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Comprehensive genome-wide studies are needed to assess the
consequences of adeno-associated virus (AAV) vector-medi-
ated gene editing. We evaluated CRISPR-Cas-mediated on-
target and off-target effects and examined the integration of
the AAV vectors employed to deliver the CRISPR-Cas compo-
nents to neonatal mice livers. The guide RNA (gRNA) was spe-
cifically designed to target the factor IX gene (F9). On-target
and off-target insertions/deletions were examined by whole-
genome sequencing (WGS). Efficient F9-targeting (36.45% ±
18.29%) was apparent, whereas off-target events were rare or
below the WGS detection limit since only one single putative
insertion was detected out of 118 reads, based on >100 compu-
tationally predicted off-target sites. AAV integrations were
identified by WGS and shearing extension primer tag selection
ligation-mediated PCR (S-EPTS/LM-PCR) and occurred pref-
erentially in CRISPR-Cas9-induced double-strand DNA breaks
in the F9 locus. In contrast, AAV integrations outside F9 were
not in proximity to any of �5,000 putative computationally
predicted off-target sites (median distance of 70 kb). Moreover,
without relying on such off-target prediction algorithms, anal-
ysis of DNA sequences close to AAV integrations outside the F9
locus revealed no homology to the F9-specific gRNA. This
study supports the use of S-EPTS/LM-PCR for direct in vivo
comprehensive, sensitive, and unbiased off-target analysis.

INTRODUCTION
CRISPR-Cas9-mediated gene editing has been shown to be therapeu-
tically beneficial in several preclinical disease models.1–3 Moreover,
the first gene-therapy trials yielded encouraging results.4,5 Typically,
CRISPR-Cas9-based gene editing results in a double-strand DNA
break (DSB) at a specific chromosomal locus, catalyzed by the Cas9
nuclease. Alternatively, Cas9 nickases have been employed to cause
single-strand DNA nicks. This DNA cleavage specificity is deter-
mined by the binding of the specific guide RNA (gRNA) to the corre-
sponding DNA target sequences and the gRNA-mediated recruit-
ment of Cas9 to the target locus.6–9 Typically, DSBs are repaired by
non-homologous end joining (NHEJ) requiring canonical cellular
factors. However, this NHEJ repair process is not error-proof and re-
sults in nucleotide insertions and deletions (indels) at the DSB.10

Alternatively, DNA breaks can be repaired by microhomology-medi-
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ated end joining (MMEJ) or alternative NHEJ (alt-NHEJ). MMEJ uses
microhomologies at the ends of DNA breaks for DNA repair and does
not require NHEJ-associated factors.11 The addition of “donor”DNA
fragments that are homologous to the CRISPR-Cas9-targeted locus
results in targeted integration of this donor DNA into that locus by
homology-directed repair (HDR).12 HDR constitutes the basis of tar-
geted gene integration into safe-harbor loci or the substitution of a
defective gene with a functional copy as a means to reduce the risk
of insertional oncogenesis due to random integration of the gene of
interest.13,14

Despite the remarkable targeting specificity of CRISPR-Cas9-medi-
ated gene editing, one of the main challenges in the field pertains to
the risk of off-target effects. This stems from the observation that
gRNA molecules could potentially bind to alternative homologous
sites in the genome, resulting in non-specific off-target gene editing.
Off-target effects could be reduced by identifying unique target sites
with minimal homology to alternative genomic loci or by the use of
truncated gRNAs.15,16 Alternatively, next-generation high-fidelity
Cas9 nucleases have been developed that are characterized by reduced
off-target effects.17–20 Temporal and spatial control of Cas9 expres-
sion could also potentially limit off-target effects through the use of
tissue-specific or regulatable promoters or by using self-inactivating
Cas9 expression systems.21–23

Different viral vectors and non-viral formulations have been explored
and are being further optimized for in vivo CRISPR-Cas-based gene
editing.24,25 Adeno-associated virus (AAV)-based vectors constitute
ical Development Vol. 32 December 2024 ª 2024 The Author(s).
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some of the most promising vector platforms for in vivo delivery of
CRISPR-Cas components to the brain, muscle, liver, heart, or
retina.24,26–29 In particular, we and others have demonstrated effective
in vivo targeting following liver-directed delivery of CRISPR-Cas com-
ponents with AAV8 or AAV9 vectors.16,30–33 Liver-specific gene edit-
ing is accomplished by driving Cas9 expression from potent hepato-
cyte-specific promoters, whereas the gRNAs are typically expressed
from a polymerase III U6 promoter.16,34 More specifically, in one of
our previous studies, the gRNAs were designed to target the mouse
coagulation factor IX (FIX) gene (F9) (and designated as AAV-
mF9-Exon1-gRNA).16 We demonstrated that a relatively robust indel
frequency in the range of 40%–50% could be attained in the F9 gene,
but only in the liver, with no evidence of targeting in other organs. This
resulted in a substantial loss of FIX activity and the emergence of a
bleeding phenotype, consistent with hemophilia B. No off-target in-
dels were detected on the basis of only three different computationally
predicted off-target sites. Since this type of analysis was noncompre-
hensive and based on only limited datasets, it may have failed to
capture the most likely off-target genomic sites.35–39 AAV vectors
typically persist episomally in the transduced tissue as extra-chromo-
somal circular elements containing concatenated AAV genomes that
serve as the predominant templates for expression of the transgene
of interest in the transduced cells.40,41 In contrast, in neonatal mice,
expression of CRISPR-Cas9 components is transient after liver-
directedAAV-mediated transduction due to the loss of AAVepisomes
in rapidly dividing hepatocytes.16 However, AAV vectors can also sta-
bly integrate randomly into the target cell chromosomes, although this
is believed to be relatively inefficient, typically resulting in a low fre-
quency of AAV integrations (0.05%–0.1%).42–45

We have now conducted a more comprehensive analysis of on-target
and off-target effects after liver-directed AAV-based CRISPR-Cas9-
mediated gene editing and vector integrations using whole-genome
sequencing (WGS) and shearing extension primer tag selection liga-
tion-mediated PCR (S-EPTS/LM-PCR), respectively. In parallel, we
also examined the vector-genome and vector-vector breakpoints.
We demonstrate that on-target effects were relatively robust, yielding
about 40% indels in the F9 target locus, whereas off-target effects were
very rare and/or below theWGS detection limit. Notably, themajority
of AAV integrations occurred most frequently in close proximity to
the CRISPR-Cas9-targeted locus in the F9 gene when the AAV-
mF9-Exon1-gRNA was used. This supports the hypothesis that
AAV genomes are preferentially integrated at CRISPR-Cas9-induced
DSBs at the on-target site in the F9 gene.

The advantage of using DNA for the >100� WGS and S-EPTS/LM-
PCR analysis from the same mouse cohorts as in our previous study16

is that it allow us to directly link the current data to all the previously
reported functional data and (limited) on-target and off-target anal-
ysis. The current study hereby overcomes some of the limitations of
our previous report by conducting a much more comprehensive
on-target and off-target analysis revealing the propensity of AAV vec-
tors to stably integrate into the CRISPR-Cas9-induced DSBs of the
FIX gene and the very low risk of off-target effects even when sensitive
2 Molecular Therapy: Methods & Clinical Development Vol. 32 Decemb
S-EPTS/LM-PCR analysis was used based on �5,000 putative
computationally extracted off-target sites or by gRNA homology
analysis of the sequences proximal to the AAV integration sites (ISs).

RESULTS
WGS analysis

To comprehensively assess on-target and off-target effects of
CRISPR-Cas9 for in vivo editing in the liver, WGS was performed
on genomic liver DNA obtained from the same cohorts of CRISPR-
Cas9-treated mice, which were previously described.16 No newmouse
injections were performed. To achieve specific targeting of the endog-
enous mouse F9 gene (Figure 1A), wild-type mice (n = 3) (C57BL/6)
were co-injected with (1) an AAV vector that expressed an F9-specific
gRNA (designated as AAV-mF9-Exon1-gRNA) from a U6 promoter,
and (2) a second AAV vector that expressed the Cas9 gene (AAV-
Cas9) from a potent hepatocyte-targeted promoter.16,46 Controls
were based onWGS of genomic liver DNA of wild-type mice injected
with an AAV vector expressing a scrambled gRNA (n = 3) (designated
as AAV-scrambled-gRNA). Mean coverage of all samples (combining
the coverage of AAV-scrambled and AAV-mF9-Exon1 samples) is
133 ± 34 (mean ± SD). Mean WGS coverages for AAV-scrambled
and AAV-mF9-Exon1 were 118 ± 10 and 148 ± 46, respectively (Fig-
ure 1B). Indel calls at the F9 on-target site were determined using the
CRISPRessoWGS pipeline47 and compared with the results of manual
counting (Figures 1C, 1D, and S1). The indel counts at the on-target
site were determined based on the CRISPRessoWGS pipeline (per-
centage modified: 36% ± 1%, n = 3) were consistent with the number
of indels determined by manual counting (percentage modified:
35% ± 1%, n = 3) (p = 0.94; not significant) (Figure 1C). The percent-
age of indels determined byWGS to be at the F9 target site was also in
accord with the percentage of indels determined by deep sequencing
of an F9 target site-specific amplicon, as determined previously.16

This further confirms that CRISPRessoWGS is a reliable pipeline
with which to detect indels based on aWGS dataset. It could therefore
be explored for automated analysis of predicted off-target sites. In
contrast, other bioinformatics pipelines that were developed for auto-
mated identification of genetic variants (i.e., Lofreq, Bcftools, varscan)
failed to reliably detect the expected gene editing on the basis of the
current WGS datasets and were therefore not further explored
(data not shown). Consequently, only the validated CRISPRessoWGS
pipeline was employed for the subsequent analysis of potential off-
target effects based on WGS data.

Typically, off-target effects following CRISPR-Cas9-mediated gene
editing depend greatly on the extent of the homology of the target
site with other sites in the genome. Using the Cas-OFFinder algo-
rithm as part of the “offTargetPredict” pipeline (https://github.com/
penn-hui/OfftargetPredict),48 a total of 128 predicted off-target sites
(Table S1) were identified as a subset of the degenerate locations of
the mF9-Exon1-gRNA.

Subsequently, the 128 sites were analyzed for the presence of
indels (Figure 2; Table S3) on the basis of the WGS dataset.
Notably, there was no significant difference at the potential predicted
er 2024
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Figure 1. WGS coverage and benchmarking of on-target genetic variant calls

(A) Representative schema of AAV-mF9-Exon1-gRNA on-target site. Position chrX:59999482-59999483 represents the AAV-mF9-Exon1-gRNA cut site in the exon 1 of F9

gene. Vertical lines, F9 exons; horizontal lines, F9 introns; black downward arrow, AAV-mF9-Exon1-gRNA on-target site; red downward arrow, stop codon of F9 gene; PAM,

protospacer-adjacent motif. (B) Plot showing the distributions of the coverage of the AAV-mF9-Exon1-gRNA and AAV-scrambled-gRNA WGS datasets separately. (C)

Detection of editing by manual counting and CRISPResso in the WGS dataset at AAV-mF9-Exon1-gRNA target site in liver. (D) Indels at AAV-mF9-Exon1 target site by

CRISPResso pipeline. Red squares, insertions; dots, deletions; vertical dashed line, expected cut site; bold, substitution. Manual counting of indels at this site can be found in

Figure S1.
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Figure 2. Modifications in predicted off-target sites

based on the WGS dataset

(A) Predicted AAV-mF9-Exon1-gRNA off-target site OT77

with insertion in one of the reads. Number of (B) modified

sites, (C) sites with substitutions, and (D) sites with indels

in predicted off-target sites in samples from mice treated

with either the AAV-mF9-Exon1-gRNA or the scrambled

control. The alignments of 128 predicted off-target sites

for mF9-Exon1 gRNA target site in AAV-mF9-Exon1-

gRNA-treated samples (n = 3) and AAV-scrambled-

gRNA-treated samples (n = 3) is shown in Figure S2.

Statistical analysis was based on unpaired t test

(GraphPad). Mean ± SD is shown (ns, p > 0.05; *p %

0.05; **p % 0.01; ***p % 0.001; ****p % 0.0001).
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AAV-mF9-Exon1-gRNA off-target sites in terms of the number of in-
dels, substitutions, or all modifications when comparing the AAV-
mF9-Exon1-gRNA and AAV-scrambled-gRNA control samples (Fig-
ures 2 and S2). Collectively, the off-target analysis based on the WGS
datasets suggests that there is only a limited probability of a potential
off-target effect associated with the use of the AAV-mF9-
Exon1-gRNA.

Nevertheless, as comparedwith the reference sequence, only one poten-
tial off-target site (designated as OT77, Figures 2A and S2) out of the
128 computationally predicted sites was detected in only one out of
the three AAV-mF9-Exon1-gRNA-treated samples. This single indel
corresponded to a 3-nucleotide (nt) insertion (CCA), 3 nt upstream
of the putative NRG PAM at the predicted CRISPR-Cas off-target
site (chr2:25,583,600–25,583,619 in the mm10 reference genome). In
4 Molecular Therapy: Methods & Clinical Development Vol. 32 December 2024
particular, this CCA insertion was detected in
only one out of 118 total reads and only in one
of the three DNA samples obtained from the
three different CRISPR-Cas9-treated mice. The
presence of such an indel at this putative off-
target site is likely the consequence of an NHEJ-
mediated repair event. One other sequence read
showed thepresence of anA-T substitution at po-
sition chr2:25583602 in the mm10 reference
genome assembly.Whether this A-T substitution
is the consequence of a bona fide CRISPR-Cas9-
mediated off-target event or a possible technical
artifact such as a sequencing error is currently
uncertain.

Most importantly, WGS analysis revealed the
presence of AAV inverted terminal repeats
(ITRs) across the genome, consistent with
AAV vector integration. The AAV integrations
discovered in the WGS datasets are described
in Table S2. Notably, in AAV-mF9-Exon1-
gRNA-treated mice, there was a common
AAV IS on chromosome X, in proximity to
the AAV-mF9-Exon1-gRNA target site in the
F9 gene (Table S2). Although AAV integrations were also apparent
in the AAV-scrambled-gRNA-treated samples, AAV integrations at
the targeted F9 locus were only detected in the AAV-mF9-Exon1-
gRNA and not in the AAV-scrambled-gRNA cohorts (Table S2).

S-EPTS/LM-PCR analysis

For a more comprehensive independent analysis of the AAV integra-
tion events, S-EPTS/LM-PCR was employed, given its superior sensi-
tivity compared with WGS. AAV integration occurred across the
entire genome, with no common ISs that were shared between the
AAV-mF9-Exon1-gRNA and AAV-scrambled-gRNA conditions
(Figure 3). Moreover, our analysis revealed the distributions of
AAV integrations were similar between the AAV-mF9-Exon1-
gRNA versus AAV-scrambled-gRNA cohorts (Figures S3 and S4).
These values are in line with similar observation in other studies.49



Figure 3. AAV integration multiplicity counts based

on the S-EPTS/LM-PCR dataset

(A) Multiplicity of AAV integration over the entire genome.

(B) Multiplicity count of AAV integration events in chro-

mosome X.

(C) Multiplicity percentage of AAV integration events in

chromosome X.

Statistical analysis was based on unpaired t test

(GraphPad). Mean ± SD is shown (ns, p > 0.05; *p% 0.05;

**p % 0.01; ***p % 0.001; ****p % 0.0001).
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This indicates that these recombinant AAV vectors do not have a pro-
pensity to integrate into specific common ISs. This in contrast to the
preferential AAV Rep-mediated integration of wild-type AAV into
the AAVS1 locus located on human chromosome 19 in human cells.50

Total multiplicity counts across the entire genome did not differ signif-
icantly between DNA from the mice treated with AAV-mF9-Exon1-
gRNA and those treated with AAV-scrambled-gRNA (Figure 3A).
AlthoughAAV integration eventswere distributed all over the genome,
AAV integration multiplicity counts were significantly higher in chro-
mosome X when the AAV-mF9-Exon1-gRNA was employed as
compared with the AAV-scrambled-gRNA control condition
(Figures 3B and 3C). A comparative analysis of AAV integration mul-
tiplicity counts in all chromosomes is shown in Figure S4. Notably,
when the AAV-mF9-Exon1-gRNA was employed most of these AAV
integration events were at or in close proximity to the AAV-mF9-
Exon1-gRNA target site (Figures 3 and 4). Hence, these S-EPTS/LM-
PCR-based AAV integration data are consistent with theWGS analysis
(Table S2). The AAV integration frequency decreased with increasing
distance from the CRISPR-Cas cut site in the F9 gene (Figure 4).

Corresponding Circos plots of AAV integration events over the entire
genome demonstrated that for AAV-mF9-Exon1-gRNA-treated
samples, the maximum frequency of AAV integration events was
found in chromosome X at the AAV-mF9-Exon1-gRNA-targeted
locus (Figure 5). In contrast, when the AAV-scrambled-gRNA was
Molecular Therapy: Methods & C
employed, AAV integrations at the AAV-mF9-
Exon1-gRNA target site could not be detected
(Figures 5 and S4). Taken together, these data
are consistent with the hypothesis that AAV in-
tegrates into CRISPR-Cas-induced DSBs.

The genomic DNA adjacent to the AAV IS was
subsequently analyzed. The characterization of
both sides of the target locus in a subset of clus-
ters in one of the samples is shown in Table S5.
The Cas9 protein is expected to cleave the
genomic DNA at position 59999482, provided
the F9-Exon1-gRNA is supplied. In Table S4,
the two most represented clusters with the high-
est multiplicities (432 and 343 unique reads) are
composed of genomic sequences of integrations in the reverse direc-
tions that show minor deviations from the expected F9 target
sequence. Notably, this implies that most AAV vectors integrated pre-
cisely at the CRISPR-Cas9 target site (more than 90% of the reads
found).

We have now extended our IS analysis beyond the analysis of the
multiplicity counts by comparing common ISs (CISs) and unique
AAV ISs in individual mice. For clarity, we define CISs as clusters
of ISs situated within a proximity of less than 50 kilobases to one
another, adhering to the criteria set forth by Fronza et al.51 The
top 15 unique ISs for each individual mouse were meticulously
delineated, presenting these findings in visually informative rainbow
plots that include detailed gene annotations (Figures 6 and 7). An
alternative representation based on a compilation of CISs in all of
the mice injected with AAV-Cas9 and either AAV-mF9-Exon1-
gRNA or AAV-scrambled-gRNA is shown in Figure 8, based on
our previously described graph-based framework.51 As estimated
55%–60% of AAV integrations occurred in the CRISPR-induced
DSB in the on-target F9 locus. Through this refined analysis, we
have successfully identified CISs (other than the F9 on-target locus),
some of which overlap among individual mice as shown below in
Figures 6, 7, and 8.

Some AAV CISs mapped to several highly expressed genes in the
liver, including Alb (reads per kilobase per million mapped reads
linical Development Vol. 32 December 2024 5
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[RPKM], 14891; https://www.ncbi.nlm.nih.gov/gene/11657) and Trf
(RPKM, 3915; https://www.ncbi.nlm.nih.gov/gene/22041). In addi-
tion, CISs were also detected in the miR101c gene. These CISs were
found in at least two different mice belonging to different cohorts
(i.e., injected with AAV-Cas9 and either AAV-mF9-Exon1-gRNA
or AAV-scrambled gRNA). This suggests that the frequent occur-
rence of these CIS in the Alb, Trf, and miR101c gene may be related
to their high levels of expression and/or other structural features per-
taining to chromatin accessibility. This is consistent with previous re-
ports indicating that actively transcribed genes are preferred targets
for AAV integration.52 Functional annotations of the top AAV ISs
outside the F9 locus revealed that some of these genes are involved
in apoptosis and immune system related functions, which may raise
some potential safety concerns (Table S6).

Detection of unbiased off-target AAV integrations

The propensity of AAV vectors to integrate into CRISPR-Cas-induced
DSBs provides a unique opportunity to identify potential off-target ef-
fects in an unbiased manner. The integrated AAV vectors could serve
as distinctive “molecular anchor-points” that serve as templates for
subsequent S-EPTS/LM-PCR analysis, which is more sensitive than
WGS. The most likely putative off-target sites were identified, taking
into account sequence degeneracy compared with the AAV-mF9-
Exon1-gRNA or AAV-scrambled-gRNA by allowing a maximum
variation of 6 nt, including 4 nt with respect to the AAV-mF9-
Exon1-gRNA or AAV-scrambled-gRNA and 2 nt in the SpCas9
PAM sequence itself (i.e., NRG), given its known redundancy. Taking
this degeneracy into account, a total of 5,215 putative off-target sites
(composed of 2,625 on the plus and 2,590 on the minus AAV strand;
Table S5) that aligned with the AAV-mF9-Exon1-gRNA were identi-
fied. Based on the same strategy, 10,207 putative off-target sites
(composed of 5,105 on the plus and 5,102 on the minus AAV strand;
Table S5) that aligned with the scrambled gRNA were identified. The
median distance between the AAV ISs and the putative off-target sites
wasmore than100kb for the gRNAandmore than70 kb for the scram-
bled gRNA (Table S5). Notably, not a single genomicAAV ISwas iden-
tified in close proximity (<100 nt) to any putative AAV-mF9-Exon1-
gRNA off-target site. The closest AAV genomic integration was 157
nt away from a putative AAV-mF9-Exon1-gRNA off-target site, and
it is therefore unlikely that this represents a bona fide off-target site.
Similarly, only a single genomicAAV ISwas identified thatwas in close
proximity (14 nt) to a putative scrambled gRNA off-target site. In
conclusion, CRISPR-Cas9-mediated off-target events are undetectable
or relatively rare, based on SEPT/LM-PCR analysis, consistentwith the
results obtained by the high-coverage WGS analysis.

gRNA homology detection at AAV ISs and Monte Carlo analysis

We subsequently aimed to determine whether there was an enrich-
ment of ISs homologous to the mF9-Exon1-gRNA sequence in
the mF9-Exon1-gRNA-treated group compared to the scrambled
Figure 4. AAV integration frequency at the AAV-mF9-Exon1-gRNA target site c

AAV integration frequency was determined by S-EPTS/LM-PCR and was based on n

Exon1-gRNA.

Molecular T
RNA-treated group. In the mF9-Exon1-gRNA-treated group, the
maximum number of observed matches between the mF9-Exon1-
gRNA sequence and AAV ISs was 12 for the plus strand and 14 for
the minus strand (Figures S5A and S5C). In the scrambled RNA-
treated control group, the maximum observed matches for the
gRNA sequencewere 17 for the plus strand and 14 for theminus strand
(Figures S5B and S5D). For the scrambled RNA sequence, no signifi-
cant enrichment of homology was observed in either the mF9-
Exon1-gRNA-treated or scrambled RNA-treated groups, as all
observed matches were below or equal to the 99th percentile threshold
from the Monte Carlo (MC) simulations. These findings indicate no
preferential homology between the mF9-Exon1-gRNA sequence and
the AAV ISs in the mF9-Exon1-gRNA-treated mice, suggesting an
absence of specific off-target nuclease activity. The same lack of enrich-
ment was observed for the scrambled RNA sequence in both groups,
further supporting the conclusion that neither guide RNA (mF9-
Exon1-gRNA or scRNA) led to off-target cleavage events that would
have revealed AAV integrations at these locations.

It is worth noting that the maximum of 17 matches observed for the
mF9-Exon1-gRNA sequence in the scrambled RNA-treated group
suggest a very rare random integration event, as it exceeded the
99th percentile of the MC simulation (p < 0.01). However, this event
is likely unrelated to CRISPR-Cas9 activity, given that the scrambled
RNA group did not receive the FIX-specific gRNA.

Consequence of genomic integration on AAV-ITR configuration

AAV can exist either as non-integrated concatemeric episomal forms
or integrate into the target cell chromosomes. This genomic AAV
integration can occur either randomly or at the CRISPR-Cas9 on-
target or an off-target site. The genomic DNA sequence in proximity
to the CRISPR-Cas9 on-target site that captures the AAV genome was
previously shown (Figure 1D). However, the consequences of this
genomic AAV integration into CRISPR-Cas-induced DSBs is not
well understood.

We therefore examined the ITR sequence of the integrated AAV vec-
tor genomes at this CRISPR-Cas on-target site (designated as the “R1-
on” configuration). For comparison, we also determined the AAV-
ITR sequence following random genomic integration (designated as
the “R1” configuration) and that of unintegrated concatemeric
AAV episomes (designated as the “R2” configuration). The R1-on
and R1 configurations encompass vector-chromosome junctions,
whereas the R2 configuration corresponds to vector-vector junctions.
The theoretical normal ITR sequence present in an AAV vector is
shown in Figure S6, whereas the actual fraction of sequence reads
at each position in the 30 ITR is shown in Figures S7A and S7B.
The B-arm is defined as 50-CGGGCGACCTTTGGTCGCCCG-30 or
its reverse complement, and the C-arm is defined as 50-CGC
CCGGGCTTTGCCCGGGCG-30 or its reverse complement.53 The
hrX:59999466-59999488

= 3 independent liver samples after cotransduction with AAV-Cas9 and AAV-mF9-
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Figure 5. Circos plot of AAV integration events in all

mouse chromosomes

The zoomed region shows the integration events at the

target site of AAV-mF9-Exon1-gRNA, where AAV

integration events were found to be most frequent.
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integrity of the AAV 30 ITR is maintained in all configurations
(R1-on, R1, and R2) until nucleotide 5,950 (Figure S7). However,
beyond this nucleotide, the 30 ITR is progressively deleted to the
extent that only less than 10% of the sequence reads contain the 30

ITR up to position 5,005. Notably, at position 4,998, a discontinuity
in the breakpoint profile was observed. In the R2 configuration
(episomal AAV), more than 25% of the sequences have a breakpoint
at that position, whereas this breakpoint is less abundant in the case of
integrated AAV vector genomes, with less than 10% of the R1-on and
5% of the R1 configurations showing this breakpoint at 4,998 (red
arrow, Figure S6).

DISCUSSION
Robust delivery of CRISPR-Cas9 components is required to achieve
efficient gene editing in vivo. Typically, this can be accomplished
using AAV vectors that express the gRNA and the Cas9
nuclease.54,55 In particular, in our previous study we demonstrated
that AAV vectors expressing SpCas9 from a potent hepatocyte-spe-
cific promoter in conjunction with a U6-driven gRNA vector tar-
geting the endogenous mouse F9 locus provide relatively efficient
gene targeting (up to 40%–50%) at the F9 locus.16 In our previous
study, no apparent off-target effects could be detected on the basis
of a very limited set of computationally predicted potential off-
target sites (n = 3). However, genome-wide analyses are required
to expand off-target analysis that goes beyond this initial limited
set of off-target sites.
8 Molecular Therapy: Methods & Clinical Development Vol. 32 December 2024
In the current study, we therefore conducted a
more comprehensive analysis that relied on a
high-coverage (>100�) IlluminaWGS platform.
A relatively high percentage of indels was de-
tected in the WGS dataset on the F9 on-target
site (about 40%) following automated analysis
with the CRISPRessoWGS pipeline,47 consistent
with our previous analysis.16 In contrast, based
on this WGS analysis in conjunction with the
CRISPRessoWGS pipeline, no indels could be
detected in two out of three liver DNA samples,
taking into consideration the most likely 128
computationally predicted sites. Only a single
indel was detected in only one out of three liver
DNA samples at only a single potential off-target
site out of the 128 predicted sites based on high-
coverage WGS. This indicates that the occur-
rence of off-target indels following liver-directed
gene editing is relatively rare and/or below the
detection limit of the WGS. This underscores
the potential and limitations of off-target anal-
ysis using high-coverage WGS and biocomputational analysis using
the CRISPRessoWGS pipeline. Other studies that relied on WGS
for analyzing CRISPR-Cas off-target effects found that off-target ef-
fects were rare, whereas in some cases a higher prevalence of off-target
effects was apparent.56–58 However, these studies were all limited to
in vitro editing applications and/or were limited by a substantially
lower coverage. Although the WGS coverage in the current study
was relatively high, uncovering rare off-target events (<1%) with
this technology remains challenging.59–61 Moreover, pre-existing ge-
netic variation, DNA replication errors, or other non-editing sources
of mutation may confound interpretation of the data.62–65 However,
in the current study, scrambled gRNAs were used as controls in litter-
mates, and that should have minimized the effects of some of these
confounding variables.

The current study cautions that the sensitivity of theWGS analysis for
off-target analysis is limited even at a high sequence coverage. Never-
theless, WGS allowed us to uncover the propensity of AAV vectors to
integrate into the CRISPR-Cas-induced DSB in the F9 locus, which
we had not detected in our previous study that relied on Sanger
sequencing of cloned PCR-amplified products or deep sequencing
corresponding to the on-target FIX loci.22 Typically, PCR products
were generated of size 200–230 bp that were sequenced using the
MiSeq PE150 platform. Consequently, PCR amplification introduced
an intrinsic bias preventing efficient amplification of target regions
that contained large integrated (concatemeric) AAV genomes. This



Figure 6. Rainbow plot of ISs in mice injected with AAV-

mF9-Exon1-gRNA and AAV-Cas9

Each rainbow plot refers to an individual mouse. The corre-

sponding table shows the IS hotspots and respective fre-

quency.
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Figure 7. Rainbow plot of ISs in mice injected with AAV-

scrambled-gRNA and AAV-Cas9

Each rainbow plot refers to an individual mouse. The corre-

sponding table shows the IS hotspots and respective frequencies.
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Figure 8. CISs inmice injected with AAV-Cas9 and either AAV-mF9-Exon1-gRNA (mouse 1, 2, and 3, abbreviated as gRNA) or AAV-scrambled-gRNA (mouse

4, 5, and 6, abbreviated as scRNA)

CISs identified in different individual mice have a different color code, as indicated. A CIS is represented as a network of nodes that symbolize a single integration event. An

edge between two nodes indicates that the two corresponding ISs are within a range of 50 kbp. The number in parentheses corresponds to the number of ISs that compose

the CIS (order). The bottom panel (B) is an enlargement of the CIS in (A) that contain 14 or more integrations (order R 14).
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allowed only for the shorter amplicons devoid of AAV integrations to
be characterized by subsequent sequencing analysis. In addition, the
PCR amplifications were based on primers that mapped to the FIX
target site and were not specifically designed to map to the AAV vec-
tor allowing identification of AAV ISs in the genome.

The limitations of WGS prompted us to validate a more sensitive
method based on S-EPTS/LM-PCR to comprehensively assess
CRISPR-Cas-induced on-target (i.e., F9) and off-target effects in the
liver. Using both WGS and S-EPTS/LM-PCR technology, we have
now demonstrated that AAV vector genomes frequently integrate
into CRISPR-Cas-induced DSBs precisely at the on-target site in
the F9 locus following liver-directed delivery of the Cas9 and gRNA
vectors. The on-target AAV integration often occurred precisely at
the CRISPR-Cas cut site itself, while minor nucleotide changes at
the AAV vector-genome junctions also occurred, consistent with
possible indels. Although AAV genomes typically persist as non-inte-
grated concatemeric episomes in transduced cells, it is known that a
fraction of AAV genomes integrate randomly into the target cell chro-
mosomes.40,66 Miller and colleagues had previously demonstrated
that these AAV integrations can occur at pre-existing DSBs, which
is consistent with our results.67 Furthermore, they also showed that
AAV-mediated gene targeting is enhanced by creating DSBs.68 Simi-
larly, intrathymic AAV delivery resulted primarily in AAV integra-
tions clustered within the T cell receptor a, b, and g genes that coin-
cide with DSBs created by the enzymatic activity of recombination
activating genes (RAGs) during VDJ recombination, in accordance
with our current data.69 We and others have previously shown that
exogenous DNA can be trapped and integrate into pre-existing
DSBs through an NHEJ-mediated mechanism.14 The integration of
AAV into DSBs is not limited to CRISPR-induced DSBs but is also
consistent with previous reports demonstrating AAV integration
into DSBs induced by zinc-finger nucleases (ZFNs).14

The propensity of AAV genomes to integrate into CRISPR-Cas9-
induced DSBs could therefore be used to identify potential
CRISPR-Cas9 off-target effects by exploiting these integrated AAV
genomes to tag off-target sites by S-EPTS/LM-PCR, which is one of
the most sensitive methods available to date to identify AAV ISs.
Notably, no such AAV integrations could be identified in proximity
(<100 bp) to any of the more than 5,000 computationally predicted
potential CRISPR-Cas9 off-target sites. Typically, the large majority
of these AAV integrations were distantly located (median distance
of 100 kb) from more than 5,000 putative mF9-Exon1-gRNA off-
target sites. It is therefore extremely unlikely that these particular
AAV integrations would have been associated with a CRISPR-
Cas9-induced off-target DSB. Instead, apart from the AAV integra-
tions specifically into the CRISPR-Cas9 on-target site in the F9
gene, AAV vectors integrated randomly throughout the mouse
genome, with no bias for any of the more than 5,000 potential
CRISPR-Cas off-target sites. This is consistent with the outcome of
the gRNA homology analysis near the AAV ISs. The analysis aimed
to determine whether there was an enrichment of ISs homologous
to the mF9-Exon1-gRNA sequence in the mF9-Exon1-gRNA-treated
12 Molecular Therapy: Methods & Clinical Development Vol. 32 Decem
group compared to the scrambled RNA-treated group. The results
showed an absence of mF9-Exon1-gRNA homology enrichment
within a window of 150 nt near the AAV ISs, relative to the random
background established by the MC analysis. This comprehensive
direct in vivo, unbiased genome-wide analysis reinforces the on-target
specificity of the CRISPR-Cas9 system and the absence of any detect-
able off-target effects in vivo. Hence, the MC simulation effectively
shaped the random homology background, reinforcing the conclu-
sion that observed AAV integration patterns are not driven by
CRISPR-Cas9-induced off-target effects. Hence, the absence of any
genomic AAV integrations near any of these potential off-target sites
strongly suggests that the occurrence of any CRISPR-Cas9-induced
off-target effects after liver-directed AAV delivery of the CRISPR
components is very rare and/or below the detection limit.

The low probability of off-target effects in our current study is
likely due to the design of the gRNA. In addition, we previously
demonstrated that the episomal AAV genomes encoding the
CRISPR-Cas9 components decline in the transduced dividing neonatal
hepatocytes, resulting in a decline in expression of the CRISPR-Cas9
components.16 This short-term CRISPR-Cas9 expression likely further
diminished the risk of off-target effects. Since some CRISPR-Cas9-
induced off-target effects, such as large chromosomal translocations,70

may have escaped detection by WGS and S-EPTS/LM-PCR, the use of
complementary detection methods based on long-read sequencing
may be required to detect such events.71–73

Our current results provide a comprehensive genome-wide analysis
of AAV integration in the liver. The demonstration that AAV vectors
integrate into CRISPR-induced DSBs in hepatocytes following in vivo
delivery is consistent with a recent study demonstrating AAV integra-
tion in DSBs in brain, muscle, and cochlea and may thus represent a
general, tissue type-independent phenomenon.27,45

Conceptionally, mapping off-target effects using the S-EPTS/LM-
PCR approach resembles the VIVO technique since both strategies
exploit the integration of exogenous DNA sequences into CRISPR-
induced DSBs.74 Similarly, our strategy is complementary to the cap-
ture of protected double-stranded oligonucleotides (GUIDE-seq) to
identify CRISPR-induced DSBs at off-target sites in cells transfected
in vitro.75,76 These integrated DNA sequences could then serve as a
“molecular beacon” for subsequent IS mapping using PCR-based
DNA amplification. The main limitation of VIVO and GUIDE-seq
techniques is that they rely on in vitro transfection of (hepatic) cell
lines in vitro with oligonucleotides, which is not efficient for in vivo
applications. Similarly, based on the same principle of DNA capture,
integration-deficient lentiviral vectors (IDLVs) have been employed
to identify CRISPR-induced DSBs in transfected cells in vitro.77 Given
the limited transduction efficacy of hepatocytes following in vivo
IDLV delivery,78 this strategy may not be readily amenable to in vivo
applications. Consequently, the pattern of CRISPR-Cas-induced
DSBs at putative off-target sites may be different in primary hepato-
cytes in vivo compared to transfected (hepatic) cell lines in vitro due,
for instance, to epigenetic differences at the level of chromatin
ber 2024
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accessibility. This can then, in turn, impact on the integration pattern
of the exogenous DNA (AAV or double-strand oligo) and give a
different readout about the putative off-target effects. It is likely
that the in vivo AAV-based approach in combination with S-EPTS/
LM-PCR may more closely mimic what can be expected in a clinical
context, which may therefore be complementary and perhaps more
accurate compared to alternative, in vitro cell-based or cell-free
methods79 for off-target analysis such as Digenome-seq, CIRCLE-
seq, DIG-seq,80–82 BLISS,76,83 or DISCOVER-seq.84 Another advan-
tage of the S-EPTS/LM-PCR-based integration analysis described in
the current study is that it allows for whole-genome screening for
any AAV integration events in a comprehensive manner, providing
a more complete picture of off-target activity. This is in contrast to
hybrid capture and Amp-seq-based methods that are limited to
capturing sequences that are predefined or predicted, potentially
missing off targets that occur at unexpected locations. By directly
measuring AAV ISs, our approach offers a clear and unbiased method
for detecting off-target effects of CRISPR-Cas9. Hence, this strategy is
more reflective of actual genomic events than in silico predictions as it
directly captures in vivo outcomes.

Our current study is complementary to the recent work of Ferrari and
colleagues.85 While Ferrari et al.’s research parallels ours in demon-
strating AAV vector integration at CRISPR-Cas9-induced DSBs,
our study diverges in its lack of a homologous AAV donor, relying
instead on alternative DNA repair mechanisms such as NHEJ. Addi-
tionally, the edited target cells are different (hematopoietic/stem pro-
genitor cells versus hepatocytes) Moreover, our use of AAV8 for
CRISPR-Cas9 delivery contrasts with their employment of ribonu-
cleoproteins. Methodologically, while both studies leverage sonicat-
ion-based PCR techniques for identifying AAV ISs, the specific pro-
tocols (S-EPTS/LM-PCR in our study versus SLiM in Ferrari et al.’s
work) share foundational principles but differ in some technical as-
pects (e.g., the usage of unique molecular identifier to quantify the
clonality), contributing to the diverse yet complementary insights
generated by our respective investigations.85

To further address the consequences of AAV-mediated gene editing,
we analyzed the ITR breakpoint profile based on the S-EPTS/LM-
PCR sequencing data at genomic ISs, the gRNA-Cas9 on-target IS,
and vector-vector junctions. The analysis revealed that the ITR integ-
rity was maintained up to nucleotide 5950. The ITRs were progres-
sively deleted beyond this position, with evidence of a discontinuous
breakpoint. Though ITR breakpoints were more common in the
episomal AAV vectors than the integrated AAV genomes, even
AAV vectors integrated into the target site contained rearranged
forms of the ITRs. It is likely that the ITR sequences facilitated inter-
molecular recombination of monomeric viral genomes.40,41 The pres-
ence of integrated AAV-ITR sequence can be exploited to map poten-
tial off-target sites, similar to the LAM-PCR method described herein
and constitutes the basis of the ITR-seq method.86 In future, studying
ITR-genome and ITR-vector fusions by newer sequencing methods,
including those that generate longer sequences, will reveal further in-
sights into AAV integration and its underlying mechanisms.
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It is well established that the majority of recombinant AAV genomes
are predominately non-integrated in AAV-transduced hepatocytes.
AAV integration frequencies typically fall in the low range (0.1%–

0.5%), although chromosomal integrations were somewhat higher
in a humanized liver mouse model (1%–3%).87 This contrasts starkly
with the high number of integrations that are typically found upon
lentiviral liver transduction.88–90 In our study, the identification of
approximately 800 ISs after hepatic liver transduction and was
sufficient to uncover AAV integration hotspots among different
recipient mice (such as Alb, Asmt, Nlgn1, Gm21708|Gm3376|
Rbmy, Gm22109|Gm22291). While increasing the number of identi-
fied ISs could potentially reveal additional, less prominent integration
hotspots, our study’s primary aim was not to exhaustively catalog
AAV integration but to elucidate the influence of CRISPR-Cas9 on
AAV integration patterns, particularly at the F9 locus and at the
computed predicted CRISPR-Cas9 off-target sites. This underscores
the sensitivity of our S-EPTS/LM-PCR-based methodology and cor-
roborates the paper’s primary conclusion that AAV predominantly
integrates at CRISPR-Cas9-induced breaks in the F9 locus. The num-
ber of AAV ISs that we uncovered falls within the ballpark of what has
been reported in other studies that focus on AAV-based hepatic
transduction and integration. For instance, in one recent ground-
breaking study by the group of Sabatino et al., 1,741 AAV ISs were
analyzed, which was sufficient to uncover clonal expansions of
AAV-transduced liver cells.42 Similarly, in another impactful study,
Chandler and colleagues identified and mapped 2,834 unique AAV
ISs in the liver.91 The number of AAV ISs in these studies was suffi-
cient to uncover clonal expansions and/or hepatocellular carcinoma
of AAV-transduced liver cells. (e.g., Rian locus). More recently, using
a xenogeneic humanized-liver mouse, Dalwadi et al. identified >1,200
sequencing reads containing the AAV genome, 370 of which con-
tained the rAAV/cellular genomic junction at the IS.87

In conclusion, our current study reinforces the notion that AAV inte-
gration can occur at high frequency at nuclease-induced DSBs and
shows that it is possible to target the genome specifically with very
low prevalence of off-target events near the detection limit of available
assays. A combinatorial application of several different strategies such
as better bioinformatics tools and sensitive detection systems such as
S-EPTS/LM-PCR, transient tissue-targeted expression of CRISPR-
Cas9 expression, and high-fidelity Cas enzymes can help us to achieve
efficient on-target gene editing, with (near-)zero levels of off-target
gene editing.

MATERIALS AND METHODS
Animals

The liver DNAsamples used in the current studywere based on the an-
imal experiments that we previously described and no new mouse in-
jections were performed.16 Briefly, the animal experiments were
approved by the University’s Animal Ethics Committee. C57BL/6
mice (Taconic,Denmark; Janvier Labs, France)were used in this study.
One- to 2-day-old neonatalmicewere given, by injection into the facial
vein, two different doses of the AAV-Cas9 vector (i.e., 6.25� 1010 vg/
mouse intravenously [i.v.]) and AAV-mF9-Exon1-gRNA, or control
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AAV-scrambled-gRNA (i.e., 1.25 � 1011 vg/mouse i.v.). Genomic
DNA was extracted from different tissues using the DNeasy Blood
and Tissue Kit (Qiagen, Chatsworth, CA, USA).

Library preparation and WGS

The NEBNext Ultra II FS DNAmodule (New England Biolabs catalog
# E7810 S/L) and the NEBNext Ultra II Ligation module (catalog #
NEB #E7595 S/L) were used to process the samples. Fragmentation,
A-tailing, and ligation of sequencing adapters to the resulting product
were performed according to the procedure described in the
NEBNext UltraII FS DNA module and NEBNext Ultra II Ligation
module instruction manual. The quality and yield after sample
preparation were measured with the fragment analyzer. The size of
the resulting product was consistent with the expected size of approx-
imately 500–700 bp. Clustering and DNA sequencing using the
NovaSeq6000 was performed according to manufacturer’s protocols.
A DNA concentration of 1.1 nM was used. NovaSeq control software
NCS v1.6 was used. WGS (100� coverage) was performed by using
the Illumina NovaSeq 6000 platform (GenomeScan, the Nether-
lands). Alignments were done with the GRCm38 (mm10) genome.
All the samples used in this study were processed under identical con-
ditions to minimize the possibility of any batch effects.

Analysis of predicted off-target sites in WGS dataset

For predicting the potential off-target sites for the sequence GAAG
CACCTGAACACCGTCATGG based on the WGS data, we used the
ensemble-learning-based offTargetPredict pipeline (https://github.
com/penn-hui/OfftargetPredict).48 In this pipeline, the Cas-OFFinder
module was first used to predict the pool of candidate off-target sites,
using the following parameters: PAM type “SpCas9 from Streptococcus
pyogenes: 50-NRG-30 (R = A or G)” for the Mus musculus
(mm10) genome with less than or equal to six mismatches.
Then, offTargetPredict was used to further refine the predicted off-
target sites. The results can be found in predict_results.csv.
Somatic variant analysis in the predicted off-target sites was performed
using the CRISPRessoWGS platform47 (https://github.com/pinellolab/
CRISPResso2) and thus quantified insertions, deletions, and
substitutions.

Analysis of AAV ISs in WGS dataset

WGS samples underwent processing for the detection of AAV ISs.
Initially, raw sequencing reads were subjected to quality filtering
and trimming, ensuring a Q score of 30 or higher. Next, the BWA-
MEM aligner was employed to align the reads with the reference vec-
tor sequence. Following alignment, reads exhibiting vector signatures
were extracted, and this specific subset of data underwent further pro-
cessing for IS detection. To achieve this, we utilized an improved
version of the GENE-IS tool suite in conjunction with a combined hu-
man and vector reference genome (mm10).92

S-EPTS LM-PCR

S-EPTS/LM-PCR was performed using a Cas9-specific megaprimer
to detect Cas9-ITR-mouse genome fusions at the 50 end of the Cas9
sequence (primer extension, CATTTTATGTTTCAGGTTCAGG;
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first-strand primers, GTTCAGGGGGAGGTGTGG + GACCCGGG
AGATCTGAATTC; second-strand primers, GAGATCCACTAGGG
CCGC + AGTGGCACAGCAGTTAGG). Briefly, samples were
analyzed in triplicate, each with 500 ng of input genomic DNA.
DNA was sheared to a median length of 500 nt using a Covaris
M220 instrument. Sheared DNA was purified and primer extension
was performed using a specific biotinylated primer proximal to the
30 ITR. The extension product was again purified, followed by mag-
netic capture of the biotinylated DNA and washing with H2O. The
captured DNA was ligated to linker cassettes including a molecular
barcode. The ligation product was amplified in a first exponential
PCR using biotinylated vector and sequencing adaptor-specific pri-
mers. Biotinylated PCR products were magnetically captured, was-
hed, and used as template for a second exponential PCR step with
primers allowing deep sequencing by MiSeq technology (Illumina).

Analysis of potential off-target sites in S-EPTS/LM-PCR dataset

To determine the proximity of the ISs to potential off-target sites, the
criteria used in this search were slightly different from those described
above. The sequences of AAV-mF9-Exon1-gRNA (GCACCTGAAC
ACCGTCA) and AAV-scrambled-gRNA (GGGTCTTCGAGAAGA
CCT) with an adjacent PAM sequence for SpCas9 (NRG) were used
in an exhaustive search of the mouse genome (mm10), allowing up
to four mismatches in the guide sequence plus the redundancy in
the PAM. We did not apply any selection criteria to the potential
off-target set, and all potential off-target sites were treated as equiprob-
able. This strategy was designed to ensure a comprehensive and unbi-
ased analysis of potential off-target activity of the nuclease by assessing
the insertion pattern of the integration events. The distances from each
IS to the nearest potential off-target site, excluding the on-target inte-
grations, were calculated for each sample, and the two sets of distances
were compared. This method provided a quantitative approach to
assess the potential off-target effects of the gRNA and scrambled RNA.

S-EPTS/LM-PCR reads preprocessing

An on-target location was defined as a single region in the mouse
genome that matches the gRNA sequence. An off-target region is
any location in the mouse genome that matches a degenerate version
of the gRNA. This degenerate version may contain some variations,
but the overall sequence pattern is conserved. An AAV integration
in a location of the mouse genome that does not match the degenerate
version of the gRNA is considered a random AAV integration event.

To explore the two sides of the on-target locus, we exploit the random-
ness of the AAV integration process with respect to the strand orien-
tation. In our experimental setup, we capture the 30 end of the vector.
The integration event, depending on its orientation, will produce
genomic sequences that align either to the plus strand (forward orien-
tation) or theminus strand (reverse orientation) of the host DNA. The
reads are demultiplexed and trimmed for adapters and barcode se-
quences. We only process forward reads with a well-formed structure
(starting with the correct primer position), as described in Gil-Farina
et al.49 Reads that start within 5 bp of the primer’s end are considered
for further analysis. We then analyzed the reads to detect the number
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and location of vector fragments. Reads containing a single vector
fragment (ITR) followed by an unknown sequence are labeled as R1
and used for IS detection and breakpoint analysis. The ITR portion
is trimmed, and the remaining unknown sequences with a length
greater than 20 nt are utilized for an extended IS analysis.

S-EPTS/LM-PCR ISs detection

To characterize the structure of expected multiple integration events
in the on-target site, we used the dnaclust93 algorithm to cluster all the
R1 reads in each sample. Briefly, sequences with identity equal to or
greater than 95% were clustered together, and the longest sequence in
each cluster was designated as the seed of the cluster. We quantified
the number of distinct sequences in each cluster, and the seeds
were aligned to the mouse genome assembly (mm10) using
BLAT.94 The same integration locus was assigned to label all the se-
quences in the cluster. We then counted the number of unique reads
that composed the cluster as the numerosity of independent integra-
tion events, under the simplification that each sequence in a cluster
originated from a different targeted cell. We refer to this number as
the multiplicity count. The IS position and the corresponding target
location quantification were combined into the final integration-site
table. In this table, we estimated the fraction of independent events
that contributed to the integration in the on-target site.

For the distribution of the ISs in the whole mouse genome, each one
was categorized according to its location relative to the gene: (1) up-
stream (located within 10 kb from the transcription start site [TSS]),
(2) exonic (within an exon), (3) intronic (within an intron), (4) down-
stream (within 10 kb from the end of the gene), and (5) other (loca-
tions that do not fall under the aforementioned categories). The gene
annotation used in this study corresponds to the RefSeq annotation of
the mm10 mouse genome, as sourced from the UCSC database
(https://genome.ucsc.edu/index.html).

On-target integration events characterization

For one of the samples (sample 1), we identified four major clusters
observed upstream and downstream of the target locus. The seed se-
quences of each cluster found in the same location were aligned with
each other using the MUSCLE algorithm.95 From these alignments,
we extracted the consensus sequence and visualized it as a sequence
logo.96 We then manually verified the alignments, and any unaligned
sequences with more than 5 nt (which could indicate insertions in the
target site) were compared with the vector genome. This comparison
helped identify any signals of small vector-vector rearrangements.

gRNA homology detection at AAV ISs and MC analysis

To evaluate potential off-target activity of the CRISPR-Cas9 system,
the homology between the regions surrounding AAV ISs and the
mF9-Exon1-gRNA or scrambled RNA sequences was first assessed
by comparing the number of homologous sequences in the mice
treated with the mF9-Exon1-gRNA and those treated with the
scRNA. The analysis was performed on both the forward and reverse
complement sequences of the mF9-Exon1-gRNA and scRNA, exam-
ining a ±150 nucleotide (nt) window around each IS. The primary
Molecular T
goal of this analysis was to determine if there was an enrichment of
mF9-Exon1-gRNA homologs in the mF9-Exon1-gRNA-treated
mice, which would indicate specific off-target nuclease activity. In
contrast, the scRNA-treated group served as a control, where no
mF9-Exon1-gRNA homology was expected.

Following this initial comparison, an MC simulation was conducted
to further evaluate the signal-to-noise ratio of the observed homol-
ogies. The MC simulation aimed to establish the random back-
ground level of homology between the target sequences and the
ISs. Each simulation involved scrambling the target sequences
(mF9-Exon1-gRNA and scRNA) 100 times, aligning the scrambled
sequences to the ISs and recording the maximum number of
matches in each iteration. The 99th percentile of the simulated
match distribution was used as a threshold to determine whether
the observed number of homologs exceeded what would be expected
by random chance, providing a measure of the statistical significance
of the observed homologies.

AAV breakpoint analysis

As many vector genomes persist as non-integrated forms, we investi-
gated rearranged vector sequences as described by Gil-Farina et al.49

The reads that contain one or more vector fragments (ITR plus any
vector fragment) were called Rx, where x = 1, 2,., 7. The ITR portion
was trimmed from the reads. The nature of the remaining portion was
used to classify the reads into three classes:

(1) R1: the sequence without the ITR had a length greater than 20 nt
and did not map with the AAV-Cas vector sequence; this class
was used for the ISs and for the breakpoints analysis.

(2) R2: the remaining sequence mapped uninterruptedly on the vec-
tor and was used for breakpoint analysis.

(3) R*: the remaining sequence reads that map uninterruptedly on
the vector or were composed of three or more vector fragments;
we discarded these reads as no breakpoint or more than one
breakpoint is present in the sequence.

All the seed sequences that specifically aligned with the on-target
location are part of the R1-on subset within the R1 group.

The reads in the three sets (R1, R1-on, and R2) were analyzed to
determine the breakpoint locations. The coordinate of the end of
the first identified vector fragment was used as the breakpoint loca-
tion in each read. For each position of the 30 ITR, starting from the
end of the megaprimer and moving in the 30 direction, we calculated
the fraction of reads containing that position. These fractions were
then passed to an R script for visualization and plotting.

Data wrangling and analysis

Custom scripts written in R Studio (version 1.4.1) and Python 3.9 in
combination with bash scripts were used for data wrangling and
analysis. Further, for data import, preprocessing, and filtering, the
R packages readxl, tidyverse, stringr, and janitor were used. Data
plotting and statistical analysis were done using Circos97 and
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GraphPad Prism version 9.3 for windows (GraphPad Software, San
Diego, CA, USA).

Rainbow plots

For each sample, the following metrics were computed and tabulated:
(1) Seq Count 10 Strongest, highlighting the dominant clones within
the sample; (2) Seq Count All OtherMappable IS, to capture the diver-
sity of the less dominant clones; (3) Total Seq Count Used, providing a
comprehensive view of the total clonal representation; (4) Frequency
[%], calculated as the proportion of the total sequence count, to assess
the distribution of clones within the sample. Additionally, for each IS,
the RefSeq names of the genes located in closest proximity were iden-
tified and included in the table (gene name) to provide a genomic
context. Using the data compiled in these tables, stacked histograms
(referred to as rainbow plots) were constructed in Excel for each sam-
ple. Theseplots visually represent the clonality by stacking the sequence
counts of the 10most prominent ISs at bottom of the aggregated count
of all other mappable ISs, with distinct colors used for each IS.

Graph-based analysis of CISs

The objective of our CIS analysis was to identify clusters of ISs within
the mouse genome where the frequency of occurrence was higher than
would be expected by random chance, as outlined by Shen et al. and
Abel et al.98,99 Such clusters may indicate regions that confer a selective
advantage to the cells or are preferentially targeted by the vector used
for delivery. To this end, we adopted a graph-based approach, as
described by Fronza et al.,51 to elucidate biologically significant CISs.
In our analysis, each IS identified in any of the samples was represented
as a unique nodewithin a graphG, with each sample assigned a distinct
color for differentiation. A pair of nodes within this graph was con-
nected by an edge if the linear genomic distance between their corre-
sponding IS was less than a predefined threshold (50 kilobase pairs
[kbp]). This approach facilitated the construction of a network of no-
des, where each connected sub-graph within G was indicative of a CIS.
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