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ABSTRACT
Limb-girdle muscular dystrophies (LGMDs) are disorders with an important clinical heterogeneity, usually involving proxi-
mal limb muscles. One subtype, LGMD R16 (LGMD 2P), is an autosomal recessive condition caused by pathogenic variants in 
DAG1, with clinical presentations ranging from mild to extremely severe forms. DAG1 is responsible for producing dystroglycan, 
an essential complex in the muscular protein network. Following translation, dystroglycan is cleaved into alpha-dystroglycan, 
which undergoes glycosylation and acts as a sarcolemmal receptor for extracellular proteins, and beta-dystroglycan, which con-
nects to dystrophin. In recent years, heterozygous nonsense or frameshift DAG1 variants have been linked with asymptomatic 
hyperCKemia (increased serum creatine kinase levels) or mild muscular phenotypes characterized by fatigability and myalgia. 
Here, we describe a Romanian family comprising four affected individuals (one father and three sons) carrying the heterozy-
gous missense DAG1 variant NM_004393.6:c.887G>A, NP_004384.5:p.(Gly296Asp) and showing a mild–moderate muscular 
phenotype similar to previous cases of DAG1 haploinsufficiency. Three of the affected individuals exhibit myopathic changes 
in muscle biopsies (increased fiber size variability, internalized nuclei, and regenerating fibers), while two demonstrate reduced 
alpha-dystroglycan glycosylation in muscle tissue. Atomic force microscopy findings in myoblasts from one patient showed a 
significantly lower stiffness compared to controls. These findings align with prior reports and further support the pathogenicity 
of this variant.

1 | Introduction

Limb-girdle muscular dystrophies (LGMDs) are a clinically and 
genetically heterogeneous group of entities usually character-
ized by progressive proximal limb muscle deterioration. Other 

muscle involvement is possible, and the presentation can range 
from severe, early-onset, and rapidly progressive forms to a mild, 
nonimpairing symptomatology [1]. The mode of inheritance can 
be autosomal dominant or recessive, with the latter being more 
common [2, 3].
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LGMD R16 (formerly classified as LGMD 2P) is classically a 
rare autosomal recessive LGMD subtype determined by patho-
genic DAG1 (OMIM 128239) variants [1, 4, 5], a gene encoding 
dystroglycan. After translation, the dystroglycan complex is 
divided into two subunits: alpha-dystroglycan, present in the 
sarcolemma (acting as a laminin and perlecan receptor), and 
beta-dystroglycan, which crosses the cellular membrane and 
interacts with dystrophin [6]. Alpha-dystroglycan interacts 
with LARGE1 (like-acetylglucosaminyltransferase-1) and con-
tributes to the production of matriglycan, a polysaccharide that 
binds to extracellular matrix (ECM) proteins such as laminin; in 
order to function properly, alpha-dystroglycan needs to undergo 
important post-translational processes and glycosylation [7, 8]. 
Disorders involving reduced alpha-dystroglycan glycosylation 
are also known as dystroglycanopathies [9, 10].

Clinical manifestations of LGMD R16 include fatigability, proxi-
mal muscle weakness, motor difficulties, and elevated creatine 
kinase (CK) levels, usually with an early-onset and a slow progres-
sion; intellectual disability can also be present, differentiating this 
disorder from other LGMDs [11, 12]. Moreover, biallelic variants 
in DAG1 can also lead to a significantly more severe muscle–eye–
brain disease-like phenotype with muscular dystrophy, brain and 
eye malformations, and profound intellectual disability [13, 14].

Recently, heterozygous frameshift or nonsense DAG1 variants 
have been linked to a mild, asymptomatic, or paucisymptomatic 
muscular phenotype and hyperCKemia, expanding the clini-
cal and genetic spectrum of LGMD R16 and introducing DAG1 
haploinsufficiency as a possible cause for an extremely mild 
phenotype [15, 16]. In this paper, we report the first pathogenic 
heterozygous missense DAG1 variant, NM_004393.6:c.887G>A, 
NP_004384.5:p.(Gly296Asp), present in four moderately af-
fected, related Romanian patients, further adding to the LGMD 
R16 landscape.

2 | Materials and Methods

The four patients (PI.1—father, PII.1—eldest son, PII.2—middle 
son, and PII.3—youngest son) were clinically evaluated in three 
separate centers: Regional Center for Medical Genetics Dolj 
(Craiova, Romania); Neuromuscular Diseases Reference Center, 
APHP Henri Mondor Hospital (Créteil, France); and Great 
Ormond Street Hospital for Children (GOSH, London, United 
Kingdom). PII.1 is designated as the proband, being the first 
person in the family for whom medical attention was sought. A 
family tree is available in Figure 1.

Muscle biopsies were performed for PII.1 (age 4, left gastrocne-
mius, Colentina Clinical Hospital, Bucharest, Romania, 2019), 
PII.2 (age 5, left quadriceps, GOSH, 2021), and PI.1 (age 41, left 
deltoid, Henri Mondor Hospital, 2024).

The family has undergone extensive genetic testing across mul-
tiple laboratories, including initial analysis of the DMD gene for 
PII.1 and PII.2 and whole exome sequencing (WES) for PII.2. 
Comprehensive testing of the entire family (mother, father, and 
three sons) was subsequently performed at GOSH, encompass-
ing a rhabdomyolysis/metabolic myopathy panel and a congeni-
tal myopathy (CMYO)/muscular dystrophy panel. Additionally, 

PII.1 underwent evaluation with a muscular dystrophy panel at 
Cochin Hospital in Paris and WES within the NeuroMyoDredger 
project [17].

Alpha-dystroglycan glycosylation analysis (Western blot) was 
performed for PI.1 and PII.1 with anti-α-dystroglycan antibody, 
clone VIA4-1 (Merck Millipore, Germany), whereas an LGMD 
gene panel (including DAG1) RNA sequencing was conducted 
for PII.1 (RT-PCR, capture—Nimblegen, Roche; sequencing—
Next Seq550 Illumina; bioinformatics protocol—PolyRNAseq, 
Polyweb), both at Cochin Hospital, Paris. These investigations 
were carried out using muscle tissue samples.

The stiffness of PI.1 and control-derived myoblasts was eval-
uated by atomic force microscopy (AFM; JPK NanoWizard 
Sense+, Bruker) using a pyramidal probe calibrated with the 
thermal noise method [18]. For each cell, multiple indentations 
were performed over a defined surface area, and force–distance 
curves were analyzed with a custom MATLAB program. The 
elastic modulus was calculated according to Bilodeau's model 
[19] with correction for local tilt [20]. For each cell, stiffness 
maps and distributions of elastic moduli were generated. The 
distribution of Young's modulus values across individual stiff-
ness maps showed a positive skewness (0.907 ± 0.491), indicat-
ing a non-normal distribution at the pixel level; therefore, the 
modal value was extracted as a representative measure of cell 
stiffness for each cell [21]. Group comparison of modal values 
was performed using the two-tailed Mann–Whitney U  test 
(GraphPad Prism), given the small sample size (n = 7 per group). 
Results are presented as mean ± standard deviation. Differences 
were considered statistically significant at p < 0.05.

3 | Results

3.1 | Clinic

None of the four affected individuals had a notable prenatal 
history. Furthermore, all demonstrated normal neurological de-
velopment, achieving normal or near-normal motor milestones. 
Although PI.1 has had oscillating, low-intensity muscle pain 
in the legs throughout his life, he did not initially report these 
symptoms and was regarded as asymptomatic until the onset 
of the disorder in the children. Serum CK determinations were 
within normal limits for this patient.

The family first presented in Craiova, Romania, for a neuromuscu-
lar evaluation of PII.1 in 2019 (aged 4) due to intermittent bilateral 

I.1 I.2

II.1 II.2 II.3

FIGURE 1   |   Pedigree. Family tree highlighting affected individuals: 
Patient I.1—father; Patient II.1—eldest son; Patient II.2—middle son; 
and Patient II.3—youngest son.
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leg pain and usually exercise-induced fatigability, elevated serum 
CK at 6,390 U/L, and recurrent infectious episodes. The patient 
had been treated with corticosteroids, which reduced CK levels to 
approximately 400 U/L, though this intervention had no effect on 
the myalgias. Additionally, treatment with methotrexate was asso-
ciated with a presumed increase in CK levels. The symptomatology 
persisted during further examinations in Créteil and London, with 
the patient also starting to experience abdominal muscle spasms 
increasing in frequency, unaccompanied by any digestive issues. 
The clinical tableau also included laxity of knees and distal inter-
phalangeal joints and hip and Achilles tendon tightness. There 
was no evidence of motor deficit, muscle atrophy, muscle pain on 
palpation, Gowers' sign, dyspnea, myoglobinuria, or neurological 
issues, as the patient remained physically active and participated 
in sports. CK levels continued to be elevated and fluctuating, with 
peak values exceeding 10,000 U/L; other investigations demon-
strated normal myositis and anti-DNA antibody profiles, normal 
acid maltase values, and unremarkable plasma amino acids or 
carnitine profile variations. Cardiac, respiratory, EMG, and leg 
muscle ultrasound examinations were normal. Lower limb muscle 
MRI showed no significant abnormalities.

PII.2 was born with a patent foramen ovale and exhibited a 
normal development, aside from a slight delay in independent 
walking acquisition (18 months of age). His symptomatology 
resembled PII.1, with muscle pain in the lower limbs, fatigabil-
ity, joint laxity, and mild hip weakness. Of the three brothers, 
he is considered more affected, as he experiences fatigue more 
rapidly and has important leg pain that can awaken him during 
the night. Also, he experienced chest pain episodes with diffi-
culty in breathing, needing emergency room interventions. The 
highest value of serum CK was above 5,400 U/L, and a myosi-
tis and anti-DNA antibody panel came back negative. A muscle 
ultrasound examination was normal, as were cardiorespiratory 
investigations; however, an EMG test showed clear myopathic 
features.

Apart from the presence of myalgias primarily affecting the feet 
and heels, occasionally at night, and joint laxity, the neuromus-
cular examination of PII.3 was normal. CK levels were elevated, 
exceeding 5,800 U/L. Plasma amino acid levels were normal, 
and he had a mild carnitine profile alteration.

Supporting Information 1: Table S1 summarizes the main char-
acteristics of the four patients.

3.2 | Myopathology

PII.1 muscle biopsy, performed in Romania and re-examined 
in France and the United Kingdom by two of the authors (E.M. 
and R.P.), showed well-populated fascicles, mild myopathic fiber 
size variation, and few internalized nuclei, as well as a single 
focus of eosinophil-rich mononuclear inflammation centered 
on the perimysium and extending into the necrotic myofibers in 
the immediate vicinity, mimicking focal eosinophilic myositis 
(Figure 2A, B, C). Outside of this focus, there was no significant 
inflammation, myonecrosis, or regeneration.

Patient II.2 muscle biopsy images revealed mild myopathic 
changes, including mild fiber size variation, and a few internalized 

nuclei (Figure 2D). Immunostaining for developmental/embryonic 
myosin highlighted a rare regenerating fiber (Figure 2D inset).

Patient I.1 (father) is the last member of the family to undergo a 
muscle biopsy, with the results showing multiple nuclear inter-
nalizations, scattered regenerating fibers, and Type I fiber atro-
phy (Figure 2E,F,G).

3.3 | Genetics

Initial genetic investigations included a negative DMD gene analy-
sis for PII.1 and PII.2, a negative family (mother, father, and three 
sons) rhabdomyolysis/metabolic myopathy panel, and a WES 
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FIGURE 2   |   Myopathology. Patient II.1: (A) Hematoxylin and eo-
sin-stained sections from the left gastrocnemius biopsy at 4 years and 
9 months of age showed several well-populated fascicles comprising 
predominantly longitudinally sectioned myofibers. There was a single 
prominent focus of inflammation centered on the perimysium (circle) 
with a mild increase in perimysial fat. (B) The inflammatory infiltrate 
was rich in eosinophils and diffusely infiltrated the perimysial con-
nective tissue and (C) surrounding necrotic myofibers. Patient II.2: (D) 
Hematoxylin and eosin-stained sections from the left quadriceps biopsy 
taken at 5 years and 2 months of age showed compact, well-populat-
ed myofascicles. Few fibers (< 1%) showed internal (single, central) nu-
clei and a rare regenerating fiber expressing embryonic/developmental 
myosin (inset). Patient I.1: (E) Hematoxylin and eosin-stained sections 
showing fiber size diameter variation (yellow dotted lines) and multiple 
nuclear internalizations (black arrow). (F) CD56 positivity showing re-
generating muscle fibers (0.55% of total fibers). (G) Slow myosin staining 
showing fiber size diameter variation and Type 1 fiber atrophy. Note: 
Patient II.1: no frozen tissue was available for immunohistochemical 
assessment. Patient II.2: immunolabeling for a broad panel of dystro-
phy-associated markers was normal. Immunolabeling for alpha-dystro-
glycan was deemed unreliable due to suboptimal staining in the normal 
control muscle.
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analysis for PII.2, which identified a heterozygous variant of uncer-
tain significance (VUS) in POMT1—c.1859G>A, p.(Arg620Gln). A 
further CMYO/muscular dystrophy panel, which included all the 
family members, revealed heterozygous VUS in DNM2—c.58C>T, 
p.(Phe20Leu) (PII.1 and PII.3); RYR3—c.2684G>A, p.(Arg895Gln) 
(mother and PII.2); and DAG1—c.887G>A, p.(Gly296Asp) (PI.1, 
PII.1, PII.2, and PII.3). The presence of the heterozygous DAG1 
Exon 3 variant in PII.1 was also confirmed by raw-data reanalysis 
from an independent muscular dystrophy panel and WES.

The heterozygous missense DAG1 variant, 
NM_004393.6:c.887G>A, NP_004384.5:p.(Gly296Asp), results 
in the substitution of a well-conserved mammal glycine with 
aspartic acid in the alpha-dystroglycan subunit. The variant 
is absent from major aggregation databases (gnomAD v4.1.0/
ExAC), as well as from ClinVar. The CADD Phred score is 27.00, 
whereas missense predictors (SIFT, PolyPhen 2, Fathmm-XF, 
AlphaMissense, REVEL, ClinPred, MetaSVM, MetaLR, and 
Mistic) suggest a deleterious effect [22].

3.4 | Alpha-Dystroglycan Glycosylation Studies

A reduced alpha-dystroglycan glycosylation status for PI.1 and 
PII.1 was highlighted through Western blot (Figure 3A) and im-
munohistochemistry studies (not shown). Additionally, RNA-
seq performed in PII.1 did not reveal any abnormal transcripts 
for dystroglycanopathy genes, thus excluding splicing–altering 
intronic variants.

3.5 | Biomechanical Characterization of Myoblasts

AFM-based biomechanical measurements revealed a marked 
alteration in the mechanical properties of DAG1-deficient 

myoblasts (Figure 3B). The Mann–Whitney test demonstrated 
a highly significant reduction in cell stiffness in patient-derived 
myoblasts compared to controls (mean ± SD: 4.48 ± 1.62 vs. 
29.35 ± 17.61 kPa; p = 0.0006), with a complete separation of the 
data distributions (Mann–Whitney U = 0). This approximately 
6.5-fold decrease in stiffness reflects a drastic shift in cytoskele-
tal responsiveness and indicates a loss of the structural integrity 
required for normal muscle cell function.

4 | Discussion

Recent advances in next-generation sequencing have allowed 
the identification of an important number of genes associated 
with neuromuscular disorders and particularly with LGMDs 
[5]. Among these, DAG1, linked with LGMD R16, is one of the 
most rarely encountered genes, with only several publications 
describing patients with biallelic variants, including missense 
mutations [11, 12, 23, 24]. Furthermore, heterozygous truncat-
ing DAG1 variants have been shown to segregate along with 
high CK levels or a mild neuromuscular phenotype in five fam-
ilies [15,  16]. Characteristics of previously reported patients 
with heterozygous DAG1 variants are available in Supporting 
Information 2: Table S2. Also, one patient with a heterozygous 
2 Mb deletion encompassing DAG1 has been reported, present-
ing mild myopathic features, facial hypotonia, oral–motor dys-
praxia, learning difficulties, high CK levels, and white matter 
abnormalities [25]. To date, no heterozygous missense DAG1 
variants have been associated with a neuromuscular phenotype.

All previously known patients with heterozygous DAG1 vari-
ants had elevated CK levels ranging from just over 200 U/L to 
several thousand units per liter [15,  16], making PI.1 the only 
patient reported so far with a normal CK level. However, we be-
lieve it is possible that, during his earlier years, serum CK levels 
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FIGURE 3   |   (A) Western blot. Patient I.1: Western blot analysis showing reduced alpha-dystroglycan expression in Patient I.1 and Patient II.1 com-
pared to a healthy control. Alpha-dystroglycan expression is absent in DAG1 control (biallelic variants). (B) Atomic force microscopy (AFM)–based 
mechanical characterization of DAG1-deficient myoblasts. Left panel: bar plot showing the mean elastic modulus (±SD) of control and Patient I.1-
derived myoblasts (n = 7 per group; Mann–Whitney U  test, p = 0.0006). Patient I.1 myoblasts show a markedly reduced elastic modulus compared to 
controls (4.5 ± 1.6 vs. 29.3 ± 17.6 kPa) ***p < 0.001. Right panels: representative AFM elasticity maps overlaid on phase-contrast images of a control 
myoblast (left) and a Patient I.1-derived myoblast (right), illustrating the approximately 85% decrease in elastic modulus. Color scale indicates elastic 
modulus values from 0 to 60 kPa. Scale bar: 20 μm.
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might have been elevated. Among 16 reported patients from five 
families, 12 exhibited incidental hyperCKemia; overall, the de-
scribed clinical features consisted of myalgias, muscle cramps, 
exercise intolerance, lower girdle weakness, and hyporeflexia, a 
phenotype broadly similar to the one in our patients. The main 
reason for evaluation in our family was represented by myal-
gias, whereas in other patients, the most common initial finding 
was an incidental increased CK level. Regarding patients with 
LGMD R16 (homozygous DAG1 variants), although clinical pre-
sentations can vary and severe forms are possible [1, 11], mild 
forms with late onset or asymptomatic hyperCKemia have been 
reported [23, 24].

In terms of muscle biopsy aspects, the findings in our patients 
are consistent with those in other DAG1 haploinsufficiency pa-
tients, who present mild fiber size variability, central nuclei, and 
degenerative fibers [15]. Also, from a muscle MRI perspective, 
there were no abnormalities in four previously examined pa-
tients, except for one patient showing diffusely increased muscle 
bulk, as was the case for PII.1 [15]. This is somehow expected, 
taking into account the mild phenotypes exhibited.

The diagnosis odyssey of this family has encountered several 
obstacles, with the eosinophil-rich inflammatory features pres-
ent in the muscle biopsy of PII.1 raising the question of a focal 
eosinophilic myositis diagnosis. However, this hypothesis was 
considered unlikely given the lack of response to corticosteroid 
therapy and the emergence of similar symptoms in the other 
children, pointing to a common genetic cause. The identifica-
tion of a DAG1 variant in all affected individuals was insuffi-
cient initially, as it was a VUS, and a second variant could not be 
identified in order to support an autosomal recessive LGMD R16 
diagnosis. Since patients with mild phenotypes and heterozy-
gous DAG1 variants were later reported [15, 16] and pathological 
findings were also observed in the muscle biopsy of PI.1 (sug-
gesting a segregation of the variant along with the phenotype), 
the DAG1 variant was viewed as a possible cause. The results 
from the functional studies showing reduced alpha-dystrogly-
can glycosylation in two patients provided additional evidence 
supporting the pathogenic character of this variant, as well as 
the diagnosis of a mild–moderate, autosomal dominant LGMD 
R16. Considering all the data, the variant is classified as patho-
genic based on the following ACMG/AMP criteria: PS3, PM1, 
PM2, PP1, and PP3.

In the previous publications describing patients with mild phe-
notypes associated with heterozygous DAG1 variants [15, 16], all 
reported variants were either nonsense or frameshift pathogenic 
mutations. In this family, the reported variant has a missense 
effect, involving a substitution of glycine with aspartic acid at 
position 296 of the amino acid chain; this finding could support 
the pathogenicity of the variant, as the site corresponds to the 
N-terminal domain of the alpha-dystroglycan subunit, essential 
for glycosylation [7, 24]. Notably, homozygous missense variants 
resulting in N-terminal domain substitutions have been known 
to interfere with the alpha-dystroglycan glycosylation and re-
ceptor function [12, 23].

Cell stiffness in myoblasts is primarily governed by the orga-
nization of the cortical actin network and actin stress fibers, 
anchored to the ECM through focal adhesion complexes [26]. 

These structures mediate bidirectional mechanotransduction 
between the intracellular cytoskeleton and the ECM and are 
principal determinants of myoblast mechanical properties. The 
dystrophin–glycoprotein complex (DGC) participates in this 
mechanotransduction framework by connecting the ECM to the 
intracellular cytoskeleton, providing structural stability to the 
muscle membrane [27, 28]. Within the DGC, alpha-dystroglycan 
bridges extracellular laminin and agrin to beta-dystroglycan, 
which in turn connects to the intracellular cytoskeleton through 
dystrophin [29]. This interaction is strictly dependent on the 
glycosylation status of alpha-dystroglycan: hypoglycosylation 
abolishes its binding to ECM ligands, disrupting the mechanical 
continuity between the cytoskeleton and the ECM [30, 31].

In the present study, Western blot analysis revealed a reduced 
alpha-dystroglycan glycosylation status in PI.1, consistent with 
DAG1 haploinsufficiency. This finding is in line with the bio-
chemical defects reported by Traverso et al. in patients harboring 
heterozygous truncating variants in DAG1, where a markedly 
reduced expression of the dystroglycan complex was confirmed 
on muscle samples [15]. Impaired glycosylation of alpha-dys-
troglycan disrupts its binding to ECM ligands, weakening the 
structural continuity between the ECM and the intracellular 
cytoskeleton [30, 31]. In muscle precursor cells, this is expected 
to compromise actin cytoskeleton organization and reduce cell 
stiffness, as reflected by the reported AFM measurements.

This mechanical incompetence is expected to impair critical 
cellular functions that depend on cytoskeletal tension, includ-
ing directional migration, myoblast alignment, and fusion into 
myotubes—processes collectively required for effective muscle 
regeneration [32, 33]. Notably, the biophysical deficit observed 
by AFM contrasts with the mild clinical presentation of the pa-
tients, consistent with the concept of a genetically transitional 
disease, in which DAG1 haploinsufficiency is sufficient to affect 
muscle structure at the cellular level while phenotypic expres-
sivity remains modulated by the broader genetic background 
[15,  34]. Taken together, the AFM data and the biochemical 
evidence of alpha-dystroglycan hypoglycosylation provide con-
verging biophysical and molecular support for the conclusion 
that heterozygous DAG1 missense variants can compromise the 
mechanical stability of muscle precursor cells, offering a mecha-
nistic basis for the observed myopathic phenotype despite a mild 
clinical presentation.

Interestingly, PII.2 seems to have a slightly more severe pheno-
type compared to his siblings and father, with leg pain during 
the night, whereas his muscle biopsy demonstrated milder 
changes in comparison with PII.1, and his CK levels have not 
reached the same elevations observed in his brothers. Since 
pain is a highly subjective symptom, this variation might not 
be relevant; however, the possibility of other modifiers cannot 
be entirely excluded. In this regard, two variants of interest 
are harbored only by PII.2, in POMT1 (c.1859G>A, p.(Arg-
620Gln)) and RYR3 (c.2684G>A, p.(Arg895Gln)), respectively. 
POMT1 is associated with another alpha-dystroglycanopa-
thy, LGMD R11. This condition is autosomal recessive, and 
myopathological features observed in affected patients could 
overlap with the ones demonstrated in PII.2 [35]. Regarding 
the RYR3 variant, this gene is linked to a nemaline CMYO, 
and although some clinical features could correspond to our 
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patient's phenotype, the muscle biopsy did not highlight any 
rods [36]. As for DNM2, since this gene is associated with an 
autosomal dominant centronuclear myopathy [37], a pheno-
type not in keeping with the clinical and myopathological 
features presented by PII.1 and PII.3, who harbor the variant 
c.58C>T, p.(Phe20Leu), we believe this variant is unlikely to 
be a contributor or modifier.

To conclude, the data obtained from this family supports the 
hypothesis that heterozygous missense DAG1 variants can af-
fect alpha-dystroglycan glycosylation and lead to a mild–mod-
erate muscular phenotype and that patients could also have 
normal CK levels. Given the presentation, it is plausible that 
such patients remain underdiagnosed, and screening strate-
gies involving serum CK determination could help in this re-
gard. Since these patients seem to have mild phenotypes and 
acknowledging a dominant form of the disease would further 
complicate the classification of LGMDs, we propose the term 
“symptomatic carrier of LGMD R16” for individuals with such 
profiles.
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