysis,
providing a validated high-specificity targeting context (36). Although CasPER generated fewer
TCR-FLAG* cells and a greater proportion of TCR*FLAG* and phenotypically unedited cells, it
substantially reduced on-target indel formation. Importantly, CasPER-generated CAR-T cells from three
independent donors retained CAR-dependent tumour-cell killing, cytokine secretion and activation-
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associated phenotypic responses. CasPER is therefore compatible with both mRNA- and RNP-based
delivery and can generate functionally active engineered NK and T cells. A matched CAST-seq
comparison could not be performed in T cells because the low CasPER-induced indel frequency fell
below the activity range required for reliable analysis; accordingly, these experiments establish
functional applicability rather than independent evidence of structural genomic safety in T cells.

More broadly, our findings raise the hypothesis that endogenous repair-factor profiles could guide the
selection of repair-modulating Cas9 fusions for different therapeutic cell types. CasPER may be
particularly advantageous in cells with relatively low PIAS4 expression but preserved downstream HR
capacity, where tethering PIAS4 to Cas9 could locally supplement a limiting activity without globally
perturbing DNA repair. The same principle could extend to cell types limited by other repair regulators,
such as RAD51 or BRCAT1, through the development of editors that recruit the corresponding activity.
Another alternative is provided by DSB-independent platforms such as PASTE, which exhibit favourable
safety and low off target indels profiles (40); however, their potential to generate rare structural
abnormalities remains incompletely defined. Here, we show that CasPER can be combined with highly
specific gRNAs exhibiting minimal detectable sequence-level off-target activity while reducing distal
rearrangement-associated outcomes, providing an approach to dampen genomic risk in DSB-based
editing.

Together, our findings support a layered approach to editing safety in which nuclease and gRNA
specificity limit unintended cleavage, while CasPER reduces mutagenic repair following cleavage. By
retaining targeted integration and therapeutically relevant cellular function while decreasing indels and
distal rearrangement-associated outcomes, CasPER provides a strategy with the potential to improve the
genomic safety of engineered immune cells.
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Figure 1

CasPER maintains precise gene correction while reducing mutagenic repair.

a Schematic of the proposed CasPER mechanism, in which fusion of the SUMO E3 ligase PIAS4 to Cas9
localises SUMOylation activity to Cas9-induced DNA double-strand breaks. The domain organisation and
top-ranked AlphaFold2 model show Cas9 (purple) and PIAS4 (yellow) separated by an intervening
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3xFLAG tag (black). Immunoblot analysis confirms Cas9 and CasPER expression in HEK293 cells 48 h
after transfection; B-actin was used as a loading control. bSchematic of reporter cell-line generation and
the dGFP correction assay. The dGFP cassette was integrated at the AAVST locus and restored through
homologous recombination with an internal repair template. cExperimental workflow and timeline for the
head-to-head comparison of Cas9 and CasPER, including cell enrichment, flow cytometry, Sanger
sequencing with TIDE analysis and targeted next-generation sequencing. d Representative flow-
cytometry plots and quantification of HR-mediated GFP restoration 14 days after editing with Cas9 or
CasPER. e On-target indel frequencies at the dGFP target site determined by TIDE analysis. f
Representative CRISPResso02 classification of targeted sequencing reads into precise correction and
quantification of mutagenic outcomes. g Editing precision score, calculated for each sample as the ratio
of HR-mediated correction to on-target indel formation, showing an approximately threefold higher score
with CasPER than with Cas9. Data are presented as the mean + SEM; n = 6 samples across two
independent experiments in d and n = 5 samples in e—g. Statistical significance was determined using t
Mann-Whitney test in d, e and g. Exact P values are shown in the figure.
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Figure 2
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Figure 2

CasPER supports context-dependent large-transgene insertion across loci and delivery formats.

a Schematic of the experimental workflows used for GFP knock-in in HEK293 and K562 cells, with
plasmid-based editing components delivered by lipofection and electroporation, respectively. For AAVS1
targeting, the donor contained a 1.3-kb GFP expression cassette driven by the spleen focus-forming virus
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(SFFV) promoter and flanked by 800-bp homology arms. bRepresentative flow-cytometry plots of GFP
knock-in at the AAVST locus in HEK293 cells using a linear double-stranded DNA (dsDNA) donor.
cQuantification of GFP knock-in following Cas9 or CasPER editing using linear dsDNA donors with 400-,
600- or 800-bp homology arms. d Comparison of GFP knock-in at the AAVST locus using linear dsDNA or
circular plasmid donors containing 1.3- or 4.2-kb cargoes flanked by 800-bp homology arms. eGFP
knock-in at the AAVST, B2M, KLRC1 and HBB loci in K562 cells using linear dsDNA donors with 800-bp
homology arms. GFP-positive cells were quantified by flow cytometry after 3 weeks of expansion.
fEditing precision at the KLRC1 locus, calculated for each sample as the ratio of GFP knock-in efficiency
to on-target indel frequency. CasPER increased the mean precision score 2.33-fold relative to Cas9. Data
are presented as the mean + SEM from n = 3 biological replicates unless otherwise indicated. Statistical
significance was assessed using two-way ANOVA followed by Tukey’s multiple-comparisons test in c—e
and a two-tailed t-test in f. Exact Pvalues are shown in the figure.
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Figure 3
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Figure 3

CasPER maintains knock-in efficiency while reducing mutagenic repair in primary human NK cells.

a Schematic overview of primary human NK-cell isolation, expansion, genetic modification and analysis.
b Representative flow cytometry plots of GFP knock-in in primary NK cells edited (D241) with Cas9 or
CasPER and analysed 5 days after editing. ¢ On-target indel frequencies at the KLRC1 locus, determined
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by TIDE analysis. d Precision score across all donors. Data in ¢ and dwere obtained from three
independent donors with three technical replicates per donor (n = 9). e Frequency of deletion (orange)
and inversion (green) events at the targeted KLRC1 locus in Cas9- and CasPER-edited cells. fTotal
number of NHEJ-associated events identified by CAST-seq at the on-target locus (ON) and off-target-
mediated translocation sites (OMT) in Cas9- and CasPER-edited cells. g Heatmap showing the absolute
number of deduplicated CAST-seq hits supporting rearrangement junctions at each distal genomic locus
in Cas9- and CasPER-edited samples. h Circos plot of Cas9 and CasPER samples showing distribution of
chromosomal rearrangements confirmed in both technical replicates. i Results of rhAmp seq NGS in
control not transduced, and Cas9 or CasPER transduced NK cells. Data are presented as the mean
SEM, Mann-Whitney test.
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Figure 4
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Figure 4

CasPER generates functionally active TRAC-targeted CAR-T cells

a Schematic overview of primary human T-cell isolation, expansion, genetic modification and functional
analysis. b. Bulk RNA-sequencing analysis of gene expression in human T cells before activation and
over the subsequent 72 h, reported as counts per million (CPM). ¢. Expression of PIAS4, HR-associated
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genes (BRCAT, BRCA2 and RAD51) and NHEJ-associated genes (RIF1, XRCC5 and PRKDC) at 24 h after
activation compared with donor-matched unstimulated controls. Data were obtained from four
independent donors. d Representative flow cytometry plots of primary human T cells following targeted
LeY CAR insertion at the TRAC locus. CAR-FLAG expression and loss of TCR expression were used to
quantify targeted CAR integration and TRAC disruption, respectively. eQuantification of targeted CAR
integration and TRAC disruption in primary T cells from two independent donors (n = 3 technical
replicates per donor). f On-target indel frequencies at the TRAC locus after four days from transduction,
determined by TIDE analysis (n = 3). gSpecific lysis of A51Cr-labelled LeY-positive OVCAR-3 tumour cells
following co-culture with unedited control T cells, TRAC-KO T cells or TRAC-targeted LeY CAR-T cells at
the indicated effector-to-target (E) ratios, as determined using a A51Cr-release assay (n = 3 technical
replicates). h, i Concentrations of IFN-y (h) and TNF-a (i) in culture supernatants from unedited control,
TRAC KO and TRAC-targeted LeY CAR-T cells cultured alone (unstimulated) or co-cultured with OVCAR-3
tumour cells, as quantified by Cytometric Bead Array. jPercentage of CD69+ T cells following culture
alone or stimulation with OVCAR-3 tumour cells, as determined by flow cytometry. Data are presented as
the mean + SEM, n=3 technical replicates per donor, Mann-Whitney or Tukey’s multiple comparison test.
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