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Undesired on- and off-target effects of CRISPR-Cas nucleases
remain a challenge in genome editing. While the use of Cas9
nickases has been shown to minimize off-target mutagenesis,
their use in therapeutic genome editing has been hampered
by a lack of efficacy. To overcome this limitation, we and others
have developed double-nickase-based strategies to generate
staggered DNA double-strand breaks to mediate gene disrup-
tion or gene correction with high efficiency. However, the
impact of paired single-strand nicks on genome integrity has
remained largely unexplored. Here, we developed a novel
CAST-seq pipeline, dual CAST, to characterize chromosomal
aberrations induced by paired CRISPR-Cas9 nickases at three
different loci in primary keratinocytes derived from patients
with epidermolysis bullosa. While targeting COL7Al,
COL17A1, or LAMA3 with Cas9 nucleases caused previously
undescribed chromosomal rearrangements, no chromosomal
translocations were detected following paired-nickase editing.
While the double-nicking strategy induced large deletions/in-
versions within a 10 kb region surrounding the target sites at
all three loci, similar to the nucleases, the chromosomal on-
target aberrations were qualitatively different and included a
high proportion of insertions. Taken together, our data indi-
cate that double-nickase approaches combine efficient editing
with greatly reduced off-target effects but still leave substantial
chromosomal aberrations at on-target sites.

INTRODUCTION

Targeted genome editing using designer nucleases has been success-
fully employed in clinical trials to treat various inherited genetic dis-
orders.' The CRISPR-Cas system, comprising a Cas nuclease and a
chimeric single-guide RNA (gRNA), is particularly favored for its
high efficiency, versatility, and ease of introducing precise DNA dou-
ble-strand breaks (DSBs). The prototypic Streptococcus pyogenes (Sp)
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Cas9 system—the most commonly used CRISPR-Cas platform—rec-
ognizes the target site through a 20 nt protospacer sequence specified
by the gRNA and a short 5-NRG protospacer-adjacent motif
(PAM).** Few mismatches between the guide and target sequence
can be tolerated, enabling unintended cleavage at off-target sites.”’
DSBs at on- and off-target sites are primarily repaired by non-homol-
ogous end joining (NHE]), which can lead to small insertions and de-
letions (indels) at the break site.® Alternative (alt)-NHEJ pathways,
such as DNA polymerase theta (Pol 0)-mediated end joining
(TME]), contribute to mutagenic repair of the DSBs.”'? In S-G2
phase, error-free DSB repair is enabled by the homology-directed
repair (HDR) pathway, which can be harnessed in therapeutic
genome editing by providing a DNA repair template that shares ho-

mology with the target site.' "'

To assess the safety of genome editing, off-target analyses test the
specificity of a particular Cas9-gRNA ribonucleoprotein (RNP) com-
plex. In silico tools such as Cas-OFFinder,'”” COSMID,"* and
CRISPRme'” predict potential off-target sites based on sequence sim-
ilarity to the protospacer. Experimental methods include in vitro as-
says, such as CIRCLE-seq and CHANGE-seq,'>"” or cell-based as-
says, such as GUIDE-seq'® and DISCOVER-seq.'” Importantly,
besides indel formation at on- and off-target sites, chromosomal ab-
errations are well-known genotoxic side effects of CRISPR-Cas9 edit-

20-22 23
transloca-

ing. They include large deletions, inversions,””
tions,”>** chromosomal truncations,”>*” loss of heterozygosity,*®
loss of imprinting,”® and chromothripsis.”” Methods to detect such

chromosomal aberrations include LAM-HTGTS,*** PEM—seq,’m’31
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and our recently described CAST-seq. CAST-seq is not only able
to detect large deletions and inversions at the on-target site as well as
intra- and inter-chromosomal translocations but also to nominate
off-target sites.

When guided to a specific locus, the Cas9 nuclease uses its two cleav-
age domains, HNH and RuvC, to induce a blunt-ended DSB.»* A
DI10A mutation in the RuvC domain creates a Cas9 nickase
(Cas9n) enzyme that only cleaves the strand complementary to the
gRNA, creating a single-strand break (SSB), also termed a “nick.”*
Guiding two Cas9n RNPs to opposite strands in close proximity leads
to a paired nick, causing a staggered DSB.”** Efficient DSB induc-
tion, evidenced by significant indel formation, occurs between the
nicks if they are offset by up to 100 bp.>* Consequently, off-target sites
of the respective nickases are only exposed to a single nick, which is
repaired by the high-fidelity base excision repair (BER) pathway.’
This critically lowers the genotoxic potential of paired-nickase-based
approaches compared to a DSB-inducing agent. Nonetheless, during
S phase of the cell cycle, an SSB can be converted to a DSB if the repli-
cation fork stalls and collapses at the nick site,”® leading to low levels

. . 373
of indel formation.>”®

Several studies in human cells have shown that indel formation at
known off-target sites is reduced or absent when employing nickase
approaches as opposed to CRISPR-Cas9 nuclease-based edit-
ing.”****! Moreover, chromosomal aberrations were reduced below
the limit of detection when using single-nickase editing.”*””**
Furthermore, in cells edited with paired CRISPR-Cas9 nickases,
translocations between the target site and known off-target sites could
not be detected by qualitative translocation PCR.*® However, a sys-
tematic genome-wide and sensitive analysis of on- and off-target ab-
errations in double-nickase-edited primary human cells is lacking.

To address this matter, we compared side by side the chromosomal
aberrations induced by Cas9 nucleases or nickases in primary kerati-
nocytes derived from patients with epidermolysis bullosa (EB). EB
comprises a group of rare genetic disorders characterized by impaired
skin function due to mutations in various genes. Recessive dystrophic
EB (RDEB) is caused by mutations in the COL7AI gene, while junc-
tional EB (JEB) can be caused by alterations in the COL17AI or
LAMA3 loci.” Pre-clinical research has aimed to correct these muta-
tions using CRISPR-Cas nuclease and double-nickase approaches. In
RDEB keratinocytes, a double-nickase approach combined with sin-
gle-stranded oligodeoxynucleotides (ssODNs) achieved a correction
of up to 21% of COL7A1 alleles using HDR.*"*** Similarly, paired
Cas9n or Cas9 nuclease approaches have been used to efficiently cor-
rect COL17AI mutations through NHE] reframing or HDR."***

In order to analyze the induction of gross chromosomal aberrations
resulting from Cas9 double-nickase editing, we designed a novel
CAST-seq pipeline, termed dual (D)-CAST. D-CAST is a further
development of T-CAST,* an algorithm that was developed to eval-
uate TALEN-edited samples. Analyzing EB patient-derived keratino-
cytes edited at the loci COL7A1, COL17A1, or LAMA3, we identified

chromosomal rearrangements only in Cas9-nuclease-edited cells and
confirmed mutagenic DNA repair at these previously unknown off-
target sites using targeted amplicon sequencing. Our analyses under-
score the high specificity and sensitivity of the D-CAST pipeline in
detecting off-target-mediated translocations (OMTs) from sites that
harbor indels at a frequency as low as 0.47%. No translocations could
be detected after single- or paired-nickase editing for any of the loci,
confirming the good safety profiles of these strategies. Conversely,
D-CAST revealed that chromosomal aberrations at the on-target
site, such as large deletions, were prominent in double-nickase-edited
cells, representing an unwanted editing outcome that was indepen-
dently confirmed by long-read sequencing.

RESULTS

Double-nickase-based genome editing prevents chromosomal
translocations

To test in a genome-wide manner whether single- or double-nickase
editing would lead to translocations with potential off-target sites in
clinically relevant cells, we firstly used D-CAST to analyze cells
treated with well-characterized, highly efficient SpCas9 (hereafter
called Cas9)-based RNPs targeting the COL7AI gene located on the
p arm of chromosome 3 (Figure 1A). These RNPs have previously
been used for an HDR-based correction of the 425A>G mutation in
exon 3 of COL7A1, causing the severe recessive dystrophic form of
RDEB.""** Patient-derived keratinocytes (RDEB223, homozygous
c.425A>G) were electroporated with different RNPs: single-nuclease
approaches using either Cas9-gRNA1 (gl) or Cas9-gRNA2 (g2) to
induce blunt-ended DSBs at the respective target sites, a paired
Cas9n approach using Cas9n-gl and Cas9n-g2 (Cas9n-gl+2) simul-
taneously to induce a staggered-end DSB, or single-nickase ap-
proaches using either Cas9n-gl or Cas9n-g2 to induce SSBs (Fig-
ure 1A). Genomic DNA was extracted after a week and on-target
activity determined using next-generation sequencing (NGS)-based
amplicon sequencing. The indel frequencies were high for all DSB-
inducing conditions at about 98% for Cas9-gl, Cas9-g2, and
Cas9n-gl+2 (Figure S1A). As described before,”**” significant forma-
tion of indels was also detected when inducing SSBs, albeit at substan-
tially lower frequencies of about 0.3%. The presence of indels in these
samples likely indicates conversion of SSBs into DSBs at a low level
(Figure S1A).

The same genomic DNA was subjected to CAST-seq analyses (sche-
matic workflow shown in Figure S1B) using bait and decoy primers
directed at the COL7A1 target site (Figures S1C and S1D). The se-
quences that were fused to the on-target site were subsequently map-
ped to the genome to identify and classify induced chromosomal re-
arrangements. D-CAST is a further development of the T-CAST
bioinformatic pipeline that was recently developed for TALENS,
which improved the classification of the identified rearrangements
into OMTs, homology-mediated translocations (HMTs), and non-
classified break sites (NBSs).**** Importantly, to account for potential
off-target editing and subsequent translocations caused by either RNP
in the double-nickase approach, the D-CAST pipeline was adapted
for concomitant use of two gRNAs (see materials and methods).
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Figure 1. Off-target (OT) effects of paired nickases targeting the COL7A1 locus

(A) Schematic representation of the COL7AT locus on chromosome 3. The positions of the two used gRNAs are highlighted in blue, the protospacer-adjacent motif (PAM) in
purple, and the cleavage sites by red triangles. Patient-specific mutation ¢.425A>G is shown in red with an asterisk. (B) Chromosomal rearrangements. Gircos plots summarize
the CAST-seq results of single-nuclease- or double-nickase-edited cells. Aberrations at the on-target site are indicated in green, while OT-mediated translocations (OMTs) are
showninred. (C) OT sites. Shown are the chromosomal coordinates of the nominated OT sites for Cas9-g1, the number of CAST-seq hits for each OT, and the alignment to the
on-target site. (D) OT activity. Listed are the percentages of indels detected at each nominated OT using NGS. Asterisks denote significant indel frequencies compared to the
untreated (UT) sample. “D” indicates numbers stemming from DECODR analysis upon Sanger sequencing and “X” marks previously identified OTs.

Previous off-target analyses for these COL7AI-targeting nucleases  additional OMTs in the Cas9-gl-edited cells, while no OMTs were
based on in silico prediction and an in vitro assay detected one prom-  detected for any of the other editing approaches (Figures 1B, 1C,
inent off target for Cas9-gl in chromosome 7.*' D-CAST identified 17 and S1E; Table S1). The D-CAST-nominated off-target sites had up
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to four mismatches in comparison to the COL7AI target site (Fig-
ure 1C). Targeted amplicon sequencing revealed significant mutagen-
esis, with up to 93% of alleles carrying indels, at all but one nominated
off-target site (Figure 1D). This included the previously identified off
target in chromosome 7 (OT4) as well as two in silico predicted off-
target sites (OT12 and OT14).*" The remaining 14 off-target sites
(i.e., >80% of all off targets) were newly identified by D-CAST.
Despite high on-target activity in the double-nickase-edited cells
with 97% of edited COL7AI alleles, significant indel formation
(0.09%) could only be detected at OT4 (Figure 1D). Yet, this low
off-target activity did not lead to detectable translocations (Figure 1B).
Similarly, single-nickase editing induced indels at OT4 (0.16%), but
chromosomal rearrangements were not detected (Figures 1D and
S1E; Table S1). In sum, these data confirm that D-CAST is highly sen-
sitive and specific in detecting chromosomal translocations elicited by
concomitant on- and off-target activity. Using the novel CAST-seq
pipeline that accounts for simultaneous editing with two gRNAs,
we show that a paired-nickase approach combines high on-target ac-
tivity with an improved safety profile when compared to the cognate
CRISPR-Cas9 nucleases.

Double-nickase editing induces chromosomal aberrations at

the target site

We noticed that the number of CAST-seq hits detected at the COL7A 1
target site were higher in the double-nickase-edited samples as
compared to nuclease- or single-nickase-treated samples (Table S1).
This high count implied an increased number of large chromosomal
aberrations at the on-target site, such as large deletions and inversions.
To visualize on-target aberrations, the CAST-seq read coverage within
aregion of +10 kb around the COL7A1 target site was depicted for the
different editing approaches (Figure 2A). The coverage plot for the
untreated sample exposed a narrow peak at the cleavage position,
representing a few cases in which the decoy primer did not prevent
on-target amplification or did not bind due to short fragmentation.
Visually, large deletions around the on-target site were present in
both Cas9-gl- and Cas9-g2-nuclease-edited samples, whereas the sin-
gle-nickase-edited samples displayed a low frequency of large dele-
tions. The double-nickase-edited cells showed the highest number of
large deletions and inversions at the COL7A1 target site. Of note,
CAST-seq only detects large deletions in the sequencing direction.

To confirm the D-CAST results, a 5 kb amplicon spanning the
COL7ALI target site in edited cells was sequenced using Nanopore

Molecular Therapy

MinION long-read sequencing. The presence of chromosomal aber-
rations in Cas9-g2- and Cas9n-gl+2-edited cells could already be in-
ferred from the different lengths of the PCR amplicons encompassing
the target site (Figure S2A). When plotting the positions of these de-
letions for each edited sample, it became evident that the deletion
peaks for the Cas9-nuclease-edited samples were high and narrow
(Figure 2B), consistent with the analysis of the short-read sequencing
demonstrating that the majority of editing outcomes were 1-2 bp de-
letions at the cut site (Figures S2B and S2C). While the deletion
coverage peak was considerably broader for the Cas9n-gl+2 dou-
ble-nickase sample (Figures 2B and S2C), no deletions were detected
in single-nickase-edited samples (Figure S2D).

We next quantified and categorized the CAST-seq-derived read
coverage plots and Nanopore-derived deletion coverage plots. For
CAST-seq, we calculated both the presence of large (>200 bp) aberra-
tions (deletions and inversions) as a percentage of the total on-target
reads as well as the mean deletion length (Figure 2C; calculations in
materials and methods). Consistent with the visual representation
in the coverage plots, the Cas9n-gl+2 double-nickase samples dis-
played the highest percentage (up to 50%) of large on-target aberra-
tions compared to 12% and 32% for Cas9-gl and Cas9-g2 nuclease
samples, respectively (Figure 2C). Similarly, the mean deletion length
was highest for Cas9n-g1+2 double-nickase samples (Figure 2C). This
is in line with the long-read sequencing quantifications where reads
containing deletions spanning the on-target site were categorized
into (1) intermediate deletions (50-199 bp) and large deletions of
(2) 200-999 bp or (3) >1,000 bp (Figure 2D; Table S4). While editing
with Cas9-g2 caused more intermediate and large deletions compared
to Cas9-gl, double-nickase editing at the COL7A1 locus led to a ~2-
fold increase in intermediate and large deletions compared to the nu-
cleases (Figure 2D; Table S4). In addition to the deletions, a large
number of insertions of >10 bp were detected in a window of
200 bp around the cleavage site for the double-nickase-edited sample
only, which likely represents overhang fill in (Figure 2D; Table S4).
These observations fit with a more detailed analysis of the COL7A1
on-target short-read amplicons using the Sequence Interrogation
and Quantification (SIQ) PlotteR,*® which analyzes mutational pro-
files and classifies repair events. The SIQ PlotteR output confirmed
that double-nickase editing led to qualitative differences in DNA
repair and led to an increased number of insertions in the form of tan-
dem duplications, i.e., duplications of the sequences adjacent to the
cut site, as well as templated insertions (Figure 2E). Altogether,

Figure 2. On-target aberrations at the COL7A1 locus

(A) Chromosomal aberrations at the on-target site. The CAST-seq coverage plots show all reads mapped to a +10 kb region around the on-target site. The sequencing
direction of the bait primer is indicated by a black arrow. The x axis indicates the chromosomal coordinates, the y axis the log2 read count per million (CPM), and the dotted
line the cleavage site. Deletions (DELs) are shown in orange and inversions (INVs) in purple. (B) Long-read sequencing. A 5 kb fragment encompassing the target site was
subjected to Nanopore sequencing. The DEL coverage plots indicate the DEL frequency (y axis) per position (x axis). All reads were normalized to the total number of reads
per sample, and the values obtained from the UT control were subtracted to decrease sequencing bias. (C) Quantification of CAST-seq coverage. The percentage of large
chromosomal aberrations was calculated as the fraction of CAST-seq reads within a +10 kb window around the cleavage site that were more than 200 bp away from the
target site. The mean DEL lengths were calculated within a +10 kb window around the target site. (D) Quantification of long-read sequencing. Reads of indicated samples
were classified into differently sized DELs or insertions. (E) On-target alterations. SIQ PlotteR analysis of the COL7AT target site edited with the different indicated RNPs based
on NGS-based short-read amplicon sequences. (F) Quantification of long-read sequencing. Reads were classified into differently sized DELs or insertions as in (D), but the
indicated samples were edited in the presence of an ssODN (single-stranded oligodeoxynucleotide).
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double-nickase editing can induce substantial on-target aberrations,
which can be directly analyzed by D-CAST.

In order to determine how on-target aberrations may be altered in the
presence of a repair template to correct the patient mutation, COL7A1
editing was repeated in the presence of a 111-bp-long ssODN that
contains three nucleotide substitutions: the c.425G>A patient correc-
tion and mutations in both PAM sequences (c.426+7C>A,
.426+2G>T; Table $6).** The highest correction of the patient muta-
tion (26% of reads) was observed for the dual-nickase-edited samples,
whereas only 9.8% and 7.6% of reads contained the corrected patient
mutation in the Cas9-gl- and Cas9-2-edited samples, respectively
(Table S6). The insertions detected in the single-nuclease-edited sam-
ples were, at least partly, due to oligo capturing of the repair template
(Figure 2F). More large deletions were detected for the double-nick-
ase-edited samples in the presence of the ssODN, while insertions
were reduced (Figures 2F and S2E; Table S4).

Editing at the COL17A1 locus confirms improved safety of the
double-nickase approach

To confirm the finding that double-nickase editing abolishes the emer-
gence of chromosomal translocations seen in nuclease-based editing, a
second locus was chosen for CAST-seq analysis. JEB patient-derived
keratinocytes (COL17A1, homozygous ¢.3899_3900delCT) were edited
with the previously published COL17A1-targeting CRISPR-Cas9 nu-
cleases or nickases complexed with gRNAs g3 and g4 (Figure 3A).**
Activity at the COL17A1 target locus was high for all DSB-inducing
conditions, with 94%, 96%, and 97% of edited alleles for Cas9-g3,
Cas9-g4, and Cas9n-g3+4, respectively (Figures S3A and S2B). Low
but significant formation of indels (0.61% and 0.31% for Cas9n-g3
and Cas9n-g4, respectively) was detected when inducing SSBs (Fig-
ure S3B). D-CAST, performed with one decoy primer that prevented
amplification of the target site in unedited cells (Figure S3C), revealed
four OMTs in Cas9-g3-edited cells, including translocations with two
previously identified off-target sites in chromosomes 1 and 17," as
well as two newly identified off targets in chromosomes 6 and 3
(Figures 3B and 3C; Table S2). OT4 had five mismatches in comparison
to the COLI7A1 target site (Figure 3C). For Cas9-g4-treated cells, one
OMT with a novel off-target site in chromosome 16 was detected
(Figures 3B and 3E; Table S2). Gross chromosomal aberrations were
neither detected in the double-nickase nor in the single-nickase ap-
proaches (Figures 3B and S3D; Table S2). NGS-based targeted ampli-
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con sequencing revealed significant indel formation at all CAST-seq-
nominated off-target sites in Cas9-g3- (Figure 3D) and Cas9-g4-edited
cells (Figure 3F), while none of them were edited over background
levels in the paired-nickase- or the respective single-nickase-edited
samples. Overall, these data confirm that translocations that are
induced by off-target editing in nuclease-treated cells are eliminated
when employing double-nickase editing.

CAST-seq coverage plots of the COL17A1 target region (+10 kb)
showed that editing with all DSB-inducing agents (Cas9-g3, Cas9-
g4, Cas9n-g3+4) led to a considerable number of large deletions
and inversions (Figure 3G). Chromosomal aberrations at the
COLI7A1 target site were greatly reduced in the single-nickase-edited
samples (Figure S3E). Quantification of the CAST-seq on-target reads
at the COL17A1 locus demonstrated that the percentage of on-target
aberrations and the mean deletion length were similar between the
single-nuclease and the double-nickase samples (Figure 3H). Long-
read Nanopore sequencing of a 5 kb amplicon spanning the
COL17A1 target site showed a higher percentage of long deletions
in the Cas9-g3 sample, mainly due to an increased number of very
large deletions of >1,000 bp (Figures 3I and S3F; Table S5). This is
consistent with the CAST-seq coverage plot of Cas9-g3, which dis-
plays the highest spread of reads of all samples (Figure 3G). Again,
in the presence of an ssODN repair template to correct the patient
mutation®® (correction efficiency 8.17%; Table S6), the fraction of
larger deletions increased in the double-nickase-edited samples
(Figures 3I and S3F; Table S5). Analyzing the COLI7AI short-read
on-target amplicons with the SIQ PlotteR confirmed more templated
insertions in the double-nickase-edited samples when compared to
CRISPR-Cas9-treated samples (Figure S3G).

Establishing a novel paired-nickase strategy for LAMA3

Last, a novel double-nickase approach targeted at the LAMA3 locus,
located on the q arm of chromosome 18, was established. Two
gRNAs, g5 and g6, were designed, with gRNA g6 being mutation spe-
cific (Figure 4A). Upon electroporation of JEB patient-derived kerati-
nocytes (LAMA3, homozygous c.466_467delCA) with CRISPR-Cas9
nucleases or nickases, 91%-97% of LAMA 23 alleles were edited for the
DSB-inducing conditions (Cas9-g5, Cas9-g6, and Cas9n-g5+6;
Figures S4A and S4B). Low but significant formation of indels
(0.73% and 0.24% for Cas9n-g5 and Cas9n-g6, respectively) was de-
tected in the single-nickase samples (Figure S4B). Due to the high GC

Figure 3. On-target and OT effects of paired nickases targeting COL17A1

(A) Schematic representation of the COL17A1 locus on chromosome 10. Positions of the two gRNAs are highlighted in blue, the PAM in purple, and the cleavage sites by red
triangles. Patient-specific mutation ¢.3899_3900delCT is shown in red with an asterisk. (B) Chromosomal rearrangements. Circos plots summarize the CAST-seq results of
single-nuclease- or double-nickase-edited cells. Aberrations at the on-target site are indicated in green, while OMTs are shown in red. (C-F) OT activity. Shown are the
chromosomal coordinates of the nominated OT sites, the number of CAST-seq hits for each OT, and the alignment to the on-target site for Cas9-g3 (C) and Cas9-g4 (E), as
well as the fraction of indels detected at each nominated OT using NGS for Cas9-g3 (D) and Cas9-g4 (F). Asterisks indicate significant indel frequencies compared to UT
sample. “X” marks previously identified OTs. (G) Chromosomal aberrations at the on-target site. The CAST-seq coverage plots show all reads mapped to a +10 kb region
around the COL17AT1 target site. The sequencing direction of the bait primer is indicated by a black arrow. The x axis indicates the chromosomal coordinates, the y axis the
log2 read CPM, and the dotted line the cleavage site. DELs are shown in orange and INVs in purple. (H) Quantification of CAST-seq coverage. The percentage of large
chromosomal aberrations was calculated as the fraction of CAST-seq reads within a +10 kb window around the cleavage site that were more than 200 bp away from the
target site. The mean DEL lengths were calculated within a 10 kb window around the target site. () Quantification of long-read sequencing. Reads of indicated samples were
classified into differently sized DELs or insertions. ssODN indicates the presence of a repair template.
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content of the LAMA3 target region, the design of CAST-seq primers
was difficult, and different decoy primers were used for the two
different target sites (Figures S4A and S4C). In cells edited with
Cas9-g5, an OMT event between the LAMA3 target site and a site
located on the same chromosome some 25.5 Mb downstream was de-
tected (Figures 4B; Table S3). Although the nominated off-target site
possesses high sequence similarity to the protospacer targeted by
gRNA5, with only one mismatch and one bulge (Figures 4C;
Table S3), targeted amplicon sequencing did not uncover indel for-
mation (Figure 4D). On the other hand, the 25 Mb chromosomal
deletion in the Cas9-g5-edited sample could be verified using a diag-
nostic PCR involving a forward primer at LAMA3 and a reverse
primer at OT1 (Figure S4D). Sequencing of this PCR amplicon
confirmed the presence of a chromosomal rearrangement between
LAMA3 and OT1 with junctions at the two cleavage sites (Fig-
ure S4D). No rearrangement could be detected after double-nickase
editing (Figures 4B and S4D). The coverage plots encompassing
a +£10 kb region around the target sites showed a comparable distri-
bution of large deletions and inversions at the LAMA3 locus reg-
ardless of whether DSBs were induced by Cas9-g5, Cas9-g6, or
Cas9n-g5+6 (Figure 4E). The number of on-target aberration reads
was highest in Cas9-g6-edited samples (around 50%) and displayed
the longest mean deletion length (Figures 4E and 4F), which was
confirmed by Nanopore long-read sequencing of the LAMA3 target
site (Figures 4G and S4E; Table S5). In line with the previous data
of the COL7A1 and COL17A1 loci, a large proportion of insertions
was detected in the double-nickase-edited sample by long-read
sequencing (Figure 4G; Table S5), and the SIQ PlotteR analysis
confirmed an increased fraction of tandem duplications and tem-
plated insertions in Cas9n-g5+6-edited samples when compared to
nuclease-treated cells (Figure S4F).

In toto, our results indicate that the extent of on-target aberrations is
highly dependent on the genome-editing modality that is used to edit
a target locus. While single nicks leave little damage to the genome,
the creation of DSBs by nucleases or paired nickases inevitably leads
to genomic structural variations in a substantial fraction of
target alleles. Notably, a staggered DSB appears to alter the quality
of DNA repair, resulting in more templated insertions at all three loci.

DISCUSSION
We show here for the first time a comprehensive genome-wide anal-
ysis of chromosomal aberrations that are associated with CRISPR-
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Cas9 double-nickase-based editing in clinically relevant human cells.
Targeting three EB-causing mutations in three different genomic loci
(COL7AI, COL17A1, LAMAS3) in three EB patient-derived primary
keratinocytes, our data demonstrate that frequent and prominent
chromosomal rearrangements induced by off-target editing of Cas9
nucleases are eliminated when the same gRNAs were combined in
paired-Cas9n approaches. Of note, allelic on-target editing fre-
quencies with the paired-nickase strategy reached over 90% at all
three loci and was on par with the respective CRISPR-Cas9 nuclease
approaches. The excellent safety profile of paired-nickase editing is
based on the fact that single off-target nicks are repaired by precise
BER™ and are not prone to trigger chromosomal translocations,
which are mostly mediated by classical NHEJ***”** but can also
form as a result of alt-NHEJ pathways.'”*” For example, while the
fraction of indels at identified off-targets in Cas9-nuclease-edited cells
reached up to 93%, the corresponding nickases caused almost no in-
dels at the same sites and did not elicit any detectable translocations.

On the other hand, on-target aberrations, such as large deletions and in-
versions, have been a hallmark of the genotoxicity profile of a designer
nuclease. Although we observed target-locus-specific differences, it is
safe to postulate that all DSB-inducing agents, including paired nickases,
induce substantial on-target aberrations, the extent of which islocus and
target specific. This is consistent with the observations in a previous
study investigating large deletions as a result of Cas9 nuclease or Cas9
double-nickase editing using a ddPCR approach.*® Large deletions at
the on-target site have been shown to arise from the alt-NHE] microho-
mology-mediated end-joining pathway, in particular TMEJ." " As
described before,”® our analysis of double-nickase-edited cells
confirmed an increase in the frequency of templated insertions, a hall-
mark of TME] repair.”' An increase in TME] after double-nickase edit-
ing could thus favor the formation of large deletions, which could
possibly be prevented by the use of small-molecule inhibitors of Pol
0.°">2 Of note, double-nickase-edited cells also displayed an increased
number of 5 overhang fill in or tandem duplications, which are a repair
result of DNA breaks with protruding ends” and are unlikely to
contribute to larger-scale on-target rearrangements. Notably, the pres-
ence of an ssODN repair template had little effect on the extent of chro-
mosomal aberrations induced by the dual-nickase approach. The rea-
sons for this remain unclear and should be addressed in future studies.

On-target aberrations are directly detected and visualized by CAST-
seq, giving the advantage of looking at on-target and off-target effects

Figure 4. On-target and OT effects of paired nickases targeting LAMA3

(A) Schematic representation of the LAMAS locus on chromosome 18. Positions of the two gRNAs are highlighted in blue, the PAM in purple, and the cleavage sites by red
triangles. Patient-specific mutation ¢.466_467delCA is shown in red with an asterisk. (B) Chromosomal rearrangements. Circos plots summarize the CAST-seq results of
single-nuclease- or double-nickase-edited cells. Aberrations at the on-target site are indicated in green, while the OMT is displayed in red. (C and D) OT activity. Shown is the
chromosomal coordinate of the nominated OT site for Cas9-g5, the number of CAST-Seq hits, and the alignment to the on-target site (C), as well as the fraction of indels
detected at the nominated OT using NGS (D). (E) Chromosomal aberrations at the on-target site. The CAST-seq coverage plots show all reads mapped to a +10 kb region
around the LAMAS target site. The sequencing direction of the bait primer is indicated by a black arrow. The x axis indicates the chromosomal coordinates, the y axis the log2
read CPM, and the dotted line the cleavage site. DELs are shown in orange and INVs in purple. (F) Quantification of CAST-seq coverage. The percentage of large chro-
mosomal aberrations was calculated as the fraction of CAST-seq reads within a +10 kb window around the cleavage site that were more than 200 bp away from the target
site. The mean DEL lengths were calculated within a £10 kb window around the target site. (G) Quantification of long-read sequencing. Reads of indicated samples were
classified into differently sized DELs or insertions. ssODN indicates the presence of a repair template.
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with the same assay. This will facilitate the identification of safe
genome-editing tools in terms of both reduced off-target activity as
well as minimal on-target aberrations. We demonstrated that a large
fraction (up to 50%) of aberrations at the on-target site exceed a size
of £200 bp around the cleavage site, which would be missed by stan-
dard NGS-based short-read sequencing. Of note, one limitation of
CAST-seq is that large deletions at the on-target site cannot be distin-
guished from templated insertions due to the short sequencing length.
Some of the reads that were classified as large deletions could there-
fore stem from templated insertions, which were particularly highly
present in the paired-nickase samples. However, the long-read
sequencing data overall confirmed the CAST-seq/D-CAST data, in
particular the high number of large deletions that are also present
in the paired-nickase sample. CAST-seq is therefore well suited to
compare on-target aberrations caused by different editing modalities
or different gRNAs targeting the same locus.

The genome-wide analysis presented here using CAST-seq entails
several distinct advantages over previous analyses that investigated
nickase-induced off-target editing and translocations. Even though
different lines of research have demonstrated reduced off-target indel
formation and chromosomal aberrations when using nickases, the
majority of these studies were conducted in transformed cell lines
such as HEK293T,”%** K562, or HeLa>® cells, all of which harbor
anomalous karyotypes and altered DNA damage sensing and repair
mechanisms. Furthermore, previous studies almost exclusively
focused on investigating predicted or already known off-target sites
rather than searching for off-targets in an unbiased and genome-
wide manner.”***™*' When HTGTS was used in HEK293T cells
and induced pluripotent stem cells as a first genome-wide assessment
of nickase-induced large-scale chromosomal rearrangements, no
translocations to off-target sites were identified in single- or dou-
ble-Cas9n approaches.”> *>*” As opposed to comparable assays,
CAST-seq has proven to be highly sensitive, detecting one chromo-
somal aberration in 10,000 cells.”’> And, in contrast to HTGTS,
CAST-seq is performed with only 500 ng of input genomic DNA
for each analysis (25 pg for HTGTS), making it amenable to the anal-
ysis of precious primary patient material or post-treatment follow-up.

Compared to previous in silico off-target prediction and in vitro off-
target assays used to characterize the specificity of the employed
gRNAs for COL7A1 and COL17A1, the strategy described in this study
was more sensitive and more specific in identifying off-target effects in
that it detected a higher number of off-target sites and all but one of
them could be confirmed. Of note, CAST-seq has a sensitivity of de-
tecting 1 chromosomal rearrangement in 10,000 cells, which is
10-fold higher than the 0.1% detection limit of NGS-based amplicon
sequencing. This may explain why no indels were detected at the pre-
dicted off-target site for LAMA3 Cas9-g5, although the translocation
that was identified by CAST-seq could be confirmed via direct PCR
with chromosomal fusion precisely at the predicted cleavage sites.

In order to assign detected off-target effects to one or the two
gRNAs used in paired-nickase approaches, the D-CAST pipeline

was developed and is available for use along with the original
CAST-seq™* and T-CAST* pipelines. D-CAST not only allows for
the simultaneous use of two gRNAs (either two nickases or two nu-
cleases) but also incorporates some of the improvements that were
developed for T-CAST, such as improved prediction of the off-target
editing site. In conclusion, given that double-nickase editing is
equally efficient at gene disruption and, when combined with a tem-
plate for homologous recombination, can result in similar or higher
HDR frequencies compared to nuclease-based editing,****™° this
safe strategy represents an attractive alternative to CRISPR-Cas9-
based genome editing, especially in situations where target- or
mutation-specific constraints prevent the design of highly specific
gRNAs.

MATERIALS AND METHODS

Patient-derived keratinocytes

For the generation of primary cell lines, tissue samples were obtained
upon written informed consent at the Department of Dermatology
and Allergology, University Hospital Salzburg. Ethical approval was
granted by the ethics committee of the county of Salzburg (vote
numbers: 415-E/2118/9-2017 and 415-E/2118/43-2023). All proced-
ures described in this study are in full accordance with Austrian legis-
lation and with the Declaration of Helsinki. No animals were used in
this study.

For the enzymatic separation of the epidermis from the dermis, the
skin biopsies (3-8 mm) were incubated on a shaker overnight at
4°C in CNT-PRIME medium (CELLnTEC) supplemented with 1x
Dispase IT (Roche, 100x Stock solution = 250 mg in 50 mL PBS). Af-
ter separation of the two skin layers, the epidermis was floated on top
of a drop of a 1x trypsin/EDTA solution (Sigma-Aldrich) for enzy-
matic isolation of human keratinocytes. After inactivation with che-
laxed hyClone calf serum (Thermo Scientific, Waltham, MA, USA)
diluted (1:10) in PBS, the cells were pelleted at 200 g for 5 min at
room temperature and seeded into collagen I (Sigma-Aldrich) pre-
coated cell culture plates. Primary RDEB and JEB keratinocytes
were cultivated in CNT-PRIME medium supplemented with
50 mg/mL Primocin (InvivoGen) and maintained at 37°C and 5%
carbon dioxide in a humidified incubator.

Oligonucleotides and gRNAs

All gRNA sequences, primers for CAST-seq, primers for NGS-based
amplicon and primers for long-read nanopore
sequencing are listed in Table S7. The gRNAs were ordered from In-
tegrated DNA Technologies (IDT). ssODN sequences are listed in
Table Sé6.

sequencing,

Electroporation

Electroporation of RNPs into keratinocytes was performed using the
Neon transfection system (Thermo Scientific) under the following
conditions: 1,400 V, 20 ms, 2 pulses. 250,000 cells were treated with
Alt-R SpCas9 Nuclease V3 or Alt-R SpCas9 D10A Nickase V3
(IDT) together with the gRNA (IDT) at a ratio of 4:1 (3 pg +
750 ng). In indicated experiments, 250 ng ssODN was added to the
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electroporation reaction. Genomic DNA from RNP-treated keratino-
cytes was isolated 1 week post-transfection.

CAST-seq analysis

Genomic DNA was extracted using the ReliaPrep Blood gDNA Mini-
prep System kit (Promega) according to the manufacturer’s protocol.
CAST-seq analyses were performed as previously described*” but with
the following modifications: enzymatic fragmentation of the genomic
DNA was aimed at an average length of 500 bp. CAST-seq libraries
were sequenced on a NovaSeq 6000 using 2x 150 bp paired-end
sequencing (GENEWIZ, Azenta Life Sciences). For each sample, two
technical replicates were run and analyzed. Only sites that were de-
tected as significant hits in both technical replicates were further
analyzed by targeted amplicon sequencing. CAST-seq results are pro-
vided in Tables S1 (COL7AI samples), S2 (COLI17AI), and S3
(LAMA3).

The CAST-seq bioinformatic pipeline was adjusted for the simulta-
neous use of two gRNAs. Each spacer sequence was separately aligned
to the putative sites, and therefore each spacer received its own score
and p value derived from an empirical cumulative distribution func-
tion on random sequences. Sites under investigation were labeled as
OMT if any of the two p values reached the cutoff of 0.005 (vs. 0.05
previously used** to reduce false positive OMTs). The definitions of
HMT and NBS were not affected by the use of the two gRNAs.
Further adjustments to the CAST-seq algorithm include barcode hop-
ping annotation and coverage analysis to speed up the execution time
by aligning the gRNAs only to the most covered regions for each site,
as described for T-CAST.>

CAST-seq read coverage was plotted as follows: the +10 kb window
around the on-target site was divided into bins of 100 bp, and all reads
falling in a respective bin were displayed as log2 read counts per
million. Quantifications of the CAST-seq coverage plots were calcu-
lated the following way: % large aberrations = sum of all reads in
bins >200 bp from the cleavage site/sum of all reads in all bins.
Mean deletion length = sum of (count of deletion reads * distance
from the cleavage site)/sum of all deletion reads. Deletion reads are
all negative or positive reads depending on the CAST-seq read
orientation.

Short-read sequencing

80 ng genomic DNA was used as a template for amplification via a 30
cycle PCR using Q5 Hot Start High-Fidelity DNA Polymerase (New
England Biolabs [NEB]) using primers listed in Table S7. PCR frag-
ments were purified using the QIAquick PCR Purification Kit (-
QIAGEN), subjected to Sanger sequencing (Eurofins Genomics),
and analyzed using DECODR.”” Alternatively, purified PCR products
were pooled and prepared for NGS using the NEBNext Ultra II DNA
Library Prep Kit for llumina (NEB) and sequenced on Illumina Hi-
Seq or NovaSeq platforms with 2 x 150 bp read length (GENEWIZ,
Azenta Life Sciences). Reads were analyzed using the CRISPResso2
package® with the following settings: window of 20 around the cleav-
age site, quality 30, ignoring substitutions. For double-nickase-edited
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samples, a window of 40 was set around the middle of the two cleav-
age sites. In one case (Figure 3D, OT1%), insertions were ignored due
to a minor amplification of an unspecific fragment. Significance was
determined using CRISPResso Compare.

Long-read sequencing

A 5Kkb amplicon spanning the COL7A1 target site was amplified from
200 ng genomic DNA by a 30 cycle PCR using KAPA HiFi HotStart
PCR Kit (Roche) using primers listed in Table S7. PCR fragments
were purified using AMPure XP beads (Beckman Coulter) at a 1.8:1
bead-to-sample ratio. Libraries were prepared using the Nanopore
Ligation Sequencing Kit V14 (SQK-LSK114) (COL7A1) or the Native
Barcoding Kit 24 V14 (SQK-NBD114.24) (COL7A1+ssODN, CO-
L17A1+ssODN, LAMA3) according to the manufacturer’s protocol
and sequenced on a MinION Flow Cell. Reads were demultiplexed
by employing a custom pipeline that allows up to 4 mismatches in
the barcode sequence.” Obtained reads were aligned using Minimap2
v.2.24-r1122% and further processed with SAMtools.®' Deletions and
insertions were counted from the cigar string in a window of 200 bp
around the cleavage site using a custom script. Deletion read coverage
was calculated by subtracting the read coverage with deletions from
the read coverage without the deletions and by normalizing the reads
to the total reads for each sample. The values obtained from the un-
treated control were subtracted from the treated samples to decrease
sequencing bias. Insertion sequences were extracted from the SAM
file and aligned to the reference amplicon using a BLAST-like algo-
rithm (LAST v.1411).%

Translocation PCR

50 ng genomic DNA was used as input for a 50 cycle PCR using Q5
Hot Start High-Fidelity DNA Polymerase (NEB) employing primers
listed in Table S7. The amplified product was gel purified using the
QIAquick Gel Extraction Kit (QIAGEN), sent for Sanger sequencing
(Eurofins Genomics), and aligned to LAMA3 and OT1 using
SnapGene (Dotmatics).

DATA AND CODE AVAILABILITY

Data generated or analyzed during this study are included in this
article and its supplemental data files. The D-CAST code is available
on GitHub (https://github.com/AG-Boerries/CAST-Seq). Raw data
were deposited in the Gene Expression Omnibus repository and are
publicly available under the accession number GEO: GSE241780.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
1016/j.ymthe.2024.03.006.
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