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ABSTRACT
Received: 9 Jul 2026
Accepted: 25 Aug 2026 Pompe disease (glycogen storage disease type Il) is a rare autosomal recessive lysosomal
Published: 1 Sep 2026 storage disorder caused by GAA gene mutations, leading to acid a-glucosidase deficiency

and glycogen accumulation in multiple tissues. Late-Onset Pompe Disease (LOPD)
typically manifests after infancy without significant cardiac involvement. The present study
reports a 16-year-old Iranian girl of Baloch ethnicity, born to consanguineous parents, who
presented at age 11 with progressive proximal muscle weakness, waddling gait, scoliosis,
dysphagia, dyspnea, and mild conductive hearing loss. Developmental history revealed
delayed walking, recurrent respiratory infections, and echocardiographic evidence of
intraventricular septal hypertrophy. Dried Blood Spot (DBS) assay showed markedly
reduced GAA activity at pH 3.8 (0.42 nmol/spot/21 h; reference: 1.5-10). Whole-exome
Pompe disease sequencing ident_if_ied a h_omozygous mi_ssense variant (:_.20_156 >A (p.ArgG7_2GIn) in_ exon
Gl t di tvpe 11 14 of GAA, classified as likely pathogenic by ACMG criteria. Sanger sequencing confirmed
ycogen storage disease type . . . -
GAA gene segregatlor}._En_zyme replacement therepy with _alglucosmase _alpha (20 mg/I_<g blweek_ly)
led to stabilization of disease progression and improvement in motor function over five
years. While LOPD usually lacks early cardiac manifestations, our patient exhibited septal
hypertrophy and probable cardiomegaly in infancy, suggesting a broader phenotypic range
for the p.Arg672GIn mutation. The studied case underlines the importance of considering
Pompe disease in patients with unexplained muscle weakness, even when cardiac
involvement is present early. Early diagnosis through biochemical and molecular testing,
particularly in high-consanguinity regions, allows timely initiation of ERT, potentially
improving long-term outcomes in LOPD.
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Introduction nerve pathways (1). Unfortunately, most cases of this

The most common of hearing loss is sensorineural disorder are irreversible and induce permanent hearing
hearing loss (SNHL), involving damage to the hair ~ damage (1, 2). Currently, no clinical therapies are
cells or auditory nerve. This disorder has multiple available to repair hearing function, and only
causes, such as noise over exposure, the use of ototoxic rehabilitation tools like hearing aids and cochlear

in promoting hearing function (3-5).
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Over the last few decades, the discovery of cochlear
hair cell regeneration in avians has spurred extensive
research into stem cell-based therapies for SNHL in
animal models (6). Research has been performed on
cell injection into the inner ear using different types of
stem cells through varied access routes, such as round
window, lateral wall of cochlea and intravenous
injection (6-9). Its efficiency has been usually
evaluated by auditory brainstem response (ABR)
threshold and morphological assessment (10). The
success rate of cell transplantation in the cochlea, as in
other organs, depends on the type and source of stem
cells prepared, the timing of injection, and the dose of
cells (11). Given the environment of the cochlea and its

complex structure, cell injection also depends on the
degree and mechanism of damage and the route of cell
injection (3). Some studies did not find the function
integration of injected cells in the auditory system (9,
12), whereas other studies reported hearing restoration
in animal models with ototoxic drugs that had local
injection of exogenous stem cells, particularly
mesenchymal stem cells (MSCs), and found
improvement in ABR threshold (6, 13). A review
article reported the efficacy of MSCs in repairing
hearing damage, specifically caused by ototoxic drugs,
despite the heterogeneity of the studies (14). This study
has less investigated studies with animal models of
noise-induced hearing loss (NIHL).
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Figure 1. A, The pedigree of the studied family. B, Feet inversion and plantar flexion. C, 2D representation of the GAA protein, its
domains, and the position of the amino acid substitution of the identified variant

Glycogen Storage Disease Il (GSD2, MIM:
232300), also known as Pompe disease, is a lysosomal
storage disorder inherited with an autosomal recessive
pattern. Its frequency is estimated to be approximately
1 case per 40000 individuals (1, 2).

This rare genetic disorder is caused by mutations in the
acid a-glucosidase (GAA, MIM: 606800) gene located
on 17g25.3 (3).
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This gene encodes the GAA protein, also known as
acid maltase. GAA enzyme is needed for the hydrolysis
of alpha-1, 4 and alpha-1, 6 glucosidic linkages in the
lysosome. Therefore, the enzyme deficiency leads to
glycogen accumulation in multiple tissues, specifically
in organs such as the heart, muscles, and skeleton (4).
Pompe has a broad clinical spectrum, from severe
classic Infantile-Onset Pompe Disease (IOPD) to
milder childhood, juvenile, and adulthood forms, all
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considered Late-Onset Pompe Disease (LOPD).
Classic 10PD starts before 12 months of age and is
characterized by  cardiomyopathy, hypotonia,
respiratory failure, and early mortality. In contrast,
LOPD, also known as non-classic Pompe disease, starts
after 12 months of age or before, but without cardiac
involvement. LOPD manifestations can be divided into
two major groups: muscle weakness and exercise
intolerance (5-8).

This case report presents a patient with LOPD who
manifested unusual features, such as developing early
cardiac involvement in infancy.

Case presentation
Clinical evaluation

A 16-year-old Iranian girl of Baloch ethnicity born
to first-cousin parents (Figure 1A) was referred to the
pediatric neurology clinic at the age of 11 with

complaints of progressive muscle weakness and
difficulty in standing and walking.

The patient was a full-term third-born to a 22-year-
old mother. In her prenatal history, a difficult forceps-
assisted delivery was noted. She has three
asymptomatic siblings.

She initially walked with a moderate delay but
progressively developed a waddling gait. In her infancy
and early childhood, she experienced recurrent
respiratory infections. At the age of 6 months, after
hospitalization due to an acute respiratory infection,
she also underwent cardiovascular assessments, and
echocardiography showed a mild increase in
interventricular septal thickness (7.3 mm). At the age

of 2 years, a second echocardiography clearly
demonstrated overt interventricular septum (IVS)
hypertrophy  (thickness between 9.8 and 12
millimeters).
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Figure 2. Sanger Sequencing Chromatogram showing the ¢.2015G>A variant, homozygous in the proband and heterozygous in both

parents

She attended school up to 7'" grade, at which point
she dropped out due to slurred speech and tongue
weakness. Her medical records also included dyspnea,
mild to moderate dysphagia, and an audiometry
showing a bilateral mild conductive hearing loss.
Physical examination revealed decreased muscle tone
of all four limbs, particularly in the proximal lower
limb muscles, a positive Gowers’ sign, decreased deep

3of6

tendon reflexes (DTRs), and mild lumbar scoliosis. The
Medical Research Council score of proximal muscles
was 2/5 to 3/5, but grip strength was normal. This study
also noted an excessive supination of the feet, likely
secondary to chronic compensatory use of the lateral
border of the feet for rising from floor-level position
(Figure 1B).
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In the initial diagnostic investigation, the
researchers discovered a significantly elevated level of
creatine kinase (CPK = 830 IU/L) and lactate
dehydrogenase (LDH = 1162 IU/L). Electromyography
revealed a limb-girdle muscular dystrophy pattern.
Given this clinical picture, a biochemical screening for
Pompe disease was performed. GAA enzyme assay on
DBS demonstrated enzyme activity of 0.42
nmol/spot/21h at pH 3.8 (normal reference range 1.5-
10), enzyme activity of 5.62 nmol/spot/21h at pH 7
(normal reference range 1.8-17.1), and activity with
inhibition of 0.08 nmol/spot/21h (normal reference
range 0.9-7.2). These results revealed a significantly
reduced enzyme activity at pH 3.8, both with and
without the specific inhibitor.

Molecular investigations

Following a full clinical evaluation of the patient,
this study provided genetic counseling to the proband
and her immediate family to confirm the diagnosis. The
patient underwent genetic analysis. With the
construction of a detailed pedigree (Figure 1A), an
autosomal recessive pattern of inheritance was
suggested. The researchers obtained written informed
consent from the patient and both parents for genetic
testing and publication of anonymized results. After
collecting 5 mL peripheral blood samples in EDTA-
containing tubes from the proband and her parents, we
extracted their genomic DNA using the FavorPrep mini
kit (FAVORGEN Company, Taiwan) according to the
manufacturer’s protocol.

Whole exome sequencing (WES) on the proband’s
DNA sample was provided by ARCHIMEDLIFE
laboratory (Vienna, Austria) on an Illumina® NovaSeq

Table 1. In silico findings of ¢.2015G > A variant

6000 platform (lllumina Inc., USA) to achieve a
minimum mean coverage depth of 100x across the
target exome. We processed the raw sequencing data
using standard bioinformatic methods, which included
quality control with FastQC (Babraham Institute, UK),
adaptor trimming with Trimmomatic (USA), alignment
to the reference human genome (GRCh37/hg19) using
BWA-MEM (Burrows-Wheeler Aligner), and variant
calling using SAMtools and GATK HaplotypeCaller
(Broad Institute, USA).

The current bioinformatic analysis aimed at finding
variants in the GAA gene, given the confirmed
biochemical diagnosis. We annotated all identified
variants in GAA using ANNOVAR and thoroughly
evaluated candidate variants against the patient’s
detailed clinical picture. This case study classified the
pathogenicity of the identified variant according to the
consensus guidelines from the American College of
Medical Genetics and Genomics and the Association
for Molecular Pathology (ACMG/AMP).

The WES revealed a homozygous missense
variant, ¢.2015G>A (p.Arg672GIn), located within
exon 14 of the GAA gene. This variant is classified as
likely pathogenic according to ACMG guidelines
(Table 1). Sanger sequencing and co-segregation
analysis of the patient and both parents confirmed the
presence of this pathogenic variant (Figure 2). Specific
primers for this variant were designed using the
Primer3 online tool (Primer3web, version 4.1.0).
Additionally, a two-dimensional model of the GAA
protein and its constituent domains provided
visualization of the location of the identified amino
acid substitution (Figure 1C).

Iranome

Gene RS ID Genomic cD.N.A Protein Genome frequenc Pat!logemclty line of
osition position change AD evidence based on
P frequency y ACMG
chr17:80113002 NM_000152.5 NP_000143.2 PP5, PS3,
GAA wSTTRAI8246  GReh3gple)  c2015GSA  p.Are672Gl 0001 Notfound PMS, PM1, PM2
Therapeutic intervention and follow-up motor assessments, respiratory evaluations, and

Following molecular confirmation of the diagnosis,
enzyme replacement therapy (ERT) with recombinant
human acid a-glucosidase (alglucosidase alpha) was
initiated at a standard dose of 20 mg/kg body weight
administered via intravenous infusion every two
weeks. Infusions were well tolerated, with no infusion-
associated reactions or adverse events reported during
the treatment course. The patient was monitored
regularly through clinical examinations, functional
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biochemical testing. Over a five-year follow-up period,
ERT was associated with stabilization of disease
progression and measurable functional gains, most
notably improvement in proximal muscle strength,
endurance, and mobility. The patient’s ability to
perform activities of daily living improved, and no
further deterioration in respiratory function or cardiac
status was observed.
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Discussion

Pompe disease is a rare inherited metabolic
myopathy resulting from pathogenic variants of the
GAA gene, which cause GAA enzyme deficiency and
glycogen lysosomal accumulation (1). This gene
contains 20 exons and 18,349 base pairs, and codes for
952 amino acids. At present, more than 600 mutations
have been identified in the GAA (10, 11). The
pathogenic  variant ¢.2015G>A  (p.Arg672GIn)
revealed in this study is a missense mutation that was
reported in 1998 for the first time in the USA, with
different clinical features (12).

The current case report represents a patient with
LOPD who manifests with progressive proximal
muscle weakness, waddling gait, decreased DTRs,
mild scoliosis, dysphagia, dyspnea, bilateral mild
conductive hearing loss, and recurrent respiratory
infections, all of which are well documented in the
spectrum of LOPD presentations.  Notably,
echocardiography at 6 months of age showed mild
septal hypertrophy. By 2 years of age, the patient had
clear septal hypertrophy with 1VS thickness reaching
12 mm, which is above the normal range for the age.
This early cardiac involvement is atypical for LOPD
and does not align with the classical phenotype, where
cardiac manifestations are absent or minimal and occur
after 12 months of age.

Assessment of GAA activity is a key diagnostic tool
in Pompe disease, and its optimum activity is measured
at an acidic pH of 3.7 to 4.5, reflecting its lysosomal
function. The severity of disease symptoms depends on
the GAA activity. Lower enzyme activity is associated
with a more aggressive disease, and symptoms
typically appear at a younger age. As previously
mentioned, based on severity and initial presenting age,
patients are divided into two categories: IOPD and
LOPD. In IOPD, GAA activity is usually less than 1%
of normal controls, and in LOPD, activity ranges from
2% to 40%. Cultured skin fibroblast and muscle
biopsies are traditional specimens, with fibroblast
considered as the gold standard. However, newer
methods like DBS assays provide faster and less
invasive options with high sensitivity (13, 14). In the
present patient, the enzyme activity at pH 3.8 measured
0.42 nmol/spot/21h (normal reference range 1.5-10),
which is approximately 7.3% of the normal mean
activity and corresponds to the enzymatic pattern
described for LOPD.

Although literature studies show a strong
correlation between the clinical phenotype of Pompe
disease and the specific type or location of GAA
mutations, accumulating evidence indicates that this
relationship is not always predictable. For instance,
regarding the same c¢.2015G > A (p.Arg672GIn)
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mutation, there were patients with variable age of
onset, disease progression, and other presentations. In
the study by Tokatly-Latzer et al. (2021), three children
of Arab ethnicity who were homozygous for this
mutation all presented with IOPD and showed early
hypertrophic cardiomyopathy, pointing to a more
severe form of disease than previously reported in
Japanese and Korean groups. In contrast, data from a
large German cohort reported by Herzog et al. (2012)
demonstrate that disease severity varied significantly,
even among patients with similar residual enzyme
activity or shared variants. The exact reason for this
phenomenon remains unclear, but it is likely due to
additional modifying factors. The studied patient
demonstrated a clinical presentation that lies between
these two previously reported extremes. While the age
of onset, enzyme activity level, and overall disease
course were more in line with LOPD, the presence of
early cardiac involvement is unusual for LOPD and
resembles features described for IOPD. Therefore, the
phenotype observed in the studied patient seems to be
an intermediate expression of the ¢.2015G>A
(p.Arg672GIn) variant (15-17).

In countries with high rates of consanguinity, such
as Iran, particularly in the Sistan-Baluchestan
Province, genetic counseling plays a crucial role in
both diagnosis and prevention. This case highlights the
importance of being more alert to Pompe disease in
children who show unexplained muscle weakness. It
also supports the increasing evidence for the benefits
of early diagnosis and treatment of LOPD.

In Conclusion

This case expands the clinical spectrum of LOPD
by demonstrating that atypical, early-onset cardiac
involvement can manifest even in the absence of
classic infantile-onset features. The obtained findings
underscore the clinical necessity of routine cardiac
evaluations in patients diagnosed with, or suspected of
having, LOPD. Furthermore, in highly consanguineous
populations such as Iran, a high index of suspicion and
early diagnostic genetic screening are critical for
patients presenting with combined neuromuscular and
cardiac signs, enabling timely therapeutic intervention.
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