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Late-onset Pompe disease (LOPD) is overwhelmingly caused
by a single mutation that disrupts splicing of acid-alpha gluco-
sidase (GAA) and results in the accumulation of lysosomal
glycogen in muscle cells leading to progressive muscle weak-
ness in patients. Current therapeutics for LOPD do not meet
the needs of patients and have largely been developed in
mutant animal models lacking Gaa expression, which more
closely mimic the less common infantile form of the disease.
Here we design and evaluate peptide-conjugated phosphoro-
diamidate morpholino oligomers (PPMOs) to target the caus-
ative mutation in GAA and correct pathogenic splicing in mus-
cle tissue. We show PPMO compounds correct LOPD splicing
in both patient induced pluripotent stem cell-derived muscle
cells and in skeletal muscle tissue after intravenous dosing in
a newly developed humanized LOPD animal model that reca-
pitulates patient LOPD splicing.

INTRODUCTION

Pompe disease (PD) is a muscle wasting disease broadly character-
ized by age of onset: infantile-onset PD (IOPD) is underscored by a
severe phenotype with cardiac involvement from birth, while the
late-onset PD (LOPD) affects mainly skeletal muscle and is charac-
terized by a range of onset generally in the second decade of life.'
As the current standard of care for PD, enzyme replacement ther-
apy has proven beneficial for IOPD patients but offers fewer clin-
ical benefits to LOPD patients in part due to its hampered ability
to target skeletal muscle in addition to eliciting an immune
response.*°

LOPD is largely underscored by faulty splicing of acid-alpha gluco-
sidase (GAA) caused by the single widespread IVS1 point mutation
¢.-32-13T>G (Figure 1A).”® GAA is a lysosomal glycoside hydrolase
responsible for the degradation of glycogen into glucose. Pathogenic
GAA levels, therefore, lead to lysosomal accumulation of glycogen in
the muscle cells of patients that results in defective autophagy and
cell death.>>"°

The majority of LOPD patients are compound heterozygous for mu-
tations in GAA. Sixty-eight percent to 90% of LOPD patients carry
the common IVS1 mutation."" The IVSI mutation affects an esti-
mated 1:30,000 individuals in the United States and disrupts splicing
of GAA producing several nonproductive splice variants in
which ATG-containing exon 2 is completely or partially skipped
(Figures 1A and S1).'"”" However, this mutation does not
completely disrupt GAA splicing, instead allowing for 10%-15%
residual canonical splicing.'® The greatly attenuated exon 2 inclusion
caused by the IVS1 mutation leads to the milder phenotype observed
in LOPD compared with IOPD. Given that GAA-pseudodeficient
carriers of PD are by definition unaffected, we hypothesized that pre-
cision genetic therapeutic rescue of the IVS1 mutant allele would
greatly benefit LOPD patients.

Recently, significant progress has been made illuminating the un-
derpinnings of the IVS1 mutation in GAA. It has been shown
that the IVS1 mutation lies in the polypyrimidine tract of exon
2, thus interfering with splicing factor recognition of the down-
stream splice acceptor site.'” Several naturally occurring transcript
variants (TVs) of GAA are affected by the IVS1 mutation and mis-
spliced in similar patterns to produce several pathological splice
variants in which exon 2 is skipped (Figure S1). Additionally,
data suggest that a pseudoexon contained inside intron 1 is acti-
vated in the presence of the IVSI mutation.'® The incorporation
of this pseudoexon also contributes to faulty GAA splicing and sub-
sequent pathological GAA levels. Further, steric active oligonucle-
otides have been shown to rescue the IVS1 splicing pathology
but require delivery vehicles to elicit their effects.'®'® "
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Figure 1. PPMO increases GAA enzyme activity in patient-derived fibroblasts

(A) GAA mis-splicing caused by the common IVS1 mutation (red) compared with canonical GAA splicing (black). Splicing events were detected by endpoint RT-PCR. (B)
Schematic depicting the location of PPMO compounds in microwalk screen. (C) Members of the microwalk screen were assayed for increases in GAA enzyme activity in
LOPD patient fibroblasts. NTC = nontargeting control. One-way ANOVA with Dunnett’s multiple comparison test. *p < 0.05, **p < 0.01, **p < 0.001, ****<0.0001. (D)
Optimization of hit compound sequence RC-3001 using an abasic subunit to address high GC content. (E) Abasic-containing sequence (RC-3003) restores GAA enzyme

activity in patient fibroblasts. Results are expressed as mean with error bars (SD).

Modulation of RNA splicing through the use of antisense oligo-
mers has emerged as a powerful technology in the treatment of
various human genetic diseases.”’ Through various chemical scaf-
folds, these compounds have been used to modulate gene expres-
sion through pre-mRNA splicing modulation, binding to key
regulatory elements, and interactions with frans-acting RNA
expression regulators.”"*?
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Here, we use peptide-conjugated phosphorodiamidate morpholino
oligomers (PPMOs) to correct the pathogenic IVS1 splicing found
in LOPD. First, we screened a targeted library of PPMOs for optimal
GAA enzyme activity restoration in patient fibroblasts. Next, we
generated a disease-relevant patient induced pluripotent stem cell
(iPSC)-derived in vitro myotube model of LOPD to further validate
the most active PPMO compounds. Finally, we generated a
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humanized mouse model of LOPD that recapitulates the GAA mis-
splicing found in patients and use this model to demonstrate target
engagement and correction of pathogenic GAA splicing in skeletal
muscle after intravenous (IV) treatment with PPMO compounds.

RESULTS

PPMOs increase GAA enzyme activity in patient-derived
fibroblasts

We first designed a library of PPMO compounds that utilized the
short polyarginine cell-penetrating peptide Ac-N-Args-Gly-OH
conjugated to a PMO sequence complementary to the human
GAA intron 1 locus near the IVS1 mutation (Figure 1B; Table S1).
PPMOs were screened in patient-derived fibroblasts by gymnotic up-
take at 20 pM concentration, followed by analysis of lysosomal GAA
enzyme activity in cellular lysates after 4 days of treatment
(Figure 1C). Based on these results, we identified a number of com-
pounds that increased GAA enzyme activity. The most active com-
pound RC-3001 increased GAA enzyme activity by approximately
2.4-fold compared with a nontargeting control and was selected
for further optimization. Analysis of RC-3001 by dynamic light scat-
tering (DLS) (Figure S2) and size exclusion chromatography (SEC)
(Figure S3) indicated the potential for significant aggregation, likely
due to the string of guanine residues contained in the PPMO
sequence (Figure 1D).”>** We therefore sought to mitigate the gua-
nine repeat content of the sequence by removal of a guanine (RC-
3002) or replacement of a guanine with an abasic subunit (RC-
3003). In the case of guanine removal, aggregation as measured by
DLS and SEC improved, but efficacy was reduced (Figures 1E, S2,
S4, and S5). On the other hand, substitution of a single guanine res-
idue with an abasic subunit (Figure 1D) significantly decreased cyto-
toxicity as measured by lactate dehydrogenase (LDH) assay
(Figure S6) and further improved the aggregation profile while re-
taining full potency of the starting sequence (Figure 1E). Assessing
the dose response relationship confirmed the restoration of efficacy
using the abasic sequence (Figure S7A).

We further probed the efficacy of the abasic-containing RC-3003 in
an additional patient fibroblast line and compared the GAA enzyme
activity levels of treated and untreated patient fibroblasts to the
average activity of two healthy fibroblast lines (Figure S7B). After a
single 20 pM gymnotic concentration of RC-3003, GAA enzyme ac-
tivity levels in both patient fibroblast lines increased from 8%-10% to
21%-25% of the healthy control lines. Based on these data, we
selected RC-3003 for further evaluation.

LOPD patient-derived iPSC lines mimic splicing found in LOPD
patients

Because LOPD primarily affects muscle tissue, we sought to validate
the mechanism and efficacy of PPMO compounds in terminally
differentiated skeletal muscle cells derived from patients. To this
end, we reprogrammed two LOPD patient fibroblast lines to iPSCs
using a feeder-free and footprint-free method (Figure S8). Pluripo-
tency was validated by immunostaining with markers Oct3/4,
NANOG, and TRA-1-60 (Figures 2A and S9). iPSCs retained normal

karyotype and alkaline phosphatase activity (Figures S10 and S11).
iPSC lines were differentiated to myoblasts, frozen, and revived.
Myogenic lineage was confirmed by immunofluorescence of the
myoblast markers Desmin and MyoD, as well as expression of key
markers as measured by qPCR (Figures 2A, S12, and S13A). Termi-
nal differentiation of the myoblasts was performed over 3-6 days of
culturing and confirmed by expression of the myogenic markers
MyoD1, MyoG, and MYH3 using qPCR and immunofluorescence
of the muscle markers MHC and MyoG (Figures 2A, S12, and
S13A). Myogenic indices calculated after terminal differentiation
(Figure S13B) at time points relevant for treatment were around
0.25, in line with other reported models.'®?° Additionally, to maxi-
mize relevance of this model and treat cells at the most mature
myogenic stage possible, we optimized treatment conditions such
that PPMO gymnotic treatment was initiated 2 days after the termi-
nal differentiation process had begun. Myogenic index was
confirmed to be unaffected by compound treatment (Figure S13B).

Next, we characterized the splicing and expression of GAA in patient
iPSC-derived myotubes. To evaluate the splicing of GAA in these
models, we amplified the mis-spliced region of exons 1-5 by RT-
PCR and submitted the PCR product for amplicon sequencing
(Figure 2B). Canonical GAA splicing was found in the healthy con-
trol line, while several mis-spliced GAA variants were found in
the patient-derived lines, in agreement with previous reports.'®
Furthermore, the individual expression of naturally occurring
TV1 (NM_000152.5) TV2 (NM_001079803.3), and TV3 (NM_
001079804.3) were analyzed by qPCR (Figure 2C). These
findings demonstrated that TV2 was the most abundant transcript
in all lines.

To determine if PPMOs are able to modulate GAA splicing in the dis-
ease-relevant model, we first used qPCR to measure expression of
each GAA TV after a 3-day treatment with 20 pM RC-3002
(Figures 3A, 3B, and S13C). This analysis demonstrated that only
TV1 and TV2 are affected by PPMO. Additionally, we confirmed
the nature of the splicing correction and the absence of newly gener-
ated transcripts by amplicon sequencing (Figure 3C). This analysis
additionally demonstrated correct restoration of the exon 1-2 junc-
tion upon PPMO treatment.

PPMO treatment corrects splicing in LOPD patient iPSC-derived
myotubes

To determine the upstream effects of RC-3003 leading to increased
GAA enzyme activity observed in patient fibroblasts, we treated
differentiated patient iPSC-derived myotubes with RC-3003 deliv-
ered by gymnosis. First, we measured the amount of correct GAA
splicing using a qPCR probe spanning the critical GAA exon 1-2
junction of TV1 and TV2 (Figure 4A). Treatment of patient iPSC
myotubes with RC-3003 resulted in approximately a 4-fold increase
in correctly spliced GAA, with a half maximal effective concentration
of approximately 10 pM. Measuring total GAA transcript using a
probe targeting all TVs confirmed an increase in GAA expression
upon treatment (Figure 4B). Treatment of the same cell line with
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Figure 2. LOPD patient iPSC-derived myotubes recapitulate splicing deficits observed in LOPD patients

(A) LOPD patient fibroblasts were reprogrammed into iPSC lines and pluripotency was confirmed by immunostaining with OCT3/4. LOPD iPSCs were terminally differentiated
into LOPD patient derived iPSC myoblasts and myotubes that express MYOD and MHC by immunostaining, respectively. PC, phase contrast. Scale bars: fibroblasts (500
pm), iPSC and myoblasts (100 pm), myotubes (200pm) (B) LOPD patient iPSC-derived myotubes faithfully recapitulate aberrant splicing reported in LOPD patients, including
skipping of exon 2. C) GAA TV expression in LOPD patient iPSC-derived myotubes. TV1, NM_000152.5; TV2, NM_001079803.3; TV3, NM_001079804.3. Results are

expressed as mean with error bars (SD).

20 pM RC-3003 led to a 2.1-fold increase in GAA protein in a dose-
dependent fashion (Figures 4C and 4D). This increase was observed
for both the primary translation product (110 kDa) as well as the
post-translationally modified enzyme (70 kDa) (Figure 4C), which
is trafficked to the lysosome.”®
dent increase in lysosomal GAA enzyme activity was observed after
gymnotic treatment with RC-3003 and led to approximately 2.6-fold
increase in GAA enzyme activity after a single treatment (Figure 4E).
Together these data support the proposed mechanism of PPMO-
mediated correction of pathological IVS1 pre-mRNA splicing, fol-
lowed by downstream increases upon treatment in both primary
translation and post-translationally modified protein as well as lyso-
somal GAA enzyme activity.

Further downstream, a dose-depen-

Humanized LOPD mouse model recapitulates disease-causing
splicing deficit

All of the reported murine models of PD involve the disruption of
the endogenous mouse Gaa locus, and thus recapitulate many phe-
notypes of the less common infantile form of the disease.”” >’ To
validate our precision genetic PPMO results, we sought to generate
a murine model of the more prevalent'>*° late-onset form of PD
with the common IVS1 mutation. To accomplish this, we used
CRISPR-CAS9 genomic engineering to insert the entire human
IVS1-mutant genomic GAA sequence, including all 20 introns and
exons (18 kb), into the murine Rosa26 locus (Figures 5A and S14).
The CAG promotor was used to drive widespread expression of
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IVSI-mutant human GAA. Genomes of founder mice were
confirmed by PCR and Sanger sequencing, and germline transmis-
sion was established before characterization of third-generation
mice (Figures S15 and S16). Animals were noted to be healthy and
breeding normally. We used the Rosa26 insertion strategy with the
goal of single copy and stable genomic insertion.

To confirm and characterize the model at the molecular level, we first
used genomic gPCR to confirm single copy insertion (Figure 5B) and
used Sanger sequencing to confirm the predicted integration at the
Rosa26 locus (Figure S16). Next, GAA expression was confirmed in
quadricep muscle by qPCR. As shown in Figure 5C, GAA TV2 was
expressed to a higher degree compared with GAA TV1 and TV3,
closely mirroring the GAA transcript expression pattern found in
LOPD patient iPSC-derived myotubes (Figure 2C). We then assessed
GAA expression in various tissues and found that the mutant human
transgene, driven by the CAG promoter, was expressed at higher
levels when compared with endogenous Gaa (Figure 5D). In quadri-
ceps muscle, human GAA expression was 3- to 4-fold higher
compared with Gaa.

Next, we sought to characterize the splicing of the human IVS1-
mutant GAA transgene in LOPD mouse skeletal muscle, as it was
unclear whether or how this mutation would disrupt splicing in
the murine model. First, we extracted RNA from the quadriceps of
LOPD animals and amplified the region between exons 1 and 5 by
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Figure 3. PPMO correct GAA splicing in LOPD
patient iPSC-derived myotubes

(A) PPMO treatment decreases pathogenic splicing and
increases full-length GAA as measured by endpoint RT-
PCR. Marker in basepairs. Full-length GAA, 1100 bp;
exon 2 skipping, 450 bp, 550 bp. (B) PPMO
compounds increase levels of GAA TV1 and TV2 upon
treatment. (C) PPMO treatment precisely restores the
LOPD-critical GAA exon 1-2 junction with no detectable
undesired splicing variants as measured by RNA
amplicon sequencing. Results are expressed as mean
with error bars (SD).
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corrects pathological LOPD splicing in vivo

Having generated a suitable humanized model
of LOPD that accurately reflects the patholog-
ical GAA splicing found in patients, we next
sought to determine if PPMO are capable of
correcting LOPD mis-splicing in vivo. As proof

of concept, we injected LOPD mice with a sin-
gle 100 mg/kg bolus IV dose of PPMO com-
pound. After 7 days, animals were sacrificed
and tissues collected for human GAA transcript

-
N
w

RT-PCR. Gel electrophoresis of the PCR products showed correctly
spliced GAA along with several smaller, mis-spliced transcripts
(Figure 5E) similar to the pattern found in patient iPSC myotubes
(Figure 3B). The amplicon pool was subjected to amplicon
sequencing, which confirmed that the human IVS1 GAA transgene
mis-splicing in the LOPD mouse mirrored that observed in LOPD
patients (Figure 5F). Accounting for TVs, we observed the same
three major splice variants as found in LOPD patients.'® These splice
variants were additionally confirmed with unbiased standard RNA
sequencing (Figure S17).

Next, we measured the relative amount of correctly and mis-
spliced GAA in the LOPD mouse model. qPCR analysis measuring
GAA splicing across the IVS1-defective exon 1-2 junction of
TV1 and TV2 and total GAA at an unaffected exon junction indi-
cated a similar relative ratio of correctly spliced to total GAA as
compared with LOPD iPSC myotubes (approximately 0.4)
(Figure S18).

analysis. In line with patient fibroblast and
iPSC-derived myotube results, endpoint RT-
PCR amplifying exons 1-5 of GAA in quadri-
ceps muscle of mice treated with PPMO showed an increase in
full-length GAA transcript compared with vehicle (Figure 6A). Am-
plicon sequencing of the PCR reaction pool demonstrated correction
of GAA splicing (Figure 6B). The increase and splicing correction of
GAA was quantified by qPCR, which indicated approximately 2-fold
increase of GAA in quadricep and diaphragm tissues (Figure S20).
These data support the target engagement and restoration of GAA
transcript levels through correction of the pathogenic exon 1-2
mis-splicing.

To more fully quantitate and validate restoration, we treated
animals with a single IV bolus dose of RC-3003 at either 30 mg/kg
or 100 mg/kg. RNA was extracted from quadriceps tissue 7 days after
injection and again subjected to PCR amplification of the region con-
taining exon 1-5. Densitometric analysis indicated an increase from
approximately 20% full-length GAA to approximately 50% full-
length GAA (Figure S21A). qPCR analysis demonstrated a dose-
dependent increase in GAA transcript, indicating approximately
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Figure 4. PPMO correct pathogenic GAA levels at transcript, protein, and lysosomal enzyme activity levels in LOPD patient iPSC-derived myotubes

(A) PPMO treatment increases GAA TV1 and TV2 at the LOPD critical exon 1-2 junction and also increases. (B) Total GAA (all TVs) transcript levels as measured by gPCR.
(C and D) PPMO treatment similarly increases GAA protein (one-way ANOVA with Dunnett’s multiple comparison test; “p < 0.05; **p < 0.01). Arrows indicate size of GAA
primary translation (76 kDa) and post-translationally modified GAA (76 kDa). (E) Lysosomal GAA enzyme activity levels in patient iPSC-derived myotubes were increased after
treatment with PPMO in a dose-dependent fashion. Results are expressed as mean with error bars (SD).

2-fold increase of GAA in skeletal muscle after the single dose of
PPMO compound (Figure 6D). Additionally, the same analysis in
liver and kidney tissues demonstrated lower efficacy in these off-
target tissues (Figures S21B and S21C).

To understand high-level pharmacodynamics of RC-3003, we used
an enzyme-linked oligonucleotide hybridization assay (ELOHA) to
measure the amount of compound in quadricep tissues, which
demonstrated a positive correlation between tissue compound con-
centration and compound efficacy (Figures 6D and S21D). Addition-

6 Molecular Therapy: Nucleic Acids Vol. 36 June 2025

ally, we assessed commonly used serum biomarkers of liver and kid-
ney damage (blood urea nitrogen [BUN], creatinine [CRE], alanine
transaminase [ALT], aspartate transaminase [AST]) 7 days after
treatment, and found no elevations or other adverse safety signals
or bodyweight changes (Figures 6E and S21E).

DISCUSSION

Standard of care for LOPD patients is currently limited to enzyme
replacement therapies that are infused biweekly and come with
limited efficacy and nearly unavoidable immune responses.
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Figure 5. Generation and characterization of a relevant murine model of LOPD

(A) Human GAA harboring the IVS1 mutation was inserted into the Rosa26 safe harbor locus. (B) Single copy integration was confirmed by genomic gPCR. (C) GAA TV
expression in skeletal muscle was confirmed by gPCR. (D) GAA expression was confirmed in various tissues by gPCR analysis. (E) Endpoint RT-PCR analysis demonstrated
that the mutant human GAA transgene was faithfully mis-spliced in the mouse and produced the same GAA splice variants found in LOPD patients. (F) GAA mis-splicing in
mouse quadricep muscle was confirmed by RNA amplicon sequencing. Results are expressed as mean with error bars (SD).

However, these and earlier stage proposed treatments such as sub-
strate reduction therapy targeting upstream glycogen synthesis, do
not target the genetic basis of LOPD. Recent newborn screening re-
sults indicate the IVS1 mutation is more prevalent in the United
States than previously estimated, upwards of 1:30,000.">"* Given
the widely recognized unmet need for these patients, a precision ge-
netic medicines approach for these patients would come closer to ad-
dressing the fundamental defect.

Here we demonstrate the efficacy of RC-3003, a PPMO compound
that is active in skeletal muscle, targets the IVS1 mutation, and cor-
rects the pathological splicing found in IVS1-mutant LOPD patients.

First, we screened PPMO compounds in vitro that led to the identi-
fication of RC-3001, which increased GAA enzyme activity levels
approximately 2- to 3-fold in patient fibroblasts after a single treat-
ment but demonstrated cytotoxicity in vitro. We mitigated in vitro
cytotoxicity by optimizing the sequence with an abasic subunit re-
sulting in the identification of RC-3003. The efficacy of this com-
pound was measured in two patient fibroblast lines versus healthy
with similar results.

Since LOPD symptoms primarily manifest in skeletal muscle, we

additionally validated the efficacy of RC-3003 in patient iPSC-
derived myotubes. Here we showed that PPMO compounds correct

Molecular Therapy: Nucleic Acids Vol. 36 June 2025 7
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(A) Endpoint RT-PCR qualitatively showed an increase in full-length GAA after single IV dose of RC-3002. (B) Amplicon sequencing confirmed an increase in correctly spliced
exon 1-2 junction upon treatment with RC-3002. (C) gPCR analysis of RNA extracted from quadricep muscle of animals treated with a single dose of RC-3003 demonstrated
a dose-dependent increase in GAA transcript levels that was found to correlate with (D) compound tissue concentrations. (E) treatment was well tolerated. One-way ANOVA
with Dunnett’s multiple comparison test. **p < 0.01. Results are expressed as mean with error bars (SD).

the pathogenic IVS1 splicing found in LOPD patient muscle cells,
and that this correction leads to an increase in downstream GAA
protein levels. We note that GAA is post-translationally modified
and transported to the lysosome where it is modified to its functional
form. We observed an increase in both the primary translation and
post translationally modified forms of GAA protein. Additionally,
in agreement with results obtained in patient fibroblasts, we docu-
mented increased GAA enzyme activity levels in patient iPSC myo-
tube cellular lysates after a single 4-day treatment with RC-3003.
These results help us to understand the mechanism of action of
PPMO compounds targeting the faulty IVS1 mutation.

Previous in vitro work noted a disconnect between GAA splicing and
GAA enzyme activity correction.'® We show that PPMO compounds
here modulate specific TVs, and taking this into consideration
measured consistent results between the total of GAA transcript
levels, protein, and lysosomal enzyme activity.

Since no animal models of LOPD existed, we generated a mouse
model of LOPD with the IVS1 mutation to assess target engagement
of optimized PPMO in vivo. Precision genetic medicines such as
PPMO compounds affect mRNA splicing, thus necessitating the
insertion of the entire human genomic GAA sequence (approxi-
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mately 18 kb). We used CRISPR-CAS9 engineering to insert the
entire genomic sequence including the IVS] mutation into the
Rosa26 safe harbor locus. Central to the successful generation of
this model was recapitulation of the many mis-splicing events found
in LOPD patients.'” Gratifyingly, we found this model did recapitu-
late all of the reported LOPD splice variants, and thus could serve as a
good model to assess precision genetic medicines tailored to the IVS1
mutation. Considering the primary purpose of this model was to
evaluate target engagement, we opted to use the CAG promoter to
drive high and widespread expression of the LOPD transgene and
note the overall expression levels are significantly higher than endog-
enous mouse Gaa.

Indeed, 7 days after a single IV dose of PPMO compound, successful
target engagement was measured at the transcript level. QPCR anal-
ysis of human GAA in the GAA™PP V8" model indicated approx-
imately 2- to 3-fold increase of human GAA upon treatment. We
further visualized all splice junctions of the first 5 GAA exons to
confirm no aberrant or new splice variants were produced after
treatment. This analysis additionally indicated the restoration of
the critical exon 1-2 junction. We validated this restoration by
demonstrating that splicing restoration was dose-dependent
and positively correlated to tissue compound concentration.
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Additionally, we showed PPMO compounds are well tolerated and
had limited activity in off-target organs such as liver and kidney.

Due to the wide spectrum of GAA enzyme activity levels found in
healthy individuals, it is unclear what levels are needed to abolish
or delay LOPD symptom onset. We note that pseudodeficient car-
riers of IOPD are unaffected, and that recent newborn screening ef-
forts have set a threshold of 18% GAA enzyme activity assay in initial
screens.'” Additionally, recent data using cultured patient fibroblasts
suggest that doubling GAA enzyme activity would increase levels in
LOPD patients above the disease threshold.”!

Additionally, recent work has established a genetic modifier to
LOPD splicing that results in a more aggressive phenotype and
earlier symptom onset.”> We note the higher proportion of splice
variant 2 in these patients and the demonstrated efficacy here of
PPMO compounds to correct this variant in vitro and in vivo.

Together, the data outlined here demonstrate the mechanism of
action and successful GAA restoration in LOPD patient iPSC
myotubes, coupled with the ability to penetrate muscle tissue and
similarly correct pathogenic GAA splicing in vivo.

MATERIALS AND METHODS

Synthesis of PMO

The general procedure for synthesis of PMO is described in the sup-
plemental information (materials and methods, Tables S2 and S3;
Figures S22 and S23).

General procedure for the synthesis of PPMO

All the PPMOs used in this study were synthesized in a similar
fashion as described in this section. We have described the synthesis
of RC-3003 PPMO in detail, as an example.

In a dry vial, RC-3003 PMO (4 g, 0.5 mmol) was dissolved in 40 mL
of DMSO. In a separate vial, the peptide Ac-R¢G-COOH (794 mg,
0.753 mmol) was dissolved in 30 mL of DMSO and activated using
HATU (382 mg, 1 mmol). Next, the activated peptide solution was
added to vial containing solution of RC-3003 PMO and DIPEA
(195 mg, 262 pL, 1.51 mmol) was added to it, and the reaction
mixture was stirred at 35°C for 2 h. The progress of the reaction
was monitored by LC/MS until RC-3003 PMO was fully consumed.
The reaction mixture was then purified by preparative cation ex-
change chromatography on a NanoSP-15L column (150 x 10 mm,
15 pM) with solvent A (20 mM sodium phosphate buffer +20%
CH;CN) and solvent B (solvent A + 0.8 M NaCl) using a gradient
of 0%-60% solvent B over 120 min at RT. The pure fractions were
collected and desalted using the same procedure as mentioned above
and lyophilized to produce the final product RC-3003 PMO (2.53 g,
0.28 mmol, 56%) as a white fluffy solid.

Characterization of PPMOs
All the PPMOs used in this study were characterized by strong cation
exchange chromatography (SCX), SEC, and liquid chromatography

(LC) electrospray ionization mass spectrometry. A stock solution of
the PPMOs (0.5 mg/mL) was prepared in nuclease free water and
5-10 pL of the solution was injected on the SCX-high-performance
LC (HPLC), SEC-HPLC, and LC mass spectrometry for analysis.

For SCX-HPLC, the compounds were analyzed on an SCX-20 col-
umn (Thermo Fisher Scientific; 4 x 250 mm, 10 pm) under native
SCX-HPLC (solvent A: 24 mM H3POy, 25% CH;CN, pH = 2; solvent
B: solvent A + 1 M KCl, pH = 2) using a gradient of 0%-95% solvent
B over 13 min at 40°C. For PPMOs exhibiting secondary structures
(or homodimer formation) under native SCX conditions, a dena-
turing condition was employed to further analyze them. For the
denaturing SCX-HPLC, compounds were analyzed on the same col-
umn, using the same temperature and gradient but with solvent A
(0.1% TFA, 20% CH3CN) and solvent B (solvent A + 1.5 M Gn.HCI).

For SEC-HPLC, compounds were analyzed on a Zenix SEC-150 col-
umn (Sepax; 7.8 x 300 mm, 3 um) with 0.1 M sodium phosphate
buffer (pH = 7.3) using an isocratic gradient over 20 min.

For ESI-MS, the compounds were analyzed on a 1260 Infinity IT LC
(Agilent) using a Poroshell 120 EC-C18 column (Agilent;
3 x 50 mm, 2.7 pm) followed by mass detection on a 6230 TOF-
MS (Agilent) under positive ESI mode. A representative PPMO
structure is shown in Figure S24.

Generation of an LOPD mouse model

All animal studies were conducted with the approval of the Institu-
tional Animal Care and Use Committee at Sarepta and performed
according to their guidelines. The LOPD knockin mouse model
was generated by inserting human GAA gene into the Rosa26 locus
of C57BL/6 mice using CRISPR-Cas9 genome engineering (Cyagen
Biosciences). First, a BAC clone containing human GAA was selected
and the IVS1 mutation introduced by a positive/negative homolo-
gous recombination selection scheme. The modified gene was subcl-
oned to introduce the CAG promoter and PolyA tail. The entire
CAG-(IVS1)hGAA-polyA insert was sequenced and cloned into
intron 1 of the Rosa26 locus in reverse orientation. Rosa26 homology
arms were amplified by PCR and the resulting targeting vector along
with Cas9 and gRNA were co-injected into fertilized eggs.

Founder knockin mice were genotyped first for the presence of hu-
man GAA in the Rosa26 locus, then for the presence of targeting vec-
tor to assess for potential random integration. Mice determined to
contain human GAA, but no targeting vector were confirmed to har-
bor the GAA IVS1 mutation and correct Rosa26 insertion by Sanger
sequencing, then bred further to establish germline transmission.
One FO founder line was confirmed with germline transmission of
the human GAA insert in the Rosa26 locus.

LOPD mouse model genomic copy number analysis

We mechanically homogenized 10-20 mg of fresh LOPD murine tail
or ear tissue with a metal bead beater using the Quick-DNA 96 kit
(Zymo Research) lysis buffer. Total DNA was isolated following
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the kit protocol and diluted 5-10x before use. We amplified 1 pL of
DNA in a PCR reaction containing an assay for human GAA detec-
tion on the VIC channel (Hs03961696_cn, Thermo Fisher Scientific)
and mouse Tfrc (Thermo Fisher Scientific) on the VIC channel using
Genotyping Master Mix (Thermo Fisher Scientific, Quantstudio 7
Pro). A relative standard curve for the duplex qPCR reaction was
generated using a 1:1 mixture of mouse gDNA (Promega) and hu-
man gDNA (Promega). The relative quantity of human GAA was
calculated for each sample and normalized to Tfrc.

Histological analysis of LOPD KI mouse

Ten 10-month-old LOPD knockin and three age-matched wildtype
control mice were sacrificed. Both quadriceps and diaphragm mus-
cles were excised and immersion-fixed in 4% paraformaldehyde
for 24 h then transferred to 70% EtOH. The fixed left and right quad-
riceps muscle and the diaphragm muscles were submitted to Premier
Labs, LLC where they were processed, sectioned, and stained with
hematoxylin and eosin (H&E). For each sample, a single H&E slide
along with a serial periodic acid-Schiff stained slide was made. All
glass slides were submitted to Charter Preclinical Services for
imaging.

LOPD mouse model gene expression analysis

We mechanically homogenized 10-20 mg of snap frozen LOPD mu-
rine tissue with a metal bead beater and RNA extracted using the
Chemagic 360 RNA system (PerkinElmer). RNA (0.5-1.0 pg) was
reverse transcribed using the superscript VILO kit (Thermo Fisher
Scientific) according to the manufacturers protocol. A multiplex
qPCR assay measuring GAA expression (Hs.PT.58.4293297.gs,
IDT) on the FAM channel, and GAPDH (Mm99999915_g1, Thermo
Fisher Scientific) on the VIC channel was used with Multiplex Mas-
ter Mix (Thermo Fisher Scientific) on a Quantstudio 7 Pro PCR ther-
mocycler (Thermo Fisher Scientific).

ELOHA

For the ELOHA, oligonucleotide capture probes with a 5AmC12
modification were designed to hybridize to the 5 end of the
PPMO sequence. These capture probes were covalently attached to
Pierce Maleic Anhydride Activated Plates (CN: 15110, Thermo
Fisher Scientific) by incubating coating solution (500 nM capture
probe, 2.5% sodium bicarbonate solution) for 1 h at 37°C. Plates
were then washed and blocked overnight with 10% milk/PBST at
4°C. Tissue samples were lysed in 20 pL of ELOHA lysis buffer
(10 mM Tris-HCI pH 7.5, 0.5% IGEPAL, 100 mM NaCl, 5 mM
EDTA) per milligram of protein before being digested with Protein-
ase K (Qiagen cat# 19133) at a final concentration of 1 mg/mL for
60°C for 30 min. We then incubated 30 pL of this digested lysate
with 120 pL Detection Probe Solution (333 nM biotinylated [3Bio-
TEG modified] oligonucleotide detection probe targeting the 3’
sequence of the PPMO, 500 mM guanidine thiocyanate, 0.04% lauryl
sarcosine, 3 mM sodium citrate, and 1.25 mM DTT in PBST). These
samples were then incubated overnight at 4°C in the blocked, cap-
ture probe coated maleic anhydride plate. The next day, plates
were washed 3x with PBST before incubation with streptavidin-
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AP-conjugate (CN: 11093266910, Sigma-Aldrich) for 1 h. Plates
were washed 3 x more with PBST and AttoPhos AP Fluorescent Sub-
strate System (CN: S1000; Promega) was added for 20 min before the
reaction was stopped with 10 pL of EDTA (0.5 M solution/pH 8.0)
(CN: BP2482100; Thermo Fisher Scientific). Fluorescence was read
using a Spectramax i3 reader to determine tissue compound concen-
trations (Ex 440, Em 555).

LOPD mouse model percent splicing correction analysis

We mechanically homogenized 10-20 mg of snap frozen LOPD
murine tissue with a metal bead beater and RNA extracted using
the Chemagic 360 RNA system (PerkinElmer). RNA (0.5-1.0 pg)
was reverse transcribed using the Maxima H Minus cDNA Synthe-
sis Master Mix (CN: M1662; Thermo Fisher Scientific) according to
the manufacturers protocol. PCR reaction with primer F: GGAAA
CTGAGGCACGGAGCG (exon 1) and primer R: GGACCACATC
CATGGCATTGC (exon 5-6) were used to amplify GAA. Thermal
cycle programmed for 5 min at 95°C for initial denaturation, fol-
lowed by 44 cycles of 30 s at 95°C for denaturing, 30 s at 60°C
for annealing, 2 min at 72°C for extension, and a final extension
at 72°C for 2 min. PCR Products were analyzed using a LabChip
GX Touch Nucleic Acid Analyzer (Revvity), the DNA 1K/12K/Hi
Sensitivity Assay LabChip (PN 760517; Revvity), and DNA 1K Re-
agent Kit LabChip DNA assay (PN: CLS760673; Revvity) according
to the manufacturers protocol. The software Bio-Rad CFX Maestro
was used to quantify bands for correctly spliced (1,050 bp) and
splice variants (750 bp, 550 bp, 450 bp). Percent correctly spliced
was determined by dividing the amount of 1,050 bp by the sum
of all bands.

LDH cytotoxicity assay in eGFP HeLa cells

HelLa cells expressing eGFP (IVS2-654)> were expanded in HeLa
media (DMEM [CN:10566016, Gibco] supplemented with 5% horse
serum [CN: 16050122, Gibco], 5% fetal bovine serum [FBS] [CN:
SH30071.03, Cytiva], 200 pg/mL Geneticin [CN: 11811-031, Gibco],
2 mM L-glut [CN: 25030-149, Gibco]) and seeded at 25,000 cells/well
in 96-well plates (CN: 353072; Corning). At 24 h after seeding, media
was changed to 100 pL of HeLa media containing indicated concen-
trations of PPMO. A CytoTox 96 Non-Radioactive Cytotoxicity
Assay (CN: G1780; Promega) kit was used after 18 h of exposure
to measure LDH. We transferred 50 pL of media per well to a fresh
96-well plate, and 50 pL of the CytoTox 96 Reagent was added to
each sample aliquot. The plate was covered with foil to protect it
from light and incubated for 30 min at room temperature. We added
50 pL of stop solution after the incubation, and absorbance was read
at 490 nm using a Spectramax i3 reader. A maximum LDH release
control was generated by adding 10 pL of 10X Lysis Solution (pro-
vided by the kit) to positive control wells 45 min before performing
the assay. Percent cytotoxicity = 100 x (experimental LDH Release
(OD490)/maximum LDH Release(OD 49)).

Serum analysis
Upon study takedown, whole blood was collected and centrifuged at
2,000 rcf for 10 min at 4°C. We froze 70 pL of serum at —80°C and
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transferred for analysis to IDEXX Bioanalytics for analysis of BUN,
CRE, ALT, and AST.

LOPD patient iPSC-derived myotubes gene expression analysis

Patient iPSC-derived myoblasts were seeded in a 96-well or 24-well
collagen-coated plate (Corning) and expanded in iPSC-derived
myoblast expansion medium (iXCells Biotechnologies) for 48 h. Me-
dia was changed to myotube differentiation media (iXCells Biotech-
nologies) and differentiation was continued for 48 h. Media was then
changed to fresh differentiation media containing the indicated con-
centrations of PPMO. RNA was extracted from cell cultures after
72 h of gymnotic treatment using the Quick-RNA 96 Kit (Zymo)
following the manufacture’s protocol. We reverse transcribed 100-
300 ng of RNA using the superscript VILO kit (Thermo Fisher Sci-
entific) according to the manufacturers protocol. A multiplex gPCR
assay measuring GAA expression at the exon 1-2 locus (Hs.
PT.58.24962380, Integrated DNA Technologies, 900 nM primers,
250 nM probe) on the FAM channel, GAA at the exon 3-4 locus
(Hs01089834_m1, Thermo Fisher Scientific, 1.8 pM primers,
500 nM probe) on the VIC channel, and HPRT (Hs999
99909_m1_gsy, Thermo Fisher Scientific, 900 nM primers, 250 nM
probe) on the JUN channel was used with Multiplex Master Mix
(Thermo Fisher Scientific) on a Quantstudio 7 Pro PCR thermocy-
cler (Thermo Fisher Scientific). gPCR cycling conditions consisted
of an initial denaturation step for 20 s at 95°C, followed by 40 cycles
of 95°C for 3 s, 58°C for 20 s with a 1.92°C per second ramp rate.

Western blot analysis

Cell lysates were prepared using RIPA lysis buffer (Thermo Fisher
Scientific). Protein concentration was measured using Pierce BCA
Assay Kit (Thermo Fisher Scientific). Cell lysates were prepared us-
ing the sample preparation kit (Proteinsimple) for an automated
capillary western blot system, JESS system (Proteinsimple). Cell ly-
sates were diluted to the same protein concentrations using the
0.1x sample buffer (Proteinsimple) and mixed with 5x fluorescence
master mix (Proteinsimple) according to protocol instructions. Sam-
ples were denatured at 95°C following protocol instructions. JESS
was run using a 1:400 diluted anti-GAA primary antibody (Abcam
ab137068) diluted with milk-free antibody diluent; protein normal-
ization substrate; horseradish peroxidase-conjugated secondary anti-
bodies; chemiluminescence substrate; and wash buffer dispensed
into indicated wells of the assay plate. Samples were loaded in the
indicated locations on the JESS plate in triplicate with the bio-
tinylated ladder marker and the assay plate was placed in the JESS
apparatus. Signal intensity (peak area) of the protein was normalized
to the peak area of the total protein included in the capillary well us-
ing the protein normalization kit and analysis on Compass Software
(Proteinsimple). Quantitative analysis of GAA protein bands was
performed using the Compass Software (ProteinSimple).

GAA enzyme activity for LOPD patient fibroblasts

Fibroblasts were plated in 24-well cell culture plates at 30,000 cells/
well and incubated overnight. Cells were then washed in PBS and
then treated with PPMO-supplemented media via gymosis. Cells

were allowed to incubate with treatment and no media changes for
6 days. For GAA Activity Assay lysis, cells were washed once with
PBS and then lysed (freeze/thaw 10 min, —80°C) in ice-cold GAA
Activity Assay Buffer (Abcam). Cell lysates were centrifuged, and
the supernatants were used in triplicate for GAA Enzyme Activity
Assay. Protein concentration was measured using Pierce BCA Assay
kit (Thermo Fisher Scientific). The GAA Enzyme Activity Assay was
run following the kit instructions. The resulting fluorescence was
read on the SpectraMax i3 spectrometer (Molecular Devices) at exci-
tation 485 nm and emission 535 nm.

GAA enzyme activity assay for LOPD patient iPSC-derived
myotubes

Patient iPSC-derived myoblasts were plated in 24-well collagen-
coated plates (Thermo Fisher Scientific) at 80,000 cells/well in
Expansion Media (EM, iXCells Biotechnologies). After 48 h of
growth in EM, cells were washed in PBS and media is changed
to Differentiation Media (DM, iXCells Biotechnologies). Cells
were incubated in DM for 48 h, then treated with PPMO-supple-
mented DM and incubated without media changes for 4 days.
For GAA Activity Assay, cells were lifted, pelleted, then lysed in
ice-cold GAA Activity Assay Buffer (Abcam). Protein concentra-
tion was measured using Pierce BCA Assay kit (Thermo Fisher
Scientific). The GAA Enzyme Activity Assay was run following
the kit instructions. The resulting fluorescence was read on the
SpectraMax i3 spectrometer (Molecular Devices) at excitation
485 nm and emission 535 nm.

GAA TV expression analysis

cDNA from LOPD mouse quadricep muscle or LOPD patient iPSC-
derived myotubes was amplified using PowerUp SYBR Green Master
mix (Thermo Fisher Scientific) on a Bio-Rad PCR thermocycler
(Bio-Rad) using GAA TVI1, TV2, or TV3 primers according to
the manufacturer protocol. Relative quantities of each TV were
normalized to mouse Hprt (Mm.PT.39a.22214828, Integrated
DNA Technologies).

Endpoint PCR

cDNA from LOPD mouse quadricep muscle was amplified in a PCR
reaction. GAA exons 1-5 were amplified using primers GAA Ex1-5
Fwd and GAA Ex1-5 Rev (Table S4) with LA Taq Polymerase with
GC Buffer (TaKaRa) following the manufacturer’s protocol using a
Bio-Rad PCR thermocycler. PCR amplification products were visu-
alized using a 2.2% agarose gel (Flashgel System, Lonza).

Splice variant analysis

Endpoint PCR reactions using LOPD mouse quadricep cDNA were
purified using the QIAquick PCR Purification Kit (Qiagen). The
mixture was subjected to Amplicon-EZ MiSeq 2 x 150 bp
sequencing (Azenta) resulting in more than 200,000 unfragmented
reads per sample (>75 bp). The reads were aligned to GAA on the
human reference genome (GRCh38) using the STAR (Spliced Tran-
scripts Alignment to a Reference) aligner.
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Junctions with greater than 5,000 exon-spanning reads were visual-
ized using Integrated Genomics Viewer (Broad Institute). Total
RNA-seq was carried out from snap frozen LOPD mouse quadricep
tissue (Azenta). More than 100M total reads obtained were similarly
mapped and visualized.

Fibroblast cell cultures

Human fibroblast cell lines were maintained in modified eagle me-
dium (MEM, Thermo Fisher Scientific) containing 15% FBS and
2 mM L-glutamine at 37°C incubator with 5% CO,. Fibroblast
cell lines currently used were obtained from Coriell Institute
and include the following lines: GMO08402 (healthy control),
GMO08400 (healthy control), GMO00443 (Pompe late-onset),
GM11661 (Pompe late-onset), GM20089 (Pompe infantile onset),
and GM20123 (healthy Pompe carrier). One day before treatment
cells were plated in 24-well cell culture plates at 30,000 cells/well
and incubated overnight. Cells were then washed in PBS and a
treatment of PPMO supplemented with media was added to wells.
Cells were allowed to incubate with treatment and no media
changes for 6 days.

Non-integrative reprogramming of LOPD patient fibroblasts into
iPSC

The fibroblasts were maintained in DMEM 10% FCS. After over-
night incubation, culture medium was replaced with a fresh one,
and cells were transfected with 2 pg of episomal plasmids from
Epi5 iPSC Reprogramming Kit (Themo Fisher Scientific) by using
FuGENES6 transfection reagent (Promega). The next day, culture
medium was replaced with mTeSR-plus medium (StemCell Tech-
nologies). During the reprogramming process, transfected cells
were cultured in mTeSR plus, and the medium was changed every
other day up to 2 weeks post transfection. Colonies were trans-
ferred onto new culture dishes covered with Geltrex matrix by us-
ing a pipette tip. An hour before the procedure, 10 pM Y-27632
was added to the culture medium. The iPSCs were further propa-
gated and maintained in mTeSR plus medium as described
previously.**

Patient iPSC-derived myoblast SKM differentiation

Myogenic progenitors were differentiated from hiPSCs according to
the protocols described previously.” Briefly, myogenic progenitors
were generated through a multi-step small molecule differentiation
protocol. Myogenic progenitors were expanded, passaged, and cryo-
preserved in 60 pg/mL collagen I-coated six-well plates. For myoblast
differentiation, frozen myogenic progenitors were thawed in
myoblast expansion medium (iXCells, Cat. # MD-0102A). Growth
medium was refreshed every 2 days for 8 days then cryopreserved.
For myotube differentiation, the myoblasts were recovered and
seeded at a density of 32,000/cm® and cultured using myoblast
expansion medium to reach 100% confluency. For skeletal muscle
cell differentiation, confluent myoblast cultures were switched over
to myoblast differentiation medium (iXCells, Cat.# MD-0102B)
with media changes every 2 days. Elongated myotubes were evident
after 72 h in myoblast differentiation medium.
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LOPD patient fibroblast lines GM00443 and GM11661 were ob-
tained (Coriell) and reprogrammed to iPSC lines via a feeder-free
and footprint-free method (iXCells Biotechnologies). Pluripotency
of iPSC lines was verified by immunostaining for MHC and MyoG.

Statistics

Statistical analysis was conducted using a one-way ANOVA test with
Dunnett’s multiple comparison test. Results were presented as
mean * standard deviation (SD), with a p value of less than
0.05 was considered to indicate statistical significance. Stars
designate statistical significance (****p < 0.0001, ***p < 0.005,
**p < 0.01, *p < 0.05).

For a comparison between more than two groups, ANOVA followed
by the Holm-Sidak post hoc test was used to determine the statistical
significance among groups. Two-sided p values of less than 0.05 were
considered to indicate statistical significance.
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