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Abstract 

A dult poly glucosan body disease (APBD) is a rare, adult-onset neurodegenerative disorder caused by loss-of-function variants in the glyco- 
gen branching enzyme ( GBE1 ) gene, essential for glycogen biosynthesis. The second most common pathogenic mutation in APBD (c.2053- 
3358_2053-3350delinsTGTTTTTT ACA TGACAGGT) is a deep intronic deletion insertion (indel) variant creating an ectopic splice acceptor site, 
resulting in a mutant transcript with a pseudoe x on encoding an unstable truncated protein. Such mutations can be effectively targeted with splice- 
modulating antisense oligonucleotides (ASOs) to restore normal splicing. Here, we characterized the indel in-depth using long-read sequencing 
techniques and disco v ered se v eral ne w features of the mutant transcript. T he indel sequence v aries from the pre viously identified sequence b y 
a nucleotide, and the usage of the ectopic splice site results in two mutant isoforms, both of which are targets of cellular nonsense-mediated 
decay. High-throughput screening in patient-derived fibroblasts identified multiple lead candidates that effectively blocked the ectopic splice site 
and increased the canonical GBE1 transcript and protein. Functional analysis confirmed that treatment with the lead ASOs significantly impro v ed 
GBE1 enzyme activity in patient cells, validating their therapeutic potential. Taken together, our data demonstrate the successful discovery of 
ASOs that correct mis-splicing, thus offering a promising treatment for a subset of APBD patients. 
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Introduction 

Adult polyglucosan body disease (APBD) is a rare, adult-
onset, progressive neurodegenerative disorder characterized
by a spectrum of clinical manifestations, including peripheral
neuropathy, neurogenic bladder, fatigue, muscle weakness and
spasticity, and autonomic dysfunction [ 1 , 2 ]. Some patients
also exhibit cognitive impairment and visual dysfunction [ 3–
5 ]. This autosomal recessive condition is caused by mutations
in the GBE1 gene, which encodes the glycogen branching en-
zyme essential for glycogen biosynthesis. The resulting defi-
ciency in GBE1 activity leads to the accumulation of abnor-
mally structured, insoluble glycogen, manifesting as polyglu-
cosan bodies (PBs) in various tissues [ 5–7 ]. The deposition of
PBs in neurons of both the central and peripheral nervous sys-
tems likely blocks the axons, potentially contributing to the
neurological symptoms observed in affected individuals [ 8 ].
While multiple therapeutic approaches aimed at decreasing
GBE1 substrate levels by targeting glycogen synthase 1 [ 9–11 ],
enhancing GBE1 enzyme activity [ 12 ], and promoting lysoso-
mal degradation of PBs [ 13 ] are in preclinical and clinical de-
velopment, there are currently no effective disease-modifying
therapies available for APBD. 

Presently, there are over 200 genetically confirmed cases of
APBD worldwide, with a significant majority, ∼85.1%, of af-
fected individuals in the United States belonging to the Ashke-
nazi Jewish population [ 14 , 15 ]. Due to its rarity and symptom
overlap with other neurological disorders, APBD is often mis-
diagnosed and consequently underestimated [ 16 ]. Recent es-
timates indicate that the true prevalence may be much higher,
with as many as 3400 to 6300 individuals affected within the
Ashkenazi Jewish community in the U.S. alone [ 17 ]. The sec-
ond most common pathogenic mutation in the GBE1 gene
among this population is a deep intronic deletion-insertion
(indel) variant [NM_000158.4(GBE1):c.2053-3358_2053-
3350delinsTGTTTTTT ACA TGACAGGT] [ 15 , 18 ]. This vari-
ant consists of a 9-nucleotide deletion and a 19-nucleotide in-
sertion located deep within intron 15. This genetic alteration
activates an ectopic splice acceptor site within the indel, re-
sulting in the formation of a pseudoexon in intron 15 of the
mutant (MT) GBE1 transcript. This pseudoexon, identified as
the last exon of the MT transcript, contains a premature termi-
nation codon (PTC). Because the PTC is in the final exon, the
MT transcript escapes degradation by the cellular nonsense-
mediated decay (NMD) pathway. The resultant truncated MT
protein produced is unstable and dysfunctional [ 18 ]. While the
initiation point of the pseudoexon in the MT transcript has
been identified, the precise 3 

′ terminus as well as the nature of
the MT transcript remain to be determined. 

Antisense oligonucleotides (ASOs) are short, single-
stranded, chemically modified oligonucleotides that bind
to complementary RNA sequences by Watson–Crick base
pairing to modulate gene expression through different post-
hybridization mechanisms (RNAse H1-mediated degradation
or steric interference-mediated up- or downregulation) [ 19 ].
Splice-modulating ASOs are a type of steric interference
ASOs designed to alter splicing by binding to a specific
precursor messenger RNA (pre-mRNA) sequence to inter-
fere with the recognition and binding of splicing factors.
Deep intronic pathogenic mutations that result in the inclu-
sion of a pseudoexon, while maintaining intact canonical
splice sites, are ideal candidates for therapeutic targeting
by splice-modulating ASOs, and this has been validated in
patient-derived cells from multiple diseases [ 20–29 ]. 
In this manuscript, we report an in-depth characteriza- 
tion of the GBE1 indel mutation and the identification of 
effective splice-modulating ASOs capable of restoring func- 
tional GBE1 protein in patient cells. Utilizing advanced whole 
genome and transcriptome sequencing technologies, we pro- 
vide a comprehensive analysis of the mutation and uncover 
multiple previously unknown features of the MT transcript.
High-throughput screening in patient cells identified several 
lead ASOs that effectively blocked the ectopic splice site, re- 
sulting in increased levels of functional GBE1 enzyme, demon- 
strating therapeutic potential. These results underscore the po- 
tential of ASOs as a viable therapeutic option for addressing 
the underlying genetic defects in a subset of APBD patients. 

Materials and methods 

Cell culture 

The three apparently healthy subject-derived fibroblast cell 
lines (HS 1 - GM02936, HS 2 - GM03440, HS 3 - GM03529) 
were obtained from the NIGMS Human Genetic Cell Reposi- 
tory at the Coriell Institute for Medical Research (Camden,
NJ). Fibroblasts from patients 1, 2, and 4 were provided 

by Dr. Hirano Michio at the Columbia University Medical 
Center, while fibroblasts from patient 3 were received from 

Dr. Niccolo Mencacci at Northwestern University. HeLa cells 
were a kind gift from Ionis Pharmaceuticals (Carlsbad, CA),
and Bjab cells (#ACC 757) were purchased from the DSMZ 

cell repository (Braunschweig, Germany). 
Fibroblasts and HeLa cells were cultured in Dulbecco’s 

modified Eagle’s medium high glucose media (Gibco, #11965- 
084) supplemented with 10% fetal bovine serum (FBS) 
(Gibco, #26140-079) and 1% penicillin-streptomycin (Cy- 
tiva, #SV30010). Cultures were grown in T75 or T175 

flasks and were passaged when 80%–90% confluent us- 
ing 0.25% trypsin ethylenediaminetetraacetic acid (EDTA) 
(Gibco, #25200-056). Fibroblasts used for experiments were 
not kept in culture beyond 10 passages. Bjab cells were 
grown in suspension culture in Roswell Park Memorial In- 
stitute (RPMI) 1640 medium (Gibco, #11875-093) supple- 
mented with 20% heat-inactivated FBS (Gibco, #A52568-01) 
and 1% penicillin-streptomycin (Cytiva, #SV30010) solution.
Cells were maintained at a density of 3–9 × 10 

5 cells / ml and 

were passaged when they exceeded the recommended culture 
density. All cells were kept in an incubator at 37 

◦C and 5% 

CO 2 . 

Cycloheximide treatment 

For the cycloheximide treatment, fibroblasts were plated at 
a density of 45000 cells / well in 96-well plates using regular 
growth medium. Six hours after plating, the medium was re- 
placed with media containing varying concentrations of cyclo- 
heximide (Thermo Fisher, #J66004). Media with DMSO was 
used as a vehicle control. Sixteen hours post-treatment, the 
cells were lysed, and RNA was isolated as described below. 

siRNA treatment 

For small interfering RNA (siRNA) treatment, fibroblasts 
were plated at 90000 cells / well in 12-well plates, and HeLa 
cells were plated at 40000 cells / well in 24-well plates. The fol- 
lowing day, siRNAs targeting GBE1 (Horizon Discovery, #L- 
011039-00-0005) and a nontargeting control (Horizon Dis- 
covery, #D-001810-10) were transfected at final concentra- 
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ions of 10 and 30 nM using Lipofectamine RNAiMAX trans-
ection reagent (Thermo Fisher, #13778075) according to the
anufacturer’s protocol. The medium was replaced with fresh
ormal growth medium the next day. Three days post trans-
ection, the cells were lysed for RNA and protein analyses as
etailed below. 

SO treatment 

ll ASOs used in this study were manufactured by Inte-
rated DNA Technologies (IDT). They were reconstituted in
uclease-free water at concentrations of 1 mM for the Bjab
ssay, 400 μM for transcript analysis, and 800 μM for pro-
ein and enzyme activity assays. The reconstituted ASOs were
eated at 55 

◦C for 10 min, mixed well, and stored at −80 

◦C
ntil use. For ASO treatment, 7.5 μl of stock ASOs were added
o each well of a 96-well disposable electroporation plate
BTX, #45-0452), followed by the addition of fibroblasts at a
ensity of 40000 cells / well in 142.5 μl of medium. Cells were
lectroporated using a single pulse at 260 V for 6 milliseconds
ith the ECM 830 High Throughput Electroporation System

BTX, #45-0666). After electroporation, the entire cell suspen-
ion (150 μl) from each well was transferred to 96-well flat-
ottom tissue culture-treated plates (Corning, #3595) along
ith an additional 50 μl of medium. The plates were then in-

ubated at 37 

◦C, and cells were harvested for RNA isolation
8–22 h later. For protein assays, cells were electroporated us-
ng the same protocol. However, seven wells treated with the
ame ASO were pooled together and plated into one well of a
ix-well plate with an additional 1 ml of medium. Cells from
he six-well plates were harvested four days later for protein
nd enzyme activity assays as described below. 

NA isolation and qRT-PCR 

NA extraction was performed using a protocol adapted
rom Cytiva ( https:// cdn.cytivalifesciences.com/ api/ public/
ontent/u2QmauFrs0yDr4tB8EUABg-pdf) with modifica-
ions to fit a 384-well format. Samples in 96-well plates
ere washed once with 1 × DPBS (without Ca 2+ and Mg 2+ ),

ysed in 40 μl GTC lysis buffer (Invitrogen, #15577018),
nd mixed thoroughly on a plate shaker for 3 min. An equal
olume of 70% ethanol (Sigma, #T03818) was added to each
ell, mixed thoroughly, and samples were transferred to a
all AcroPrep 384-well filter plate (Pall, #5072-N). The rest
f the protocol followed the original with adjustments to the
olumes of RNA wash buffer (first wash: 42.5 μl instead of
70 μl; second wash: 62.5 μl instead of 200 μl), DNase I
uffer (20 μl instead of 80 μl), and GTC wash buffer (42.5
l instead of 170 μl) used during extraction. Final elution
as performed in 50 μl nuclease-free water in a 384-well

lear tissue culture treated plates (Falcon, #353961). Samples
ere stored at −80 

◦C until ready to be used for downstream
ssays such as quantitative reverse transcription polymerase
hain reaction (qRT-PCR) and RNA sequencing (RNA-seq). 

qRT-PCR reactions were performed using AgPath-ID One-
tep RT-PCR reagent (Thermo Fisher, #4387391) according
o the manufacturer’s instructions. Each 10 μl reaction con-
isted of 1 × RT-PCR buffer, 1 × RT-PCR enzyme mix, 4 μl
ample RNA, 1 μM each of reverse and forward primers, and
.2 μM of probe. Reverse transcription was carried out at
5 

◦C for 10 min, followed by 95 

◦C for 10 min. The PCR cy-
les were then conducted at 95 

◦C for 15 s and 60 

◦C for 45 s,
epeated for 40 cycles. qPCR reaction was run on QuantStu-
dio 7 Pro (Thermo Fisher) and analysis was performed us-
ing the 2 

−��CT method [ 30 ]. PPIA or GAPDH were used as
housekeeping genes to normalize mRNA levels in each sam-
ple. All primers and probes used in this study were ordered
from IDT. The primer probe sequences used for the detection
of the GBE1 transcripts are given below. GAPDH was ampli-
fied using a commercial assay (IDT , #Hs.PT .39a.22214836)
and the primer probe set for PPIA (sequence not shown) was
designed by Ionis Pharmaceuticals. 

GBE1 

WT and MT forward primer: 5 

′ -CAG ATG CAG CGG AAT
ATG GA-3 

′ 

WT reverse primer: 5 

′ -GAG GGC CAC TCT GCT TG-3 

′ 

MT reverse primer: 5 

′ -ATG TTG GTA AGG CTG GTC TC-
3 

′ 

WT and MT probe: 5 

′ -AGA CTG GAC CAC AGC ACT
GAC TTT-3 

′ with 3 

′ Iowa black, 5 

′ 6-FAM and internal ZEN
modifications 

Whole genome sequencing 

DNA for sequencing was isolated from whole blood us-
ing the Qiagen Puregene kit following the manufacturer’s
instructions. Targeted LR S (T-LR S) was performed using
Adaptive Sampling on an Oxford Nanopore Technolo-
gies (ONT) PromethION 24, as previously described [ 31 ].
Briefly, ∼5 μg of genomic DNA from all individuals was
used to make sequencing libraries using the SQK-LSK114
kit (ONT) following the manufacturer’s instructions. The
GBE1 region was targeted (chr3:79450000-83800000) and
COL1A1 and FMR1 were used as controls (chr17:50100000-
50300000 and chrX:147850000-148050000; GRCh38 coor-
dinates). Approximately 900 ng of prepared libraries were
loaded onto a R10.4.1 flow cell and run for 24–48 h on a
PromethION running MinKNOW software version 24.06.10.
After 24 h, the flow cell was stopped and reloaded if addi-
tional data were required. FASTQ files were generated from
the raw sequencing data using Dorado 0.9.0 (ONT) using the
super accurate model with 5mCG and 5hmCG methylation
model 5.0.0 (ONT). Reads were aligned to GRCh38 using
minimap2 [ 32 ], variants were called using Clair3 [ 33 ], fol-
lowed by phasing using LongPhase [ 34 ]. The haplotagged bam
files were split by haplotype assignment using samtools view
(v1.19) [ 35 ] with the argument: -d HP:1 or -d HP:2 . We then
generated a pileup of the reads aligned to chr3: 81493811-
81493824 for each haplotype with pysam (v0.22.1). The
pileup was used to count the number of times a base was
identified at each position and construct a consensus sequence
for each haplotype. Bases with only 1 supporting read at
a position were excluded. The consensus sequence for the
pathogenic indel was also confirmed visually using Integrative
Genomics Viewer [ 36 ]. 

Short-read RNA-seq 

rRNA-depleted total RNA with RIN ≥ 8 was used to gener-
ate complementary DNA (cDNA) libraries using the TruSeq
stranded total RNA kit (Illumina) according to manufac-
turer’s protocol. The cDNA libraries were multiplexed and
sequenced on a NovaSeq 6000 system (Illumina) for 100 bp
paired-end sequencing at a targeted read depth of 150 M
per sample. RNA and cDNA library quality were assessed
using a Bioanalyzer (Agilent). Preprocessing and alignment

https://cdn.cytivalifesciences.com/api/public/content/u2QmauFrs0yDr4tB8EUABg-pdf
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to the GRCh38 primary reference assembly (Ensembl v111)
were performed using the nextflow rnaseq pipeline (v.3.14.0)
( https:// doi.org/ 10.5281/ zenodo.1400710 ) from nf-core [ 37 ]
with default parameters. In summary, fastqs were prepro-
cessed with Trim Galore (v0.6.7) before alignment to the
genome with STAR (v2.7.9a) [ 38 ]. We used ggsashimi (v1.1.5)
[ 39 ] to generate sashimi plots from reads mapped to the re-
verse strand (sense GBE1 transcript) and with a minimum of
3 reads per junction. We obtained exon–exon junction read
counts from GTEx (V10 adult bulk tissue RNA-seq) [ 40 ] to
analyze GBE1 transcript structure in a large cohort of unaf-
fected controls. We visualized the GBE1 transcript structure
and junction counts with ggtranscript (v1.0.0) [ 41 ]. 

Long-read RNA-seq 

Libraries for sequencing were prepared using the cDNA-PCR
Sequencing Kit (SQK-PCS114, ONT). Approximately 50 ng
of prepared library was loaded onto a R10.4.1 flowcell (ONT)
and run for 72 h on a PromethION running MinKNOW
software version 24.06.10. Basecalling was performed using
Dorado 0.8.1 (ONT) using the super accurate model. We
used an internal nextflow pipeline to preprocess and align
the ONT cDNA reads. Unmapped bams were converted to
F ASTQ using samtools F ASTQ (v1.21). We then filtered reads
by a minimum length of 50 bp and split the FASTQ into
smaller files using fastp (v0.23.4) [ 42 ] before read prepro-
cessing with pychopper (v2.7.10, edblib backend). We used
NCBI’s GCA_000001405.15 (GRCh38, no_alt_analysis_set)
reference genome to generate the index for minimap2 (v2.28-
r1209) [ 32 ] with the parameters: -k14 -I 1000G . Reads were
then aligned to the reference genome with minimap2 using
the following arguments: -x splice -uf -y –secondary = no -L
-a , and a final, aligned bam file for each sample was gener-
ated using samtools merge. We subsampled the bam files, ref-
erence genome and annotations to chr3 before running Iso-
Quant (v3.6.1) [ 43 ] with the default parameters for ONT
data. The transcript models from IsoQuant were visualized
using ggtranscript (v1.0.0) [ 41 ]. 

In silico prediction of off-targets 

Hybridization-dependent off-targets of an ASO were pre-
dicted by searching the human transcriptome (pre-mRNA and
mature mRNA transcripts, GENCODE GRCh38 v45) with
BLAST (v2.16.0+) [ 44 , 45 ] and bowtie (v1.3.1) [ 46 ]. For
BLAST, we used an E -value cutoff of 100 and the scoring pa-
rameters for blastn (-evalue 100 -task blastn ), and for bowtie,
alignments were limited to those with a maximum of 2 mis-
matches ( -v 2 ). An alignment was considered an off-target
by the following criteria: 0–1 mismatch / gap or 16 contigu-
ous matches, sense direction, distance to exon ≤200 nt. The
canonical transcript was used to calculate distance to exon
where possible. If an alignment was not within the canonical
transcript, the nearest possible exon was used to calculate the
distance. 

Immunoblotting 

Cells grown in six-well plates were washed once with cold
1 × DPBS (without Ca 2+ and Mg 2+ ), then collected using
a scraper in 175 μl of cold radioimmunoprecipitation as-
say (RIPA) buffer (Thermo Fisher, #89900) supplemented
with 1 × Halt protease inhibitor cocktail (Thermo Fisher,
#1861281) and 1 × EDTA (Thermo Fisher, #1861274). Sam-
ples were incubated on ice for 30 min, then cleared by cen- 
trifugation at 15000 × g for 10 min at 4 

◦C. Protein con- 
centration in the supernatant was determined using a BCA 

assay (Thermo Fisher, #A55864). Equal amounts of sample 
(6–10 μg protein per sample) were mixed with 4 × Laemmli 
buffer (Bio-Rad, #1610747) freshly supplemented with 10% 

2-mercaptoethanol (Sigma, #M3148), boiled at 95 

◦C for 5 

min, and separated on 4%–20% gradient Criterion TGX 

stain-free precast gels (Bio-Rad, #5678094) at 130 V for 
1.5–2 h. Proteins were transferred to a 0.2 μm polyvinyli- 
dene difluoride membrane (Bio-Rad, #162-0175) at 100 V 

for 30 min, followed by incubation in blocking buffer com- 
prising 1 × Tris-buffered saline (TBS) (Bio-Rad, #1706435) 
with 0.1% Tween 20 (Bio-Rad, #1706531) and 5% blot- 
ting grade blocker (Bio-Rad, #1706404) for 1 h at room 

temperature. Membranes were then incubated overnight at 
4 

◦C with the following primary antibodies diluted in block- 
ing buffer: anti-GBE1 (Proteintech, #20313-1-AP, 1:1000) 
and anti-GAPDH (Santa Cruz, #sc-365062, 1:5000). Mem- 
branes were washed four times in TBST (1 × TBS with 0.1% 

Tween 20) for 10 min each, then incubated with appropri- 
ate horseradish peroxidase-conjugated (HRP) secondary an- 
tibodies (Anti-Rabbit HRP, Bio-Rad, #1706515; Anti-Mouse 
HRP, Bio-Rad, #1706516) diluted in blocking buffer (1:5000) 
for 1 h at room temperature. Following another four washes 
with TBST, the immunoblots were developed using ECL Prime 
western blotting detection reagent (Cytiva, #RPN2236) and 

imaged using the Bio-Rad ChemiDoc MP Imaging System 

with ImageLab software (v3.0.1.14). Densitometry analysis 
was performed using ImageJ (v2.14.0), and all protein bands 
were normalized to GAPDH. 

Bjab assay 

The BJAB assay was performed as previously described [ 47 ].
Briefly, the 1 mM stock ASOs were diluted to 3.2 μM in 

Bjab assay medium (RPMI + 10% heat inactivated FBS + 1% 

penicillin-streptomycin) and 50 μl of this dilution was added 

to 96-well V-bottom plates (Thermo Scientific, #249935).
Then, 50 μl of Bjab cells at a density of 50000 cells / well in 

Bjab assay medium were added to the 96-well plates contain- 
ing the ASOs. The plates were incubated at 37 

◦C for 24 h to 

allow for gymnosis. To harvest the cells, the 96-well plate was 
centrifuged at 1000 x g for 5 min and was inverted onto a 
Kimwipe to remove the supernatant. Forty microliters of GTC 

lysis buffer was added to each well and RNA was isolated as 
described earlier. qRT-PCR was performed for CCL22 using 
the following primers and probe. 

Forward primer: 5 

′ -CGC GTG GTG AAA CAC TTC TA-3 

′ 

Reverse primer: 5 

′ -GAT CGG CAC AGA TCT CCT T A T 

C-3 

′ 

Probe: 5 

′ -TGG CGT GGT GTT GCT AAC CTT CA-3 

′ with 

3 

′ Iowa black, 5 

′ 6-FAM and internal ZEN modifications 
The Bjab assay is performed using a lower concentration of 

ASOs (1.6 μM) compared to the doses used in other experi- 
ments (up to 40 μM). Previous optimization experiments [ 47 ] 
established that this lower concentration is ideal, as it shows 
sufficient immunogenicity without causing overt cytotoxicity.

GBE1 enzyme activity assay 

GBE activity was assayed as previously described [ 8 ]. Briefly,
frozen cell pellets were homogenized by oscillator in 100 μl 
of 5 mM Tris, 1 mM EDTA, 5 mM mercaptoethanol, pH 7.2,

https://doi.org/10.5281/zenodo.1400710
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Table 1. Summary of the indel and missense variants identified in the four GBE1 patients, the sequencing methods used for their diagnosis, and the 
clinical phenotypes observed 

Patient Indel variant 
Missense 
variant 

Diagnostic 
sequencing 
method Clinical phenotypes 

Pt. 1 c.2053-3358_2053-3350 
delinsTGTTTTTT ACA TGACAGGT 

c.986A > C, 
p.Y329S 

Sanger 
sequencing 

Sensorimotor peripheral neuropathy, 
spasticity, mild cognitive impairment, 
neurogenic urinary symptoms 

Pt. 2 c.2053-3358_2053-3350 
delinsTGTTTTTT ACA TT ACAGGT 

c.986A > C, 
p.Y329S 

NGS Sensorimotor peripheral neuropathy, leg 
spasticity , optic neuropathy , neurogenic 
urinary symptoms 

Pt. 3 c.2053-3358_2053-3350 delins 
(sequence not specified) 

c.760A > G, 
p.T254A 

Sanger 
sequencing 

Urinary and fecal incontinence, gait 
dysfunction, loss of proprioception, 
neurogenic leg weakness 

Pt. 4 c.2053-3358_2053-3350 
delinsTGTTTTTT ACA TGACAGGT 

c.986A > C, 
p.Y329S 

Sanger 
sequencing 

Urinary incontinence, loss of vibration 
and proprioception in the lower legs, leg 
weakness, spasticity, stiff gait 
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nd centrifuged at 9200 × g for 10 min. Branching enzyme ac-
ivity was measured by an indirect assay based on incorpora-
ion of radioactive glucose-1-phosphate (PerkinElmer Life and
nalytical Sciences, Boston, MA) into glycogen by the reverse
ctivity of phosphorylase a (Sigma, St. Louis, MO) as an aux-
liary enzyme in a reaction buffer containing 55 mM glucose-
-phosphate, 2 mM AMP, 20 mM MES, pH 6.3, 14 μl / ml
4C glucose-1-phosphate, and 0.3 mg / ml phosphorylase a.
t 30-, 45-, and 60-min time intervals, 5 μl of reaction mix
as spotted on Whatman 

® Number 5 qualitative filter paper
Maidstone, England). Unincorporated glucose-1-phosphate
as washed for 15 min using 3 changes of 66% v / v ethanol.
lycogen bound radioactive glucose-1-phosphate was quan-

ified by a liquid scintillation counter (Packard Instruments,
oston, MA). 

tatistical analysis 

tatistical analysis was conducted using GraphPad Prism
oftware (v10.4.0). All data are presented as the arithmetic
ean ± standard deviation (SD). One-way ANOVA followed
y post hoc tests was used to compare means across multiple
amples, and linear regression with normalized response and
ariable slope was utilized to calculate IC50 and EC50 values.
he specific statistical methods used for each experiment are
oted in the figure legends. P -value of < .05 was considered
tatistically significant for all analyses. 

esults 

haracterization of the GBE1 MT variant 

e currently have four APBD patients enrolled at n-Lorem,
ach with a compound heterozygous (in trans ) mutation
n the GBE1 gene (summarized in Table 1 ). To the best
f our knowledge, these patients are unrelated. Each pa-
ient harbors a missense variant (either GBE1 c.760A > G,
.T254A in exon 6 or GBE1 c.986A > C, p.Y329S in exon
) in one allele and shares the same pathogenic intronic
ndel variant (NM_000158.4(GBE1):c.2053-3358_2053-
350delinsTGTTTTTT ACA TGACAGGT in intron 15) in
he other allele (Fig. 1 A). As the primary focus of this
tudy, any further reference to MT variant in this report
efers to the indel variant, and not the missense variants.
areful inspection of the patient’s genetic report revealed

hat Pt. 2 exhibited a single nucleotide polymorphism
(SNP) in the indel sequence (c.2053-3358_2053-3350
delinsTGTTTTTT ACA T T ACAGGT) compared to the pub-
lished sequence [ 18 ], Pt. 1 and Pt. 4 (c.2053-3358_2053-3350
delinsTGTTTTTT ACA T G ACAGGT) (Table 1 ). The indel se-
quence for Pt. 3 was not specified in the genetic report.
Interestingly, the diagnostic sequencing method utilized to
genotype the patients were Sanger method for Pt. 1 and Pt.
4, and next-generation short-read whole genome sequencing
(WGS) for Pt. 2 (Table 1 ). Since this polymorphism is a few
bases upstream of the ectopic splice acceptor site (c.2053-
3358_2053-3350 delinsTGTTTTTT ACA T[G / T]AC AG GT),
it is not expected to interfere with the splicing pattern of
the MT variant. Therefore, the consequence of the mutation
(inclusion of the pseudoexon after canonical exon 15) will
remain the same. However, understanding the exact indel
sequence is crucial for the design of specific and potent ASOs.
Additionally, the complete characterization of the pseudoexon
bearing MT transcript is currently lacking, which is essential
for the rational design of ASOs as well as for the design of
optimal readouts for ASO screens. 

To resolve the discrepancy in the indel sequence, long-read
WGS was performed on DNA isolated from blood from all
four patients (Pt. 1–4). Analysis of the WGS data showed that
the 9-base nucleotide sequence CC ACC AC AC (reverse com-
plement: GTGTGGTGG) between chr3:81493813-81493821
in the reference haplotype is replaced by the 19-base consen-
sus sequence ACCTGT A A TGT AAAAAACA (reverse comple-
ment: TGTTTTTT ACA T T ACAGGT) in all four patient sam-
ples (Fig. 1 B). Reads with the reference and alternate sequence
confirmed that all four patients are heterozygous for this mu-
tation ( Supplementary Fig. S1 A). To understand the splice
changes induced by the indel, short-read total RNA-seq was
performed on RNA from fibroblasts derived from all four
patient samples and a healthy subject (HS) control. Results
confirmed the inclusion of the pseudoexon between exons 15
and 16 in all four patient samples (Pt. 1–4), while it was en-
tirely absent in the HS control (HS 2) (Fig. 1 C). Additionally,
bulk-tissue RNA-seq data from GTEx [ 40 ] were analyzed to
examine the splicing of exons 15 and 16 in a large cohort
of controls. No evidence of alternative splice junctions was
found, further supporting that the pseudoexon inclusion is an
aberrant splicing event specifically associated with the indel
( Supplementary Fig. S1 B). Assessment of exon junction span-
ning reads at the 3 

′ end of the pseudoexon, however, suggested
the presence of two short MT transcripts resulting from the

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf658#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf658#supplementary-data
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Figure 1. Characterization of the GBE1 MT variant. ( A ) Schematic depicting the missense and intronic indel mutations present in the GBE1 gene in our 
cohort of four APBD patients. Canonical exons are shown in boxes with solid line and the pseudoe x on resulting from the usage of the ectopic splice site 
in the MT transcript is indicated by a box with discontinuous line. Ex = exon; PE = pseudoexon. ( B ) Reference haplotype (Ref. hap.) and the indel 
consensus sequence identified in each patient from phased WGS reads co v ering chr3:81493811-81493824. Bases with only 1 read were removed. 
Non-reference bases are in red, and indels are highlighted in y ello w. Deletion is denoted by *. Reverse complement of the indel sequence is given 
below. ( C ) Sashimi plots comparing short-read RNA-seq reads from fibroblast samples from the four APBD patients (Pt. 1, Pt. 2, Pt. 3, Pt. 4) and a HS 
control (HS 2) at the GBE1 e x on 1 5–1 6 locus (c hr3:81 489703-81 499227). Arcs represent e x on junctions with a minimum read count of 3. ( D ) Donut plots 
showing GBE1 isoform count proportions per sample. Two noncanonical isoforms have been grouped as “other.” ( E ) Transcript str uct ure of GBE1 MT 
isoforms and the canonical isoform identified with long-read RNA-seq. Zoomed inset shows the pseudoexon with exon numbers for each transcript 
labeled abo v e. ( F ) GBE1 WT and MT transcript e xpression in fibroblasts from Pt. 1 treated with v arying concentrations of cy clohe ximide and v ehicle 
control (DMSO) for 16 h. Expression levels were normalized to PPIA and are presented as percentage relative to mock treatment. Data represented as 
mean ± SD. ( G ) Schematic illustrating e x on and pseudoe x on boundaries at the mutation locus for canonical, MT1 and MT2 pre-mRNAs, and their 
splicing outcomes at the mRNA le v el. 
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sage of different splice donor sites and a potential long MT
ranscript with continuous intron 15 retention extending to
xon 16 in all four patient samples (Fig. 1 C). Because this anal-
sis was performed on total RNA instead of mRNA-enriched
amples, the reads may constitute a mixture of pre-mRNA and
RNA. Combined with the challenges of short-read RNA-

eq to unambiguously assemble whole transcripts, it was not
ossible to decipher the true nature of the MT transcript(s)
rom this data. Intriguingly, the pseudoexon percent spliced
n (PSI) calculated in patient samples was on average 1.7%
f the total GBE1 transcripts (Pt. 1 = 2.8%, Pt. 2 = 1.8%,
t. 3 = 0.87%, Pt. 4 = 1.3%). Such low pseudoexon PSI
ould indicate: (i) a low level of ectopic splice site usage or (ii)
hat the MT transcript is degraded by NMD. Based on pre-
iously published data [ 18 ], the pseudoexon is the last exon
f the MT transcript, and hence, is unlikely to be targeted by
MD. To further understand the lower-than-expected levels
f the MT transcript in patient samples and to fully charac-
erize the nature of the MT variant(s) resulting from the in-
el, long-read mRNA-seq was performed in fibroblasts from
t. 1 and a HS control (HS 2) treated with DMSO (vehicle)
r the NMD inhibitor cycloheximide (50 ug / ml, 16-hr treat-
ent). Analysis using IsoQuant [ 43 ] revealed five GBE1 tran-

cripts across samples—the canonical and two noncanonical
ranscripts (grouped together and labeled “other”) present in
ll samples, and two MT isoforms present exclusively in pa-
ient samples (Fig. 1 D). The two identified MT isoforms are (i)

T isoform 1 with a longer pseudoexon (241 nt) and (ii) MT
soform 2 with a shorter pseudoexon (206 nt) (Fig. 1 E). In-
erestingly, contrary to previous published analysis [ 18 ], and
onsistent with our short-read RNA-seq data (Fig. 1 C), both

T isoforms include the complete last canonical exon 16 (Fig.
 E). The two additional noncanonical transcripts (“other”)
re shorter transcripts and are not mutation-specific since they
re present in both the HS control and the patient samples
Fig. 1 D and Supplementary Fig. S1 B). We did not identify a
omplete MT transcript with a larger retained intron 15, as
bserved in the short-read RNA-seq data. Therefore, this was
ikely an artifact or unspliced RNA. Quantification of the pro-
ortions of the various GBE1 isoforms in patient cells showed
hat both MT isoforms 1 and 2 are expressed at roughly the
ame level in both DMSO and cycloheximide-treated samples
DMSO: MT isoform 1 – 0.6%, MT isoform 2 – 0.6%; Cy-
loheximide: MT isoform 1 – 6.2%, MT isoform 2 – 7.2%)
ndicating that both cryptic splice donor sites at the 3 

′ end of
he pseudoexon are used to the same extent, with no prefer-
nce for one over the other (Fig. 1 D). Furthermore, treatment
f patient cells with cycloheximide led to a marked increase in
oth MT isoforms 1 and 2 in comparison to DMSO-treated
ells, suggesting that both MT transcripts undergo NMD
Fig. 1 D). 

A PTC, UAA, is located at the beginning (12 nucleotides
rom the 5 

′ end) of the pseudoexon. Given that the pseu-
oexon is the penultimate exon in both MT isoforms 1 and 2,
t is likely to be degraded by NMD, as indicated by the long-
ead RNA-seq data. To confirm this hypothesis, further ex-
eriments utilizing cycloheximide treatment were conducted
n patient cells, and the expression levels of GBE1 MT and
anonical / wild-type (WT) transcripts were assessed by qRT-
CR. For the qRT-PCR experiments, two primer probe assays
ere designed: one targeting the GBE1 canonical transcript

 GBE1 WT) and the other targeting both MT isoforms ( GBE1
MT) ( Supplementary Fig. S2 A). Both assays utilize the same
forward primer and probe, which target the end of canonical
exon 15. The reverse primer for the GBE1 MT assay was de-
signed to the beginning of the pseudoexon, a region shared
by both MT isoforms 1 and 2, allowing for the identifica-
tion of both MT transcripts. The reverse primer for GBE1
WT assay was designed to the 5 

′ region of canonical exon
16. Since both the normal and the MT GBE1 isoforms in-
clude canonical exon 16, GBE1 WT assay is not specific and
will recognize all three transcripts (canonical, MT isoform
1, and MT isoform 2). Although designing a reverse primer
that spans exon 15–16 junction would have been ideal, the
high GC content and presence of mononucleotide repeat se-
quence in this region hindered the successful design of such
primers. According to RNA-seq data, MT isoforms constitute
a small percentage of the total GBE1 transcripts in patient
cells at baseline (short-read RNA-seq: 1.7%; long-read RNA-
seq: 1.2%). Therefore, the majority of transcripts identified by
the GBE1 WT assay in qRT-PCR experiments will originate
from the canonical GBE1 transcript, with minimal interfer-
ence from the MT isoforms. To validate the GBE1 WT and
MT primer-probe assays, transcript expression analyses were
performed using RNA from control and patient samples. As
anticipated, qRT-PCR with the GBE1 WT assay demonstrated
that the canonical GBE1 transcript was reduced in all four
patient samples (Pt. 1–4) compared to two HS controls (HS
1 and HS 2) ( Supplementary Fig. S2 B). Furthermore, treat-
ment of HeLa and a HS fibroblast cell line with 30 nM of
siRNA targeting GBE1 (siGBE1) for 3 days resulted in a sig-
nificant reduction of the GBE1 WT transcript (96% reduc-
tion in HeLa and 93.6% reduction in fibroblasts) compared
to cells treated with a scrambled control (siSCR), further con-
firming the specificity of the assay ( Supplementary Fig. S2 C).
The qRT-PCR conducted with the GBE1 MT assay showed
amplification of the target exclusively in the four patient sam-
ples (Pt. 1–4), with no amplification detected in the control
samples (HS 1, HS 2), thereby confirming the specificity of the
readout ( Supplementary Fig. S2 D). 

To confirm that MT isoforms 1 and 2 are degraded by
NMD, RNA was isolated from fibroblasts of Pt. 1 treated with
varying concentrations of cycloheximide (a 6-point, two-fold
serial dilution starting at 50 ug / ml) for 7 and 16 h, and qRT-
PCR was performed using GBE1 WT and MT assays. The
data demonstrate a clear dose-dependent increase in GBE1
MT transcript following cycloheximide treatment at both 7-hr
( Supplementary Fig. S1 D) and 16-hr (Fig. 1 F) time points, con-
firming that the GBE1 MT products, contrary to previously
published literature, are indeed targets of NMD. A slight dose-
dependent increase was also observed in the GBE1 WT tran-
script at both time points ( Supplementary Fig. S1 D and Fig.
1 F). This increase may be attributed to: (i) an overall eleva-
tion of all transcripts due to the inhibition of translation by
cycloheximide and / or (ii) enhanced detection of GBE1 MT
transcripts by the GBE1 WT primer-probe assay. Altogether,
these findings demonstrate that the pathogenic GBE1 intronic
indel mutation (NM_000158.4(GBE1):c.2053-3358_2053-
3350delinsTGTTTTTT ACA TT ACAGGT) alters splicing, re-
sulting in the production of two MT isoforms that include
a pseudoexon between canonical exons 15 and 16. The inclu-
sion of this pseudoexon in both MT isoforms generates out-of-
frame products with a PTC, which are subsequently degraded
by cellular NMD (Fig. 1 G). 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf658#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf658#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf658#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf658#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf658#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf658#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf658#supplementary-data
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High-throughput screening identifies multiple 

ASOs that modulate GBE1 transcripts in a 

concentration-dependent manner 

Pathogenic deep intronic mutations that result in the utiliza-
tion of ectopic splice sites and subsequent inclusion of pseu-
doexons, such as the one described in this study, are ideal tar-
gets for splice-modulating ASOs. To block the usage of the ec-
topic splice site and redirect splicing to the canonical pattern,
we designed 18-mer RNA oligonucleotides uniformly modi-
fied with phosphorothioate backbone (PS) and methoxyethyl
at 2 

′ position of the ribose moiety (2 

′ MOE). The region sur-
rounding the indel was tiled at 1-nucleotide resolution. ASOs
with GC content outside the 25%–75% range, homopolymer
repeats of six or more, and significant off-target hybridiza-
tion were filtered out, resulting in 67 ASOs for screening
( Supplementary Table S1 ). This initial set of ASOs was de-
signed prior to the detailed characterization of the MT vari-
ant, and hence, was designed to the reported indel sequence
(reported indel sequence: TGTTTTTT ACA T G ACAGGT; cor-
rect indel sequence: TGTTTTTT ACA T T ACAGGT). To iden-
tify the ASOs that modulate splicing of the pseudoexon,
single-dose screening was conducted using all 67 ASOs in
fibroblast cells derived from Pt.1. Cells were electroporated
with 20 μM ASO, and transcript changes were assessed 18–24
h later by qRT-PCR using the GBE1 WT assay. A length- and
chemistry-matched nontargeting control (NTC) ASO, with
no perfect complementarity to any transcript in the human
genome was used as a negative control [ 48 ]. qRT-PCR identi-
fied 16 ASOs that increased GBE1 WT transcript by > 125%
(1.25-fold relative to the mock), with NTC-treated cells show-
ing results similar to the mock control (Fig. 2 A). The GBE1
WT assay amplifies a region spanning exons 15 and 16, cap-
turing both the target allele (which contains the indel vari-
ant) and the nontarget allele (which has the missense variant).
Therefore, any qRT-PCR quantification for the GBE1 WT
transcript obtained with this assay will reflect the GBE1 WT
transcript from both alleles. Hence, although a low threshold
of 125% was applied in this analysis, the actual increase in
GBE1 WT transcript derived solely from the target allele is
expected to be significantly greater. Aligning all ASOs along
the GBE1 transcript revealed that all effective ASOs (green
bars), except for three (ASOs 15, 65, and 66), bind directly
to the indel (Fig. 2 B). Notably, the three ASOs targeting re-
gions outside the indel (ASOs 15, 65, and 66) were the least
effective in upregulating the GBE1 WT transcript (Fig. 2 A).
Following the identification of the correct indel sequence, an
additional 10 ASOs (yellow bars) that perfectly match this se-
quence were designed and advanced for further studies (Fig.
2 B and Supplementary Table S1 ). 

To further refine the selection of the most effective ASOs,
a dose-response study was performed using all 26 ASOs (16
from single-dose screening plus the additional 10 designed to
the correct indel sequence). Fibroblasts from Pt.1 were electro-
porated with varying concentrations of ASOs (five-point, four-
fold serial dilution at 0.078–20 μM) and transcript changes
were assessed 18–24 h later by qRT-PCR using both GBE1
WT and MT assays. Out of the 26 tested ASOs, 21 (ASOs 2–8,
57–62, 68–75) demonstrated clear concentration-dependent
upregulation of the GBE1 WT transcript, accompanied by si-
multaneous downregulation of the GBE1 MT transcript (Fig.
2 C). Among the 21 ASOs that showed a positive response, 16
ASOs (ASOs 2–8, 60–61, 68–74) that increased GBE1 WT
transcript levels by > 140% (1.4-fold relative to the mock)
at the highest concentration (20 μM) were identified as the 
most effective and were selected as lead ASOs for further 
functional validation. Of particular interest, the top 16 ASOs 
included both perfectly matched and mismatched sequences 
to the indel, indicating that single nucleotide mismatches are 
well tolerated, as expected. ASO 15, which had shown a posi- 
tive response in the initial screening, dropped out in the dose- 
response study. This length- and chemistry-matched ASO, de- 
signed to a region close to the indel, served as the negative 
control for all subsequent experiments. Dose-response curves 
(DRCs) for the lead ASOs, derived from the data in Fig. 2 C,
along with calculations of the absolute half-maximal effective 
concentration (EC 50 ) and inhibitory concentration (IC 50 ), are 
presented in Supplementary Fig. S3 A. The absolute EC 50 and 

IC 50 for each ASO were calculated by fitting the data using a 
normalized response and variable slope model. For absolute 
EC 50 quantification, the GBE1 WT transcript values were ad- 
justed by subtracting a baseline value of 100 (equivalent to the 
percentage of mock treatment) from all values. This adjusted 

value, referred to as “GBE1 WT (% transcript – 100),” was 
used to generate the DRCs and calculate the absolute EC 50 

values. Due to biological variability, some GBE1 WT tran- 
script levels from qRT-PCR data at lower concentrations end 

up lower than the average of the control (mock treatment) 
(e.g. ASO 03 in Fig. 2 C), and hence appear as negative when 

adjusted. 
ASOs with phosphorothioate backbone can activate the cel- 

lular innate immune pathway through toll-like receptor 9 [ 49 ,
50 ]. To assess the immune activation potential of these ASOs 
and to exclude those with proinflammatory effects from fur- 
ther development, a recently developed high-throughput in 

vitro assay was employed [ 47 ]. The capacity of ASOs to in- 
duce innate immune activation was evaluated by treatment of 
Bjab cells with all 26 test ASOs (used for dose-response anal- 
ysis) at a concentration of 1.6 μM for 24 h followed by mea- 
surement of CCL22 transcript levels. All 26 tested ASOs were 
confirmed to be safe, as none resulted in increased CCL22 

levels ( Supplementary Fig. S4 A). Known ASOs (ASO 10438,
ASO 735746, ASO 785674, ASO 353512), previously identi- 
fied as non- / pro-inflammatory in clinical trials, were included 

as benchmark controls in the assay . Collectively , these data 
demonstrate that screening in APBD patient cells has identi- 
fied several lead ASOs that effectively block the pseudoexon 

and enhance WT transcript levels in a dose-dependent man- 
ner. Importantly, all identified lead ASOs were confirmed to 

be safe and did not elicit an inflammatory response in vitro . 

Lead ASOs increase GBE1 protein levels and 

enzyme activity in APBD patient cells 

To investigate the effects of lead ASOs on GBE1 protein ex- 
pression and functionality, additional biochemical and func- 
tional validations were performed. A polyclonal GBE1 anti- 
body, generated against the first 302 amino acids of the pro- 
tein, was employed to quantify overall cellular GBE1 pro- 
tein levels. Immunoblotting of HeLa cells and fibroblasts from 

healthy subjects treated with varying concentrations of siRNA 

(10 or 30 nM for 72 h) targeting GBE1 revealed a significant 
reduction of GBE1 protein compared to the scramble con- 
trol (siSCR), thereby confirming the specificity of the antibody 
(Fig. 3 A). Consistent with previously published findings [ 18 ],
baseline protein expression analysis indicated that all four pa- 
tients (Pt. 1–4) exhibited reduced GBE1 protein levels relative 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf658#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf658#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf658#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf658#supplementary-data
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Figure 2. Single-dose and dose-response screenings identify lead ASOs that modulate GBE1 transcripts in a concentration-dependent manner. ( A ) GBE1 
WT transcript expression in fibroblasts from Pt. 1 treated with 67 A SOs (A SOs 1–67) at 20 μM for 16–20 h. A NTC control ASO was included as negative 
control. Data points represent technical replicates (2 per ASO). Expression le v els w ere normaliz ed to PPIA and are presented as percentage relativ e to 
mock treatment. Green bars represent the 16 ASOs that upregulated GBE1 WT transcript by 125% or 1.25-fold of mock (dashed line). ( B ) Schematic 
depicting alignment of all tested ASOs to the GBE1 transcript. The diagram shows ASOs that were eliminated during the single-dose screen, ASOs that 
were selected to proceed to DRC and the additional 10 ASOs (ASOs 68–77) that were designed to the correct indel sequence. ( C ) GBE1 WT and MT 
transcript expression measured by qRT-PCR in fibroblast cells from Pt. 1 treated with varying concentrations of ASOs (five-point, four-fold serial dilution 
starting at 20 μM) for 18–24 h (technical replicates = 4–12 per ASO / condition). Expression le v els w ere normaliz ed to PPIA and are presented as 
percentage relative to mock treatment. The dashed line represents a threshold of 140% or 1.4-fold of mock. All data are represented as mean ± SD. 
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Figure 3. ASO-mediated rescue of GBE1 protein and enzyme activity in patient cells. ( A ) Immunoblot performed on HS control fibroblast and HeLa cells 
treated with varying concentrations of scrambled (siSCR) or GBE1 -targeting siRNA (siGBE1) for 3 days. ( B ) Immunoblot comparing baseline GBE1 
e xpression betw een three HS control fibroblasts (HS1, HS2, HS3) and the f our APBD patients (Pt.1, Pt.2, Pt.3, Pt.4). ( C ) R epresentativ e image and ( D ) 
quantitation of GBE1 protein le v els in fibroblasts from Pt. 1 treated with the 16 lead ASOs at 40 μM for 4 days ( n = 3 independent biological replicates). 
ASO 15 was included as a negative control (NC) and three HS fibroblast samples (HS 1, HS 2, HS 3) were included as positive controls. The dashed line 
represents fold change equal to 1. Statistical analysis comparing the means of all treatment conditions to the mean of Mock was performed using 
one-w a y ANO V A f ollo w ed b y Dunnett’s post hoc analy sis. ns, p < .05; * p < .05; ** p < .0 1; *** p < .00 1; **** p < .0 0 01. ( E ) GBE1 enzyme activit y 
measurement in patient fibroblast cells treated with lead ASOs at 40 μM for 4 days. ASO 15 was included as a negative control and a HS fibroblast 
sample (HS 2) was used as the positive control. The dashed line denotes fold change equal to 1. Data points represent independent biological replicates 
( n = 3). Statistical analysis comparing the means of all treatment conditions to the mean of Mock was performed using one-way ANO V A followed by 
Dunnett’s post hoc analysis. ns, p < .05; * p < .05, ** p < .01. ( F ) Immunoblot was performed in Pt. 2, 3, and 4 fibroblasts treated with eight lead ASOs at 
40 μM for 4 days. All data presented as mean ± SD. GAPDH was used as the loading control for all immunoblots. 
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to three healthy subject fibroblast lines (HS 1–3) (Fig. 3 B).
To evaluate the impact of ASOs on the restoration of GBE1
protein levels, fibroblasts from Pt. 1 were electroporated with
all 16 lead ASOs at a concentration of 40 μM, and samples
were collected four days post-treatment. Immunoblotting and
quantification showed that 14 (ASOs 02–07, 68–73, 60–61)
out of the tested 16 ASOs led to significant increase in GBE1
protein levels by at least 3.4-fold compared to mock treat-
ment, while ASO 15, included as a negative control, exhib-
ited no effect. The last two ASOs, even though not significant,
showed a trend for upregulation (ASO 08, p = .187; ASO 74,
p = .092) (Fig. 3 C and D, and Supplementary Table S2 ). To 

assess the functionality of the upregulated protein, GBE1 en- 
zymatic activity was performed in samples from Pt. 1 fibrob- 
lasts electroporated with 40 μM of the eight most effective 
lead ASOs (selected based on immunoblot data; ASO 69 was 
excluded from this list due to high variability in the data) for 4 

days. Relative quantification showed that the basal GBE1 en- 
zyme activity in patient cells (mock treatment) was 0.41-fold 

of healthy subject control. Treatment with 5 (ASOs 04, 05, 71,
72, 61) out of the eight lead ASOs led to significant increase in 

GBE1 enzyme activity levels compared to mock-treated con- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf658#supplementary-data
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rols. The rest 3 ASOs showed a trend toward increased GBE1
nzyme activity levels (ASO 06, p = .062; ASO 70, p = .157;
SO 73, p = .067), while ASO 15-treated cells exhibited no
hange (Fig. 3 E and Supplementary Table S2 ). The increase in
BE1 enzyme activity across all eight ASOs was an average of
.75-fold (range: 0.67–0.83-fold) of healthy subject control.
urther validation was performed by testing the ASOs in three
dditional patient-derived fibroblast lines. Fibroblasts from
atients 2, 3, and 4 were treated with 40 μM of the top eight
SOs, and protein changes were assessed in samples collected
 days post-treatment. Consistent with previous findings, im-
unoblotting and quantitation demonstrated that treatment
ith six out of the eight ASOs resulted in a significant in-

rease in GBE1 protein levels by at least 3.08-fold compared
o mock-treated controls in all three patient cell lines. The re-
aining two ASOs exhibited a trend toward an increase in
BE1 protein levels (ASO 70, p = .29; ASO 61, p = .126) (Fig.
 F, Supplementary Fig. S5 A, and Supplementary Table S2 ).
urther quantitative analysis revealed a strong positive corre-

ation ( R 

2 = 0.8) between ASO-mediated alteration in GBE1
rotein levels and enzyme activity ( Supplementary Fig. S5 B).
astly, in silico analysis was conducted to identify potential
ybridization off-targets, and no transcripts with regions iden-
ical to the binding sites of the 16 lead ASOs were identified.
he off-target analysis was further extended to exonic and in-

ronic regions within 200 nucleotides of an exon that have a
ismatch or 16 contiguous bases identical to a lead ASO’s
inding site. While potential off-target effects were identi-
ed for four of the lead ASOs (ASOs 61, 69, 72, 73), ma-
ority of the lead ASOs (remaining 12 candidates) showed
o predicted off-targets ( Supplementary Fig. S5 C). Taken
ogether, these results provide evidence that ASO-mediated
orrection of aberrant splicing significantly improves func-
ional GBE1 protein levels in relevant in vitro disease
odels. 

iscussion 

GS combined with RNA-seq is an effective means to
haracterize deep intronic pathogenic variants and their
mpact on the transcriptional profile of a gene. An in-
riguing and unexpected finding from our long-read WGS
f four APBD patients revealed that they all share the
ame pathogenic indel (c.2053-3358_2053-3350 delinsT-
TTTTTT ACA TT ACAGGT), which differs from the pre-
iously reported indel sequence (c.2053-3358_2053-3350
elinsTGTTTTTT ACA T G ACAGGT) by one nucleotide [ 18 ].
his discrepancy suggests two possibilities: (i) the existence of
 previously unreported SNP in the indel or (ii) a mischaracter-
zation of the indel in earlier studies. The initial characteriza-
ion of this indel was performed using the Sanger sequencing
ethod [ 18 ]. While Sanger sequencing is a reliable and cost-

ffective method for identifying SNPs, it is not ideal for resolv-
ng complex heterozygous deletion-insertion mutations like
he one described in this study . Notably , the two patients (Pt. 1
nd Pt. 4) within our cohort who were mis-genotyped during
he initial diagnostic evaluation were both sequenced using the
anger method, whereas Pt. 2 who was correctly genotyped
as sequenced using NGS (Table 1 ). No SNP in the indel was
bserved in the cohort of sixteen patients from the initial study
 18 ], nor in the cohort of four unrelated APBD patients in this
tudy. Although we cannot conclusively determine the reason
or the observed discrepancy in the indel sequence without
further experimentation, the evidence mentioned above sug-
gests a higher likelihood of previous mischaracterization of
the indel variant. It is important to note here that both indel
sequences (delinsTGTTTTTT ACA T[ G / T] ACAGGT) result in
the same aberrant splice change. However, in order to design
specific ASOs, it was crucial for us to understand the precise
indel sequence in our patients. 

Our in-depth investigation employing both short- and long-
read RNA-seq has revealed several novel aspects of the MT
transcripts. First, the indel mutation produces two distinct
MT isoforms, both expressed at comparable levels. These MT
transcripts are polyadenylated, as demonstrated by the use of
poly-dT primers in the preparation of the long-read RNA-seq
libraries. Additionally, both isoforms utilize the same splice
acceptor site, consistent with the start of the pseudoexon as
identified in prior research [ 18 ]. Second, contrary to prior
understanding, both MT isoforms include the canonical last
exon (exon 16) of the GBE1 transcript, with the pseudoexon
forming the penultimate exon. Lastly, experiments with cy-
cloheximide treatment confirmed that both MT isoforms are
targets of cellular NMD due to the PTC present at the 5 

′ end
of the pseudoexon. The small fraction of MT isoforms that
escape NMD will result in an out-of-frame, truncated GBE1
protein that is likely dysfunctional. Throughout the study, we
addressed several discrepancies related to the mutation. Fail-
ure to determine if NMD was likely by treating with cyclo-
heximide, the identification of the pseudoexon as the last exon
of the MT transcript, and the use of non-quantitative meth-
ods such as Sanger sequencing to characterize aberrant splic-
ing likely led to the misleading findings regarding this par-
ticular GBE1 mutation. Addressing these issues is crucial for
the successful discovery and development of therapeutic ASOs
and demonstrates the need for in-depth molecular studies and
high-resolution, long-read sequencing methods to accurately
decipher and validate complex indel mutations. Even though
we performed long-read RNA-seq in only one patient, the MT
isoforms should be consistent across all four APBD patients,
as WGS did not identify any subject-specific variants in the
pseudoexon region that could affect splicing, and short-read
RNA-seq showed the same pattern of exon junction reads
across all four patients. 

High-throughput screening in patient-derived cells identi-
fied 16 lead ASOs that effectively blocked the ectopic splice
site and improved GBE1 protein levels in four different APBD
patient cell lines. Further functional studies confirmed that
treatment with eight of these lead ASOs significantly im-
proved GBE1 enzyme activity compared to mock-treated con-
trols. Although the remaining eight lead ASOs were not tested
in the enzyme activity assay, it is highly likely they would
demonstrate a similar effect, as they all tile around the same
target region (Fig. 2 B). The functional assay used here is
semi-quantitative and does not provide an absolute measure-
ment of enzyme activity. Relative quantification across sam-
ples showed that treatment with the eight lead ASOs increased
GBE1 enzyme activity to an average of 0.75-fold of the healthy
control level (Fig. 3 E). Restoration of enzyme function to lev-
els observed in healthy subjects is not achievable due to the
compound heterozygous (in trans ) mutations in the GBE1
gene of these patients. While ASO-mediated correction of the
mis-splicing caused by the indel variant in one allele is possi-
ble, the presence of a missense variant in the second allele con-
tinues to compromise protein functionality. Given the com-
pound heterozygous nature of the mutation, the ideal control

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf658#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf658#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf658#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf658#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf658#supplementary-data
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to use in biochemical and functional assays would be cells
from an unaffected carrier heterozygous for the same mis-
sense mutation as the patients. Nonetheless, an ASO-mediated
improvement in GBE1 enzyme activity to 0.75-fold, which is
more than halfway between the patient sample (0.41-fold) and
the healthy control (one-fold), strongly indicates a restoration
of enzyme levels to those of an unaffected heterozygous in-
dividual. A previous study testing a gene therapy approach
for APBD demonstrated that intravenous injection of AAV9-
mediated human GBE1 into 14-day-old APBD mice [ 8 ] re-
sulted in a significant increase in GBE1 enzyme activity in the
brain, skeletal muscle, and heart at 3 months of age [ 12 ]. This
increase led to a systemic reduction of accumulated glyco-
gen in the brain, skeletal muscle and liver, and significantly
improved muscle strength and coordination, as measured by
the Rota-rod test, suggesting a potential correction of cen-
tral and peripheral nervous system dysfunction. Notably, a
1.5-fold increase in GBE1 enzyme activity was sufficient to
significantly reduce glycogen levels in the cerebrum of these
APBD mice [ 12 ]. This study provides an important proof-of-
concept in a relevant in vivo disease model that enhancing
GBE1 levels can effectively reduce glycogen storage and ame-
liorate the pathogenic features of the disease, thereby support-
ing our therapeutic strategy. 

Changes in insoluble glycogen levels and PBs would fur-
ther validate our approach; however, the cell system used in
this study does not allow for such assessments. Fibroblasts
inherently lack the ability to store glycogen, and as a result,
APBD patient-derived fibroblasts do not display measurable
phenotypes related to glycogen accumulation. Efforts to in-
duce glycogen accumulation and PB formation in these fibrob-
lasts using cobalt chloride treatment, as described in a previ-
ous study, did not yield reliable results (data not shown) [ 11 ].

Due to the discrepancy in the indel sequence, which was
later resolved by WGS, we designed two sets of ASOs targeting
the GBE1 indel. The first set was based on the previously pub-
lished sequence (mismatch ASOs), and the second set was de-
signed against the correct indel sequence (perfect match ASOs)
(Fig. 2 B). Both sets of ASOs were used in screening, biochemi-
cal, and functional analyses. Interestingly, all tested mismatch
ASOs upregulated GBE1 protein and enzyme activity as effec-
tively as their corresponding perfect match ASOs (ASO 03 –
ASO 74; ASO 04 – ASO 73; ASO 05 – ASO 72; ASO 06 –
ASO 71; ASO 07 – ASO 70; ASO 08 – ASO 69). This con-
firms that single nucleotide mismatches within a target region
are well tolerated for splice-switching ASOs. Consistent with
our findings, a previous study reported similar results with
ASOs designed to skip exon 25 of the dystrophin gene [ 51 ].
These observations suggest that mismatch ASOs could be a
viable therapeutic option, potentially eliminating the need to
design sequence-specific ASOs for each SNP to achieve steric
blocking. 

Ongoing research is exploring several therapeutic ap-
proaches for APBD, including small molecules, miRNA, and
CRISPR / Cas9 techniques aimed at reducing glycogen syn-
thase 1 to decrease GBE1 substrate levels [ 9–11 ], gene
therapy to enhance GBE1 enzyme activity [ 12 ], and small
molecules to promote lysosomal degradation of PBs [ 13 ]. One
promising approach involves a small molecule that blocks
the lysosomal membrane protein LAMP1 to increase au-
tophagic flux, thereby promoting the lysosomal degrada-
tion of PBs. This molecule, GHF201, was recently granted
orphan drug designation by the U.S. Food and Drug Ad-
ministration (FDA) ( https:// www.accessdata.fda.gov/ scripts/ 
opdlisting/ oopd/ detailedIndex.cfm?cfgridkey=953523 ) and is 
currently in clinical development [ 13 , 52 , 53 ]. Systemic ad- 
ministration of this small molecule to APBD mice led to sig- 
nificant improvements in survival and motor function, and 

reduced PBs and glycogen levels in the brain, peripheral tis- 
sues such as liver and heart, and peripheral nerves [ 13 ]. As 
a general activator of autophagy, GHF201 can be utilized as 
a treatment for other glycogen storage diseases and has been 

shown to alleviate pathology in in vitro and in vivo models of 
Type III glycogenosis [ 54 ]. However, a recent study reported 

that GHF201 failed to alter PBs in a mouse model of Lafora 
disease, suggesting that the effectiveness of GHF201 in clear- 
ing PBs may vary between different glycogen storage diseases 
[ 52 ]. This discrepancy, potentially due to differences in the 
chemical nature of PBs or a primary defect in autophagy in 

Lafora disease, warrants further investigation [ 52 ]. The clin- 
ical development of GHF201 for APBD is promising. Unlike 
the splice-modulating ASOs developed in our study that target 
one specific common APBD mutation, GHF201 can be used 

in all APBD cases regardless of the causal mutation. However,
a long-term broad upregulation of a key physiological process 
such as autophagy could have detrimental effects. In contrast,
the ASOs developed in this study, which target the root cause 
of the disease, offer a more precise targeting of the GBE1 in- 
del, thus providing a better level of specificity. 

Over the years, the FDA has approved five splice- 
modulating ASOs targeting spinal muscular atrophy (SMA) 
and Duchenne muscular dystrophy [ 55 ]. Among these, nusin- 
ersen, a 2 

′ MOE / PS-modified ASO designed to treat all types 
of SMA, has demonstrated excellent safety and efficacy in 

long-term studies [ 56 ]. Compared to other classes of drugs,
ASOs are a particularly attractive therapeutic modality for tai- 
lored therapies due to several factors: ease of design against 
specific target sequences, well-characterized safety and effi- 
cacy data from clinical trials, consistent behavior within spe- 
cific chemical classes, well-studied routes of administration,
and favorable FDA regulations [ 57 , 58 ]. The development of 
ASOs for n-of-1 conditions began with an ASO designed to 

skip a cryptic splice variant in a child with neuronal ceroid 

lipofuscinosis 7 [ 59 ]. Despite multiple studies reporting the 
discovery of ASOs for n-of-1 conditions [ 27 , 60 , 61 ], the lim- 
ited number of treatment-amenable patients makes the devel- 
opment of tailored therapies commercially unviable. To ad- 
dress this, nonprofit organizations like ours (n-Lorem Foun- 
dation) and several others have been established with the pri- 
mary goal of developing tailored ASOs for ultra-rare n-of-1 

or n-of-few cases and are expected to have a significant im- 
pact [ 62–64 ]. In conclusion, our work outlines the discovery 
of clinically relevant ASOs to correct aberrant splicing in a 
subset of APBD patients. More broadly, this study highlights 
how precise targeting of deep intronic variants using ASOs can 

lead to the discovery and potential development of tailored 

therapies for various genetic diseases with similar pathogenic 
mutations, highlighting significant implications for personal- 
ized medicine. 
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