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Clustered regularly interspaced short palindromic repeats
(CRISPR)/Cas9 gene editing is an emerging therapeutic
modality that shows promise inHuntington’s disease and spino-
cerebellar ataxia (SCA) mouse models. However, advancing
CRISPR-based therapies requires methods to fully define in vivo
editing outcomes. Here, we use polymerase-free, targeted long-
read nanopore sequencing and evaluate single- and dual-
gRNA AAV-CRISPR editing of human ATXN2 in transgenic
mouse models of SCA type 2 (SCA2). Unbiased high sequencing
coverage showed 10%–25% editing. Along with intended edits
there was AAV integration, 1%–2% of which contained the
entire AAV genome and were largely unmethylated. More
than 150 kb deletions at target loci and rearrangements of the
transgenic allele (1%) were also found. In contrast, PCR-based
nanopore sequencing showed bias for partial AAV fragments
and inverted terminal repeats (ITRs) and failed to detect full-
length AAV. Cumulatively this work defines the spectrum of
outcomes of CRISPR editing in mouse brain after AAV gene
transfer using an unbiased long-read sequencing approach.

INTRODUCTION
The success of gene editing therapies relies on research in animal
models as well as methods to accurately assess and predict editing out-
comes, which are variable depending on gene targets, cell types, and de-
livery modalities. In efforts to develop adeno-associated virus (AAV)-
delivered clustered regularly interspaced short palindromic repeats
(CRISPR)/Cas9 (CRISPR-associated protein 9) (AAV-CRISPR) gene
editing strategies to treat spinocerebellar ataxia type 2 (SCA2), an auto-
somal-dominant neurodegenerative disease caused by a CAG trinucle-
otide repeat expansion in exon 1 of ATXN2, and also associated with
amyotrophic lateral sclerosis (ALS) risk,1 requires we first understand
the nature of editing events in vivo. Indeed, tools that help to define
the nature of AAV-based editing in brain could be applied to other
repeat expansion disorders where CRISPR editing has shown promise
including Huntington’s disease (HD),2,3 fragile X syndrome (FXS),4,5

SCA type 3 (SCA3),6 C9orf72-mediated ALS/frontotemporal dementia
(FTD),7,8 andmyotonic dystrophy type 1 (DM1).9,10 Notably, however,
evaluating editing near long repetitive sequences is error prone and can
be biased when using PCR-based methods.

AAV vectors carrying a variety of cargo have been shown to integrate
into double-strand breaks (DSBs) in host genomes,11,12 with, fre-
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quencies of 1%–3% recently shown in the liver of a humanized mouse
model.13 Because CRISPR/Cas9 induces DSBs, it stands to reason
that these same vectors can integrate at these sites. Indeed, using
PCR-based methods, AAV integration has been found after AAV-
CRISPR delivery,14–20 with AAV integration occurring more
frequently than the intended editing event.20 Reports of AAV integra-
tions using PCR methods also show that they predominantly involve
the inverted terminal repeat (ITR).

As reliable analysis of DNA repeats is achieved using polymerase-free
long-read sequencing,21 and our intended editing is near an expanded
repeat region of ATXN2, we reasoned that long-read nanopore Cas9-
targeted sequencing (nCATS) could be applied to similarly evaluate
native and AAV-CRISPR edited DNA without amplification bias.22

We assessed the utility of our methods in two transgenic mouse
models of SCA2 after AAV-CRISPR delivery.23,24 Here, we show
that our modified nCATS methodology provides high on-target
coverage, a requirement for interrogating AAV-CRISPR editing,
and captured editing outcomes missed by standard PCR methods.
Our data support applying targeted long-read sequencing methods
to define the spectrum of in vivo editing outcomes and advance
AAV and CRISPR-based therapies for inherited disorders.
RESULTS
Cas9-targeted enrichment yields high read coverage after

in vivo editing

CRISPR/Cas9 guide RNAs (gRNAs) were designed to target human
ATXN2 using a single gRNA or dual-gRNA strategy. For the first
approach, gRNA5 targets downstream of the CAG repeat to induce
indels and premature termination of transcripts (Figures 1A, S1,
and Table S1). For the dual-gRNA strategy, gRNA4+5 flanked the
CAG repeat tract for targeted deletion (Figures 1A, S1, and
Table S1). To validate the approach, Cas9-targeted nanopore
sequencing of editing events were assessed in two distinct SCA2
mouse models after delivery of the AAV-CRISPR machinery to brain.
One SCA2 model is Pcp2-ATXN2-127Q, where the transgene
.
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Figure 1. AAV-CRISPR editing in the brain of SCA2 mice and nCATS workflow

(A) Schematic of CRISPR/Cas9 editing strategies with flanking dual-gRNA4+5 to delete the CAG repeat and a single gRNA5 downstream to knockout ATXN2 expression.

(B) AAV-SpCas9 vector with the neuronal-specific Mecp2 promoter driving SpCas9 expression, AAV-gRNA5, and AAV-gRNA4+5 vectors with the human U6 promoter(s)

driving gRNA(s) expression and the CMV promoter driving eGFP reporter expression. (C) BAC-72Q and Pcp2-127Q mouse models of SCA2 were bilaterally injected in the

striatum with an equal 1:1 ratio of AAV-SpCas9 and AAV-gRNA(s) at 2.5E10 vg per AAV vector per hemisphere (1E11 vg total) at 8 weeks old. (D) At 4 weeks post-injection,

transduced GFP positive brain tissue was micro-dissected and gDNA was extracted with gravity-flow columns. (E) gDNA was sheared to 20 kb by Covaris g-TUBE

centrifugation and small fragments (<4 kb) were removed by Circulomics small read elimination XS kit. (F) Libraries were prepared by dephosphorylating gDNA, Cas9-

enrichment gRNAs flanking the ATXN2 transgene region of interest (ROI) targeted SpCas9 cleavage, DNA ends were dA-tailed, and sequencing adapters were ligated.

(G) Libraries were sequenced with nanopore Flongle or MinION flow cells (Oxford Nanopore Technologies, ONT).
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contains human ATXN2 cDNA with 127 CAG repeats.23 The second
is BAC-ATXN2-72Q, which has a BAC transgenic genome harboring
full-length human ATXN2 (approximately 169 kb) with 72 CAG re-
peats.24 As an important step to understand editing outcomes, we
used digital droplet PCR (ddPCR) to define transgene copy numbers
in both models (Figure S2; there are six BAC-72Q transgene copies
and three Pcp2-127Q transgene copies). In vivo editing was per-
formed by the co-delivery of AAV-SpCas9 and AAV-gRNA(s) vec-
tors (Figure 1B) injected at equal doses (Figure 1C). Four weeks later,
mice were euthanized and enhanced green fluorescent protein
(eGFP)-positive brain tissue micro-dissected (Figure 1D).

We adapted the nCATS protocol to isolate high quality genomic DNA
(gDNA) from brain by gravity-flow purification (Figure 1D), followed
by shearing to approximately 20 kb and eliminating small gDNA frag-
ments by size selection (Figures 1E and S3). The size selection step
acted as an additional cleaning step prior to Cas9 enrichment and li-
brary preparation. These modifications reduced small reads and
improved sequencing output and target coverage.

Cas9-enrichment gRNAs flanking the ATXN2 transgene region of
interest (ROI) were tested and optimized using Flongle flow cells
(Oxford Nanopore Technology [ONT]) (Figures 1F and 1G). In
BAC-72Q mice, we initially followed the nCATS protocol recom-
mending four Cas9-enrichment gRNAs to enrich for target ROI reads
at high coverage. However, Cas9-targeted enrichment of the Pcp2-
127Q ROI presented unforeseen challenges: the short transgene
(5.7 kb) had a limited sequence window for Cas9-enrichment
gRNA design and targeting the Pcp2 promoter in the transgene would
enrich for the off-target mouse Pcp2 gene (chr8:3625324-3625343)
(Figure S4A). With follow-up Cas9-enrichment gRNA tests, the
Pcp2-127Q transgene was located at three sites in chromosome 19
(Figure S4B). Two transgene copies were inserted in Gldc intronic
(chr19: 30177215) and promoter (chr19:30195946) regions and one
copy was inserted in a Mbl2 intronic region (chr19:30237764).
Pcp2-127Q insertions were confirmed with higher coverage (417�)
and the Mbl2 insertion was PCR validated (Figures S4B and S4C).
These aligned chr19 insertion reads provided additional targetable
Pcp2-127Q sequence, which included backbone sequence from the
plasmid used to generate the transgenic mouse. Using the additional
targetable sequence, we designed and tested multiple Cas9-enrich-
ment gRNAs to ascertain the most efficient. Ultimately, we found
that two Cas9-enrichment gRNAs could provide high target coverage
in Pcp2-127Q mice.

Targeted sequencing was performed with Cas9-enrichment gRNAs
(Table S1) on treated SCA2 mouse samples (Figure 1F) and libraries
sequenced with high throughput MinION flow cells (ONT) (Fig-
ure 1G). To provide a better understanding of potential off-target se-
quences targeted with the Cas9-enrichment gRNAs, we performed in
silico analysis with Cas-OFFinder.25 The number of putative targets
ranged from 2-5 with three mismatches and up to 343–702 with
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Figure 2. Frequency of CAG deletions after dual-gRNA AAV-CRISPR editing

(A and B) Representative IGV alignment plots of nCATS reads aligned to Pcp2-127Q (A) and BAC-72Q (B) transgene ROIs. The IGV plots were cropped to highlight the

relevant data, coverage is in green, maximum base coverage is on the left, positive strand reads are red, negative strand reads are blue, and reads with intended CAG

deletions are shown by the red arrowheads. AAV gRNA4 and gRNA5 cleavage sites (+3-nt upstream of the PAM) are shown by black arrowheads and Cas9-enrichment

gRNA sites are shown by open arrowheads; Pcp2-127Q Cas9-target enrichment with two gRNAs and BAC-72Q Cas9-target enrichment with four gRNAs. (C and D)

Frequency of target reads with intended CAG deletions in Pcp2-127Q (C) (n = 2; closed circles; 4,242� and 1,843� coverage) and BAC-72Q (D) (n = 2; open circles; 4,798�
and 2,520� coverage). Each point represents a single mouse and bars represent the group mean. (E and F) Distribution of intended CAG deletion sizes. Dashed line

represents precise intended CAG deletion sizes of 779 bp and 614 bp in Pcp2-127Q mice (E) and BAC-72Q mice (F), respectively. Blue and red dots represent the deletion

sizes in the twomice tested and the frequency of intendedCAGdeletions that were precise are shown below. (G andH) Frequency of target reads with inversions between the

intended cleavage sites in Pcp2-127Q mice (G) (n = 2; 3,850� and 1,890� coverage) and BAC-72Q mice (H) (n = 2; 4,130� and 2,100� coverage). (I and J) Frequency of

indels in Pcp2-127Q (n = 3, ctrl-gRNA and gRNA5; n = 4, gRNA4+5) at gRNA4 site (I; gRNA4+5, ****p < 0.0001) and gRNA5 site (J; gRNA5, ****p < 0.0001; gRNA4+5, ***p =

0.0003) assayed by drop-off ddPCR. (K and L) Frequency of indels in BAC-72Q (n = 3, ctrl-gRNA and gRNA5; n = 5, gRNA4+5) at gRNA4 site (K) (gRNA4+5, **p = 0.0052)

and gRNA5 site (L) (gRNA5, *p = 0.0107; gRNA4+5, *p = 0.0247) assayed by drop-off ddPCR. Indels were normalized to a transgene reference. Bars represent the group

mean and error bars represent the standard deviation. Significance was determined by one-way ANOVA with Dunnett’s test for multiple comparisons for all ddPCR data;

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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five mismatches (Table S2). The tool confirmed the mouse Pcp2
off-target with 0 mismatches. Nonetheless, resulting reads (read
length N50 approximately 10 kb; see materials and methods) aligned
to the target transgenes with high average sequencing coverage of
2,765� and 3,940� for Pcp2-127Q and BAC-72Q, respectively
(Table S3).

Editing outcomes after dual-gRNA delivery to SCA2 mice

The transgenic alleles for the Pcp2-127Q and BAC-72Q models were
enriched using two or four Cas9-enrichment gRNAs, respectively, for
targeted sequencing (Figures 2A and 2B). With dual-gRNAs, full
CAG repeat deletion was, as expected, inefficient, at 1.7% (Figure 2C)
762 Molecular Therapy Vol. 31 No 3 March 2023
and 3.5% (Figure 2D) of relevant reads in the Pcp2-127Q or BAC-72Q
mice, respectively. Of the full-length CAG deletions (Figures 2C and
2D), 57.3% and 64.3% (Figure 2E) and 41.5% and 43.2% (Figure 2F)
were precise deletions of 779 bp and 614 bp in Pcp2-127Q and BAC-
72Q mice, respectively. Thus, while deletions were infrequent, they
were of the correct size and were confirmed by end-point PCR, Sanger
sequencing, and PCR-targeted amplicon nanopore sequencing
(Figure S5).

To determine if the dual-gRNA strategy caused inversions as previ-
ously reported,16,20 reads were aligned to a new reference transgene
harboring a predicted inversion with CTG repeats. We observed
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0.9% (Figure 2G) and 1.5% (Figure 2H) inversion events in SCA2
mice after editing. In non-targeting control (ctrl)-gRNA treated
mice, CAG repeats were intact in target reads (Figure S6). Addition-
ally, alignments to the mouse Atxn2 locus and the human ATXN2
gene or cDNA transgenes did not reveal any CRISPR-mediated trans-
locations in all treated mice.

To quantify indels at gRNA target site(s) in dual- and single-gRNA-
treated SCA2 mice, we developed a drop-off ddPCR assay to detect
small indels within the predicted cleavage window (Figure S7A). In
dual-gRNA4+5 treated groups compared to the ctrl-gRNA groups,
we observed significant indel efficiencies of 8% (Figure 2I) and 12%
(Figure 2K) at gRNA4 site in Pcp2-127Q and BAC-72Qmice, respec-
tively, and 14% (Figure 2J) and 18% (Figure 2L) at gRNA5 site in
Pcp2-127Q and BAC-72Q, respectively. Additionally, we compared
the single gRNA5 group with the ctrl-gRNA group and observed sig-
nificant indel efficiencies of 19% and 23% at gRNA5 site in Pcp2-
127Q and BAC-72Q, respectively. There was 5%–6% higher gRNA5
efficiency at gRNA5 site with single gRNA5 treatment compared
with dual-gRNA4+5 treatment (Figures 2J and 2L); however, this dif-
ference was not significant. Overall, these data indicate that DNA
repair after editing favored small indels over larger CAG deletions.

Editing outcomes unique to transgenic alleles and CAG repeat

stability

Long CAG repeats are susceptible to somatic expansions through
DNA damage and repair mechanisms.26,27 Therefore, we monitored
repeat length after DSB induction by CRISPR/Cas9 and the subse-
quent repair using RepeatHMM.28 In all treatment groups, Pcp2-
127Q mice showed a single peak at approximately 120 CAG repeats
(Figures 3A, 3C, and 3E) and BAC-72Q mice showed four peaks
ranging from approximately 50–120 CAG repeats (Figures 3B, 3D,
and 3F), indicative of multiple transgene copies. The CAG sizing
peaks agreed with PCR-based fragment analysis (Figure S8). In all
groups, we observed similar CAG repeat sizes, with averages of 119
in Pcp2-127Q and 86 in BAC-72Q (Figures 3G and 3H). The data
indicate that CRISPR-mediated DSBs neither expanded nor con-
tracted repeat expansions in SCA2 mouse models.

Interestingly, outlier reads with repeats longer than the normal distri-
bution were identified in dual-gRNA-treatedmice (Figures 3E and 3F).
This prompted further examination of human ATXN2 reads contain-
ing CAG repeats, which showed that 1% of target reads from BAC-72Q
contained multiple CAG repeat sequences within proximity in single
reads (Figure 3I). These contain repaired gRNA5 to gRNA4 sites
near CAG repeats, separated by intervening sequences, suggesting
that the repair of large deletions (approximately R169 kb) between
tandem transgene copies led to complex rearrangements (Figures 3J,
S9, and S10). Figure S11 shows that large deletions can result from
the repair of transgene copies between gRNA4 and gRNA4 edit sites,
as well as inversions. These examples highlight how unbiased, PCR-
free long-read sequencing can capture events commonly missed by
standard methods, including editing outcomes unique to transgenic
animals with multiple editable copies on a single chromosome.
Editing strategies and gRNA target impact AAV site integration

frequency

PCR-based analysis of tissues afterAAVdelivery has shown evidence of
AAV integration. Alignments of reads from Cas9-targeted enriched
gDNA showed that AAV integration occurred at high frequency after
AAV-SpCas9 andAAV-gRNA(s) delivery to brain. Total AAV integra-
tion events were 26% (22.5% indels; Figures 2I and 2J) and 13% (19.4%
indels; Figure 2J) of target reads in Pcp2-127Q mice with dual-gRNA
and single-gRNA treatments, respectively, and 22% (29.8% indels;
Figures 2K and 2L) and 20% (23.5% indels; Figure 2L) in BAC-72Q
with dual-gRNA and single gRNA treatments, respectively (Figure 4A).
In ctrl-gRNA-treated mice, reads aligned to the AAV vector sequences
at low coverage (6–43�) (Figure S12 and Table S4) and did not supple-
mentally align to the on-target gRNA sites, supporting low background
contamination fromAAVepisomalDNA in the sequencing libraries. In
the dual-gRNA-treated mice, we observed AAV-SpCas9 and AAV-
gRNA(s) combined total AAV integration frequencies of 16.6% (8.4%
indels; Figure 2I) and 11.7% (12.0% indels; Figure 2K) at gRNA4 site
compared to 9.1% (14.1% indels; Figure 2J) and 10.2% (17.8% indels;
Figure 2L) at the gRNA5 site in Pcp2-127Q and BAC-72Q, respectively
(Figure 4B). Thus, AAV integration frequencies were higher at the
gRNA4 site compared to the gRNA5 site. Conversely, indel efficiency
was lower at the gRNA4 site compared with the gRNA5 site in BAC-
72Q and Pcp2-127Q (Figures 2I–2L). AAV integrations occurring be-
tween the gRNA sites in dual-gRNA-treated mice were 0.4%–2% (Fig-
ure 4C), suggesting that CAG deletions followed by insertion of AAV
sequence occurred less frequently than indels. Interestingly, AAV-
SpCas9 sequences integrated at higher frequencies compared with
AAV-gRNA(s) in both dual- and single-gRNA-treated mice
(Figures 4B–4D). Because both AAVs were delivered at the same
dose, the data indicate that AAV-SpCas9 (4.8 kb) provided more tem-
plate sequence to integrate than AAV-gRNA(s) (2.3 and 2.7 kb). Over-
all, editing outcomes observed between gRNA sites were not equivalent
among editing strategies.

AAV integrations are full-length genomes, ITR-less fragments,

and unmethylated

Next, AAV integrants were assessed by nCATS- and PCR-based
methods in edited brain tissues. The former identified full-length ge-
nomes, while nanopore PCR-targeted sequencing did not (Figures 5A
and S13). PCRwas biased toward short fragments and ends, primarily
containing ITRs, before coverage dropped off across the AAV cargo.
We did not observe reads aligned to AAV vector sequences in ctrl-
gRNA-treated mice, which confirms that PCR was specific for the
target region. To our knowledge, this is the first direct comparison be-
tween PCR-based and PCR-free sequencing demonstrating the
intrinsic bias associated with PCR-based methods for AAV integra-
tion analysis.

With Cas9-targeted nanopore sequencing, full-length AAV genomes
were observed in 1%–2% of target reads (Figure 5B). Of the total AAV
integrations in target reads (Figure 4A), a higher frequency of full-
length AAV-gRNA(s) (10%–29%) was observed compared with
full-length AAV-SpCas9 (4%–7%), and was most striking in the
Molecular Therapy Vol. 31 No 3 March 2023 763
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Figure 3. CAG repeat sizes and large deletions and rearrangements of transgenes after AAV-CRISPR editing

(A–F) Representative plots of CAG repeat size counts in Pcp2-127Qmice (A, C, E) and BAC-72Q mice (B, D, F); ctrl-gRNA (red) (A, B), gRNA5 (orange) (C, D), and gRNA4+5

(blue) (E, F) in nanopore Cas9-targeted reads from RepeatHMM analysis. Box plots represent CAG repeat size distribution and outliers are shown by dots. (G and H) Average

CAG repeat size count for Pcp2-127Qmice (G) (n = 2, ctrl-gRNA; n = 2, gRNA5; n = 2, gRNA4+5) and BAC-72Qmice (H) (n = 2, ctrl-gRNA; n = 2, gRNA5; n = 2, gRNA4+5).

Each point represents a single mouse and bars represent the groupmean. (I) Frequency of target reads containing multiple CAG repeats within single reads in BAC-72Qmice

(917� and 378� coverage). Bars represent the group mean. (J) Schematic of tandem transgene copies in BAC-72Q mice showing gRNA4 and gRNA5 target sites (red

arrowheads) in each transgene copy. A gRNA5-gRNA4 deletion, where edit sites could be contiguous or noncontiguous, between transgene copies would yield a read

containing two CAG repeats (left). Two consecutive gRNA5-gRNA4 deletions between transgene copies would cause a read containing three CAG repeats (right).
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single gRNA treated mice (26%–29%) (Figure 5C). Thus, the smaller
AAV-gRNA(s) genome integrates as full-length more efficiently than
AAV-SpCas9.
764 Molecular Therapy Vol. 31 No 3 March 2023
The AAV ITR sequence can drive integration.12,19 In brain, we
observed partial fragment integrations with and without ITRs (Fig-
ure 5A), and overall higher AAV cargo coverage compared with



Figure 4. Frequency of AAV integrations

(A) Frequency of target reads with AAV integrations (AAV-SpCas9 + AAV-gRNA[s]) after dual-gRNA4+5 (n = 2, dark blue and red closed circles, 4,750� and 2,205�
coverage) and single gRNA5 (n = 2, light blue and orange closed circles, 2,900� and 2,550� coverage) treatments in Pcp2-127Q and dual-gRNA4+5 (n = 2, dark blue and

red open circles, 5,300� and 2,630� coverage) and single gRNA5 (n = 2, light blue and orange open circles, 4,400� and 3,450�) treatments in BAC-72Q. Each point

represents a single mouse. Percent indels from Figures 2I–2L are shown below. (B) Frequency of target reads with AAV-SpCas9 (squares) or AAV-gRNA(s) (triangles) in-

tegrations at gRNA4 (n = 2, 5,200� and 2,460� coverage) and gRNA5 (n = 2, 4,300� and 1,950� coverage) sites in dual-gRNA4+5-treated Pcp2-127Q mice (closed

shapes) and at gRNA4 (n = 2, 5,500� and 2,710� coverage) and gRNA5 (n = 2, 5,100� and 2,550� coverage) sites in dual-gRNA4+5-treated BAC-72Q mice (open

shapes); sum of the AAV-SpCas9 mean and AAV-gRNA(s) mean integration frequency is denoted. Percent indels from Figures 2I–2L are shown below. (C) Frequency of

target reads with AAV-SpCas9 and AAV-gRNA(s) integrations between gRNA4 and gRNA5 sites in dual-gRNA4+5-treated Pcp2-127Q mice (n = 2, 4,750� and 2,205�
coverage) and BAC-72Q mice (n = 2, 5,300� and 2,625� coverage). (D) Frequency of target reads with AAV-SpCas9 and AAV-gRNA(s) integrations at the gRNA5 site in

single gRNA5 treated Pcp2-127Qmice (n = 2, 2,900� and 2,550� coverage) and BAC-72Qmice (n = 2, 4,400� and 3,450� coverage); the sum of the AAV-SpCas9 mean

and AAV-gRNA(s) mean integration frequency is denoted. Percent indels from Figures 2I–2L are shown below.
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ITR coverage with Cas9-targeted sequencing (Table S4). In contrast,
PCR showed higher ITR coverage, in most cases, compared with AAV
cargo coverage (Table S5). The coverage between the ITRs was con-
stant across the AAV cargos suggesting no sequence hotspots or spe-
cific microhomologies shared with the on-target sites and AAV cargo.
We did observe a significant drop in coverage between the palin-
dromic B–B0 short arm and A–A0 long arm of the WT AAV2 ITR
hairpin indicating a favored breakpoint (Figures 5A and 5D).29 Inter-
estingly, prior reports using PCR-based, short-read sequencing also
identified preferential breakpoints in the palindromic short arms B
and C of the ITR hairpin proximal to the payload.19,30 Using the re-
gion of high ITR coverage for ddPCR assay design (Figure S7B), we
confirmed ITR containing AAV integrations at gRNA4 and gRNA5
sites at frequencies of 4%–5.5% (Figures 5E–5H). Compared with
the ctrl-gRNA group, we observed significant ITR integration in
Pcp2-127Q at gRNA4 site and gRNA5 site in the dual-gRNA group
(Figures 5E and 5F), and gRNA5 site in the single gRNA group (Fig-
ure 5F). While the BAC-72Qmice showed more variability, there was
significant ITR integration at gRNA4 site and gRNA5 site in the dual-
gRNA group (Figures 5G and 5H), and gRNA5 site in the single
gRNA group (Figure 5H), when compared with the ctrl-gRNA group.
As expected, ITR containing integration (4%–5.5%) was significant.
Taken together with total AAV integrations (10%–25%; Figure 4A),
the data indicate ITR-less fragment AAV integration occurs in brain
after editing. Overall, full-length AAV genome integrations repre-
sented a small subset of total integrations and ITR containing
sequence was frequently observed at gRNA target sites in the brain.

Next, the methylation status of AAVs was assessed in the brain after
editing. DNA methylation is an epigenetic mechanism that regulates
gene expression at promoters by repressing transcription. CpG dinu-
cleotides in AAV-packaged DNA are predominately unmethylated
(0%–2% methylation)31,32; however, epigenetic silencing can occur
through de novo CpG methylation. Moreover, integrated AAV
Molecular Therapy Vol. 31 No 3 March 2023 765
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Figure 5. Frequency of full-length AAV genome and ITR integrations

(A) Comparison of representative IGV alignments of nanopore Cas9-targeted and PCR-targeted sequencing reads aligned to AAV-gRNA4+5 and AAV-SpCas9 in dual-

gRNA4+5 treated BAC-72Qmice. Full-length AAV genome integrations at on-target gRNA sites detected by Cas9-targeted sequencing are shown by red arrowheads. PCR-

targeted sequencing shows decreasing coverage (green) across the AAV cargo between ITR sequences. The IGV plots were cropped to highlight the relevant data and

maximum base coverage is shown on the left. (B) Frequency of Cas9-targeted reads with full-length AAV genome integrations from AAV-SpCas9 (squares), AAV-gRNA(s)

(triangles), and their combined total (circles) in dual-gRNA4+5-treated (red and blue) Pcp2-127Q mice (n = 2, closed shapes, 4,750� and 2,205� coverage) and BAC-72Q

(legend continued on next page)

Molecular Therapy

766 Molecular Therapy Vol. 31 No 3 March 2023



www.moleculartherapy.org
genomes can become hypermethylated, and the methylation status of
the target cells can influence AAV integration and transgene expres-
sion.33 The post-injection methylation status of AAVs has not been
deeply surveyed in vivo and is unknown in the brain. To address
this, we used Megalodon, a computational tool with high methylation
calling performance in repetitive sequence regions.34,35 In AAV-ctrl-
gRNA and AAV-gRNA(s)-treated mice, we observed high CpG 5mC
methylation in the promoter region upstream of exon 1 in reads
aligned to the BAC-72Q ROI showing tool detection sensitivity (Fig-
ure S14A). Similar CpG methylation patterns were visualized at the
gRNA target sites and proximal genetic landscape of the transgenes,
indicating that CRISPR editing and AAV integration did not cause
overt epigenetic changes (Figures S14A and S15A). AAV-SpCas9
and AAV-gRNA(s) fragment and full-length aligned reads were pre-
dominately unmethylated (frequency of 5mC methylation 0%–2%)
at CpG sites across the AAV genomes (Figures S14B, S14C, S15B,
and S15C). Aligned AAV sequences were at lower coverage in
AAV-ctrl-gRNA mice compared with AAV-gRNA(s) treated mice
(Table S6) and our Cas9-targeted enrichment of the edited loci
captured high AAV integration (Figure 4A), suggesting the majority
of unmethylated AAV sequence reads represented AAV integrations,
including partial fragments and full-length genomes. The data extend
the utility of Cas9-targeted nanopore sequencing to evaluate the
methylation status of AAV vectors and integrations in vivo.

In summary, editing outcomes were similar in two transgenic mouse
models of SCA2 (Figure 6A). Unbiased long-read sequencing allowed
for a categorical breakdown of AAV integrations demonstrating pref-
erential integrations of AAV fragments over full-length genomes
(Figure 6B). Overall, the preclinical evaluation of editing outcomes
in the brain of SCA2 transgenic mice can be used to predict editing
in humans with SCA2 (Figure 6C), with the caveat that transgenic
mouse models contain multiple editable copies on a single chromo-
some, leading to large deletions and rearrangements, a unique and
unintended outcome not expected in humans.

DISCUSSION
We adapted unbiased long-read nCATS to evaluate AAV-CRISPR
editing outcomes near expanded CAG repeats in SCA2 mouse model
brains. This allowed evaluation of CRISPR-mediated deletions and
detection of partial and full-length AAV integrations. The data
show that available gRNA sites and AAV genome size influence
full-length AAV genome integrations frequencies. As two Cas9-
mice (n = 2, open shapes, 5,300� and 2,630� coverage), and single gRNA5 (orange a

coverage) and BAC-72Qmice (n = 2, open shapes, 4,400� and 3,450� coverage). Each

of AAV-SpCas9 and AAV-gRNA(s) integrations that were full-length AAV genomes in

Representative IGV alignment of coverage across the wild-type AAV2 ITR sequence. Th

ITR hairpin schematic (flop orientation) on the right shows the location of the breakpoin

shown below the coverage. (E–H) Frequency of AAV ITR integration at gRNA4 site (E)

****p < 0.0001) in Pcp2-127Q mice (n = 3, ctrl-gRNA and gRNA5; n = 4, gRNA4+5) and

gRNA4+5, **p = 0.0045) in BAC-72Qmice (n = 3, ctrl-gRNA and gRNA5; n = 5, gRNA4+

the group mean and error bars represent the standard deviation. Significance was deter

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
enrichment gRNAs effectively enriched for the three Pcp2-127Q
transgenic alleles, high coverage (>1,000�) of endogenous genes
could likely be done with two enrichment gRNAs.

AAV fragment integrations and small indels occurred more
frequently than the overall intended CAG deletions with dual-gRNAs.
Deletion efficiency has been shown to inversely correlate with dele-
tion size.36 However, unintended large deletions (approximately
R169 kb) were observed at frequencies similar to the smaller in-
tended CAG deletions. Interestingly, this outcome was only observed
with dual-gRNA4+5, and not gRNA5 alone. We speculate that the
higher indel efficiencies at the gRNA5 site suggest a temporal and
spatial relationship, whereby DNA repair occurred more efficiently
at the gRNA5 site compared with the gRNA4 site, preventing large
deletions and rearrangements between gRNA5 to gRNA5 sites.
Notably, the large deletions were due to the presence of multiple tan-
dem transgene copies in the SCA2model used, which would be appli-
cable to editing repeated motifs in genes that contain the same
sequence on the same chromosome. This highlights the advantage
of our unbiased long-read sequencing approach to unravel large com-
plex editing events.

The complex rearrangements noted herein raise important points for
interpreting editing in transgenic animal models, relevant in part
because clinical development pipelines often require testing in trans-
genic animal models that have multiple editable copies. For example,
AAV integrations could occur after one CRISPR-mediated DSB in a
single transgene copy or after multiple DSBs in multiple transgene
copies. In our study, we find that, while the BAC-72Q and Pcp2-
127Q models have varying transgene copy numbers (Figure S1), the
editing and AAV integration results were similar.Whether the editing
outcomes would be similar to an endogenous gene with two trans
copies is unknown. The rearrangements would certainly be different,
but the frequencies of AAV fragment or full genome insertions may
be similar. Future efficacy studies will address the limitations of edit-
ing in transgenic animals and if the unintended editing outcomes
compromise any potential therapeutic benefit. Nonetheless, cata-
loging these events can help to inform toxicities arising from long-
term in vivo testing.

Our study corroborates previous findings of partial fragment and
ITR-less AAV integrations,13,20,37 and extends this work to show
full-length integrations are possible. AAV integrates as ssDNA
nd light blue) treated Pcp2-127Q mice (n = 2, closed shapes, 2,900� and 2,550�
point represents a single mouse and bars represent the groupmean. (C) Frequency

dual-gRNA4+5 and single gRNA5-treated Pcp2-127Q and BAC-72Q mice. (D)

e preferred breakpoint (red arrowhead) is shown by reduced coverage and the AAV

t between the B0–B and A0–A arms. Black boxes around the ITR sequence regions

(gRNA4+5, ****p < 0.0001) and gRNA5 site (F) (gRNA5, ***p = 0.0003; gRNA4+5,

gRNA4 site (G) (gRNA4+5, **p = 0.0035) and gRNA5 site (H) (gRNA5, **p = 0.0034;

5). AAV-ITR integrations were normalized to the transgene reference. Bars represent

mined by one-way ANOVA with Dunnett’s test for multiple comparisons for all data;
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Figure 6. Summary of editing outcomes in the brain of SCA2 transgenic mice

(A) Editing outcomes from nCATS (Figures 2, 3, 4, and 5) or from ddPCR (Figures 2I–2L; indels). (B) Frequency of integrations that were fragments or full-length AAVs. (C) Data

observed in SCA2 transgenic mice brain offer predictions for expected editing outcomes in normal and SCA2 humans. SCA2 transgenic mice with multiple copies have

multiple target sites (red arrowheads) on a single chromosome compared to humans with targets sites on two chromosomes. The asterisk denotes the large deletions and

transgene rearrangements unique to editing in a transgenic mouse model.
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through homologous recombination (HR); in vitro studies showed
that AAV does not undergo HR as double-strand DNA (dsDNA).38

One hypothesis to explain partial fragment and ITR-less integrations
is that degraded linear AAV genomes are undergoing HR. It remains
unclear whether AAV integrations occur as dsDNA after concate-
meric episome formation in vivo. DNA damage, such as nicking of
the AAV episome, could make it a template for integration through
recruitment of DNA repair proteins. Controlling SpCas9 expression
after AAV episome formation may offer insights into these unknown
mechanisms and potentially decrease CRISPR-mediated AAV inte-
768 Molecular Therapy Vol. 31 No 3 March 2023
gration.39 As long-read nanopore sequencing accuracy and depth
continue to improve, andmore data are generated among various lab-
oratories, we may better understand how DNA repair and AAV inte-
gration occurs after the induction of DSBs in the transduced neurons.

The emergence of new sequencing approaches to analyze large editing
outcomes (>100 bp) overcome the limitations of previous targeted
PCR and next-generation sequencing approaches. For instance,
uni-directional targeted sequencing (UDiTaS) evaluated on- and
off-target indels and genome rearrangements and translocations in
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cultured cells.40 Individual DNA molecule sequencing (IDMseq), a
PCR-based, long-read nanopore sequencing approach, revealed large
deletions and complex rearrangements in human embryonic stem
cells.41 However, these approaches introduce biases from tagmenta-
tion or PCR. Finally, an unbiased long-read sequencing approach
profiled the integration of large CRISPR-guided transposition prod-
ucts (%5,066 bp) genome-wide in Escherichia coli.42 While these ap-
proaches are complementary to our unbiased targeted nCATS
approach, each has blind spots that the other can identify. Our
approach aimed to define on-target editing, therebymissing off-target
editing and AAV integration genome wide. Compared with short-
read sequencing with high accuracy and depth, small indels and
rare editing outcomes, such as translocations, are additional blind
spots with our approach. The continued development and adoption
of new sequencing approaches, or combinations of sequencing ap-
proaches, will further strengthen our understanding of intended
and unintended, large editing events.

It will be interesting in future work to determine the biodistribution of
the editing outcomes we observed. Given current technologies, assess-
ing specific events in situwill be challenging given the complexity and
diversity of editing outcomes and AAV integration species, including
vector deletions and rearrangements.

Quantifying genome-wide AAV integrations is difficult; current
tools are designed for short-read amplicon sequencing. Thus, we
manually counted on-target AAV integrations from alignments.
While tedious, this approach could also be used in follow-up studies
with Cas9-targeted enrichment of the AAV genomes and mouse
genomic sequences to capture off-target AAV integration. Addition-
ally, deep amplicon sequencing could be used for genome-wide
profiling to inform focused evaluation with Cas9-targeted long-read
sequencing.

CpG depletion of AAV vectors decreases TLR9-mediated and CD8+

T cell immune responses.43,44 However, the methylation status of
AAVs after integration has not been well-studied in vivo. If integrated
AAVs remain unmethylated, as noted here, the possibility of those se-
quences being expressed remains. If unmethylated CpGs are present
in AAV vector genomes, they can also activate immune responses.
Conversely, the occurrence or consequence of de novo DNA methyl-
ation after AAV integration are also unknown in vivo. Targeted inser-
tion without nucleases rely on AAV integration via HR.45 These
events may cause methylation of nearby promoters disrupting gene
expression. For these reasons, more data are needed to understand
DNA methylation of AAV integrations, expression from those inte-
grants, and the impact on host genomes in vivo after the delivery of
active nucleases to brain.

In summary, we present new insights for the fields of gene editing and
gene therapy and, importantly, show the relevance of applying
unbiased long-read sequencing to analyze editing outcomes as the
field advances into the clinic. We expect polymerase-based and poly-
merase-free methods can work together to evaluate and monitor gene
editing outcomes of CRISPR-based therapies for SCA2 and other
diseases.

MATERIALS AND METHODS
AAV preparation

For in vivo mouse studies, four different recombinant AAV (rAAV)
vectors were generated by the Research Vector Core at the Raymond
G. Perelman Center for Cellular and Molecular Therapeutics at The
Children’s Hospital of Philadelphia. PX551 AAV shuttle plasmid ex-
pressed SpCas9 under the control of the neuronal-specific Mecp2
promoter and upstream of an SV40pA (PX551 was a gift from Feng
Zhang; Addgene plasmid # 60957; http://n2t.net/addgene:60957;
RRID:Addgene_60957).46 gRNA expression cassettes were moved
into the G0619 AAV shuttle plasmid with eGFP gene under the con-
trol of the CMV promoter and upstream of an SV40pA signal (G0619
was from the University of Iowa Viral Vector Core). The non-target-
ing ctrl-gRNA sequence used was from the GeCKO v2 CRISPR
screening library.47 All rAAV plasmid shuttles have AAV2 ITR se-
quences. rAAV vectors were produced by the standard calcium phos-
phate transfection method in HEK293 cells with the AdHelper
plasmid, AAV1 Rep2/Cap1 packaging plasmid, and AAV shuttle
plasmids with double CsCl purification.48 Vector titers were deter-
mined by ddPCR and were 1E13 vg/mL. Vector purity was tested
by silver stain.

In vivo administration of AAV-CRISPR in mice

Mouse studies and protocols were approved byTheChildren’sHospital
of Philadelphia Institutional Animal Care and Use Committee. SCA2
mice, Bl6/Tg(Pcp2-ATXN2*127Q) and FVB/Tg(ATXN2*72Q), were
obtained from Stefan Pulst at the University of Utah. Mice were housed
in a temperature-controlled environment on a 12 h light/dark cycle.
Food and water were provided ad libitum. Mice were injected at
8 weeks of age with an equal ratio (1:1) of rAAV2/1-Mecp2-SpCas9
vector and either rAAV2/1-hU6-gRNA5-CMV-eGFP vector or
rAAV2/1-hU6-gRNA4-hU6-gRNA5-CMV-eGFP vector or rAAV2/
1-hU6-ctrlgRNA-CMV-eGFP vector. For rAAV injections, mice were
anesthetized with isoflurane and 10 mL rAAV mixture was injected
bilaterally into the striatum at 0.22 mL/min (coordinates: +0.86 mm
rostral to bregma, �1.8 mm lateral to medial, and �2.5 mm ventral
from brain surface). After 4 weeks, mice were anesthetized with a keta-
mine and xylazinemixture andperfusedwith 15mLof ice-cold 1�PBS.
Brains were removed, placed on ice-cold petri dishes, and GFP-positive
tissues were micro-dissected under a fluorescent stereomicroscope. All
tissue was flash frozen in liquid nitrogen and stored at �80�C.

gDNA preparation

Frozen tissue samples were ground with a pestle on ice in lysis buffer
and gDNA was extracted using a DNA Genomic-tip kit (Qiagen, cat-
alog no. 13343). gDNAwas sheared to 20 kb using a g-TUBE (Covaris,
catalog no. 520079). Sheared gDNA was size selected using Circulo-
mics Short Read Eliminator XS kit (PacBio, catalog no. SS-100-121-
01), concentrations were quantified using the Qubit fluorometer
(Thermo Fisher Scientific), and gDNA was visualized on agarose gel
with ethidium bromide.
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PCR assays

For ATXN2 CAG deletions, PCR amplification through the CAG re-
peats ofATXN2 transgenes was performed using brain gDNA template
with betaine and Biolase DNA polymerase (Bioline, catalog no.
BIO-21066). For BAC-72Q mice, the PCR cycle conditions were:
94�C 5 min (94�C 30 s, 60�C 30 s, 72�C 1.5 min) �34, 72�C 10 min,
and 4�C hold. For Pcp2-127Q mice, the PCR cycle conditions were:
94�C 5 min (94�C 30 s, 60�C 30 s, 72�C 2.75 min)�34, 72�C 10 min,
and 4�C hold. PCR products were separated and visualized on an
agarose gel with ethidium bromide stain. The unedited PCR products
were 2,317 bp for BAC-72Q and 2,622 bp for Pcp2-127Qmice. The edi-
ted PCR products were 1,703 bp for BAC-72Q mice and 1,843 bp for
Pcp2-127Q mice. For Pcp2-127Q transgene insertion at mouse Mbl2,
a forward primer targeted Mbl2 and a reverse primer targeted the 50

end of the Pcp2-127Q transgene and a forward primer targeted the 30

end of the Pcp2-127Q transgene and a reverse primer targeted Mbl2.
PCR was performed using PrimeSTAR GXLDNA polymerase (Takara
Bio, catalogno. R050A)withPCRconditions: 98�C10 s, 60�C15 s, 68�C
130 s [50 PCR] or 90 s [30 PCR]�29, 4�C hold. The PCR products were
1,835 bp for 50 Pcp2-127Q and 1,506 bp for 30 Pcp2-127Q. The PCR
products were gel purified and Sanger sequenced. The custom PCR
assay sequences are in Table S7. For fragment analysis, PCR amplifica-
tion through CAG repeats of ATXN2 transgenes was performed using
Pcp2-127Q and BAC-72Q mouse tail gDNA template extracted with
MyTaqExtract-PCR kit (Bioline, catalog no. BIO-21127). PCRwas per-
formed with 50-FAM-labeled SCA2-A forward and SCA2-B reverse
primers24 with PCR cycle conditions: 95�C 3 min (95�C 30 s, 58�C
30 s, 72�C 1 min) �34 and 4�C hold. Capillary electrophoresis with
MapMarker 1,000 bp standard was done by the Napcore facility at
the Research Institute of the Children’s Hospital of Philadelphia. Frag-
ment analysis was analyzed with Applied Biosciences GeneMapper
Software 5 (Thermo Fisher Scientific).

ddPCR assays

ddPCRs were performed on the QX200 (Bio-Rad) according to the
manufacturer’s instructions for probe-based assays with 35 ng
gDNA. All ddPCR assays were multiplexed for target and reference
(Figure S7). Using QX Manager Software (Bio-Rad, v1.2), drop off-
assay was used for analyzing indel efficiency and direct quantification
was used for analyzing AAV-ITR frequency and transgene copy num-
ber. For measuring transgene copy number in SCA2mice, mouse Tfrc
reference assay (Thermo Fisher Scientific, catalog no. 4458366) was
used. The remaining custom assays are in Table S7.

Cas9-targeted enrichment library preparation for nanopore

sequencing

Cas9-enrichment gRNAs were designed using CHOPCHOP (chop-
chop.cbu.uib.no) with more than 1 kb of sequence flanking both sides
of the target SCA2 transgeneROI.49 InBAC-72Qmice, the nCATSpro-
tocol was initially followed with the recommended four Cas9-enrich-
ment gRNAs for optimal target coverage. In the Pcp2-127Q mice, 17
Cas9-enrichment gRNAs were tested, and ultimately, 2 gRNAs pro-
vided high coverage. Upstream Cas9-enrichment gRNAs targeted the
(+) strand and downstream Cas9-enrichment gRNAs targeted the
770 Molecular Therapy Vol. 31 No 3 March 2023
(�) strand. gRNAs were assembled using an equimolar Alt-R
CRISPR-Cas9 crRNA (IDT, custom order) pool and tracrRNA (IDT,
catalog no. 1072532) by denaturation at 95�C and cooled at room
temperature for 20 min. Cas9 RNPs were formed using assembled
gRNAs and Alt-R S.p. HiFi Cas9 Nuclease V3 (IDT, catalog no.
1081060) in 1� CutSmart Buffer (NEB catalog no. B7204) for 30 min
at room temperature and stored at 4�C until use. Sheared and size
selected input gDNA, 5 mg, was dephosphorylated using Quick CIP
(NEB, catalog no. M0525) in 1� CutSmart Buffer by incubation at
37�C for 10min, 80�C for 2 min, and then held at 20�C. Dephosphory-
lated gDNAwas cleavedwithCas9RNPsanddA-tailedusingdATPand
Taq polymerase (NEB, catalog no. M0273) by incubation at 37�C for
15min, then 72�C for 5min, and held at 4�C. Adapter ligation was per-
formed with Ligation sequencing kit (ONT, SQK-LSK110) using
NEBNextQuickT4DNA ligase (NEB, catalog no. E6056) by incubating
for 10 min at room temperature. Samples were cleaned up using 0.3�
volume AMPure XP beads (Beckman Coulter, catalog no. A63881),
washed twice on a magnetic rack with short fragment buffer (ONT,
SQK-LSK110) and DNA libraries were eluted in 8 mL (Flongle) or
13 mL (MinION) elution buffer (ONT, SQK-LSK110) at 37�C for
15min. The above method was modified from the detailed Cas9-medi-
ated PCR-free enrichment protocol (version: ENR_9084_v109_revL_
04Dec2018) available through ONT.

PCR-targeted amplicon library preparation for nanopore

sequencing

Using the ATXN2 CAG deletion PCR method, PCR products were
pooled from two 50 mL reactions and cleaned up with 1.8� volume
AMPure XP beads (Beckman Coulter, catalog no. A63881), washed
twice with 70% ethanol on a magnetic rack and eluted with
nuclease-free H20. PCR products were phosphorylated using T4
Polynucleotide Kinase (NEB, catalog no. M0201S) in 1� T4 ligase
buffer, cleaned up with 1.8� volume AMPure XP bead, washed twice
with 70% ethanol on a magnetic rack and eluted with nuclease-free
H20. Adapter ligation was performed with Ligation sequencing kit
(ONT, SQK-LSK110) using NEBNext Quick T4 DNA ligase. Samples
were cleaned up using 0.4� volume AMPure XP beads washed twice
on a magnetic rack with short fragment buffer (ONT, SQK-LSK110)
and DNA libraries were eluted in 7 mL elution buffer (ONT, SQK-
LSK110) at room temperature for 10 min.

Nanopore sequencing

The sequencing library was prepared with 7 mL (Flongle) or 12 mL
(MinION) DNA library, 15 mL (Flongle), or 37.5 mL (MinION)
sequencing buffer II (ONT, SQK-LSK110), and 10 mL (Flongle) or
25.5 mL (MinION) loading beads II (ONT, SQK-LSK110). Flow cell
priming mix was prepared with 3 mL (Flongle) or 30 mL (MinION)
of flush tether (ONT, SQK-LSK110) and 117 mL (Flongle) or a tube
(MinION) of flush buffer (ONT, SQK-LSK110). Libraries were loaded
onto Flongle flow cells with R9.4.1 nanopores (ONT, catalog no. FLO-
FLG001) for optimizing Cas9-enrichment gRNAs and PCR-targeted
amplicon sequencing. Libraries were loaded onto MinION flow cells
with R9.4.1 nanopores (ONT, catalog no. FLO-MIN106D) for
sequencing treated SCA2 mice with optimized gRNAs. One flow
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cell was used per animal and run on a Mk1B or Mk1C using
MinKNOW software for 24 h (Flongle) or 72 h (MinION).

Nanopore sequencing analysis

Raw FAST5 sequencing files were base called with Guppy (v5.0.7)
high accuracy (HAC) or super high accuracy (SUP) models using a
minimum read quality threshold of Q score of 7 to generate passed
FASTQ reads (NCBI BioProject accession number PRJNA916868),
processed through Porechop (v.0.2.4) (https://github.com/rrwick/
Porechop) to remove leading adapter sequences and aligned using
MiniMap2 (v2.17-r941) (https://github.com/lh3/minimap2) to
create BAM files.50 Alignments were made to reference genome
that included mouse (GRCmm38) chromosomes, Pcp2-127Q, or
BAC-72Q transgene reference sequences and the AAV-SpCas9 and
AAV-gRNA(s) sequences. The BAC-72Q transgene reference
sequence was generated from the 150-kb human ATXN2 gene with
16 kb upstream and 3 kb downstream sequences using the UCSC
Genome Browser GRCh38/hg38 coordinates: hg38_knownGene_
ENST00000643669.2 range=chr12:111,449,214-111618315. From
the known human ATXN2 exonic sequence, we assembled the
Pcp2-127Q cDNA (exons only) transgene reference sequence using
PCR and Sanger sequencing. Total reads and aligned reads were
determined with samtools (v.1.10-2) using BAM files (Tables S3–
S6). Target reads were defined as those that aligned within the inner-
most Cas9-enrichment gRNA site coordinates of the ROI. The mean
coverage of the ROI and the AAV genomes was determined with
samtools using BAM files. Sequencing stats were determined with
NanoStat (v1.5.0) using BAM files.51 Read N50 represents one-half
of the data are within reads with alignable lengths greater than this
value. Guppy super high accuracy was used to base call FAST5 files
for CAG repeat size counts detected from BAM files using
RepeatHMM (v2.0.3) (https://github.com/WGLab/RepeatHMM)
and plotted with R (v4.1.2).28 5mC-modified bases were called
from raw FAST5 files using Megalodon (v2.4.2) (https://github.
com/nanoporetech/megalodon). Read alignments were viewed with
Integrative Genomics Viewer (IGV) (v2.12.0) (https://software.
broadinstitute.org/software/igv/) for manually calling CAG dele-
tions, inversions, and AAV integrations.52 CAG deletions were
measured by manually counting the total reads that spanned the
gRNA4+5 sites and the reads that contained the expected CAG dele-
tions. Inversions were measured by aligning to a new ATXN2 trans-
gene reference genome containing the expected inversion (CTG
repeat) between the gRNA4+5 sites, counting the aligned inversion
reads, and calculating the percentages from the coverage at the
gRNA4+5 sites. AAV integrations were measured by counting
AAV reads (primary alignment) with supplemental alignment to
the gRNA target sites, and calculating the percentages from the
coverage at the gRNA sites. Reads containing multiple CAG repeats
within single reads were found by searching for all reads containing
CAG repeats with flanking sequences upstream (179-nt upstream of
gRNA4 target site) and downstream (186-nt downstream of gRNA5
target site) of the gRNA target sites. IGV was used to visualize 5mC
methylation color shading in bisulfite mode from Megalodon align-
ment mappings.
Statistical analyses

Differences between control gRNA and treatment gRNA groups were
compared using one-way ANOVA with Dunnett’s test for multiple
comparisons for ddPCR assays. Differences between groups were
considered to be significant at a p value of less than 0.05. All results
are shown as the mean ± standard deviation. Statistical analyses
were performed with GraphPad Prism v9.
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