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Gene replacement therapies primarily rely on adeno-associated
virus (AAV) vectors for transgene expression. However,
episomal expression can decline over time due to vector loss
or epigenetic silencing. CRISPR-based integration methods
offer promise for long-term transgene insertion. While the
development of transgene integration methods has made sub-
stantial progress, identifying optimal insertion loci remains
challenging. Skeletal muscle is a promising tissue for gene
replacement owing to low invasiveness of intramuscular injec-
tions, relative proportion of body mass, the multinucleated na-
ture of muscle, and the potential for reduced adverse effects.
Leveraging endogenous promoters in skeletal muscle, we eval-
uated two highly expressing loci using homology-independent
targeted integration (HITI) to integrate reporter or therapeutic
genes in mouse myoblasts and skeletal muscle tissue. We hi-
jacked the muscle creatine kinase (Ckm) and myoglobin (Mb)
promoters by co-delivering CRISPR-Cas9 and a donor plasmid
with promoterless constructs encoding green fluorescent pro-
tein (GFP) or human Factor IX (hFIX). Additionally, we deeply
profiled our genome and transcriptome outcomes from tar-
geted integration and evaluated the safety of the proposed
sites. This study introduces a proof-of-concept technology for
achieving high-level therapeutic gene expression in skeletal
muscle, with potential applications in targeted integration-
based medicine and synthetic biology.

INTRODUCTION
The current wave of therapies transforming genetic medicines relies
on gene replacement.1 Efficient transgene expression is predomi-
nantly achieved through the use of adeno-associated virus (AAV) vec-
tors to express a therapeutic gene under an exogenous promoter.2

While multiple studies have reported the sustainability of AAV
gene therapy for years after a single administration, others have noted
a decline in transgene expression, with some even observing a return
to baseline levels.3–6 Although the majority of transgene expression is
sustained episomally, research indicates that epigenetic silencing of
episomal DNA and interactions between the AAV capsid and host
factors significantly contribute to the reduction in expression.7 In
line with these findings, recent studies in dogs and non-human pri-
mates revealed initially high but short-lived expression from episomal
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genomes, while long-term expression of the transgene was attributed
to clonal expansion of cells containing integrated vectors.8,9 However,
transgene integration in AAV gene replacement happens in a semi-
random pattern throughout the genome.10 Vector integration in un-
predictable positions in the genome might result in unforeseeable
expression and interactions with the host genome, though no adverse
events related to vector integration have been detected in hu-
mans.11,12 Thus, these limitations highlight the need to transition
from random integration with viral vectors to targeted, site-specific
methods like CRISPR-Cas technology, which can overcome the prob-
lem of insertion of correct genes into random genomic sites.

CRISPR-based integration methods have evolved significantly, from
using the endogenous repair pathway, non-homologous end joining
(NHEJ), or homology-directed repair to engineered transposable ele-
ments.13–15 These gene editing technologies emerged as a potential
avenue for long-term therapeutic transgene insertion. Despite consid-
erable advancements in targeted gene integration methods, identi-
fying the locus to insert replacement genes for optimal safety and ef-
ficiency remains challenging.16 While many gene editing approaches
target the disease locus itself, some studies indicate that the genomic
structure of mutated genes may not favor entire gene replacement.
Further, some exogenous promoters, such as cytomegalovirus
(CMV) and human elongation factor-1 alpha, are susceptible to pro-
moter silencing.17,18 Therefore, exploring loci with high transcrip-
tional activity emerges as an intriguing alternative.

The current strategy of “hijacking” the endogenous promoter of high-
transcriptional-activity genes or transgene overexpression remains
largely organ specific.19–21 While the results are promising, the safety
and versatility of this approach have yet to undergo thorough inves-
tigation. Ensuring the safety and versatility of these sites is essential
for achieving stable expression of integrated transgenes without
adversely affecting the host cell. Empirical studies have identified
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Table 1. Comparison of highly expressed genes in skeletal muscle tissues

between mice and humans

Gene

Human Mouse

RPKM SE RPKM SE

1 ACTA1 7.03 0.27 7.14 0.14

2 CKM 6.91 0.24 5.65 0.60

3 MB 6.63 0.46 6.14 0.49

4 MYH7 6.72 0.33 2.26 2.80

5 MYL2 6.87 0.26 3.35 2.52

6 DES 6.11 0.44 3.35 1.68

7 TNNC2 6.28 0.54 6.93 0.46

8 TNNI 6.31 0.43 1.93 2.73

9 MYL3 5.79 0.24 3.46 2.23

10 TTN 6.11 0.70 0.63 4.52

The data were extracted from Abdelmoez et al.,31 who compiled skeletal muscle tissue
gene expression from the Gene Expression Omnibus public database. RPKM, reads per
kilobase per million mapped reads; SE, standard error.
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safe-harbor sites that support long-term transgene expression. There
are three well-established sites—AAVS1, CCR5, and hROSA26—and
recently explored sites such as Rogi1, Rogi2, and SHS231.22–24 How-
ever, the expression from these sites is limited or tissue specific and
requires the inserted vector to include an exogenous promoter.

In this study, we identified new potential safe-harbor sites in skeletal
muscle that offer secure and stable integration, facilitating gene
replacement. Choosing skeletal muscle as a gene therapy integration
site can reduce procedure invasiveness and complexity. Its unique
syncytial nature is less likely to create negative effects in vivo, with
minimal local or systemic adverse effects associated with intramus-
cular injection reported in a systematic review of AAV gene thera-
pies.2 Owing to its local delivery, the exposure to circulating neutral-
izing antibodies, such as AAV pre-existing antibodies, against the
viral capsid is minimized, ensuring efficient tissue transduction.25,26

The well-vascularized nature of skeletal muscle allows secreted pro-
teins to enter the bloodstream. Previous studies have demonstrated
that intramuscular administration of an AAV vector can lead to the
secretion of functional proteins.27–29

In this study, we devised a strategy to leverage endogenous promoters
in muscle cells for expressing either the reporter gene or a therapeutic
gene. We adapted the currently established safe-harbor characteriza-
tion to evaluate two highly expressing skeletal muscle loci. We applied
homology-independent targeted integration (HITI) to mediate trans-
gene integration,30 introducing a reporter gene or therapeutic gene
(human Factor 9 [hF9]) to express human Factor IX protein (hFIX)
from the identified loci. By delivering a promoterless transgene, we
were able to detect both protein expression in the reporter gene and
hFIX. We deeply profiled genome and transcriptome outcomes after
gene editing using high-throughput sequencing, unidirectional
sequencing, and nanopore long-read sequencing. Overall, the data
support RNA-guided DNA integration strategies as effective thera-
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pies for restoring desired gene expression in muscle and can be
extended to synthetic biology applications.

RESULTS
Selectedmuscle-specific integration sites have high expression

and a predicted favorable safety profile

The selection of integration sites involves combining established
criteria for potential safe-harbor sites with insights from prior in vivo
studies that employed the highly expressing locus albumin to express
therapeutic genes in the liver.20,22 We tailored this strategy to target
integration sites within skeletal muscle. To pinpoint suitable sites,
we referred to a comprehensive analysis of public transcriptomics
studies on skeletal muscle in humans and mice by Abdelmoez
et al.31 Through their thorough examination and the application of
rigorous quality control, normalization, and annotation using official
human gene names, we identified the top 10 genes specifically ex-
pressed in skeletal muscle and demonstrated high expression levels
in both humans and mice (Table 1). The selection of these genes is
rooted in the goal of ensuring robust and consistent muscle-specific
promoter expression in different models of organisms. Next, we eval-
uated the essentiality of each gene and the safety implications associ-
ated with hijacking its endogenous promoter.

Skeletal actin (ACTA1) is at the top of the list as the highest expressed
gene in skeletal muscle. However, skeletal actin is the main actin iso-
form in skeletal muscle, and it plays an essential role, alongside
myosin, in facilitating muscle contraction.32 Further, ACTA1 disrup-
tion in newborn mice causes early demise.33 In light of this, we pro-
pose creatine kinase (CKM) and myoglobin (MB) as genomic integra-
tion sites for skeletal muscle. Mice lacking Ckm are viable and exhibit
no changes in absolute muscle force, but they show an inability to
engage in burst activity.34,35 Similarly, mice without myoglobin are
also viable, with no distinct phenotype apart from depigmentation
of the cardiac muscle and cardiac adaptations regarding oxygen deliv-
ery.36,37 Since our approach targets intronic regions and does not
involve knocking out the Ckm orMb gene, submaximal levels of these
genes are adequate to maintain functionality.

To identify whether these sites could serve as potential genomic safe-
harbor sites, we assessed the suitability of creatine kinase and
myoglobin as safe-harbor sites in comparison to currently known
safe-harbor sites. Scores were assigned based on previously estab-
lished and widely accepted criteria (Figure 1; Table 2).22 Table 2 indi-
cates that our proposed sites did not meet all of the criteria. However,
it is worth noting that even the most commonly used safe-harbor sites
fail to achieve 100% clearance based on these criteria. Interestingly,
MB shows better results in a free oncogene region criterion compared
to CKM and other sites.

Targeted integration intoCkm andMb leads to the expression of

a promoterless reporter

To experimentally assess transgene expression from proposed sites
(intron 1 of CKM or MB), we performed a targeted integration
approach to knock in a gene construct encoding a promoterless green



Figure 1. Schematic of ideal safe-harbor sites

The red bar in the middle represents the optimal location of safe-harbor sites. The site should be unique and located in open chromatin.38,39 Within 300 kb, the site should be

free from any cancer-related genes, microRNAs, or other functional small RNAs.40 Within 50 kb, the site should be free from the 50 end of a gene, replication origin, and ultra-

conserved element.41–43 Additionally, the site should be in a region of low transcriptional activity or have no mRNA within 25 kb.

www.moleculartherapy.org
fluorescent protein (GFP) into mouse myoblasts (Ckm or Mb). We
identified the knockin site within the intron preceding the coding
sequence of the gene, ensuring that the non-edited or inaccurately
edited copy maintains functional gene expression via mRNA splicing.
The rationale behind selecting the proximal upstream region of exon
2 for designing guide RNAs, despite potential splicing disruptions, is
multifaceted. Neural network promoter prediction predictions for
eukaryotes indicated that the promoter region for Mb extends
throughout intron 1, whereas for Ckm, the promoter is more centrally
located in intron 1, with an enhancer element situated in distal
intron 1.44,45

Targeting a region close to the gene’s coding sequence was essential to
effectively capture the entire promoter region and potential enhancer
elements. Additionally, this site selection allows for flexibility in
transgene incorporation, accommodating features like signaling pep-
tides at the N terminus and skipping peptides at the C terminus to
preserve endogenous gene expression.

To integrate GFP, we used a CRISPR-Cas9-based genome editing
strategy that uses the HITI method capitalizing on the NHEJ pathway
that is accessible in muscle cells (Figure 2A). This approach designs
Cas9 target sites in the donor DNA as reverse complements of the
genomic target site to facilitate the re-cleavage of reverse integration
products, providing a means to dictate the specific directionality of
the knockin. We applied this strategy in C2C12 immortalized mouse
myoblast cell lines, as it is the most commonly used cellular model to
study murine skeletal muscle in vitro.31,46

As a proof of concept, we identified five guide RNA (gRNA) sites
within intron 1 of each gene, positioned distal to the enhancer and
proximal to exon 2, specifically within the last 250 bp leading up to
the noncoding portion of exon 2 (Figure 2B; Table S1) based on the
web tool for gRNA screening (CRISPOR) and screened their cutting
efficiency in the NIH 3T3 cell line47 (Figure S1). Additionally, we con-
ducted PCR-enriched next-generation sequencing (NGS) using Iseq
short-read sequencing to quantify the efficiency of gRNAs in the
C2C12 cell line. Within the Ckm gene, g1 exhibited the highest effi-
ciency, making it the selected gRNA for HITI-mediated GFP integra-
tion experiments. In theMb gene, although g3 demonstrated slightly
higher cutting efficiency, it targeted the non-coding exon sequence.
Therefore, we opted for g1 as the gRNA for the downstream integra-
tion experiment (Figures 2B and 2C).

We used Lipofectamine 3000 to co-transfect C2C12muscle myoblasts
with a ratio of 2:2:1 for SpCas9, gRNA, and site-specific promoterless
insert plasmids, respectively. Three days after transfection, we per-
formed a genotyping PCR to confirm the integration. PCR primers
were used spanning the intron of Ckm or Mb to the 50 junction of
the GFP insert and from the 30 junction of the GFP insert to the intron
of Ckm orMb. We detected bands at the expected length of chimeric
Ckm-GFP or Mb-GFP integration in both 50 and 30 end junctions at
the genomic DNA and cDNA levels, but no bands were observed in
the control groups (Figures 2D and 2E). In myotubes, after differen-
tiation, we observed GFP expression in the CRISPR-treated group at
both loci. In the Scr-GFP group, Cas9 is paired with a scrambled (scr)
gRNA and a HITI insert. Under these conditions, GFP expression
should be entirely suppressed unless the GFP gene is integrated
into the genome in the correct orientation. However, we observed
low-level or leaky expression of the promoterless donor GFP, as
seen in Figure 2F. This leaky expression of promoterless GFP has
also been observed previously in vivo.48 This phenomenon could be
attributed to the intrinsic properties of the donor DNA, leading to
minimal GFP expression even without integration.

To determine whether the GFP expression we observed was a result of
integration or leakage, we conducted flow cytometry on C2C12 cells
48 h after transfection. The analysis from flow cytometry showed that
the group treated with scrambled gRNA had about 0.5% of cells ex-
pressing GFP. In contrast, the groups treated with Ckm and Mb
had 6% and 10% GFP-positive cells, respectively (the sample
gating process is shown in Figure S2). The significant increase in
Molecular Therapy: Nucleic Acids Vol. 35 December 2024 3
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Table 2. Assessment of currently widely used safe-harbor sites (AAVS1,

CCR5, and hROSA26) and proposed safe-harbor sites

Location

Criteria

1 2 3 4 5 6 7 8

AAVS1 no yes no yes yes no yes yes

CCR5 no yes no yes yes no yes yes

hROSA26 no yes no yes yes no yes yes

CKM intron no yes no yes yes no yes yes

MB intron yes yes no yes yes no yes yes

The assessment was performed based on the ideal criteria of safe-harbor sites (Figure 1).
Each criterion was evaluated in the UCSC genome browser track following recommen-
dations from Pellenz et al.22
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GFP-positive cells in the Ckm- and Mb-treated groups suggests that
the GFP expression is mainly due to the integration of the GFP
gene into the host gene. These findings support the notion that the
observed GFP expression in the cells is mainly a consequence of trans-
gene expression driven by the Ckm or Mb promoter rather than
leakage expression (Figure 2G).

Targeted integration of a promoterless human F9 gene at Ckm

and Mb leads to sustained expression of hF9

Next, we sought to investigate whether this strategy applies to thera-
peutic genes. The GFP transgene in the HITI insert plasmid was
substituted with a transgene encoding hF9 (Figure 3A). The selection
of hF9 as a proof of concept for therapeutic gene integration was
motivated by previous reports indicating that even with <1% of tar-
geted integration events of hF9 under the albumin promoter, it
proved adequate to attain 5%–20% of FIX levels, effectively correcting
bleeding in hemophilia B mice.21 In this approach, we utilized the
complete coding sequence of hF9, given the absence of signaling pep-
tides in the Ckm or Mb gene. Following a method similar to GFP
transfection, we co-delivered a site-specific hF9 HITI insert plasmid
with SpCas9 and Ckm orMb gRNA into C2C12 myoblasts using Lip-
ofectamine 3000. Post transfection, as observed in GFP integration,
we verified hF9 integration exclusively within the CRISPR-mediated
HITI group at both genomic DNA and cDNA levels in both sites
(Figures 3B and 3C).

To evaluate changes in gene expression between groups, we conduct-
ed RT-qPCR using Fluorescein amidite (FAM) probe primers span-
ning from exon 6 to exon 7 of hF9. The Ppia gene served as a house-
keeping gene for normalizing expression levels. This selection was
based on our data that showed that the Ppia gene has the most consis-
tent expression in both myoblasts and myotubes. In contrast, Gapdh
has variable expression levels between the myoblast and myotube
stages. Furthermore, we evaluated four different reference genes
from a previous study to identify the most consistent expression in
both myoblasts and myotubes49 (Table S2).

During the myotube stage, the relative expression of hF9 was found to
be elevated in the CRISPR-mediated HITI group compared to the
4 Molecular Therapy: Nucleic Acids Vol. 35 December 2024
scrambled group, reaching up to a 3-fold increase in Ckm-mediated
expression and up to a 10-fold increase in Mb-mediated expression
(Figure 3D). The scrambled group with promoter-less hF9 demon-
strated some level of hF9 expression without integration. While this
phenomenon might be due to the leaky expression of the promoter-
less insert, similar to what we observed with GFP expression, another
reason could be residual donor plasmid lingering in the cells and being
extracted in RNA. To address potential DNA contamination, we per-
formed a rigorous two-step DNA removal process using a genomic
DNA (gDNA) eliminator column followed by DNase treatment.
Despite these efforts, we still detected background expression of hF9
in qPCR. To ensure the accuracy of our analysis, we normalized the
qPCR results against the scrambled group to account for this back-
ground expression.This normalization allowsus to distinguishbetween
actual integration events and residual plasmid expression, providing a
more accurate representation of targeted hF9 expression levels.

Furthermore, to determine whether identified sites supported long-
term stable hF9 expression, we maintained the myoblast culture for
30 days. A 30-day culture time point was chosen to balance the need
for repassaging the cells every other day to prevent spontaneous myo-
tube differentiation and the limited lifespan of C2C12 cells, which can
only be passaged 10–50 times before senescence.50 Despite our efforts
to incorporate a reporter gene marker in Cas9 for cell sorting, we
encountered difficulties in maintaining the sorted cultured cells. This
obstacle has also been noted in previously published literature, which
indicates that myoblasts tend to lose their differentiation potential after
single-cell cloning, and those that are successfully edited often fail to
survive the stress of sorting.51 Since generating clonal populations
was not feasible, we opted to gather informative data from bulk popu-
lations by routinely passaging the cells when they reached 60%–70%
confluency before spontaneously differentiating into myotubes.

Following our 30-day culture, we detected integration in genomic
DNA (Figure S3). In the time course analysis, hF9 gene expression
was assessed at various intervals starting from 3 days post transfec-
tion, with cell passaging every 2–3 days, followed by differentiation
from days 23–30. Despite the continuous passaging of cells, this lon-
gitudinal study demonstrated generally consistent expression of hF9
throughout the observation period. In Figure 3D, cells were treated
in the myoblast stage and then differentiated into myotubes, whereas
in Figure 3E, cells were treated in the myoblast stage and repassaged
every other day to maintain myoblast characteristics. Previous qPCR
data have indicated varying expression levels of Ckm andMb in myo-
blasts and myotubes of C2C12 cells, with Mb expression rising post
differentiation (Figure S4). This condition might contribute to the
observed differences in the strength of the promoter to express the
transgene. Therefore, the differences seen in Figure 3D may not be
transient but, rather, a consequence of the different experimental con-
ditions used in Figures 3D and 3E.

To provide a better understanding of the extent of hF9 expression
over time, we also performed absolute quantification of hF9 expres-
sion through an external standard (linearized plasmid DNA).



Figure 2. Targeted integration of a promoterless GFP at Mb and Ckm leads to GFP expression in myotubes

(A) Top: overview of transgene integration to hijack endogenous Ckm or Mb promoters. The HITI-based gene editing system is delivered via plasmid transfection, which

encodes the CMV-driven S. pyogenes Cas9 protein, U6 promoter-gRNA expression cassette, and a donor plasmid containing a transgene fragment flanked by Cas9 target

(legend continued on next page)
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Following the PREXCEL-Qmethod (previously referred to as “Focus-
Field2-6Gallup-qPCRSet-upTool-001”),52 we calculated the copy
number estimate based on the cycle cumber (Cq) values of the sam-
ples. Since our standard was made from double-stranded DNA, we
divided the copy number results by 2 to adjust for the single-stranded
condition of cDNA (Table S4). We then normalized the copy number
per nanogram of mRNA. In a typical mammalian cell, mRNA consti-
tutes 4% of the total RNAmass.53 Given that each reaction used 50 ng
of total RNA converted into cDNA, 4% of 50 ng is 2 ng. Therefore, the
final copy number estimate after Cq value quantification was divided
by 2 ng to obtain the copy number per nanogram of mRNA.

Based on the time course copy number assessment, we observed that,
at the initial time points, the copy number of the transgene was
higher, even in the scrambled samples, and gradually decreased
over time. While the magnitude of the fold change in copy number
differs from the magnitude of fold change in relative expression
due to some variance in the reference gene, in general, the copy num-
ber of treated samples remained higher compared to scrambled sam-
ples until day 30 (Figure S5).

Additionally, to assess whether this increased mRNA expression
translates to hFIX protein expression, we performed an hFIX sand-
wich ELISA on cell media after myotube differentiation. We observed
an increased level of protein expression in both Ckm- andMb-treated
cell serum relative to the scrambled control (Figure S6).

Multipronged targeted NGS and long-read sequencing show

relative precision of HITI-based integration

While we have confirmed that the Ckm and Mb endogenous pro-
moter can express the promoterless protein, the precision of editing
remains unknown. Imprecise integration could negatively impact
protein expression; thus, we need to assess several factors affecting
editing efficiency. To begin with, we examined the off-target gRNA
editing at the selected sites. Using Cas-OFFinder, we identified 11 pre-
dicted off-target sites for the Ckm gRNA and 10 predicted off-target
sites for theMb gRNA in vitro (Tables S5 and S6).54 These sites were
then analyzed through deep amplicon sequencing. The results
showed no insertion or deletion (indel) formation beyond back-
ground levels, indicating minimal or no off-target editing (Figure S7).
Next, we evaluated factors affecting protein expression, such as the
precision and the efficiency of integration. We performed PCR-en-
riched short-read sequencing for fragments spanning the genomic
sites in the reverse orientation relative to genomic DNA. Bottom: the mechanism at the

correct integration is expected to produce the protein, while partial or reverse integration

strong splice acceptor; PAM, protospacer adjacent motif; gRNA, guide RNA; SVpoly(A),

site map in Ckm andMb locus. Five gRNA target sites were selected within 250 bp in the

the C2C12 cell line with short-read next-generation sequencing (NGS) based on indel pe

the bootstrap resampling technique. (D) Validation of correct GFP integration in genomic

that the forward primer in the GFP transgene overlaps with the reverse primer (primer list

loci. At the transcriptome level, only 50 integration was assessed. (F) Fluorescence micro

the scale bar represents 50 mm. (G) Flow cytometry analysis of GFP-positive cells 48 h a

± SEM.
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insertion site or chimeric transcript to evaluate whether the integrated
chimeric sequence is as precise based on the mechanism of HITI or
whether unintentional on-target events could be detected. Genomic
DNA-level analysis revealed levels of precise integration ranging
from 15% to 35% in 50 and 30 integration junctions in both loci
(Figures 4A and 4B). The modified sequence predominantly resulted
from NHEJ repair at gRNA cut sites, with a preference for removing
portions of the inserted sequence (Figures 4A and 4B). Although
genomic DNA-level precision was not optimal, we saw a higher
average of precision integration at the mRNA level, with around
80% of precise integration (Figure 4C) with some modifications on
the junction site of exon 1 Ckm and start codon GFP (Figure 4D).

Precision integration data provide a selective perspective on how
effectively this method incorporates the transgene insert. However,
the selection of primers and PCR will bias the result. Moreover, this
method does not quantify the proportion of integrated sequences
due to the PCR enrichment method that selectively amplifies the in-
tegrated sequences. To quantify the integration efficiency, we used a
uni-directional targeted sequencing (UDiTaS) methodology that
is based on Tn5 transposase-assisted tagmentation short-read
sequencing. This method incorporates a unique molecular identifier
(UMI) to remove PCR amplification bias. We quantified the number
of sequences integrated with our transgene by tagging primers specific
to the Ckm intron before the gRNA cut site (Figure 4E). Reading from
this site will capture unedited, precisely edited, and unintentionally
modified alleles. In Figure 4E, we deduplicated the UMI and aligned
the resulting BAM files to the expected fusion of Ckm intron-GFP
integration. After implementing filters (see details in STARMethods)
to verify that the plotted reads were authentic and not sequencing ar-
tifacts, the analysis revealed that correct GFP integration represented
2.8% of the total aligned reads. This percentage was calculated by
dividing the proportion of edited reads by the proportion of unedited
reads that aligned with the reference amplicon from the total reads
(4%). Separately, a primer specific to the GFP insert genome was
used in conjunction with the same transposon-specific primer to
map genome-wide GFP episome integration into the mouse genome.
Following a similar pipeline as with UdiTaS analysis, we did not
detect GFP integration in other locations in the genome (Figure S8).

The cDNA-selective PCR-enriched sequencing method revealed a
high percentage of precise integration. However, it may overlook
large structural variants. Therefore, to get a more comprehensive
molecular level shows that, by integrating the transgene in the intronic region, only

is expected to not affect endogenous genes. The figure is not drawn to scale. SSA,

simian virus polyadenylation signal; pA, polyadenylation signal. (B) The gRNA target

splice acceptor and 50 UTR of the gene. (C) The quantification of gRNA efficiency in

rcentage. The error bars were computed as the standard deviation obtained through

DNA in both 50 and 30 integration regions in the treated group. The schematic shows

). (E) Validation of correct mRNA splicing from GFP integration by cDNA PCR in both

scopy images assessing GFP expression in edited myotubes 10 days after editing;

fter treatment in the C2C12 cell line. Three independent biological replicates; means



Figure 3. Targeted integration of a promoterless hF9 gene leads to sustained expression

(A) Schematic of the structure of the HITI insert plasmid for human F9 expression. The full-length cDNA region from exon 1 to exon 8 is cloned to replace the GFP transgene in

the previous construct. (B and C) Genotyping of the F9 integration in the C2C12 cell line using primers spanning the junction between the integration site and the transgene in

genomic DNA and cDNA. (D) Relative hF9 expression following plasmid transfection. Five biological independent samples, mean ±SEM. All samples were processed 10 days

post transfection, including 7 days of myotube differentiation. (E) Time course cell culture to assess the expression of hF9 in treated C2C12 cells for 30 days without selection

compared to the scrambled group. Two independents biological replicates; means ± SEM.
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picture of the precision, we aimed to characterize the 50 integration
junction of the fusion between Ckm and the transgene at the tran-
scriptome level. This approach is motivated by the expectation that
intron rearrangements would be spliced out in mRNA processing.
To achieve this, we conducted 50 rapid amplification of cDNA ends
(RACE) using cDNA from Lipofectamine-transfected cells and
amplified Ckm-hF9 fusion transcripts using a gene-specific primer
(GSP) positioned at the end of the hF9 region.55,56 Long-read nano-
pore sequencing confirmed the addition of exon 1 of Ckm in the 50

region of hF9. However, we also observed several structural rear-
rangement events, including significant deletions and insertions (Fig-
ure 4F). Each line in Figure 4F represents a single alignment. Upon
investigation of the 151-bp insertion, we determined that it originated
from the splice acceptor region incorporated from the HITI insert
plasmid. This suggests the occurrence of mis-splicing events at the
transcriptome level.
RNA sequencing reveals differentially expressed genes after

targeted integration

To investigate whether the hF9 targeted integration into identified
sites resulted in alterations in the overall transcriptome profiles,
bulk RNA sequencing (RNA-seq) analysis was performed. After
7 days of myotube differentiation, samples exhibiting high hF9
expression levels in Ckm and Mb based on qPCR analysis were
compared with scramble-treated cells from the same experimental
batch (Figure 5A). Paired-end sequencing on the DNBSEQTM
Sequencing System from BGI with an average read length of 100 bp
was used for sequencing two biological replicates from each treat-
ment. Principal-component analysis (PCA) was performed, followed
by visualization of each sample in two dimensions using the first two
principal components. PCA revealed biological variation between
samples in the same treatment groups. However, we observed tran-
scriptional similarity within the Ckm-integrated and scrambled group
Molecular Therapy: Nucleic Acids Vol. 35 December 2024 7
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and transcriptional variations inMb-treated samples compared to the
scrambled group (Figure 5B).

Consistent with the PCA results, more genes were differentially ex-
pressed in Mb-treated samples compared to Ckm-treated samples
(Figure 5B). We also mapped the chromosomal distribution of differ-
entially expressed genes (Figures 5C and S9). No specific chromo-
some had a higher number of differentially expressed genes compared
to others. Although the distribution is not even, there is no pattern
indicating a specific off-target effect in any particular chromosome.

To evaluate changes in the transcriptome post treatment, we
performed differential gene expression analysis. This involved
combining read alignments to the mouse genome with those from
the hF9 alignment. The analysis revealed that hF9 was upregulated
in both Ckm- and Mb-treated groups. Additionally, several genes
showed differential expressions in both treatments, such as C3 and
Inmt. Differentially expressed genes were observed to be dispersed
across various chromosomes (e.g., C3 on chromosome 17, Inmt on
chromosome 6, and Mmp12 on chromosome 12) rather than being
clustered within the targeted chromosome (Ckm on chromosome 7
andMb on chromosome 15), where more local contacts are expected
to occur (Figures 5D and 5E).

To evaluate the biological phenomena of differentially expressed
genes in Ckm andMb compared to the scramble group, we performed
Gene Ontology (GO) analysis.57 In Ckm, the GO analysis indicates
significant involvement in immune response and cellular mecha-
nisms responding to environmental changes, with the most
notable contributions from the genes Mmp12 and Oas2 (Figures 5D
and S10). In the Mb-treated group, a broader range of genes was
differentially expressed, and the Mb gene itself was downregulated
(Figures 5E and S11). However, we did not observe GO results indi-
cating a significant contribution of theMb gene to any biological phe-
nomena in the ontology list.

We then focused our ontology analysis on cancer-related GO terms in
theMb sample, as cancer development is our primary safety concern.
Using cancer terminology derived from the Hallmark of Cancer and
adapted to GO terms, we filtered GO terms with potential relevance to
cancer development.58,59 We found that multiple genes were involved
in various biological processes: for the regulation of angiogenesis
(GO:0045765), the top three genes are Itgb8, Ccl11, and Id1; in the
process of epithelial-to-mesenchymal transition (GO:0001837), the
top three genes are Epha4, Epb41l5, and Sox9, and for the regulation
of inflammatory response (GO:0050727), the top three genes are
Sucnr1, Tslp, and Zfp36. While these processes can be found in
Figure 4. Deep sequencing reveals precise and imprecise outcomes of targete

(A and B) Deep sequencing shows a varied range of precise integration in 50 and 30 ju
chewback that predominantly happened on the insert side. (C) Deep sequencing at th

replicates in the treatedCkm locus. (D) Modification frequency trace from the fusion ofCk

to quantify integration efficiency. Bottom: The graph shows the percentage of reads align

and hF9 cDNA using 50 RACE with the GSP reverse transcriptase primer.
normal physiological systems, they are also critical in cancer develop-
ment and progression, highlighting the potential impact of the
observed gene expression changes. Importantly, from our list of
genes, based on the Cancer Gene Census, no known oncogene was
dysregulated. Similarly, we conducted a cancer ontology analysis on
the Ckm sample and found that none of the GO terms were associated
with cancer development.

In vivo validation of the AAV-CRISPR HITI strategy for hF9

integration in the Ckm genome

To evaluate whether this method can be applied to other types of
muscle cells or different model systems, we performed the targeted
integration experiment using mouse primary myoblasts and wild-
type mice. Based on our initial safety assessment, which included
off-target editing assessment and RNA-seq analysis, we found that
the Ckm site did not show any off-target increased variability in the
genome or general transcriptome after editing while still maintaining
a high level of hF9 integration. Therefore, we proceeded with Ckm-
targeted site integration.

We used a dual AAV vector strategy with enhanced muscle specificity
serotypes, myoAAV1C; one myoAAV vector encoded SpCas9 under
a muscle-specific promoter (CK8), and the other myoAAV vector
contained a Ckm gRNA expression cassette along with the full hF9
coding sequence flanked by the same gRNA target site, with a viral
genome ratio of 1:160,61 (Figure 6A). As an episomal control, we deliv-
ered the second AAV vector without the Cas9 AAV vector to the con-
trol group.

We tested this vector in mouse primary skeletal muscle cells and per-
formed 60 h of differentiation due to the limited lifespan of differen-
tiated primary myotubes. At this stage, nascent multinuclear myo-
tubes were observed. Transcript analysis showed a pattern similar
to the C2C12-lipofection treatment, with the Ckm-treated group
showing higher expression compared to the scrambled control.
This relative expression was approximately 10-fold higher than that
observed in lipofection-treated C2C12 cells (Figure 6B). This
increased expression is likely due to the higher efficiency of the viral
vector compared to lipofection and the fact that primary muscle cells
share a more similar characteristics to actual skeletal muscle, where
Ckm gene expression is naturally high.31

For the in vivo experiment, we performed intramuscular injections in
the first week after acclimatization and then evaluated the mice 3 and
8 weeks post injection. Transcript analysis of tibialis anterior (TA)
muscle of the Ckm-treated group using RT-qPCR revealed that hF9
expression was 89-fold and 60-fold higher compared to the respective
d integration

nctions. A similar pattern was observed in 50 and 30 junctions in both loci—vector

e mRNA level showed a higher percentage of precise integration in three biological

m and the GFP transgene. (E) Top: Schematic Tn5 tagmentation-based sequencing

ed to theCkm gene and reference amplicon. (F) Characterization of the fusion ofCkm
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Figure 5. RNA-seq reveals significant increases in

transgene expression and relative precision of

integration at Ckm over Mb

(A) Pipeline for the bulk RNA-seq experiment on Ckm- and

Mb-integrated and scrambled non-integrated C2C12 my-

otube cells. (B) PCA of two biological replicates of C2C12

myotubes with Ckm, Mb, or scrambled treatment. (C)

Chromosome distribution of differentially expressed genes.

(D) Differential expression of genes following hF9 integration

in the Ckm locus; highlighted in red are Ckm and hF9. (E)

Differential expression of genes following hF9 integration in

the Mb locus; highlighted in red are Mb and hF9.
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scrambled controls 3 weeks and 8 weeks post treatment. This expres-
sion was significantly higher than the levels observed in cells treated
with lipofection. Although hF9 expression in the 8-week Ckm-treated
group, while higher than control, was lower than at the 3-week time
point, this decline was anticipated. As we did not expect 100% inte-
gration efficiency, some AAVs might act as episomal vectors contrib-
uting to the high transcript expression levels observed in the early
weeks. However, this spike in episomal expression is typically short
lived, while integrated expression persists long term. In a study eval-
uating the sustainability of AAV episomal vectors, Greig et al. demon-
strated a significant reduction in total vector RNA over time, with
RNA levels initially declining after day 14 and stabilizing between
days 98 and 182.8

We then evaluated the editing activity in the treated group using an
unbiased approach with Tn5 transposon-based library preparation
methods. In addition to measuring correctly oriented donor integra-
tions, we also analyzed genome editing events, such as donor inver-
sion integrations and AAV-Inverted Terminal Repeat (ITR) integra-
tions at the gDNA level.We located the GSP in the 50 and 30 regions of
the Ckm site for the expected integration. This GSP unidirectionally
amplified sequences following the Ckm site. We measured correct
integration rates ranging from 0.9% to 2.9%, depending on the GSP
region, with 8 weeks of treatment showing higher amounts of integra-
tion. The difference between 50 and 30 region integration efficiency
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could be due to varying primer amplification effi-
ciency or transposase tagging efficiency.While we
expected the transgene to integrate only in the
correct direction, we also detected reverse trans-
gene integration in theCkm target sites, with rates
ranging from 0.4% to 1.1%. Additionally, as re-
ported previously regarding the potential integra-
tion of AAV fragments, we also detected ITR
integration in the Ckm target sites, with rates
ranging from 0.2% to 0.7%.

We also assessed two types of off-target effects:
off-target gRNA editing and off-target integra-
tion. For off-target gRNA editing, we performed
deep amplicon sequencing at 11 predicted off-
target sites, similar to our in vitro Ckm off-target
analysis. We detected an indel rate of around 25% at the on-target
gRNA site at both time points (Table S7). However, we did not iden-
tify any indel formation above background levels at the off-target sites
at either time point, suggesting that no or minimal off-target editing
occurred (Table S8; Figure S7). To evaluate off-target integration
events in the treated group at the transcriptome level, similar to the
method used for measuring editing activity, we employed Tn5 trans-
poson-based library preparation to map integration events across the
whole genome. Using 30 end GSP flanking the hF9 insert, we detected
andmapped the unknown 50 regions of the sequences through pattern
analysis.62 Deep sequencing revealed some reads corresponding to the
AAV episomal vector, while the majority were integrated into the
Ckm transcript. No off-target integration events into other genes
were detected, except for a notable number of chimeric sequences
involving 18S rRNA (Figure S12). While this could potentially repre-
sent true off-target integration events, a previous report suggests that,
during PCR amplification of rRNA genes, the formation of chimeric
sequences between different copies is likely to occur.63 Additionally,
we did not perform rRNA depletion during both first-strand and sec-
ond-strand cDNA synthesis, which could have contributed to the
observed chimeric sequences.

To assess whether there were any effects at the transcriptome level, we
also performed RNA-seq on muscle tissue. The PCA plot distribution
showed amore uniform sample distribution, even in comparison with



Figure 6. In vivo validation of hF9-targeted integration at the Ckm locus

(A) Schematic of the AAV-CRISPR mediated integration in vivo experiment. (B) Relative hF9 expression in primary skeletal muscle cells following myoAAV-CRISPR trans-

duction; mean ± SEM. Ctrl Nuc (�), control without the nuclease group; Ckm Nuc (+), Ckm target with the nuclease group. (C) Relative hF9 expression in mice following

myoAAVCRISPR injections at two time points with respective control groups. Mean ± SEM. 3wk Nuc(�) and 8wk Nuc(�), no nuclease group at the 3- and 8-week time point,

respectively; 3wk Ckm,Ckm target with the nuclease group at the 3- and 8-week time point, respectively. (D) Integration results from 50 and 30 gene-specific primer direction

in gDNA. (E) PCA plot of treated, control without nuclease, and untreated mice (NT). (F) Differential expression of genes following hF9 integration in the Ckm locus at the

3-week time point; highlighted in red are Ckm and hF9. (G) Differential expression of genes following hF9 integration in Ckm locus at the 8-week time point; highlighted in red

are Ckm and hF9.
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non-treated TA muscle tissue. In vivo differential expression analysis
at the 3-week time point showed more differentially expressed genes
compared to the 8-week time point relative to their respective control
groups (Figures 6F and 6G). The GO analysis for the 3-week mice
highlights processes related to the immune response, with a particular
focus on adaptive immunity, antigen processing and presentation,
and T cell activation. At the 8-week time point, the GO analysis con-
tinues to reflect broader aspects of immune response. The Ckm gene,
similar to what we observed in vitro, did not change in terms of
expression.We also performed transcripts per million (TPM) analysis
for the Ckm gene, comparing expression levels between the treated
group, scrambled, and non-treated samples. No differences in TPM
expression were observed among these three categories, suggesting
that the integration did not affect the expression level of Ckm (Fig-
ure S13). Importantly, GO analysis did not reveal any cancer-related
ontologies, which we had seen in the Mb analysis.
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Finally, we tested hFIX protein expression in both cell serum and
mouse plasma at the 3-week and 8-week time points. We observed
higher hFIX expression in the primary cell serum treated with AAV
compared to the C2C12 cell serum treated with lipofection. In treated
Ckm-group mice, there was a trend toward higher hFIX expression
compared to the scrambled group (Figure S14).

DISCUSSION
Our current work aims to address several significant challenges
associated with AAV vector-based in vivo gene therapy, including
long-term efficacy, promoter or transgene silencing, and the safety
of transgene integration.10,64,65 To enhance the sustainability of the
treatment, targeted integration into the host genome has emerged
as a potential solution. However, the integration site must be chosen
strategically, as the integrating vector with the constitutive promoter
might pose risks. Despite their ability to facilitate robust and consis-
tent transgene expression, such promoters are associated with
increased risks, including an elevated likelihood of inactivation,
amplified toxicity resulting from transgene overexpression, off-target
transgene expression, and the potential for severe immune responses
due to inadvertent transgene expression in antigen-presenting cells.65

Utilizing endogenous promoters for transgene expression can
circumvent potential silencing mechanisms associated with exoge-
nous promoters. In this study, we identified two highly expressed
genes, Ckm and Mb, in skeletal muscle and exploited the transcrip-
tional output of their endogenous promoters. Our findings demon-
strate that these loci can drive the expression of promoterless GFP
and enhance RNA expression of promoterless hF9 in cells and muscle
tissue. While in the beginning we suspected that the limited level of
integration was primarily due to the efficiency of lipofection in a skel-
etal muscle cell line, we also observed limited integration efficiency
in vivo despite using a muscle-specific AAV serotype and achieving
a high indel rate at the targeted site in vivo. Similar findings have
been reported by Pickar-Oliver et al. and Stephenson et al., who
observed up to 1% on-target HITI-mediated integration in skeletal
muscle or heart muscle in mice through AAV-mediated delivery.66,67

Several factors could contribute to these outcomes. First, the unique
nature of skeletal muscle tissue poses obstacles for efficient editing.
Second, the immune response may also play a role. While intramus-
cular injection has been proven to evoke a reduced immune response,
local immune responses might still hinder editing efficiency. This
issue is not unique to our method; growing evidence indicates that
immune responses are a common challenge in gene editing.68

Another potential factor is the ratio of donor DNA to Cas9. Stephen-
son et al. examined various Cas9:donor ratios and found that a 1:5 ra-
tio achieved maximal efficiency, resulting in 1.4% genome integration
in heart muscle.67 Optimizing this ratio could potentially enhance
integration efficiency in skeletal muscle as well.

Regarding the protein expression that is shown in in vitro levels, the
expression levels of Ckm and Mb in C2C12 cells were not as high as
those reported in skeletal muscle tissue31 (Table S3). This difference
may result in the lower expression of GFP and hFIX protein observed.
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However, in vivo, we also noticed low protein expression (around
2 ng/mL), which is lower than the required 50 ng/mL to reach ther-
apeutic levels of FIX.27 One key factor could be the rich presence of
collagen IV in skeletal muscle that may facilitate the local attachment
of FIX, limiting its release into circulation.69 Previous studies have
suggested the potential use of hFIX variants harboring mutations
such as lysine to alanine at residue 5 (K5A) or valine to lysine at res-
idue 10 (V10K), which show reduced binding to endothelial cells, thus
enabling synthesis of hFIX in skeletal muscle while maintaining
normal clotting activity.70,71 Additionally, the injection was adminis-
tered into the TA muscle, a relatively small muscle compartment
compared to the entire body musculature. This likely limited the
number of nuclei that were edited and subsequently expressed the
edited transcript and therapeutic protein. Future attempts could
benefit from targeting larger muscles, such as the quadriceps, to
potentially increase the number of edited nuclei. Finally, the precision
of integration, as detailed in our sequencing analysis, may also play a
role in the observed expression levels. Addressing these factors could
significantly improve future outcomes in achieving therapeutic levels
of FIX.

The general safety evaluation of the proposed sites indicates that the
group treated with Mb exhibits alterations in the global transcrip-
tome. The downregulation of the Mb gene may be attributed to the
higher indel activity of the CRISPR/gRNA complex at that target
site compared to the indel activity at the Ckm target sites. Addition-
ally, while the target site location might present challenges for splice
site disruption owing to indels created in splice motifs, the downregu-
lation ofMb could be due to the disruption of the promoter region in
the distal intron 1 rather than splicing disruptions.41 Conversely, the
Ckm gene, which lacks promoter features around the selected region,
did not show any downregulation in in vitro or in vivo studies. Despite
observing minimal changes in the expression of upregulated and
downregulated genes at the Ckm locus, suggesting initial safety vali-
dation, a more comprehensive safety analysis is still warranted.

Based on our ontology analysis and PCA plot, the observed changes in
gene expression levels were not expected from hF9 integration. This is
supported by the Ckm group differential expression and GO analysis
both in vitro and in vivo, which also has hF9 integration but did not
show diverse differential gene expression like theMb group. The PCA
plot further supports this, as the scrambled group and Ckm-treated
group are plotted in proximity. Therefore, these changes in gene
expression can be mainly attributed to the selected Mb site. While
the transcriptional changes observed in the Mb site may not directly
result in cancer, they could potentially lead to toxic effects. A longer
study period is necessary to thoroughly evaluate the safety and effi-
cacy of this integration.

Our sequencing studies also show patterns of deletions following inte-
gration induced by double-strand breaks (DSBs). These sequences
demonstrate that indel-induced damage tends to occur toward the
insertion site, as evidenced by the selected PCR-enriched integration
sequencing. This trend is consistently observed across loci and in both
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50 and 30 integrations. This insight is valuable for future template
design efforts, emphasizing the importance of incorporating padding
sequences before the coding sequence of the transgene to mitigate
“chewback” into the desired gene before integration can occur.

Our approach of integrating the transgene into intronic regions offers
the advantage of splicing, as indels occurring at the intronic level are
typically spliced out, resulting in more precise mRNA. Another study
has also reported the advantages of intron targeting, which results in
the production of nearly error-free mRNA.72 However, identifying
the strongest or most optimal splice acceptor poses a significant chal-
lenge. Despite selecting a robust splice acceptor from a highly
conserved gene in skeletal muscle, based on our 50 RACE results,
we observed instances of mis-splicing due to the failure of the splice
acceptor to be properly excised. To date, there is a lack of practical
guidelines available to determine the ideal length of splice acceptors
or splice donors for a given gene. Thus, design of the splice acceptor
allows additional optimization of gene expression.

The two sequencing approaches that we performed, both short and
long read, provided us with a general overview of the effects of
DSBs on integration sites. As targeted integration gains prominence
as a viable gene editing therapy approach, we should not overlook
the analysis of post-DSB-induced integration events. A more thor-
ough analysis regarding structural rearrangements and vector inte-
gration is needed to get a full understanding of these consequences.
Another potential avenue involves exploring recent DSB-less or
non-DSB approaches, such as ShCAST (Scytonema hofmanni
CRISPR-associated transposase), TwinPE (Twin prime editing),
PASTE (Programmable Addition via Site-specific Targeting
Elements), CAST (CRISPR-associated transposase), HELIX, (a nick-
ing homing endonuclease fusion to TnsB) and PRINT (precise RNA-
mediated insertion of transgenes).73–78

In summary, this work introduces a proof-of-concept technology for
achieving high-level therapeutic gene expression in skeletal muscle.
This innovative method shows potential for advancing RNA-guided
DNA integration, which transforms skeletal muscle into a biofactory
capable of producing desired therapeutic agents. While further refine-
ment is needed to enhance various aspects of the concept, our findings
provide a promising pathway toward realizing the potential of gene
editing therapy, broadening its reach and impact on muscle gene
therapy.

MATERIALS AND METHODS
In vitro gRNA screening

gRNA plasmids were constructed by cloning the targeted sequences
into the pX330 vector (Addgene 42230) via the BbsI sites under the
human U6 promoter. A panel of gRNAs was designed based on
high efficiency and predicted minimal off-target effects using the
CRISPOR tool from University of California Santa Cruz (UCSC) to
target intron 1 in each site.47 The SpCas9 protein is expressed in a
separate plasmid under the CMV promoter. gRNA activity was
compared by surveyor assay in NIH 3T3 cells and by NGS in the
C2C12 cell line. NIH 3T3cells were obtained from the ATCC
(CRL-1658) and maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco) supplemented with 10% fetal bovine serum (FBS)
(Sigma) and 1% penicillin-streptomycin (P/S) (Gibco). C2C12 cell
lines were obtained from the ATCC (CRL-1772) and cultured in
DMEM supplemented with 20% FBS and 1% P/S. Both cell lines
were grown in a tissue culture incubator at 37�C and 5% CO2. NIH
3T3 cells were transfected with plasmids encoding SpyCas9 or
SauCas9. After a 72-h incubation period, genomic DNA was isolated
using a DNeasy kit (QIAGEN). Indels were identified by PCR of the
region of interest (Tables S3), followed by incubation with the Sur-
veyor nuclease and electrophoresis on Tris/Borate/EDTA agarose
gels as described previously. C2C12 transfection was performed using
Lipofectamine 3000 (Thermo Fisher Scientific). In 24-well plates,
C2C12 cells were transfected using 250 ng pSpCas9 and 250 ng
pgRNA plasmid. Three days after transfection, cells were harvested,
and gDNA was extracted as described above. In the second PCR
round, full Illumina flowcell adapter sequences along with experi-
ment-specific barcodes were appended to the 50 and 30 ends of the
PCR product, respectively (Table S9). After pooling the resultant
PCR products, sequencing was performed with 150-bp paired-end
reads on an Illumina ISeq instrument (Iseq 100 i1 Reagent v.2,
300-cycle). Samples were demultiplexed based on assigned barcode
sequences, and the Illumina adapter sequences were trimmed from
the reads. The indel analysis was carried out using CRISPResso anal-
ysis, following the default parameters.79

HITI insert plasmid preparation and C2C12 transfection

Plasmid constructs were produced via either gene synthesis or conven-
tional subcloningmethodologies. To promote transparency and acces-
sibility, all constructs not previously disclosed, along with their associ-
ated sequences, will be submitted to Addgene. Depending on the
particular downstreamexperiments, the donor constructsmay include
either promoterless GFP or hF9 coding sequences, both of which are
surrounded by the same gene-targeting cutting site, along with the
splice acceptor and simian virus polyadenylation signal (SVpoly(A)).
Exon 1 of hF9 was ordered from Integrated DNA Technologies
(IDT) as a gene block, and exons 2–8 were cloned from Addgene
182141. HITI insert plasmids were designed as reported previously.30

Cloned plasmids were confirmed with Sanger sequencing, and
confirmed plasmids were isolated and purified using the QIAGEN
Plasmid Plus Maxi Kit, following the manufacturer’s protocol.

Cell culture transfection was carried out using Lipofectamine 3000
(Thermo Fisher Scientific) following the standard protocol. Briefly,
24 h before transfection, 25,000 C2C12 cells were seeded into
24-well plates to achieve 50%–60% confluency the next day. On the
day of transfection, 2 h before transfection, the growth medium was
replaced with fresh growth medium. Three plasmids—Cas9, gRNA,
and the HITI insert—were first mixed at a ratio of 2:2:1 with the re-
agent P3000 (ratio of DNA:P3000 of 1:2) in Opti-MEM Reduced
Serum Medium (Gibco) and then added to Opti-MEM Reduced
Serum Medium (Gibco) containing Lipofectamine 3000. DNA/
RNA:reagent complexes were briefly vortexed, kept at room
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temperature for 15 min according to the supplier’s instructions, and
added dropwise onto the cell monolayer. Three days post transfec-
tion, when confluency exceeded 90%, myoblasts were differentiated
with DMEM supplemented with 2% donor equine serum, 1% P/S,
and insulin. Cells were differentiated for 7 days and then harvested.
For long-term culture, after transfection, cells were passaged and
harvested every 2 days for 23 days before reaching 80% confluency
to prevent spontaneous myotube formation. On day 23, cells were
differentiated into myotubes as described above.

Transfer plasmid design, AAV production, and primary cell and

animal experiments

The ITR-containing muscle-specific promoter CK8-Staphylococcus
pyogenes Cas9 with the mini poly(A) (pAAV-SpCas9) transfer
plasmid was generated by replacing the elongation factor 1alpha
binding sequence with the CK8 gene block promoter. A separate
transfer plasmid with the hU6-driven Ckm gRNA cassette and donor
insert was created using Gibson cloning to insert the donor into the
ITR-containing plasmid. The transfer plasmids were verified by
whole plasmid sequencing by Eurofins, and intact ITRs were
confirmed by SmaI digestion before AAV production. The my-
oAAV1C capsid plasmid was generated using PCR stitching to
mutate the AAV9 capsid plasmid (Addgene 112865), following a
report published previously.60 The capsid plasmid was also verified
by whole-plasmid sequencing. Two myoAAV1C vectors were pro-
duced by the University of North Carolina at Chapel Hill Vector
Core. Titers were measured by qPCR with a plasmid standard curve.

Primary myogenic progenitor cells were harvested from >2-month-
old male C57BL/6J mice following a published protocol,80 as we
have performed previously.81,82 The cells were cultured on extracel-
lular matrix-coated Primaria plates (Corning 353801) in Ham’s
F-10 Nutrient Mix (Thermo Fisher Scientific 11550043) supple-
mented with fibroblast growth factors (5 ng/mL, Millipore). Trans-
duction was performed using a 1:1 AAV Cas9:donor ratio at an
MOI of 10,000 without the addition of Polybrene. The growth me-
dium was replaced every other day until cell confluency reached
over 70%, at which point it was switched to differentiation medium
(high-glucose DMEM + 10% normal horse serum + 1% P/S). The dif-
ferentiation process was carried out for 60 h, with medium changes
every day, as described previously; this time point is sufficient to
induce large multinuclear myotubes.82

All animal experiments were performed in full compliance with the
NIH guidelines for laboratory animal care and use. The Institutional
Animal Care and Use Committee at the University of Arkansas
approved all experimental procedures. The C57BL/6J mice were sup-
plied by The Jackson Laboratory. Eight-week-old mice received injec-
tions into the TA muscle with a 1:1 ratio of pAAV-CK8-SpCas9 and
pAAV-U6-gRNA-donor insert hF9, with a total AAV concentration
of 7e12 vector genomes/kg of body weight. Tissues were harvested at
two time points: 3 weeks and 8 weeks post injection. At each time
point, mice were sacrificed, and TA muscle and plasma were
harvested.
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Genomic DNA, RNA, and protein analyses

gDNA extraction from cell pellets was carried out using the QIAGEN
DNeasy kit (69504) according to the manufacturer’s protocol. For
muscle tissue, gDNA extraction was performed using the High Mo-
lecular Weight DNA Extraction Kit (T3060), following the manufac-
turer’s protocol for low-input samples. RNA extraction was per-
formed using New England Biolab’s Monarch Total RNA Miniprep
Kit (T2010), following the manufacturer’s instructions, including
DNAseI treatment. mRNA was then reverse transcribed using
LunaScript RT-Supermix (New England Biolabs [NEB] E3010). Gen-
otyping PCR was then conducted using Q5 polymerase (NEB) for
genomic DNA and cDNA. qPCR analysis for hF9 was executed using
Luna Universal Probe qPCR Master Mix (M3004) with FAM probe
primers (IDT), while the Ppia reference gene was assessed using
Luna Universal qPCR Master Mix (M3003). For primer location, se-
quences, and combinations, please refer to Table S9.

To analyze off-target gRNA editing, we performed PCR amplification
of 124- to 245-bp fragments encompassing both the target sites and
predicted off-target sites (Tables S5 and S6). This was done using
gDNA extracted from two edited cells per site and two scrambled cells
per site as well as gDNA from three Ckm-treated muscle tissues and
three control muscle tissues. All PCR reactions used Q5 High-Fidelity
DNA Polymerase (M0491). The primers used for amplification
included adapter sequences to which custom-designed barcodes
and Illumina-compatible sequencing adapters were added in a subse-
quent PCR reaction, as described previously. Analysis was performed
using the CRISPResso pool feature.79

For precision deep sequencing analysis, PCR-based genotyping of
Ckm and Mb sites using primers spanning the 50 and 30 junctions
of the targeted site and the inserted GFP transgene was performed
for 15 cycles. The second round of PCR and the analysis were per-
formed as described previously. In CRISPResso2 analysis, the ampli-
con sequence was the expected precise integration based on HITI
integration.79 The percentage of unmodified sequences was tallied
as precise integration, while the percentage of modified sequences
was categorized as non-precise integration and then mapped to iden-
tify the regions where modifications predominantly occurred.

For protein analysis, cell supernatant was collected on days 3 and 7 of
differentiation or fromplasma and stored at�80 before analysis. Anal-
ysis of hFIX protein was performed using the Human Coagulation
Factor IX Total Antigen ELISA Kit (Innovative Research) following
the supplier’s protocol, with 1 M HCl used as a stop solution.

Tn5-mediated tagmentation sequencing

Unloaded Tn5 transposase proteins were acquired from Diagenode
(C01070010-10). Tn5 transposase was then loaded with oligos con-
taining mosaic ends incorporating 13-bp UMIs and the i5 sequencing
adapter according to the manufacturer’s protocol. Tagmentation of
50 ng gDNA with 1:8 dilutions of loaded Tn5 was carried out as
described previously.83 Double-stranded cDNA was synthesized us-
ing DNA Polymerase I, Large (Klenow Fragment) (NEB M0210),
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following a protocol published previously.84 Briefly, the cDNA was
heated to 95�C for 2 min and immediately placed on ice for 2 min.
Subsequently, 1 mL of Klenow enzyme was added for every 20 mL
of the cDNA reaction. The mixture was then incubated at 37�C for
60 min, followed by 75�C for 20 min. Nested PCRs were then per-
formed using the full i5 adapter and a GSP positioned in the intron
of Ckm to enrich the target site and incorporate sample barcodes/
the i7 adapter. All PCRs were performed with Q5 DNA polymerase,
with an annealing temperature of 60�C for 15 s and an extension tem-
perature of 68�C for 1 min. Sequencing was conducted on the Illu-
mina iSeq platform or Nova-seq using the 150-bp paired-end reagent
cartridge following the standard protocol.

Sequence data from the clusters that pass filter on a flow cell (FASTQ
files) were demultiplexed using the list of barcodes assigned to each
sample. Trimmomatic (v.0.33) was then used to trim sequencing
adapters and remove low-quality reads.85 Paired-end reads were
merged using Paired-End reAd mergeR, and then UMI sequences
were annotated using UMI-tools.86,87 Afterward, the annotated
FASTQ files were aligned to a reference amplicon using bwa-
mem2.88 The reference amplicons were constructed to align with
the targeted locus and anticipated edits. Sequence Alignment
Map (SAM) files resulting from the alignment were converted to Bi-
nary Alignment Map (BAM) files and then indexed. Deduplication of
the indexed BAM reads was performed based on the UMI annotation
using UMI-tools. Following deduplication, reads were filtered using
seqkit tools to eliminate reads attributed to false priming (reads lack-
ing the 20 bases directly adjacent to the GSP expected sequence were
filtered out). Additionally, reads failing to extend adequately beyond
the edit site and those falling short of the minimum required length
were filtered out. Finally, the deduplicated and filtered reads were
analyzed and mapped to quantify the frequency of integration.

For hF9 integration quantification sequencing, FASTQ files were
aligned to the mouse whole genome, including the hF9 AAV insert
(from ITR to ITR). After deduplication, BAM files were categorized
into chimeric reads from the target site (Ckm) to the hF9 insert and
reads from the target site (Ckm) only were used as the denominator.
Reads were then identified for direction based on expected integration
and were checked for origin fromAAV fragments. Browser Extensible
Data (BED) tool extraction was performed to quantify Ckm-only
amplification. For mapping off-target integration, BAM files were
categorized for chimeric reads from the hF9 insert to any detected
chromosome. These reads were extracted to FASTQ format and
filtered to ensure that the sequences contained the on-target primer
and did not contain sequencing artifacts. They were then aligned to
the hF9 insert only using the mappy aligner. The unaligned FASTQ
reads were then parsed and analyzed using the motif-based sequence
pattern analyzer.62 Identified patterns were confirmed using BLAST-
Like Alignment Tool or BLAST to determine the source of integration.

50 RACE and long-read sequencing

The 50 RACE protocol using the template-switching reverse tran-
scriptase enzymemix fromNEBwas executed following the manufac-
turer’s guidelines. Briefly, 1 mg of RNA was annealed with a gene-spe-
cific RT primer containing deoxynucleotide triphosphates at 70�C for
5 min. Next, the mixture was supplemented with template-switching
buffer, template-switching oligo, and RT enzyme mix (NEB M0466),
followed by an incubation step at 42�C for 90 min and then at 85�C
for 5 min. Touchdown PCR amplification was carried out using gene-
specific reverse primer and Template Switching Oligo-specific primer
on 1 mL of the template-switching sample. To assess the enrichment
of the amplified fragment in the targeted gene, qPCR was performed
on the bead-purified PCR product. Qubit measurement was used to
determine the concentration of the purified PCR product. A compar-
ative analysis of qPCR results for cDNA with similar amounts served
as a control. A Cq value of <10 was considered indicative of good
enrichment for RACE amplification. Enriched samples were then pre-
pared for Oxford Nanopore long-read sequencing library preparation
following the manufacturer’s protocol (SQK-NBD112.24), and
sequencing was conducted using a MinION flow cell (R10.4.1).
FASTQ reads were aligned to reference amplicon that has the fusion
of Ckm exon 1 with the hF9 coding sequence using minimap2 align-
ment89 and then visualized using Integrative Genome Viewer.90
RNA-seq analysis

After qPCR analysis, the best-expressing samples in Ckm-treated and
MB-treated cells, as well as the scrambled samples of C2C12 cells,
were further assessed for RNA integrity using Tapestation with
High Sensitivity RNA ScreenTape (5067-5579). RNA samples with
(RNA Integrity Number) RIN > 7 and a 260/280 ratio of around 2
were selected for sequencing. The RNA-seq assay was conducted by
BGI Genomics (Shenzhen, China) or by the Oklahoma Medical
Research Foundation Clinical Genomics Center. Following RNA-
seq, the FASTQ data underwent quality control using fastqc, and
poor-quality reads were trimmed using Trimmomatic (v.0.33).85

High-quality reads were then aligned to mouse and human genomes
using HISAT2.91 The number of raw reads associated with each gene
was quantified using featureCounts. Next, the raw read data were sub-
jected to PCA and differential expression analysis using DESeq2 in R.
GO analysis was performed using gprofiler2, and chromosomal dis-
tribution analysis was visualized using biomaRt.57,92
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