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a-glucosidase function in infantile-onset
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Infantile-onset Pompe disease (IOPD) results from pathogenic
variants in the GAA gene, which encodes acid a-glucosidase.
The correction of pathogenic variants through genome editing
may be a valuable one-time therapy for PD and improve upon
the current standard of care. We performed adenine base edit-
ing in human dermal fibroblasts harboring three transition
nonsense variants, c.2227C>T (p.Q743*; IOPD-1), c.2560C>T
(p.R854*; IOPD-2), and c.2608C>T (p.R870*; IOPD-3). Up to
96% adenine deamination of target variants was observed,
with minimal editing across >50 off-target sites. Post-base edit-
ing, expressed GAA protein was up to 0.66-fold normal (unaf-
fected fibroblasts), an improvement over affected fibroblasts
wherein GAA was undetectable. GAA enzyme activity was be-
tween 81.91 ± 13.51 and 129.98 ± 9.33 units/mg protein at
28 days post-transfection, which falls within the normal range
(50–200 units/mg protein). LAMP2 protein was significantly
decreased in the most robustly edited cell line, IOPD-3, indi-
cating reduced lysosomal burden. Taken together, the findings
reported herein demonstrate that base editing results in effica-
cious adenine deamination, restoration of GAA expression and
activity, and reduction in lysosomal burden in themost robustly
edited cells. Future work will assess base editing outcomes and
the impact on Pompe pathology in two mouse models,
Gaac.2227C>T and Gaac.2560C>T.
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INTRODUCTION
Pompe disease (PD; OMIM: #232300) is an inherited metabolic dis-
order that presents primarily as skeletal and cardiac myopathy but
also manifests neurologically.1 Untreated patients with the most se-
vere form, infantile-onset PD (IOPD), die in infancy from cardiore-
spiratory failure, respiratory muscle weakness, and hypertrophic car-
diomyopathy. PD has been associated with more than 650 pathogenic
variants in GAA (GenBank: NM_000152.5),2,3 the gene that encodes
acid a-glucosidase (GAA; E.C. 3.2.1.20)—a hydrolase required
for lysosomal glycogen catabolism. Most pathogenic variants in
GAA are specific to a single patient,4 but some do occur more
frequently. The most common pathogenic variant associated with
IOPD is GAA c.2560C>T (p.R854*; global allele frequency =
Molecula
This is an open access article under the CC BY-N
0.00021) and has increased prevalence among African Americans
(allele frequence = 0.00189).5,6

While enzyme replacement therapy (ERT) remains the standard of
care, patients require life-long biweekly infusions where >95% even-
tually produce detectable antibodies to recombinant human (rh)
GAA,7 resulting in markedly reduced treatment efficacy.8 Addition-
ally, a low abundance of mannose-6-phosphate receptors on the sur-
face of skeletal muscle cells prevents rhGAA from gaining entry to
many muscles affected in patients with PD.9,10 Unless treated with
immunomodulation before the first exposure to rhGAA,11 patients
who are immunologically naive to GAA (cross-reactive immunologic
material [CRIM] negative) develop far greater antibody titers than
those who are CRIM positive.12,13 In most cases, variants resulting
in premature termination codons lead to nonsense-mediated decay
of GAA transcripts that is associated with CRIM-negative status.12

Recent studies aim to evaluate the efficacy of next-generation
receptor-targeting rhGAA14 and pharmacological chaperone
therapies,15 but both strategies involve ongoing, indefinite adminis-
tration. Investigations have also focused on liver-16 and muscle-
directed17 gene therapies, yet the non-integrating nature of adeno-
associated virus (AAV) means that the exogenous gene could be
lost over time. The development of permanent and potentially sin-
gle-dose therapeutic strategies for patients with PD is paramount.

Substantial recent expansion of, and improvement on, existing
genome editing systems has allowed permanent and precise genomic
modifications with high efficiency in mammalian cells18–20 while
simultaneously improving delivery mechanisms by reducing genome
editor size to mitigate AAV cargo limits.21–23 Further work has
focused on the development of techniques to specifically control
spatial24 and temporal25 cargo expression. Base editors, which
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deaminate cytosine to thymine or adenine to guanine, are of partic-
ular interest for targeting pathogenic variants in vivo due to their
high specificity and low probability of causing insertions/deletions
(indels) at off-target sites.19,26 Numerous studies have assessed base
editing as a therapeutic strategy for monogenic disorders,19,27,28 and
base editing techniques have now progressed to clinical trials
(ClinicalTrials.gov: NCT05398029, accessed February 10, 2023). Ca-
nonical base editing may be suitable for the correction of T>C, C>T,
G>A, or A>G transition mutations in GAA, and the development of
prime editors and next-generation base editors, capable of inducing
transversions, further expands the repertoire of targetable PD vari-
ants.29–31 Here, our aim was to use adenine base editing (ABE) to cor-
rect three pathogenic GAA transition variants (c.2227C>T,
c.2560C>T, and c.2608C>T) in human dermal fibroblasts (HDFs)
derived from patients with IOPD. ABE was found to efficiently
correct all three variants, leading to the production of functional
GAA enzyme, with minimal off-target editing. This study is the
first demonstration of therapeutic genome editing in GAA and will
serve as a foundation for the development of personalized base editing
strategies for patients with PD and other monogenic disorders.

RESULTS
Three transition variants in GAA are amenable to ABE

We identified three GAA variants that are known to be pathogenic
and are putative targets for ABE: c.2227C>T, c.2560C>T, and
c.2608C>T. All three transition variants are situated proximally
to an NGG PAM on the antisense strand, placing the
target adenine within the activity window of canonical ABEs
(Figures 1A and 1B).26 Bystander adenines are not present within
the activity windows at any of these three sites, reducing the likeli-
hood of undesired adenine deamination near the sites of interest.
We obtained HDFs from two patients. One patient harbors GAA
c.2227C>T (p.Q743*) and c.258dupC (p.N87QfsX9) compound
heterozygous pathogenic variants. This cell line will be hereafter
referred to as IOPD-1. The second patient is homozygous for the
GAA c.2608C>T (p.R870*) pathogenic variant and will be referred
to as IOPD-3. We also obtained HDFs, homozygous for GAA
c.2560C>T (p.R854*), from the Coriell Institute for Medical
Research (GM00338); this cell line is denoted as IOPD-2.
To confirm the expected genotype, all three cell lines were
Sanger sequenced (Figure 1C). IOPD-2 was found to have a benign
synonymous single-nucleotide variant (SNV), GAA c.2553G>A.
The ancestral c.2553G has a minor allele frequency of 0.49062,
and the current global allele frequency of c.2553A is 57%
(gnomAD, accessed September 7, 2023). Of note, all four
GAA c.2560C>T cell lines commercially available through the
Figure 1. Three pathogenic PD variants are targets for canonical ABE

(A) Schematic representation of adenine base editors interacting with protospacer s

c.2227C>T, c.2560C>T, and c.2608C>T (red) and their PAM sites (orange). (B) Tabu

editing. Target adenines are at position six or seven (A6 or A7; 50 protospacer nucleotide
protospacer position A4-7. (C) Sanger sequencing electropherograms of amplified gen

compound heterozygosity with GAA c.258dupC (data not shown). IOPD-2 harbors G

protospacer region of the c.2560T-targeting single guide RNA (green arrow; ancestral
Coriell Institute of Medical Research harbor GAA c.2553A in
homozygosity (GM00244, GM00248, GM00338, and GM20122;
Figure S1).

All three cell lines showed appreciable levels of ABE, detectable
upon Sanger sequencing at 4, 14, and 28 days post-nucleofection
with variant-specific GAA-targeting single guide RNA (sgRNA)
and ABEmax, when compared to mock conditions (Figures 2A
and 2B). ABE efficiencies were as high as 100% ± 0%, 42% ±

13%, and 72% ± 4% for IOPD-1, -2, and -3, respectively, as
measured via Sanger sequencing (Figure 2B). Complete editing of
the variant-harboring allele in the IOPD-1 HDF line is particularly
interesting. Given that this is a heterozygous cell line (50% of GAA
alleles harbor c.2227C), this indicates that the target allele was fully
edited to c.2227C across the HDF populations (n = 8). Furthermore,
corrected alleles were detected in edited HDF populations 6–10 pas-
sages post-base editing, with no observed evidence of editing loss in
any of the three cell lines (Figure S2). A secondary in silico assess-
ment using EditR32 showed similar editing efficiencies (Figure 2C).
To explore these findings in further depth and to assess low-fre-
quency protospacer-proximal adenine deamination and indels, tar-
geted amplicon deep sequencing was performed 4 and 14 days post-
nucleofection. Targeted amplicon deep sequencing with a coverage
of >16,000�/sample showed similar average editing efficiencies
across adenine-base-edited cell populations (95.61% ± 1.48%,
31.65% ± 1.13%, and 67.91% ± 1.97% at 14 days post-transfection
for IOPD-1, -2, and -3, respectively); however, none of the
IOPD-1 samples reached complete target adenine deamination,
demonstrating the improved detection limit of next-generation
sequencing over Sanger sequencing (Figure 2D).

Additionally, we detected minute levels of adenine deamination
above baseline, outside of the canonical activity window, at proto-
spacer positions A12–16. Indels were measured above baseline in
IOPD-1 and -3 alleles with a frequency <1.50% ± 0.27% (Fig-
ure 2D). The greatest adenine deamination was measured
14 days post-transfection at IOPD-3-targeting protospacer position
A12 with 0.75% ± 0.05% vs. 0.25% ± 0.01% in mock cells (p =
0.0001) (Figure 2D; Table S1). This bystander edit results in a
missense mutation (p.L868P), which may impact the overall func-
tional GAA produced; however, this variant, as well as any indels,
would only impact a small proportion of total restored GAA given
the low proportion of alleles with these unintended alterations. All
adenine deamination across the target sites occurred at a frequency
of <0.8% (Figure 2D; Table S1), which falls within sequencing and
PCR error rates.35
equences complementary to the region of three pathogenic IOPD variants, GAA

lated protospacer sequences used for GAA c.2227T, c.2560T, and c.2608T base

is position one). Canonical base editing activity windows are defined by |n4| and span

omic DNA derived from IOPD-1 to -3 cell lines. IOPD-1 harbors GAA c.2227C>T in

AA c.2560C>T in homozygosity. A benign synonymous variant exists within the

G: MAF 0.49062). IOPD-3 harbors GAA c.2608C>T in homozygosity.
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Figure 2. ABE results in significant target adenine conversion in dermal fibroblasts derived from patients with PD

(A) Schematic of ABE cargo delivery and subsequent efficacy and specificity assessments. (B) Percentage of Sanger sequencing reads revealing a C nucleotide at the target

site 4, 14, and 28 days post-nucleofection in IOPD-1, -2, and -3 dermal fibroblast populations compared to mock cells. Electropherograms were assessed using the

Synthego ICE analysis tool v.2.33 Of note, the IOPD-1 cell line is compound heterozygous for GAA c.2227C>T/c.258dupC (exon 16, exon 2), and only one allele of exon 16

was targeted for ABE. Therefore, 50% of the target “C” comes from the unaffected allele. (C) Nucleotide plots representing adenine deamination across the protospacer-

spanning regions at 4, 14, and 28 days post-nucleofection in IOPD-1, -2, and -3 HDF populations. A-to-G conversion (antisense strand) is evidenced by C nucleotide base

calls within nucleotide plots. The target adenine sites are highlighted in blue, red, and green for IOPD-1, -2, and -3, respectively. Electropherograms were assessed using

EditR 1.0.10.32 (D) Targeted amplicon deep sequencing of protospacer-spanning regions at 4 and 14 days post-nucleofection in IOPD-1, -2, and -3 HDF populations

(>16,000� coverage/data point) compared to mock cells. Next-generation sequencing (NGS) data were assessed using CRISPResso2.34 Two-tailed unpaired Student’s t

tests; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. All error bars show mean ± standard deviation.
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Since GAA c.2553G has a high global allele frequency, we designed
a protospacer harboring a mismatched cytosine complementary to
this SNV. If this mismatch is tolerable, resulting in appreciable ed-
iting efficiencies in cell lines harboring the c.2553G>A variant,
then this would allow for a universal sgRNA independent of
SNV genotype. Transfection of HDFs with plasmids expressing
c.2553G-harboring sgRNA and ABE did not yield detectable base
editing in IOPD-2 HDFs (Figure S3), indicating that nucleotide
4 Molecular Therapy: Nucleic Acids Vol. 35 June 2024
mismatch at protospacer position A12 in this sgRNA is not
tolerated.

Adenine-base-edited fibroblasts express enzymatically active

GAA

Populations of cells treated with ABE exhibited restoration of GAA
enzyme activity, achieving levels that are within the expected normal
range for unaffected HDFs (45–180 units/mg protein) for all three
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genotypes at 28 days post-transfection (Figure 3A).2 Enzyme activity
rates were measured as 118.46 ± 7.12 (p < 0.0001), 81.91 ± 13.51 (p =
0.0011), and 129.98 ± 9.33 units/mg protein (p < 0.0001) for IOPD-1,
-2, and -3, respectively, at 28 days post-transfection (Figure 3A), and
GAA enzyme activity was maintained within the normal range long
term (6–12 passages post-base editing; Figure S2). Western blots
confirm the presence of GAA protein after ABE (Figure 3B). The total
GAA protein amounts detected post-editing were determined to be
0.52-, 0.31-, and 0.66-fold normal (unaffected HDFs) for IOPD-1,
-2, and -3, respectively, when normalized to the loading control,
GAPDH. GAA protein was not detected in untreated IOPD HDFs,
confirming the CRIM-negative status associated with all three geno-
types. Digestion of GAA with endoglycosidase H (Endo H) reveals
that GAA-produced post-base editing has the same pattern of Endo
H sensitivity and resistance as wild-type GAA, providing evidence
for the normal trafficking and glycosylation of GAA in base-edited
cells (Figure S4).36

Assessment of LAMP2 through immunofluorescence shows bright
punctate signal in IOPD dermal fibroblasts (Figure 3C). Quantifica-
tion of LAMP2 immunofluorescence shows significant increases in
LAMP2 signal intensity between unaffected and affected dermal fi-
broblasts for IOPD-2, but not IOPD-1, and shows a decrease between
unaffected and affected dermal fibroblasts for IOPD-3 and is there-
fore inconclusive (Figure S5). Total LAMP2 protein quantified via
western blotting post-base editing is not significantly reduced in
IOPD-1 (1.21- vs. 0.91-fold) or IOPD-2 (1.87- vs. 1.97-fold) dermal
fibroblasts, but normalization (p = 0.9796) is measured post-base ed-
iting in IOPD-3 fibroblasts (2.20- vs. 1.06-fold) (Figure 3B). Observ-
able differences in periodic acid-Schiff (PAS)-positive polysaccharide
inclusions were not detected across unaffected, affected, and ABE-
treated HDFs (Figure S6).

Adenine-base-edited dermal fibroblasts haveminimal off-target

edits

To assess ABE-induced indels or adenine deamination, 52 off-
target sites identified in vitro by CIRCLE-seq or nominated by
Cas-OFFinder and Hsu off-target scores were analyzed (Figures 4
and S7).36–38 Deep sequencing of these sites with >1,000� coverage
demonstrated minimal off-target editing. OT18 (IOPD-3; intron 5
of ZNF536) and OT8 (IOPD-3; intron 5 of NCOR2) were found to
have significant adenine deamination (A7: 7.98% ± 1.49% vs.
0.62% ± 0.02%, p = 0.001, and A15: 0.80% ± 0.22% vs. 0.35% ±

0.12% p = 0.0362; 0.85% ± 0.14% vs. 0.59% ± 0.05%, p = 0.0421)
after treatment with IOPD-3-targeting sgRNA and ABE (Figure 4).
Adenine deamination at these off-target sites is expected to neither
result in disruption of a 50 or 30 splice site nor eliminate a branch-
point site and is therefore not predicted to impact gene expres-
sion.39,40 An arbitrary threshold of adenine deamination or
indels of 0.8% was applied to account for sequencing and PCR er-
ror rates.35 All other sequenced sites did not show adenine
deamination or indels above background. Specific adenine deami-
nation and indel percentages and p values are shown in Tables S2
and S3.
DISCUSSION
We herein report the first base editing of genetic variants causative for
PD. In this study, we demonstrate efficient ABE of three IOPD vari-
ants (c.2227C>T, c.2560C>T, and c.2608C>T) in HDFs, achieving up
to 96% editing of the c.2227C>T variant in the IOPD-1 heterozygous
cell line and 67% editing in a c.2608C>T homozygous cell line
(IOPD-3). Target variant base editing led to restoration of enzyme ac-
tivity, measured as 118.46 ± 7.12 (p < 0.0001), 81.91 ± 13.51 (p =
0.0011), and 129.98 ± 9.33 (p < 0.0001) units/mg protein for
IOPD-1, -2, and -3, respectively, at 28 days post-transfection, rates
comparable to what is measured in unaffected HDFs. Normalization
of LAMP2 was observed in the most robustly edited cell line
(IOPD-3), indicating a reduction in lysosomal burden.

We chose these three variants due to their presence in accessible pa-
tient-derived cells, their targetability by ABEs, and, in the case of
c.2560C>T, the frequency of this variant in the IOPD patient popu-
lation. Although c.2227C>T has been reported only once,
c.2560C>T and c.2608C>T have 77 and 10 associated patients,
respectively, reported in the PD GAA variant database as of 2021.2

Given that there are hundreds of variants known to cause IOPD
and that patient-specific SNVs within the protospacer-targeting re-
gion can hinder editing efficiency (Figure S3), designing and assess-
ing personalized genome editing strategies may prove challenging.
Alternative variant-indiscriminate strategies that employ next-gen-
eration genome editing approaches, such as twin prime editing,18

should also be explored to encompass the wide range of PD-causing
GAA variants.

Interestingly, we observed increased editing efficiency over time.
Given that the half-life of plasmid DNA in mammalian cells is
approximately 20 h, and plasmid DNA has been found to persist
for at least 6 days post-transfection, target alleles may undergo editing
beyond the initial 4 day time point.41 This finding may also be indic-
ative of a selective advantage for cells expressing functional GAA
enzyme in vitro, but further investigation is necessary to determine
the mechanism underlying the observed increases in overall editing
efficiency and GAA enzyme activity over time. Additionally, even
though considerable base editing is measured by deep sequencing at
4 days post-transfection, GAA activity is %25% of normal rates
(Figures 2D and 3A). Rates of GAA activity that fall within the normal
range are later observed at 14 (IOPD-1 and -3) or 28 days (IOPD-2)
and are maintained within this normal range long term (6–12 pas-
sages post-base editing; Figures 3A and S2).

GAA protein expression post-base editing was measured as 0.52-,
0.31-, and 0.66-fold normal (unaffected HDFs) for IOPD-1, -2, and
-3, respectively, correlating with editing efficiencies (Figure 3B). To
evaluate the intracellular location of GAA post-base editing, we di-
gested GAA with Endo H, a specific endoglycosidase that cleaves
mannose-rich oligosaccharides and is used to monitor intracellular
trafficking indirectly.42,43 This assay revealed the same pattern of
Endo H-sensitive and -resistant banding for GAA derived from unaf-
fected and ABE-treated IOPD-1 fibroblasts, providing evidence of
Molecular Therapy: Nucleic Acids Vol. 35 June 2024 5
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Figure 3. Edited human dermal fibroblasts have restored GAA enzyme activity and reduced LAMP2

(A) GAA enzyme activity at 4, 14, and 28 days post-nucleofection in IOPD-1, -2, and -3 dermal fibroblast populations compared to mock cells. Comparisons were analyzed

using two-tailed unpaired Student’s t tests; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Yellow shading represents the normal range of GAA activity in cultured

unaffected HDFs (45–180 units/mg protein).2 (B) Western blots of IOPD-1, -2, and -3 (�/�), ABE-treated IOPD-1, -2, and -3 (edited), and unaffected (+/+) HDFs using

antibodies to detect GAA, LAMP2, and GAPDH. Quantification of western blots for LAMP2 and GAA normalized to GAPDH and expressed as relative density (fold normal).

Comparisons were analyzed using one-way ANOVA with Tukey post-hoc test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ns, not significant. (C) Immunoflu-

orescence photomicrographs showing LAMP2 signal (green) in IOPD-1, -2, and -3 (�/�), ABE-treated IOPD-1, -2, and -3 (edited), and unaffected (+/+) HDFs. Scale bar

represents 50 mm. All error bars show mean ± standard deviation.
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Figure 4. Targeted amplicon deep sequencing shows minimal off-target editing across in-silico- and in-vitro-predicted sites

Putative off-target sites were identified by in vitro CIRCLE-seq assay.38 Further off-target sites were predicted in silico using Cas-OFFinder36 allowing for up to three mis-

matches between protospacer and genomic site and cross-referenced to Hsu off-target scores.37 In addition to CIRCLE-seq-identified off-target sites, Cas-OFFinder-

predicted off-target sites with a Hsu off-target score >1 mapping to genomic coding or regulatory regions were PCR amplified for targeted amplicon deep sequencing.

Resulting sequencing reads (>1,000� coverage/data point) from n = 3 independently nucleofected IOPD-1, -2, and -3 HDF populations for both ABE-treated (+) and mock

(�) conditions were assessed using CRISPResso2.34 Nucleotide percentages of modification at adenine sites present across the protospacer-spanning regions (shown

above the plots) are represented as heatmaps (0%–5% modification shown in gray; 5%–20% modification shown in red). Indels are reported on the far right. Significant

differences in nucleotide modification between ABE-treated and mock conditions as identified by two-tailed unpaired Student’s t tests are represented by red boxes.

www.moleculartherapy.org
normal glycosylation and intracellular localization of GAA (Fig-
ure S4). The work of others has shown that, with ERT, rhGAA be-
comes trapped in the endocytic pathway and/or is mis-trafficked
due to the existing autophagic impairments within murine muscle fi-
bers.44,45 Future studies are imperative to further interrogate the
intracellular location of GAA post-base editing. In a recent study,
co-therapy of ERT with 1,3-butanediol, a ketone precursor, and an
antioxidant cocktail led to the greater attenuation of muscle pathol-
ogy in Gaa knockout mice than ERT alone.46 If cellular impairments
are found to exist post-base editing, then co-treatment with similar
compounds may also contribute to a reduction in PD pathology by
mitigating autophagic dysfunction and will be explored in murine
models of IOPD (Gaac.2227C>T and Gaac.2560C>T).

Although we show that GAA produced in ABE-treated HDFs is effec-
tive at catabolizing an artificial substrate, we do not report biochem-
ical measurements of the natural substrate, glycogen. Although skel-
etal and cardiac muscle accumulate glycogen in PD, which is rescued
after ERT,14 we found glycogen measurements to be inconclusive and
unreproducible in fibroblasts. We performed PAS staining in HDFs
with or without ABE treatment, as well as in an unaffected HDF
cell line, and did not observe differences in PAS-positive polysaccha-
ride inclusions across the cell lines or treatment conditions, providing
further evidence that fibroblasts do not store appreciable amounts of
glycogen (Figure S6). Glycogen levels were not assessed under glucose
starvation or a regulated nutrient replenishment schedule, which, in
addition to fibroblasts not being a primary store for glycogen, may
contribute to challenges in reliably and reproducibly detecting
glycogen. Furthermore, despite GAA enzyme activity measured
within the normal range for all three ABE-treated cell lines, we
observed a reduction in LAMP2 expression only in IOPD-3, the
most efficiently edited cells. Future assessments of glycogen and
LAMP2 levels in induced pluripotent stem cell-derived cardiomyo-
cytes and murine myocytes post-ABE will be informative.

Finally, the impact of off-target editing was explored using both in sil-
ico (Cas-OFFinder and Hsu off-target scores) and in vitro (CIRCLE-
seq) analyses, followed by targeted amplicon deep sequencing to iden-
tify bona fide off-target sites (Figure 4). Although more than 50 sites
were assessed, only two sites, both in ABE-treated IOPD-3 cells, were
found to have significant adenine deamination across the proto-
spacer-targeting region. The impact on gene expression or function
Molecular Therapy: Nucleic Acids Vol. 35 June 2024 7
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is not expected, since adenine deamination is intronic at these sites
and does not span predicted splice or branchpoint sites at either
off-target site.

In conclusion, this study demonstrates efficient ABE of IOPD-causing
variants in vitro, leading to the production of functional GAA and, in
the most robustly edited cells, evidence of reduced lysosomal burden.
Assessing the efficacy of and optimal delivery methods for genome
editing-based therapeutics in murine models of IOPD is necessary.
Immunogenicity to GAA is an expected hurdle for in vivo translation
given that substantial antibody titers are produced in CRIM-negative
patients in response to ERT.7 The existence of split-intein ABEs47

qualifies myotropic AAVs, such as AAVMYO48 or MyoAAV,49 as de-
livery approaches that may reduce possible immunogenicity to AAV,
GAA, and ABE. Given these myotropic vectors specifically and effec-
tively transduce skeletal muscle at far lower doses than AAV9,
enhanced GAA correction in muscle with minimal off-target conse-
quences in other tissues may be achieved. Additionally, temporal con-
trol of ABE expression through small-molecule drug-controlled
switch elements25 could further limit immunogenicity to editing ma-
chinery. Given that current therapeutic options for patients with
IOPD are limited, the translation of these ABE strategies to patients
may offer an efficacious, long-term therapy, and their safety and feasi-
bility will be explored going forward. Future work will focus on the
optimization of cassettes expressing ABE and sgRNA under a mus-
cle-specific promoter, with a focus on temporal expression of ABE
for minimal toxicity in mouse models harboring the variants targeted
in this study (Gaac.2227C>T and Gaac.2560C>T).

MATERIALS AND METHODS
Mammalian cell culture and genotyping

IOPD-1 and IOPD-3 primary HDFs were obtained via sterile skin
punch biopsy following the provision of assent/informed consent
(ethics approval: Children’s Hospital of Orange County Institutional
Review Board, #130990). IOPD-2 primary HDFs were acquired from
the NIGMS Human Genetic Cell Repository at the Coriell Institute
for Medical Research (GM00338). HDFs were cultured in Dulbecco’s
modified Eagle medium (Cytiva) supplemented with 15% (v/v) fetal
bovine serum (Omega Scientific), 1% (v/v) MEM Non-Essential
Amino Acids (Gibco), and either 1% (v/v) Antibiotic-Antimycotic
(Gibco) or 37.5 mg/mL Primocin (Invivogen). Cells were maintained
at 37�Cwith 5%CO2. For genotyping, genomic DNAwas PCR ampli-
fied using exon-specific primers (Table S4). Amplicons were purified
using the Zymoclean Gel DNA Recovery Kit (Zymo Research) and
Sanger sequenced (Eurofins Genomics).

DNA cloning and bacterial culture

Single-stranded DNA oligonucleotides were synthesized by Inte-
grated DNA Technologies. Complementary spacers with BsmBI-
compatible overhangs were annealed and ligated to BsmBI-digested
BPK1520 plasmid, as described previously.50 Where necessary, a 50

G was added to the spacer sequence to promote transcriptional initi-
ation under the U6 promoter. BPK1520 was a gift from Keith Joung
(Addgene plasmid #65777; http://n2t.net/addgene:65777; RRI-
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D:Addgene_65777).50 NEB 5-alpha Competent E. coli (High Effi-
ciency; New England Biolabs) were transformed with ligated plasmids
using standard protocols. pCMV_ABEmax_P2A_GFP was a gift
from David Liu (Addgene plasmid #112101; http://n2t/addgene:
112101; RRID:Addgene_112101).19 Plasmids were purified using
the ZymoPURE II Plasmid Midiprep Kit as per the manufacturer’s
protocol (Zymo Research). Oligonucleotide sequences are listed in
Table S5.

In vitro ABE

HDFs were nucleofected with either 250 ng GAA-targeting sgRNA
expression plasmid or 250 ng mock sgRNA expression plasmid
(BPK1520) and 750 ng ABEmax expression plasmid using the 4D-
Nucleofector X Unit (Lonza) and P2 Primary Cell 4D-Nucleofector
X Kit (Lonza), as per the manufacturer’s protocol, using program
CA-137. Transfected cells (0.5–2.0 � 104) were pelleted at 4, 14,
and 28 days post-transfection. Cell pellets were lysed in preparation
for enzyme activity assay using CelLyticM cell lysis reagent (Millipore
Sigma) and for PCR and CIRCLE-seq using QuickExtract DNA
Extraction Solution (LGC Biosearch Technologies) according to the
manufacturer’s protocols. Primers used for genomic DNA amplifica-
tion are listed in Table S4. Sanger sequencing was performed by Euro-
fins Genomics. Base editing efficiency was assessed using Synthego
ICE analysis tool v.2.33 Output knockin scores were used to calculate
the proportion of cytosine at the target variant site within the cell pop-
ulation. EditR v.1.0.1032 was used to generate base editing table plots,
where colored tiles indicate significance (p < 0.01). ab1 files were used
as input for both analyses. All transfections were conducted in
triplicate.

Target amplicon deep sequencing

Genomic DNA was amplified using PCR primers flanking the target
region resulting in <250 bp DNA amplicons (Table S4). Amplicons
were library prepped using the NEBNext Ultra II DNA Library
Prep kit (New England Biolabs) according to the manufacturer’s pro-
tocol, with the following modifications: DNA amplicons were 50

phosphorylated using 10 U of T4 polynucleotide kinase (New En-
gland Biolabs) and in the presence of 1 mM ATP (New England Bio-
labs) at 37�C for 30 min and inactivated at 65�C for 20 min. Size se-
lection of adaptor-ligated DNA was performed using AMPure XP
Beads (Beckman Coulter) using a bead/sample ratio of 0.7�.
Adaptor-ligated DNA was enriched using NEBNext Multiplex Oligos
for Illumina (New England Biolabs), as per the manufacturer’s proto-
col, with five PCR cycles. Average fragment sizes were quantified us-
ing an Agilent High Sensitivity DNA Chip on an Agilent 2200
TapeStation, and library concentration was quantified using the Qu-
bit 1� dsDNA High Sensitivity Assay Kit (Invitrogen) on a Qubit 3
Fluorometer (Invitrogen). Pooled libraries were quantified using the
Kapa Library Quantification Kit (Roche) and were run paired-end
on a MiSeq (Illumina) using the MiSeq v.2 Nano 500 cycle Reagent
Kit (Illumina). The MiSeq was controlled by Illumina MCS 1.6.2.1
software, and real-time data were conducted using Illumina RTA
1.18.54 software. Adenine deamination and indels were quantified us-
ing CRISPResso2 v.2.2.1234 by aligning deep sequencing reads to a

http://n2t.net/addgene:65777
http://n2t/addgene:112101
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reference sequence and were analyzed using base editing mode with
“amplicon_min_alignment_score = 50” and all other parameters set
to default.

GAA enzyme activity assay

Cell lysate was mixed with freshly prepared 6 mM 4-methylumbelli-
feryl-a-D-glucopyranoside substrate (Millipore Sigma) in McIlvaine
citrate/phosphate buffer (pH 4.3) at a 1:1 ratio in a 96-well plate
and incubated for 1 h at 37�C. Reactions were quenched with nine
parts glycine carbonate buffer (pH 10.5), and fluorescence measure-
ments were obtained using an Infinite M Plex spectrofluorophotom-
eter (Tecan) at excitation and emission wavelengths of 360 and
450 nm, respectively. One activity unit was defined as 1 nmol
4-methylumbelliferone released per hour. Protein concentration
was estimated using Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific), and bovine serum albumin provided from the kit was
used as a standard. Measurements were made in triplicate and re-
ported as specific activity (units of activity/mg of protein).

Western blot analysis

Western blotting was performed as previously described with 19 mg of
total protein/sample.51 Primary antibodies are as follows: LAMP2
mouse monoclonal antibody (1:1,500, Developmental Studies Hy-
bridoma Bank [DSHB], RRID:AB_528129), GAA rabbit monoclonal
antibody (1:500, R&D Systems, RRID:AB_2942097), and GAPDH
rabbit polyclonal antibody (1:1,500, Novus Biologicals, RRI-
D:AB_10002458). The LAMP2 antibody was deposited to the
DSHB by August, J.T./Hildreth, J.E.K. (DSHB Hybridoma Product
H4B4). Goat anti-mouse IgG-HRP conjugate antibody (1:3,000,
Bio-Rad, RRID:AB_11125547) and goat anti-rabbit IgG-HRP conju-
gate antibody (1:3,000, Bio-Rad, RRID:AB_11125142) were used
where applicable. Blots were quantified using ImageJ software,52

and LAMP2 pixel densities were corrected to GAPDH and normal-
ized to unaffected HDFs.

LAMP2 immunocytochemistry

Cells were fixed in 4% (v/v) Zinc Sulfate Formalin Fixative (EKI In-
dustries), permeabilized in 1% (w/v) Saponin (Sigma-Aldrich),
and blocked in 3% BSA (v/v; Gibco). Cells were incubated with
LAMP2 mouse monoclonal primary antibody (1:200, DSHB, RRI-
D:AB_528129) overnight at 4�C. Cells were incubated with donkey
anti-mouse IgG-Alexa Fluor 488 conjugate antibody (1:1000, Molec-
ular Probes, RRID:AB_141607) for 1 h at room temperature and
mounted in VECTASHIELD Antifade Mounting Medium with
DAPI (Vector Laboratories). Images were captured on a Keyence
BZ-X800 imaging system at 40� magnification.

In silico off-target analysis

In silico prediction of putative off-target sites was performed using
Cas-OFFinder36 with an allowable mismatch %3, DNA and RNA
bulge %0, and a 50-NGG-30 PAM. Predicted off-target sites were
cross-referenced to off-target specificity scores generated in Bench-
ling (Biology Software, 2023). Off-target sites identified with Cas-
OFFinder that had a specificity score >1 and were located at pro-
tein-coding or regulatory sites were amplified for targeted amplicon
deep sequencing.37 Additional off-target sites of interest were also as-
sessed (Figure S7).

CIRCLE-seq sample preparation and analysis

A minimum of 1 mg of genomic DNA/sample was sheared to an
average size of 300 bp using the NEBNext Ultra II FS Enzyme Mix
(New England Biolabs) as per the manufacturer’s protocol. Sheared
DNA was circularized and treated with SpCas9-sgRNA ribonucleo-
protein complexes as previously described.38 sgRNAs were synthe-
sized by Synthego. The resulting linearized DNA was library prepped
as described above but with 22 PCR cycles. Libraries were deep
sequenced as described above. The resulting fastq files were merged,
aligned to the hg19 reference assembly (http://www.broadinstitute.
org/ftp/pub/seq/references/Homo_sapiens_assembly19.fasta), and
compared to control reads using the CIRCLE-seq v.1.1 analysis pipe-
line (https://github.com/tsailabSJ/circleseq) with default manifest file
parameters. Off-target sites identified using this method were as-
sessed in ABE-treated and mock cell samples in triplicate using tar-
geted amplicon deep sequencing and CRISPResso234 as described
above.

Software and statistical analysis

Figures were prepared using Adobe Illustrator 27.7. Statistical analysis
was performed on DNA, enzyme, and western blot quantifications in
GraphPad Prism 10.0.1 (218) using Student’s two-tailed unpaired
t tests or one-way ANOVA with Tukey’s post-hoc analysis. All data
are expressed as mean ± standard deviation. All mean percentages
of adenine deamination or indels at off-target sites that were <0.8%
adenine deamination were excluded to account for sequencing and
PCR error rates.35
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