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Gene editing of NCF1 loci is associated
with homologous recombination and
chromosomal rearrangements
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CRISPR-based genome editing of pseudogene-associated disorders, such as p47°"*-deficient
chronic granulomatous disease (p47 CGD), is challenged by chromosomal rearrangements due to
presence of multiple targets. We report that interactions between highly homologous sequences that
are localized on the same chromosome contribute substantially to post-editing chromosomal
rearrangements. We successfully employed editing approaches at the NCF1 gene and its
pseudogenes, NCF1B and NCF1C, in a human cell line model of p47 CGD and in patient-derived
human hematopoietic stem and progenitor cells. Upon genetic engineering, a droplet digital PCR-

based method identified cells with altered copy numbers, spanning megabases from the edited loci.
We attributed the high aberration frequency to the interaction between repetitive sequences and their
predisposition to recombination events. Our findings emphasize the need for careful evaluation of the
target-specific genomic context, such as the presence of homologous regions, whose instability can

constitute a risk factor for chromosomal rearrangements upon genome editing.

Mutations in the neutrophil cytosolic factor 1 (NCFI) gene lead to the
phagocyte immunodeficiency p47°"*-deficient chronic granulomatous
disease (p47 CGD), which may be corrected by viral gene transfer or by
genome editing' ™. p47 CGD represents a pseudogene-related disorder, in
which the mutated gene is flanked by two non-processed pseudogenes,
NCFI1B and NCF1C, both of which have a high degree of sequence similarity
to NCF1.

Most of p47 CGD cases are caused by a frameshift-inducing two-
nucleotide GT deletion (AGT) at the start of NCFI exon 2, resulting in a
premature termination codon’. This AGT sequence is also shared by the
NCFIB and NCFIC pseudogenes on the same chromosome. Correction of
the AGT mutation in NCFI, or either of the pseudogenes, leads to the
production of functional p47”"****, Although this high number of potentially
correctable sites increases gene therapy efficacy, targeting sequences shared
by NCFI and the associated pseudogenes lead to simultaneous cleavage at

multiple sites, and may ultimately result in unwanted chromosomal
deletions*™"’.

Here we evaluated diverse corrective CRISPR-based editing approa-
ches that target the AGT mutation in NCFI, with the goal of evaluating post-
editing genomic outcomes. These approaches include Cas9 ribonucleo-
protein (RNP) delivery with single-stranded oligodeoxynucleotide (ssODN)
repair templates'""”, dead Cas9 (dCas9) shielding of NCF1", multiplex
single-strand nicks using Cas9 nickase (nCas9)'*", or staggered double-
strand breaks (DSBs) using Cas12a'®. We aimed at inhibiting the formation
of deletions between the targeted NCFI loci, while maintaining relevant
levels of correction. Studies in a cell line model of p47 CGD, PLB-985 NCF1
AGTY, and in human hematopoietic stem and progenitor cells (HSPCs)
revealed that regardless of the type of genetic manipulation at the NCFI
locus, editing of this region was inevitably associated with induction of
chromosomal aberrations.
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Results

RNP-mediated correction of NCF1 AGT leads to functional cor-
rection of the NADPH oxidase but also to deletions between on-
target loci

Chromosomal aberrations between the on-target NCFI loci were previously
reported for PLB-985 NCFI AGT cells edited by plasmid-mediated Cas9
delivery*‘. We, therefore, hypothesized that transient exposure of the genome
to CRISPR-Cas9 by RNP delivery'™" could restrict the frequency of the
chromosomal aberrations. To investigate the correction efficacy of the NCF1
GT mutation, we used a myeloid cell line PLB-985 containing either the wild
type (WT) GTGT sequence in the NCFI and AGT in both pseudogenes
(denoted as PLB-985 WT) or the AGT mutation on all three loci (denoted as
PLB-985 NCF1 AGT). Screening of single-guide RNAs (sgRNAs) identified
one selective sgRNA (sgRNA1) able to discriminate between the WT and
AGT NCF1 WT sequence (Supplementary Fig. S1; Supplementary Table $4).

To achieve high efficiency of correction, we assessed several corrective
ssODN repair templates (Supplementary Table S5) and titrated both editing
components (RNPs, and corrective ssODN), in the PLB-985 NCFI AGT cell
line (Supplementary Fig. S2). Using RNP delivery, we achieved restoration
of WT GTGT sequence in 51.9% + 13.1% of NCFI/NCFIB/NCFIC gene
sequences in bulk-treated PLB-985 NCFI1 AGT cells in the presence of the
optimal corrective template (Fig. 1A, B left). Distribution of the number of
corrected NCFI loci per single clone showed considerable variability, as
determined by PCR-restriction fragment length polymorphism
(RFLP)" (Fig. 1C).

The p47”** expression was reconstituted in 81.7% + 5.1% in the bulk
PLB-985 NCF1 AGT cells treated with Cas9-sgRNA1 alongside ssODN
template (sgRNA1+T), with median fluorescence intensity (MFI) com-
parable to the PLB-985 WT cell line (Fig. 1D, E), and resulted in substantial
functional restoration of reactive oxygen species (ROS) production by

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity in
76.6% + 20.3% of edited cells (Fig. 1F; Supplementary Fig. S3).

Notably, PLB-985 NCFI AGT cells edited without the ssODN repair
templates showed modest restoration of p47”"* expression (21.9% =+ 5.3%,
Fig. 1E) and NADPH oxidase activity (6.4% + 2.5%, Fig. 1F), despite the lack
of detectable sequence correction (Fig. 1B). This was likely due to indel-
induced frameshift restoration events, resulting in production of low
amounts of functional p47”" protein®.

Selective targeting of NCF1 AGT with sgRNALI in PLB-985 WT cells
resulted in cleavage of the pseudogenes and in an increase of the corrected
NCFI sequences (75.9% +6.7%), compared to the untreated WT cells
(31.2% + 3.1%), either by homology-directed repair (HDR) with the ssODN,
or via intrachromosomal HDR with the healthy copy of NCF1 (Fig. 1B right).

qPCR-based copy number variation (CNV) assessment of genes
located between the NCFI loci (Fig. 2A) identified a high number of PLB-
985 clones (19/76) carrying heterozygous deletions. Additionally, one clone
exhibited a homozygous intra-chromosomal deletion of the region between
NCFIB and NCFI (Fig. 2B, Supplementary Table S6), an observation that
was not previously reported”.

In sum, CRISPR-Cas9 by RNP delivery improved correction efficiency,
but did not prevent nor reduce the incidence of chromosomal aberrations as
reported by using plasmid delivery”.

Catalytically inactive Cas9 shields NCF1 loci and hinders simul-
taneous cleavage of multiple NCF1 AGT loci

As an alternative approach to mitigate chromosomal deletions, we tested
whether cleavage activity of Cas9 at the NCFI loci could be modulated by
shielding the cleavage sites by catalytically inactive dCas9. The dCas9 RNP
complexes were expected to bind the on-target loci with similar affinity as
the Cas9 RNP complexes, but without inducing DNA cleavage, thus
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Fig. 1 | CRISPR-Cas9 editing at the NCF1 AGT loci in PLB-985 NCF1 AGT cells.
A Schematic representation of CRISPR-Cas9-sgRNAL1 cleavage activity in PLB-985
NCFI AGT and PLB-985 WT cell lines. B TIDER analysis of editing frequency and
indel formation in PLB-985 NCFI1 AGT and PLB-985 WT cell lines upon Cas9-
sgRNA1 RNP treatment with or without corrective ssODN template (denoted with
“T’). Reference correction in PLB-985 W'T cells refers to the levels of NCF1 GTGT
sequence as calculated by TIDER in the non-treated (NT) samples. Statistical ana-
lysis with two-tailed unpaired ¢ test (PLB-985 AGT samples) or one-way ANOVA
followed by Tukey’s multiple comparison post hoc test (PLB-985 WT samples); n = 3,
biological replicates, data are expressed as mean + SD. C PCR-RFLP analysis of
single clones generated by FACS from bulk RNP-treated PLB-985 NCFI AGT cell
line accompanied by the corrective ssODN. D Flow cytometry analysis of p47/"*
protein expression in RNP-treated PLB-985 NCF1 AGT with corrective ssODN.

Representative flow cytometry plots (after gating for live cells and CD11b positive
cells). E Percentage of p47”" positive cells within the differentiated population
(CD11b positive); n = 3, biological replicates, data are expressed as mean + SD.
p477"* median fluorescent intensity (MFI) ratio of positive population to the MFI of
untreated PLB-985 NCFI AGT cells (NT); n = 3, data are presented as median with
range. F Assessment of NADPH oxidase activity by DHR assay upon myeloid dif-
ferentiation. The assay measures the hydrogen peroxide-dependent conversion of
DHR 123 to fluorescent rhodamine 123. Percentages (n = 3, biological replicates,
data are expressed as mean + SD) of DHR positive cells within CD11b positive
population upon stimulation with PMA, normalized to PLB-985 NCF1 AGT
untreated (n = 3, data are presented as median with range). Gating strategies are
presented in Supplementary Fig. S3. Statistical analysis with one-way ANOVA fol-
lowed by Tukey’s multiple comparison test.
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Fig. 3 | Targeted NCFI locus shielding by dCas9 in PLB-985 NCFI AGT cells.
A Representation of the hypothesized mechanism to prevent simultaneous cleavage
of multiple on-target NCFI loci. Catalytically dead Cas9 (dCas9) (grey) complexed
with sgRNA1 (blue) is employed as a shield to prevent simultaneous cleavage of
multiple on-target NCF1I loci, by competing with active Cas9 (yellow) for on-targets
binding. B TIDER analysis of editing efficiency in bulk PLB-985 NCFI AGT cell line
upon co-delivery of a constant amount of Cas9-sgRNA1 and increasing ratios of

dCas9-sgRNAI RNP complexes and corrective ssODN template (n = 2 biological
replicates, data are expressed as mean + SD). C PCR-RFLP analysis of 23 mono-
clonal lines per condition. D Percentage of p47”"** positive cells within the differ-
entiated population (CD11b positive gated on live cells) (n = 2 biological replicates,
data are expressed as mean + SD). E Gene copy number analysis in individual clones
detected by ddPCR. Each slice of the donut chart represents one clone. 23 clones
were analyzed per condition.

reducing the probability of multiple simultaneous cleavage events at the
NCFI loci in the same cell. The co-delivered RNP complexes should com-
pete for the same target loci, and therefore result in a dose-dependent
reduction in cleavage activity with increasing dose of dCas9, which we
confirmed in a cell-free in vitro cleavage assay (Supplementary Fig. S4).
To this end, we co-delivered catalytically inactive dCas9 RNPs along
with wild-type Cas9, both complexed with sgRNA1 (Fig. 3A). Treatment of
PLB-985 NCF1 AGT cells with different dCas9:Cas9 RNPs ratios resulted in
a dose-dependent response, with decreasing frequency of editing at
increasing dCas9:Cas9 ratios (Fig. 3B). Editing frequency was already
reduced at the lowest dCas9:Cas9 tested ratio of 0.5:1. Single clone analysis

demonstrated both, a reduced number of corrected clones, and a lower ratio
of corrected NCFI loci per corrected clone at increasing doses of
dCas9 (Fig. 3C).

Restoration of p47""* expression in bulk culture (Fig. 3D) did not
follow the linear reduction of editing efficiency upon increasing the
dCas9:Cas9 ratio. Even a low mean correction efficiency in NCFI sequences,
as observed for dCas9:Cas9 ratio 3:1 (4.9% * 1.3%, Fig. 3B), led to recon-
stitution of p47°" production in over 20% of edited cells (Fig. 3D). This
observation supports the notion that the presence of correctable NCFI
pseudogenes increases the probability of functional correction, despite
relatively low editing efficiency.
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Fig. 4 | NCF1 AGT editing upon induction of alternative DNA lesions.

A Schematic representation of the gRNA spacers targeting the NCF1 AGT sequence.
ssODN template (grey). crRNAs (green) designed for Casl12a. sgRNAs (blue)
designed for the double Cas9 nickases approach, targeting adjacent sites on the NCF1
locus with two sgRNAs (sgRNA1 and sgRNA8) sequences. For each gRNA the AGT
position (red), PAM (black) and cleavage sites (arrowhead in DNA corresponding to
gRNAs colors) are indicated. B Different DNA breaks surrounding the AGT
mutation, induced by complexing gRNAs with different CRISPR-Cas variants.

C TIDER analysis of editing frequency in bulk PLB-985 NCF1 AGT cells treated with
different combination of CRISPR-Cas variants and gRNAs (n = 2 biological repli-
cates, expressed as mean + SD). D Percentage of p47*"** expressing cells within the
CD11b+ population in bulk culture upon differentiation (n = 3 biological replicates,
data are expressed as mean + SD). E PCR-RFLP analysis of 23 monoclonal lines per
condition. F Copy number analysis in individual clones detected by ddPCR. 23
clones were analyzed per condition.

Next, copy number variation of genes surrounding the NCFI loci was
analyzed by ddPCR in individual clones, obtained from editing experiments
in which bulk culture correction levels exceeded 10% (Fig. 3B). A reduction
in the number of clones carrying chromosomal aberrations was observed
with increasing doses of dCas9 (from 7/23 clones in 1:1 dCas9:Cas9 ratio to
11/23 clones in 0.5:1, Fig. 3E; Supplementary Table S7), which paralleled the
reduction of mean editing efficiency.

Interestingly, two of the analyzed clones presented heterozygous
deletions, which extended to the NCFI surrounding regions, as revealed by
reduced copy number of HIPI and CALNI genes (Fig. 3E). Therefore,
although shielding of the NCF1 loci by dCas9 efficiently inhibited on-target
editing, it did not prevent induction of deletions between the NCFI loci,
suggesting that chromosomal aberrations are induced already at low levels
of editing by Cas9.

Chromosomal aberrations cannot be avoided when editing NCF1
with Cas12a or Cas9 nickases

Structurally distinct DNA strand breaks are processed by structure-specific
endonucleases (SSEs)"” and engage different DNA repair pathways™ .
While the Cas9 nuclease generates blunt-ended DSBs™, Casl2a activity
yields staggered DSBs with 5™-terminal overhangs'® (Fig. 4A). Paired DNA
nicks in close proximity may accomplish precise genome editing through
either the induction of two nicks on opposite DNA strands'“***, or multiple
nicks on the same DNA strand (Fig. 4B)".

To induce DNA nicks with different structures, we employed nCas9
variants (D10A and/or H840A)”. The NCFI AGT mutation-specific
sgRNA1 was chosen as the targeting guide to prevent re-cleavage upon AGT
repair (Fig. 4A). sgRNA8 was selected to obtain a sgRNA pair within the
requirements for robust gene editing (Fig. 4A)'**. By complexing the paired

sgRNA with combinations of nCas9 variants, we generated staggered DSBs
with 45-bp overhangs at 5 (O1) and 3’ termini (O2), or two adjacent nicks
on the same DNA strand (S1 and S2) (Fig. 4B).

The editing activity of the sgRNA8 guide in the NCFI gene and
pseudogenes was confirmed in PLB-985 NCFI AGT cells (Fig. 4C). The
relative position of the sgRNA8-guided DSB on the edge of the ssODN
homology arm accounts for the absence of knock-in events, while indel-
mediated frameshift restoration might explain detectable expression of
the p47#"* protein (Fig. 4D), as previously observed for treatments with
sgRNA1 without corrective template (Fig. 1E). The highest knock-in
efficiency (41.0% +5.9%, Fig. 4C) and the highest p47"™™™ protein
expression (69.7% + 1.8%, Fig. 4D) could be achieved by treatment with
Cas9-sgRNAL.

We achieved NCFI correction in 24.3% + 6.0% of targeted sequences in
bulk culture with the double-nickase approach, cleaving different DNA
strands (O1, O2) with no apparent polarity bias, although with lower effi-
ciency compared to the sample treated with Cas9-sgRNA1 (Fig. 4C-E).
Paired cleavage on the same DNA strand (S1, S2) led to markedly lower
correction efficiencies (4.9% + 1.9%). Introduction of a single nick (N1, N2)
resulted in low editing frequency (1.4% * 0.4%) and no detectable correc-
tion events, as reflected by the absence of p47"** expression (Fig. 4D).

Compared to cells treated with Cas9-sgRNA1 (11/23, Fig. 3E), treat-
ment with Casl2a-crRNA2 caused a marked increase in the number of
individual clones with deletion (14/23) and/or duplication (4/23) events
between on-target loci (Fig. 4F). The double-nickase approach, generating
double-strand breaks with large sticky overhang ends, resulted in chro-
mosomal aberration frequencies (O1: 10/23, O2: 11/23) comparable to the
frequencies observed in cells treated with Cas9-sgRNA1 (11/23, Fig. 3E).
The generation of adjacent nicks on the same DNA strand also led to
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comparable levels of chromosomal aberrations (S1: 11/23, S2: 7/23, Fig. 4F),
despite the absence of DSBs.

Additionally, upon induction of a single-strand break at the NCF1I loci,
we detected individual clones with chromosomal deletions both within and/
or surrounding the NCFI loci (N1: 1/23, N2: 2/23, Fig. 4F), even in the
absence of detectable indels or corrections (Fig. 4C-E).

Cas9 RNP-mediated functional correction of p47°"> CGD

CD34 + HSCs is accompanied by deletions between on-

target loci

To assess the reproducibility of the results obtained in the CGD model cell
line in clinically relevant cells, patient-derived p47 CGD CD34-+ HSCs were

73215000 73220000 3225000 73230000

EVENT DEL INV

treated with CRISPR-Cas9:sgRNA1 RNPs and a corrective ssODN template
(Fig. 5A). Targeting the NCF1 AGT in these cells resulted in modest cor-
rection efficiency of 5.1% + 0.9% (Fig. 5B, C). Colony forming unit (CFU)
assay of treated cells showed reduced viability upon electroporation, without
apparent lineage skewing (Fig. 5D).

RNP-mediated editing of the NCFI AGT mutation in p47 CGD
CD34+ HSCs in the presence of the corrective ssODN template restored
p47" protein expression and NADPH oxidase activity upon myeloid
differentiation in 20.0% and 8.5% cells, respectively (Fig. 5E). On the other
hand, editing without corrective template resulted in a low fraction of p47°"*
expressing cells (4.9%) and fewer than 1% cells with functional NADPH
oxidase (Fig. 5E).
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Fig. 5 | RNP-targeting of the NCF1 AGT in p47""** CGD CD34+ leads to func-
tional correction and chromosomal aberrations between on-target loci.

A Experimental workflow of the editing and analysis of p47"*** CGD CD34+-.

B TIDER analysis of editing frequencies at the NCFI gene and pseudogene loci in
HSCs upon RNP treatment with sgRNA1 (n = 2, technical replicates, data are
represented as mean * SD). Statistical analysis with unpaired ¢ test. C Distribution of
GTGT-content calculated by PCR-RFLP analysis in CFU derived from Cas9-
sgRNA1 RNP-treated CD34+- cells (n = 30). D Colony forming assay of RNP-
treated versus untreated CD34+ cells (n = 2, technical replicates, data are repre-
sented as mean + SD). Burst-forming unit-erythroid (BFU-E); CFU-granulocyte,
macrophage (CFU-GM); CFU-granulocyte (CFU-G); CFU-macrophage (CFU-M);
and CFU-granulocyte, erythrocyte, macrophage, megakaryocyte (CFU-GEMM).

E Flow cytometry analysis of p47”** expression and DHR in CD11b positive
populations upon myeloid differentiation. Gating strategies are presented in Sup-
plementary Fig. S7. F Copy number detected by ddPCR of regions surrounding the
NCF1I loci in CFU of untreated control (NT, n = 33) and sample treated with
sgRNA1 and ssODN (sgRNA1+T, n = 40). Dotted lines indicate the upper and
lower limit of the confidence interval determined from the NT group, followed by
confirmation of the outliers using Z score normalization. G Quantification of

chromosomal aberrations in the sample treated with sgRNA1 and ssODN (n = 40),
based on ddPCR analysis in F. H-J CAST-Seq analysis of NCFI-edited human
CD34+ cells from healthy donor. H Circos plot depicting results of chromosomal
rearrangements identified in cells edited with Cas9-sgRNALI (left) and Cas12a-
crRNA2 (right). On-target (ON) genomic aberrations are indicated in green, off-
target mediated translocations (OMT) in red, and homology-mediated transloca-
tions (HMT) in blue. The arcs highlight identified translocations between ON and
other sites; the black outer layer displays chromosomes 1-22, X and Y; the red ring
indicates the alignment score against the gRNA sequence with significant score
accentuated by red dots; the blue ring indicates length of sequence homology, with
significance emphasized by blue dots. I Alignment of the nominated off-target (OT)
site on chromosome 3 to the on-target locus (NCF1B/NCFIC) and number of CAST-
Seq hits. J] CAST-Seq coverage plots show reads aligned to a +/—10 kb region
flanking the on-target site NCFIB, as a surrogate for all NCF1 loci (arrow marked
surrogate on-target sites, NCF1B/NCF1/NCFIC). Genomic deletions (DEL) are
shown in orange and inversions (INV) in purple. The x-axis represents the chro-
mosomal coordinates, the y-axis shows log, read count per million (CPM), and the
dotted line indicates the cleavage site.

Upon treatment with Cas9:sgRNA1 and a ssODN template, edited
patient CD34+ HSCs were differentiated into hematopoietic progenitor
cells using a CFU assay, followed by isolation of single CFUs for CNV
determination. ddPCR analysis of the regions surrounding and between the
cleaved NCFI gene loci identified a high number of colonies carrying
chromosomal aberrations (14/40). While most aberrations were detected in
the genomic regions within the NCFI target loci (12/40), a fraction of
colonies carried aberrations extended to the loci upstream of NCFIB
(CALNI, 2/40) and downstream of NCFIC (HIPI, 4/40) (Fig. 5F, G). No
aberrant gene copy number was detected on the short arm of chromosome 7
(IL6, 0/39), while two colonies exhibited increased copy number (CN)
27 Mb downstream of NCFIC detected (CUXI, 2/39) (Supplementary
Fig. S5A). We further investigated the colonies for copy-neutral loss of
heterozygosity (LOH), as was recently observed upon CRISPR editing in
HSPCs”. No LOH was detected in the colonies at two tested genomic
locations, 56 Mb (0/42, rs3735035) and 0.8 Mb (0/19, rs2286822 and
rs2286823) downstream of NCFIC (Supplementary Fig. S5B).

Notably, targeting of NCFI AGT in CD34+- cells from healthy donors
with sgRN A1, which cleaves only NCF1B and NCFIC, resulted in consistent
correction of the NCFI1 pseudogenes, with no detectable chromosomal
aberration (n = 48 CFU) (Supplementary Fig. S6F, Supplementary Fig. S7).

Lower incidence of chromosomal aberrations upon limiting the clea-
vage activity to NCF1 pseudogenes was confirmed in the PLB-985 WT cell
line (Supplementary Fig. S6G-H). Conversely, targeting of all NCF1 genes
with sgRNAS increased the incidence of chromosomal aberrations in both
healthy CD34+ cells (5/23) and in the PLB-985 WT cell line (14/23)
(Supplementary Fig. S6E-H). Thus, we conclude that the induction of
chromosomal aberrations between Cas9 RNP-targeted NCFI loci results
from the introduction of simultaneous DSBs in the NCFI (pseudo)genes.
These findings are in agreement with other studies indicating that incidence
of aberrations is inversely correlated with the distance between the simul-
taneously targeted loci**”.

To evaluate potential genotoxic effects on the edited cells, we performed
chromosomal aberrations analysis by single targeted linker-mediated PCR
sequencing (CAST-Seq), a technology that allows unbiased and sensitive
identification of on- and off-target effects by detecting genomic
rearrangements’’. Due to high sequence similarity between the NCFI loci
and the surrounding regions (Supplementary Fig. S8), a custom reference
genome was generated using NCFIB as the surrogate while masking the
NCFI and NCFIC, for any chromosomal rearrangements determined by
CAST-Seq analyses. Human CD34+- cells from a healthy donor treated with
Cas9-sgRNA1 revealed one off-target-mediated translocation (OMT) with a
putative off-target site in chromosome 3, as well as three homology-
mediated translocations (HMTs) (Fig. 5H, I; Supplementary Fig. S9). In
samples treated with Cas12a-crRNA2, two HMT's were identified. Based on

the low number of CAST-Seq hits, all translocation events appear to be very
rare (Supplementary Tables S8-S10). In addition, CAST-Seq showed that
the expected rearrangements at the on-target site were large deletions and
inversions (Fig. 5]), although the inversions cannot be assigned to one
specific NCF1 gene or its pseudogenes.

Discussion

In this study, we aimed to reduce the incidence of chromosomal aberrations
resulting from simultaneous CRISPR-mediated cleavage of on-target sites in
the NCF1 gene and its adjacent pseudogenes in p47 CGD". To enable precise
identification of on-target chromosomal aberrations, we have established a
ddPCR-based method for fast and reliable quantification of gene CN
between and surrounding the targeted NCF1I loci.

None of the RNP-mediated editing strategies tested at the NCF1I loci
was able to completely uncouple gene correction from chromosomal
rearrangements in the PLB-985 NCFI AGT cell line"”. While a modest
reduction in the incidence of chromosomal aberrations was observed for
several of the editing approaches that we tested, the concomitant
reduction of editing efficiency would likely hinder their potential clinical
applicability. The observed genomic instability may be attributed to the
localization of the NCFI (pseudo)genes in highly homologous low-copy
repeat elements and their predisposition to frequent chromosomal
rearrangements, making this locus particularly challenging for genome
editing strategies’”. Importantly, the instability of the chromosomal
region containing NCFI naturally leads to deletions and duplications
responsible for two rare genetic disorders, Williams-Beuren syndrome
(WBS) with association to blood malignancies™ ", 7q11.23 duplication
syndrome™ with implications in myeloid disorders™*.

In addition to multiple DSBs-mediated loss of intervening genetic
sequences, the complex aberration patterns, which include deletions and
duplications in different chromosome regions, observed in several clones,
are consistent with homology-mediated intra- and inter-chromosomal
template-switching during replication”. Of note, a clone carrying a
homozygous deletion between NCF1B-NCF1I, as described here, can result
in an in-frame corrected NCFI gene. However, such fusion product of
NCFI1B-NCFTI highlights the danger of detrimental editing outcomes, owing
to the large deletion specific to NCFIB-NCF]I that encompasses at least 17
genes in the WBS-associated genomic region™, and the lower promoter
activity of the NCFI pseudogenes reported as compared to the wild-type
NCFI*.

Unexpectedly, induction of a single-strand nick also led to chromo-
somal aberrations, likely by triggering the break-induced replication (BIR),
and causing replication fork stalling or collapse and conversion of the single-
strand break (SSB) to a DSB****. Thus, direct CRISPR-mediated generation
of DSBs is not required for the induction of chromosomal rearrangements.
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This observation should warrant caution for the application of nCas9,
generally thought to have minimal impact on genome integrity'*"**’, and
especially multiplexed nickase-based approaches®, as induction of single
nicks can also lead to DSBs and resulting chromosomal rearrangements,
albeit with low frequency.

To avoid potential adverse events arising from chromosomal aberra-
tions, alternative CRISPR approaches may be employed. The gene con-
version underlying p47 CGD usually results in the transfer of large stretches
of pseudogene sequence to the NCFI gene’. Thus identification and tar-
geting of SNPs in the NCFI gene is possible’, but requires a patient-specific
approach. Alternatively, CRISPR-mediated targeted knock-in of the gene-
coding sequence to a specific genomic location™, such as a safe genomic
harbor, could permit bypassing the direct targeting of NCFI*"*’. In addition,
the predominant AGT mutation could be a target for prime editing”. This
approach is currently being explored with reports of high efficacy and long-
term correction in immunodeficient mice*. The DSB-independent prime
editor platform may potentially improve the safety of direct NCF1 editing as
compared to Cas9 DSB-based approaches. However, the genotoxicity risk of
prime editors that can arise from the conversion of DNA SSB into DSB
during cellular replication is still a concern™.

Upon editing of CGD patient HSPCs, we observed lower colony
forming potential as compared to non-treated controls. Although no
comparison was made in this context between HSPCs from CGD and from
healthy donors, it is known that CGD patients have higher proliferative
stress related to persistent chronic inflammatory background™.

The detection of CN aberrations up to 27 Mb away from the targeted
NCF1I loci in p47 CGD CD34+ HSCs suggests that multiplexed editing can
have a major impact on the integrity of the targeted chromosome, and
implicates CRISPR-based editing in the generation of large aberrations and
chromosomal loss'**”**. While we consciously designed this study to mostly
evaluate CNV in the proximity of the edited region, additional targets may
provide more information on the extent of genomic regions affected by the
aberrations. Apart from the described ddPCR method that is intrinsically
limited to CN'V analysis, we employed CAST-Seq to investigate post-editing
genome-wide translocations in healthy donor HSCs. Due to the high
sequence similarity between NCF1, NCF1B and NCFIC, analysis of CAST-
Seq results had some limitations as all detected chromosomal translocations,
including OMT's and HMTs, could not be specifically assigned to any of the
three genes. Similarly, the homology of the pseudogenes and the reverse
orientation of NCFI may have led to the misclassification of deletions and
inversions at the on-target site. In terms of detecting inversions at the highly
conserved NCFI cluster that spans beyond 1.91 Mb (Supplementary
Fig. S11), current long-read sequencing technologies can distinguish the
NCFI cluster with improved alignment and variant calling™”. Hence,
combinations of interphase fluorescence in-situ hybridization, short- and
long-read sequencing, and optical mapping will be required to accurately
map this region™”".

In conclusion, we have shown that targeted editing of the NCFI gene
and pseudogenes on the same chromosome can correct the NCF1 AGT
mutation but is inherently associated with the introduction of chromosomal
aberrations in a fraction of the edited cells. Importantly, our presented data
provided valuable insights on genome editing involving multiple on-targets
on the same chromosome, such as the HBB/HBD and CCR2/CCR5 loci®®®,
in which DSB-independent editing systems may be advantageous in terms
of safety for future clinical application of pseudogene-associated disorders.

Materials and methods

Cell culture

PLB-985 wild-type (WT) and PLB-985 NCFI AGT cell lines'” were cultured
in RPMI 1640 medium (PAN-Biotech, Aidenbach, Germany) supple-
mented with 10% (v/v) fetal calf serum (FCS) (PAN-Biotech), 100 U/mL
penicillin, and 100 mg/mL streptomycin (Thermo Fisher Scientific, Rein-
ach, Switzerland). For granulocyte differentiation, cells were cultured
7-9 days in RPMI 1640 medium supplemented with 5% (v/v) FCS and 0.5%
(v/v) N,N-dimethylformamide (Sigma-Aldrich, Buchs, Switzerland). Single

clones were generated by FACS with BD FACSAria™ III Cell Sorter (Becton
Dickinson, Allschwil, Switzerland).

Human healthy CD34+ cells from mobilized peripheral blood were
either purchased (Lonza Group AG, Basel, Switzerland) or acquired from a
p47 CGD donor under written informed consent. Sample collection and
processing were performed in accordance with ethical principles, applicable
local laws and regulations (ethics vote KEK ZH 2015/0135, BASEC-Nr.
PB_2016-02202), with the written informed consent from the donor’s
parents for these investigations under the local rules concerning general
consent for research participation of the University Children’s Hospital
Ulm. CD34+ cells were cultured in X-VIVO™ 20 (Lonza), supplemented
with 1% (v/v) human albumin (CSL Behring AG, Bern, Switzerland),
300 ng/mL stem cell factor, 300 ng/mL FMS-like tyrosine kinase-3 ligand
(Flt3-L) and 100 ng/mL thrombopoietin (CellGenix GmbH, Freiburg,
Germany). CD34+4 cells were expanded and differentiated in MethoCult™
H4434 Classic (Stemcell Technologies, Cologne, Germany) for 14 days,
according to the manufacturer’s instructions.

Guide RNA (gRNA) design

Single guide RNAs (sgRNA) for Cas9, and CRISPR RNAs (crRNA) for
Casl2a were designed with CHOPCHOP v3 webtool (https://chopchop.
cbu.uib.no/)” and purchased from Integrated DNA Technologies (IDT,
Towa, USA).

Cas9 and Cas12 nuclease preparation

The Streptococcus pyogenes (Sp)Cas9 expression vector (Addgene 78312)
encodes a Cas9 fusion protein with N-terminal hexahistidine-maltose
binding protein tag (6xHis-MBP) followed by a tobacco etch virus (TEV)
protease cleavage site and a C-terminal hemagglutinin (HA) tag, green
fluorescent protein (GFP) tag and three nuclear localization signals (NLS)
yielding a 6xHis-MBP-TEV-Cas9-HA-2xNLS-GFP-NLS construct. Point
mutations for nickases (dCas9_D10A, dCas9_H840A) and catalytically
dead Cas9 (dCas9_DI10A, H840A) were introduced by inverse PCR and
confirmed by DNA sequencing. The Acidaminococcus sp. (As) Cas12a gene
was amplified by PCR (Addgene plasmid 90095) to replace the Cas9 gene in
the Cas9 expression vector by Gibson assembly, generating the 6xHis-MBP-
TEV-Cas12a-HA-2xNLS-GFP-NLS expression construct. Purification of
Cas9 was carried out as described”', with minor adjustments. Nickase Cas9
constructs were purified for wild type. Purification of Cas12a was done as
described®*®. In brief, Cas9 and Cas12a constructs were expressed in E. coli
BL21 Rosetta2 (DE3) cells (Novagen). Cells were lysed in 20 mM Tris pH
8.0, 500 mM NaCl, 5 mM imidazole, 1 pg/mL Pepstatin, 200 pug/mL AEBSF
by ultrasonication. Clarified lysate was applied to a 10 ml Ni-NTA (Sigma-
Aldrich) affinity column. The column was washed with 20 mM Tris pH 8.0,
500 mM NaCl, 10mM imidazole, and bound protein was eluted by
increasing imidazole concentration to 250 mM. Eluted protein was dialysed
against 20 mM HEPES pH 7.5, 250 mM KCl, 10% glycerol, 1 mM dithio-
threitol (DTT), 1 mM EDTA (Cas9) or 20 mM HEPES pH 7.5, 250 mM
KCl,1 mM DTT, 1 mM EDTA (Casl12a) overnightat4 °Cin the presence of
TEV protease to remove the 6xHis-MBP affinity tag. Cleaved protein was
further purified using a HiTrap HP Heparin column (GE Healthcare),
eluting with a linear gradient to 1.0 M KCl. Elution fractions were pooled,
concentrated, and further purified by size exclusion chromatography using
a Superdex 200 (16/600) column (GE Healthcare) in 20 mM HEPES-KOH
pH 7.5, 500 mM KCl, 1 mM DTT yielding pure, monodisperse proteins.
Aliquots were flash-frozen in liquid nitrogen and stored at — 80 °C.

CRISPR-Cas nuclease RNP electroporation

Ribonucleoprotein (RNP) complexes were formed by complexing Cas
protein with gRNAs at 1:1.2 molar ratio and delivered to the cells with the
Neon™ Transfection System (Thermo Fisher Scientific). 200,000 PLB-985
cells were electroporated in Buffer R (1350 V, 10 ms, 3 pulses). Unless
otherwise stated, 2.7 uM of RNP complexes and 2.5 uM ssODN template
(Microsynth AG, Balgach, Switzerland) were delivered per samples. The
ssODN template is complementary to the negative strand with two 50 bp
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homology arms that flanks the AGT mutation (Supplementary Table S5).
Human CD34+- cells were cultured for 48 h after thawing, and 100,000 cells
were electroporated in Buffer T (1400 V, 10 ms, 3 pulses) containing 7.2 uM
of RNP complexes and 2.5 uM ssODN template per reaction.

Quantification of editing efficiency

Cleavage and correction efficiency were assessed by the TIDER (https://tide.
nki.nl/)*. Correction efficiency in PLB-985 single clones and CFUs were
determined by PCR-restriction fragment length polymorphism (PCR-
RFLP)". Briefly, PCR products spanning the target locus were digested with
BsrG1 and PstI (New England Biolabs, Ipswich, MA) and developed in a
7.5% polyacrylamide gel. GTGT-content was determined on size-
normalized band intensities with Image]J as previously described'.

CNV analysis with ddPCR

Copy number (CN) variation (CNV) of target genomic regions was assessed
in individual PLB-985 clones and in CD34+-derived CFUs by droplet
digital PCR (ddPCR) with the QX200 Droplet Digital PCR System (Bio-Rad
Laboratories, California, USA). Briefly, genomic DNA was digested with
Dral (20 U/uL) (New England BioLabs) at 37 °C for 1 hour and 5 minutes
heat inactivation at 65°C. The PCR reaction consisted of 1x ddPCR
Supermix for Probes (No dUTP) (Bio-Rad), 900 nM probes, 250 nM pri-
mers (IDT) (Supplementary Table S1) and 100 ng of digested DNA. For
droplet generation, 20 uL of PCR reaction mix was transferred to DG8™
Cartridges for QX200"/QX100™ Droplet Generator (Bio-Rad) and pro-
cessed as per manufacturer’s protocol. Samples were initially denatured for
10 minutes at 95 °C, then amplified with 40 cycles of denaturation (95 °C,
30 sec), annealing (61 °C, 1 min) and extension (72 °C, 1 min), with the final
10 minutes incubation at 95 °C. Droplet reading was carried out with the
QX200 Droplet Digital PCR System (Bio-Rad), and data were analyzed with
QuantaSoft Analysis Pro Software v1.0 (Bio-Rad).

CNV analysis with qPCR

Quantitative PCR (qPCR) based CNV assessment between the NCF1I loci
was performed with the QuantStudio 7 Flex Real-Time PCR System
(Thermo Fisher Scientific) and SsoAdvanced Universal SYBR Green
Supermix (Bio-Rad), as previously described".

Heterozygous SNP analysis by Sanger sequencing

Two locations carrying heterozygous single-nucleotide polymorphisms
(SNPs) in p47 CGD HSPCs (7q32.3, rs3735035 and 7q11.23, rs2286822 and
rs2286823) were identified by Sanger sequencing following targeted PCR
amplification of common SNPs on Chr7q. Edited p47 CGD HSPC-derived
CFU were analyzed by targeted PCR amplification (Supplementary
Table S2) and Sanger sequencing.

Flow cytometry

Cells were stained with a viability dye and CD11b antibody (antibodies listed
in Supplementary Table S3) with additional FcR Blocking Reagent (Miltenyi
Biotec Swiss AG, Solothurn, Switzerland) for HSCs derived cells. For p47” hox
staining, cells were permeabilized with a Fixation/Permeabilization Solution
Kit (Becton Dickinson). For dihydrorhodamine (DHR) test, surface labeled
cells were pre-incubated with 2.9 uM of DHR 123 (Sigma-Aldrich) and
150 U/mL of catalase (Sigma-Aldrich) in PBSgg (0.05% w/v gelatin, 0.09%
w/v glucose) for 15 min at 37 °C, and subsequently activated with 1 pg/mL
of phorbol 12-myristate 13-acetate (PMA) for 15 min at 37 °C°. Labelled
samples were recorded on a BD LSRFortessa™ Flow Cytometer (Becton
Dickinson), and the data were analyzed using FlowJo™ Software v10.7
(Becton Dickinson).

CAST-Seq

CAST-Seq analyses were performed on genomic DNA isolated from human
CD34+ cells of a healthy donor edited with Cas9-sgRNA1 and Cas12a-
crRNA2 as previously described”. The bioinformatics pipeline was

modified to accommodate pseudogenes: due to the high similarity of the
NCFI loci (NCFIB:NCFI:NCFIC) and their surrounding regions, the reg-
ular CAST-Seq protocol cannot discriminate the three loci. To quantify the
homology between NCFI and its pseudogenes, the surrounding region of
NCFIB was screened, extending up to 100 kb downstream of NCFIC, and
the percentage of sequence identity was calculated using global-local pair-
wise alignment. The probability of observing such a high homology by
chance was estimated through comparison of the homology score with the
empirical cumulative distribution derived from 1000 randomly generated
sequences. Because the sequence homology was highly significant (98% vs.
50% in random sequences, p value < 107*), NCF1B was selected as the
surrogate for any chromosomal rearrangements detected in this study. In
addition, the sequence chr7:73235945-75272044 includes NCFI and
NCFIC was masked to generate a custom reference genome for the CAST-
Seq analyses. Annotation for barcode hopping was included in the CAST-
Seq algorithm, and coverage analysis has been revised to reduce the
execution time by aligning the gRNAs only to the most covered regions for
each site, as previously described™*. Three technical CAST-Seq replicates
were performed on pooled samples from a healthy donor. Only sites
identified as significant hits in at least two replicates and showing a read/hit
ratio above 10 were considered as putative events.

Statistics and reproducibility

Statistical analysis was performed using GraphPad Prism 8.4.3 (GraphPad
Software, La Jolla, CA, USA). All relevant statistical analyses and sample
sizes were defined in their respective figure legends. P values were indicated
within the figures. For ddPCR data, the upper and lower limit of the con-
fidence interval was determined based on the mean copy number of the NT
group, whereby the limit was set to mean * (3 x SD) as the cutoff criterion
for detecting increased/decreased copy numbers. The outliers were con-
firmed by Z score normalization.

Inclusion and ethics

All authors have fulfilled the criteria for authorship required by Nature
Portfolio journals. Participation of all authors was essential for the design
and implementation of the study. Our research was determined in colla-
boration with local partners. Roles and responsibilities were agreed amongst
collaborators prior to the research. Our research was not severely restricted
in the setting of the researchers and did not result in stigmatization, incri-
mination, discrimination or personal risk to participants. Primary sample
collection and processing were performed in accordance with ethical
principles, applicable local laws and regulations (ethics vote KEK ZH 2015/
0135, BASEC-Nr. PB_2016-02202), with the written informed consent from
the donor’s parents for these investigations under the local rules concerning
general consent for research participation of the University Children’s
Hospital Ulm. All authors ensured research and literature sources were
taken into account in citations.

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

Data availability

All data supporting the study are available within the paper and the Sup-
plementary Information. Numerical source data of all graphs from the main
Figs. 1-5 are provided in the Supplementary Data Excel file. Primary data can
be made available upon request to the corresponding author. The CAST-Seq
data generated in this study can be accessed in the NCBI Gene Expression
Omnibus (GEO) repository under accession number GSE263692.

Code availability

All code for CAST-Seq analysis associated with the current submission is
available at https://doi.org/10.3389/fgeed.2023.1130736 and https://doi.org/
10.1016/j.ymthe.2024.03.006%,
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