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Abstract

LAMA2-related muscular dystrophies (LAMA2-RDs) constitute the most prevalent subtype of congenital
muscular dystrophies (CMDs). The clinical spectrum of LAMA2-RDs exhibits considerable diversity,
particularly in motor development and disease progression. Phenotypic variability ranges from severe, early-
onset presentation, known as merosin-deficient CMD type 1A, to milder, late-onset presentations, including
limb-girdle muscular dystrophy-like phenotype. In this study, whole exome sequencing (WES) was applied to
a family with a single proband affected by severe muscular dystrophy. The identified causative mutation was
a biallelic splice-site mutation in intron 58 of the LAMAZ2 gene, leading to a premature termination codon in
the critical G domain of laminin-a2 and resulting in a severe phenotype. Additionally, we summarized
previously reported splice-site mutations to investigate the clinical and transcription consequences of these
mutations. Our findings conclude that splice-site mutations predominantly lead to severe MDC1A, whether
in a homozygous or heterozygous state, often associated with another loss-of-function mutation. Besides,
splice-site mutations with available analysis of their transcriptional consequences were found to be
responsible for exon skipping in most cases and the loss of the reading frame. These findings revealed the
importance of WES in identifying disease-causing mutations, particularly in highly diversified pathologies
like LAMA2-RDs. The results also underscore the importance of transcriptional analysis in determining the
impact of splice-site mutations and the phenotype of LAMA2-RDs on patients.
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Introduction

Congenital muscular dystrophies (CMDs) are a group of neuromuscular diseases characterized by an early
onset of muscular deficiency and dystrophic changes affecting muscles [1]. They comprise highly diversified
subtypes of pathologies at the clinical and genetic levels [2].

LAMA2-related muscular dystrophies (LAMA2-RDs) represent the most frequently reported subtype of
CMDs, explaining away 30% of the cases [3]. It is linked to mutations affecting the LAMAZ2 gene found at the
locus 6q22-23, encoding the laminin alpha-2 chain (laminin-a2). In skeletal muscle fibers, laminin-a2
associates with B1 and y1, the two light chains of laminin, forming a heterotrimeric isoform of laminin
known as laminin 211 or merosin [2]. This extracellular protein, merosin, links the extracellular matrix to the
two transmembrane proteins, a-dystroglycan and integrin a7B1, through laminin-a2. This linkage is crucial
for adhesion, basement-membrane assembly, and downstream signaling events, ensuring muscle integrity
and functioning [4].

Clinically, LAMA2-RDs are commonly categorized into two phenotypic groups: a severe, early-onset
presentation with features resembling CMD, widely known as merosin-deficient congenital muscular
dystrophy type 1A (MDC1A), and a milder, late-onset presentation displaying characteristics indicative of
limb-girdle muscular dystrophy (LGMD) [5]. The classic severe LAMA2-RD phenotype is somewhat a
homogenous CMD phenotype; it is mainly characterized by total laminin-a2 deficiency and typically
manifests with hypotonia since birth and onset of symptoms within the first six months of life. Respiratory
problems, as well as feeding difficulties, can also be present at birth. Developmental milestones are delayed,
with the inability to attain independent ambulation. Other features include scoliosis, joint contractures,
elevated creatine kinase (CK) levels (>1,000 IU/L), and typical white matter changes (WMC) on magnetic
resonance imaging (MRI) [5-7]. Variability in this early onset LAMA2-RD is noteworthy since ambulation is
attained in up to 10% of patients with complete laminin-a2 deficiency [8]. Moreover, partial expression of
laminin-a2 is present in certain patients who may present consequently with a relatively milder phenotype
[5]. On the other hand, mild LAMA2-RD is characterized by a partial expression of laminin-a2, delayed
milestones, and a gain of ambulation [6]. It is, however, characterized by phenotypic variability,
encompassing manifestations from CMD-like to milder and later presentations, including late-onset LGMD-
like phenotype [5]. In this form of LAMA2-RD, scoliosis occurs less frequently than the severe form, but joint
contractures are notable [5,6].

Genetically, as indicated in a review published in 2018, LAMA2-RDs are predominantly associated with
single nucleotide variants (SNVs), followed by small deletions, small insertions, and, finally, large
rearrangements such as deletions and duplications [9]. In the ClinVar database, more than 4000 unique
variants have been identified in the LAMA2 gene with 168 splice-site pathogenic variants [10]. This makes
splice-site mutations one of the frequently reported variants associated with LAMA2-RDs.

Throughout this paper, we aimed to report the diagnosis of a 20-month-old infant whose clinical and
paraclinical examinations favored MDC1A. A splice-site mutation in the intron 58 of the LAMAZ2 gene was
identified through whole exome sequencing. As splice-site altering mutation can induce different
transcriptional outcomes that affect patients’ phenotype and disease severity, a review of the previously
reported splice-site pathogenic variants was conducted.

Case Presentation
Patient, clinical data collection, and ethics
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The patient underwent a comprehensive clinical examination and was assessed at the Medical Genetics and
Oncogenetics unit at Hassan II University Hospital of Fez by a qualified clinician. The clinician thoroughly
reviewed and documented the medical history, clinical data, and results of all paraclinical analyses that the
patient underwent. Subsequently, written informed consent was obtained from the patient's parents. Finally,
a peripheral blood sample was collected from the patient and the parents for genetic analysis.

Case description

The proband, a 20-month-old gitl, is the offspring of second-degree consanguineous parents from the
northeast of Morocco. According to her mother, the pregnancy was normal, although it was not regularly
monitored, and the delivery was spontaneous with no complications. The patient displayed hypotonia since
the neonatal period, followed by psychomotor retardation, which prompted the parents to seek medical
consultation from a pediatrician at the age of eight months. She gained the ability to control her head at four
months and could sit independently without support by the ninth month. This remained the latest
developmental achievement observed at the most recent assessment.

The interrogatory revealed that she had three older siblings (one sister and two brothers) who died at the age
of 13 years due to respiratory complications with a notion of psychomotor regression and loss of ambulation
earlier in their lives. However, their diagnosis has never been established since the parents have never
sought a medical examination.

Her clinical assessment indicated peripheral hypotonia without amyotrophy or calf hypertrophy. No facial
weakness or ophthalmoparesis was observed. An equinovarus foot and scoliosis were noted. Additionally,
she had neonatal pectus excavatum but no facial dysmorphism. A hemangioma was present on her neck.
Further examinations confirmed normal cardiac and respiratory functions. Besides, as reported by the
mother, she had never experienced seizures.

Given the symptoms observed in the case, various analyses were undertaken to guide the diagnosis. At the
age of eight months, CK analysis indicated a level of 1363 UI (9 times the normal range) (Table I). The
electromyogram revealed a myogenic pattern in the muscles of both the upper and lower limbs. Additionally,
the MRI uncovered changes in the frontoparietal and periventricular white matter in the T2 MRI scan (Figure
). Immunostaining and immunoblotting on muscle biopsy were not conducted due to the invasive nature of
the procedure. Based on these findings, LAMA2-RDs were suspected, leading to the subsequent
implementation of WES.

Result Normal findings

CK 1363 UI/L 0.00-145.00

TABLE 1: CK analysis of the patient

CK: Creatine kinase

FIGURE 1: Results of the MRI scan of the case

FromAto F, the images show changes in the frontoparietal and periventricular white matter of the patient

Genetic analysis

Genomic DNA extraction was conducted according to the manufacturer’s recommendations using the
Invitrogen PureLink™ Genomic DNA Mini Kit (Thermo Fisher Scientific-USA). DNA quality and quantity
were evaluated using a nanodrop spectrophotometer and a Qubit 3 Assay kit, respectively. The proband’s
DNA was later subjected to WES conducted at the 3billion lab in Seoul, South Korea.

Following identifying the causative variant, Sanger sequencing was performed on the patient to verify the
variant and on the parents for carrier screening, utilizing the BigDye™ Terminator v3.1 Cycle Sequencing kit
(Applied Biosystems, Thermo Fisher Scientific).
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Results

Genetic analysis revealed that the causative pathogenic variant in the patient is ¢.8244+1G>A
(NM_000426.4), a homozygous splice-site mutation located at the first position of the donor splice site in
intron 58 of the LAMAZ2 gene (Figure 2). Sanger sequencing confirmed that the parents carried the mutation
in a heterozygous state (Figure 5).
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FIGURE 2: Sanger sequencing results of the case

The electropherogram shows a single green peak at position 8244+1 (designated by the arrow) corresponding to
a homozygous substitution of G with A.
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FIGURE 3: Sanger sequencing results of the parents of the case

The electropherogram shows two peaks at position 8244+1 (designated by the arrow) corresponding to the
nucleotides G and A, which demonstrates a heterozygous substitution of G with A.

At the level of mRNA, this mutation, present at the highly conserved GU dinucleotide, affects the exon 58
splicing site selection and leads to its complete skipping; this skip disrupts the open reading frame, which
eventually generates a premature termination codon (PTC) in exon 59 at position +34. At the level of
protein- if translated, the PTC in exon 59 ends the translation with a truncated laminin a2 deprived of the C
terminal amino acids residues, which cluster LG4 and LG5 domains: the functional binding region of laminin
211 to a-dystroglycan [11].

The c.8244+1G>A mutation has multiple entries in the LOVD database, which classified it as a pathogenic
splice-site variant [12]. It is present in the normal population with a very low frequency (rs749522728,
gnomAD, and ExAC 0.0008%) [13].

Discussion

The present study reports the genetic analysis of a 20-month-old infant whose clinical profile, MRI images,
and CK analysis were in favor of LAMA2-RDs. Because of the important similarities between CMDs and the
molecular weight of the LAMAZ gene, the patient underwent WES, which confirmed the suspicion of
LAMA2-RDs and was consistent with the clinical and paraclinical results. The incriminated pathogenic
variant was ¢.8244+1G>A, located at the canonical donor splice site of intron 58. As mentioned, this
mutation has already been documented in previous studies with multiple entries in the LOVD database that
classified it as pathogenic [12].

Given the severe phenotype and early onset symptoms observed in our patient, it was deduced that she had
a severe MDC1A. Her inability to achieve independent sitting aligns with the literature's findings, as most
MDCI1A patients face challenges in attaining independent sitting, and fewer than 10% can walk without
support [8,14].
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The case in our study presented with WMC, aligning with current knowledge, as the majority of patients
above six months of age typically display typical WMC on MRI, manifested by abnormal T2 signals in the
periventricular and subcortical white matter [7,15]. These changes are linked to increased brain water
content, which is, in turn, due to leaky basal laminar connections of the blood-brain barrier (BBB). In
essence, laminins are part of a vital “outer barrier” of mature BBB: the gliovascular basal lamina. The
interaction of laminin with dystroglycan at the gliovascular interface is paramount as it regulates BBB's
structure, maturation, and function, which discerningly regulates central nervous system (CNS)
homeostasis. MRI irregularities found in LAMA2-RDs are at least in part due to BBB disturbance [16].

Furthermore, this infant had never experienced any episode of seizures, nor did she exhibit intellectual
disability. Intellectual disability is another symptom documented in a few cases [6,7,17], though most
patients generally showed normal cognition. Moreover, seizures, with or without structural brain lesions,
were reported in up to 17% of MDC1A cases [6,7,17].

The reported mutation was first discovered in a Tunisian patient with a homozygous genotype and a severe
MDCIA phenotype. The case in that study benefited from muscle biopsy, which revealed a complete
deficiency in merosin protein; no laminin-a2 immunostaining was observed [18]. Though our patient did not
undergo an analysis of the level of expression of merosin, patients with MDC1A are known to have a total
absence of the protein, aside from some exceptions [5,6,17]. This could be explained by two different
mechanisms: degradation of the nonsense mRNA through the nonsense-mediated mRNA decay mechanism
[11,19] or the degradation of the aberrant laminin a2 after its generation by the so-called “protein quantity
control” mechanism [11,20].

Four individuals among the previously documented patients with this mutation, and with available clinical
data, exhibited a severe phenotype regardless of whether the mutation was present in the homozygous or
compound heterozygous state. However, the two patients with a homozygous genotype showed complete
deficiency in laminin-a2, whereas the other two cases with compound heterozygous mutations exhibited a
partial expression of it [6,11,18]. The impact of the second mutation could explain this difference in the
expression of laminin-a2. Indeed, all the patients reported with ¢.8244+1G>A mutation had a severe MDCIA
phenotype. Moreover, other pathogenic splice-site mutations affecting the same position (c.8244+1) were
documented to be linked to the MDC1A phenotype [9]. This suggests that this position is a crucial functional
splicing site within the LAMAZ2 gene.

Hitherto, 168 LAMAZ splice-site variants, clinically classified as pathogenic or likely pathogenic, are listed in
the ClinVar database [10], indicating thus that splice-site mutations serve as a crucial mechanism
contributing to LAMA2-RDs. A splice variant modifies the DNA sequence at the splice site, delineating the
boundary between exons and introns. This modification can result in the inclusion of introns, the loss of
exons, and a change in the protein-coding sequence, thereby disrupting the process of RNA splicing [21]. It
can disrupt or diminish mRNA processing via exon skipping or cryptic splice-site activation [22].

In the LAMAZ gene, splice-site mutations are distributed throughout the entire gene without being linked to
any specific mutational hotspot. These mutations are predominantly present in introns' first and last two
conserved nucleotides. Following a comprehensive review of all the published mutations, we identified 57
pathogenic variants with available clinical data of the reported individuals. These variants are detailed in
Table 3 in Appendices.

The 57 mutations were identified in 97 patients. Regarding genotypes, 24 patients displayed homozygous
mutations, while 73 cases exhibited compound heterozygous mutations. Additionally, in four cases, only one
heterozygous mutation was identified. Besides, four mutations were identified in many patients:
€.3924+2T>C (n=11), ¢.5234+1G>A (n=11), ¢.5562+5G>C (n=7), and ¢.8244+1G>A (n=11). This observation
may be ascribed to the high recurrence of these mutations widely or among patients from particular
populations. The ¢.3924+2T>C mutation has been exclusively identified in patients from the Middle East or
Sudan, indicating a likely founder effect in this population [23,24]. Therefore, the suspicion of LAMA2-RDs
in patients of this origin should prompt a search for this specific mutation. The ¢.5234+1G>A mutation was
identified in five patients from Portugal and seven from Brazil [25-27]. The ¢.5562+5G>C variant was
predominantly observed in patients from the UK [6,28,29]. Lastly, the mutation c.8244+1G>A (n=9) was
detected in five Brazilian patients, two from Tunisia, two from Morocco, and two others with unspecified
origins [6,11,18,26,30]. This suggests the possibility of it being a recurrent mutation, particularly in the
Maghreb region.

Regarding the clinical presentation, patients were divided into two main categories: MDC1A cases,
characterized by symptoms appearing within the first year of life (such as hypotonia, delayed motor
development, or both), and LGMD-like phenotype cases, where symptoms began beyond the first year, with
normal motor milestones and independent ambulation [17]. Further classification within the MDC1A group
included severe MDC1A phenotype, where ambulation was never achieved or achieved but lost within the
first decade of life, and mild MDC1A phenotype, where ambulation was attained and maintained beyond the
first decade until the last observation. Thus, 87 patients were categorized as MDC1A patients. From them, 68
patients were classified as severe MDC1A cases, and 19 individuals were considered mild MDC1A cases.
Besides, 10 patients were identified as LGMD-like phenotype cases. Among individuals with severe MDC1A
(n=68), 16 patients had a homozygous genotype, 50 patients exhibited a compound heterozygous genotype
characterized by a splice-site mutation combined with another loss-of-function mutation
(splicing/frameshift/nonsense), and only two patients had a splice-site mutation associated with a missense
mutation [6,7,11,17,18,24-26,50-41]. Of the 68 severe MDC1A cases, 32 patients had documented results
regarding the level of laminin-a2 expression. Within this group of 32 patients (32/68), 23 individuals
exhibited complete deficiency, while only 9 demonstrated partial expression. On the other hand, all patients
with mild MDC1A (n=19) exhibited a genotype comprising either homozygous splice-site mutations or a
combination of a splice-site mutation with either a nonsense mutation, a frameshift mutation or another
splice-site mutation [6,17,23,24,26,28,29,42,43]. Within the group of mild MDC1A, data on laminin-a2
expression were available for ten patients (10/19): 9 patients exhibited a partial expression of laminin-a2,
while only one patient showed complete deficiency. This suggests that genotypes characterized by
homozygous splice-site mutations or biallelic loss-of-function mutations (splicing with
splicing/frameshift/nonsense) are primarily associated with the manifestation of severe early-onset MDC1A,
especially when combined with a complete absence of laminin-a2. Conversely, a milder form of early-onset
MDC1A is predominantly observed when these genotypes are linked to residual expression of laminin-a2.

Concerning the patients with LGMD-like phenotype (n=10), their genotype was primarily made of splice-site
mutations with missense mutations (7/10) [17,26,27,44-47]. Genotypes with missense mutations, especially
those in the N-terminal region with a preserved C-terminal expression (G domain of laminin-az2), are linked
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Mutation
c.8244+1G>A
¢.3556-13T>A
c.4058+1G>A
€.3924+2T>C

5234+1G>A
¢.5562+5G>C

€.2450+5_c.2450+11del
c.4524-2A>G
¢.397-4_c.478del
C.7452-1G>A
C.6429+3A>C

¢.4860+2delinsGGCC

to partial expression of laminin-a2 and less severe clinical manifestations [5,9], which could explain these
LGMD-like phenotype cases. Additionally, an individual exhibiting the LGMD-like phenotype (1/10)
harbored a splice-site mutation that resulted in the loss of the reading frame and an in-frame duplication
[46]. This phenotype could be elucidated by the preservation of the reading frame due to the in-frame
duplication (exon 4-12), potentially allowing for the translation of an abnormal yet partially functional
laminin-a2. Unfortunately, laminin-a2 expression was not assessed to substantiate this hypothesis further.
Besides, one of the LGMD-like phenotype cases (1/10) had a genotype made of a splice-site mutation and an
out-of-frame deletion [46]. The pathogenicity of the reported splice-site mutation remains unclear, and
there is a lack of information regarding the level of laminin-a2 expression to elucidate the phenotype.

Considering the affected domain in laminin-a2, 50% of patients with MDC1A phenotype (44/87) exhibited
mutations in the G domain. In contrast, none of the patients with LGMD-like phenotype had mutations
affecting this domain, suggesting thus that an aberrant G domain in laminin-a2 causes a severe phenotype.
The G domain is indispensable for promoting the connection of Laminin 211 to muscular cells through
surface receptors, specifically dystroglycan and integrin a7 1. This connection has been confirmed to be
crucial for muscle integrity and the normal functioning of muscular cells [4]. The mutation ¢.8244+1G>A,
which disrupted the normal splicing of mRNA and induced a premature termination codon (PTC) at this
domain, was documented to cause a severe MDC1A with a total absence of laminin-a2 [11]. This underscores
the importance of the G domain in laminin-a2, elucidating thus the severity of the phenotype observed in
individuals deficient in it.

Genotypes consisting solely of splice-site mutations, either in the homozygous or compound heterozygous
state, accounted only for MDC1A cases. These genotypes correlated with 41% of MDC1A cases (36 out of 87),
which reaffirms the involvement of this specific type of mutation in MDC1A and emphasizes the importance
of developing strategies for the functional analysis of these splice-site mutations. Such strategies would
enhance the establishment of a genotype/phenotype correlation in LAMA2-RDs. Unfortunately, no study
has been dedicated to the functional analysis of splice-site mutations in the LAMAZ2 gene. Furthermore, only
a few studies have investigated the effects of the reported mutations through RT-PCR followed by
sequencing of the RT-PCR resulting product to determine their transcriptional consequences. Table 2
summarizes the 12 LAMAZ splice-site mutations with reported transcriptional effects. Of the 12 pathogenic
mutations, 10 prompted exon skipping, with three (3/10) resulting in a premature termination codon (PTC).
Furthermore, one mutation (1/12) introduced a new acceptor site, leading to a PTC, while another mutation
(1/12) caused the inclusion of an intron fragment, also resulting in a PTC. It has been documented that
single exon skipping commonly occurs due to mutations at canonical splice sites. However, an alternative
splice site may be utilized if the normal splice site is weak or the mutation creates or activates a cryptic
splice site. Consequently, the inclusion of an intron fragment can occur if the cryptic splice site is located
within an intron, and the exclusion of an exon fragment may happen if the cryptic splice site is present in an
exon [48].

Transcriptional Consequences Reference
Skipping of exon 58 with PTC [11]
New splicing acceptor site resulting in PTC [17]
Skipping of exon 27 [17]
Splicing of exon 26 with in-frame deletion resulting in the loss of 63 amino acids in domain IVa [23]
Skipping of exon 38 [25]
Insertion of 11 hucleotides of intron 38 within the transcript with PTC and a lower abundance of [29]
LAMA2 transcript

Skipping of exon 17 with PTC at position +4 within exon 18 [33]
Skipping of exon 31 with PTC in the second domain [34]
Skipping of exon 4 [38]
Skipping of exon 54 [38]
Skipping of exons 44 and 45, leading to the loss of the reading frame [46]
Skipping of exon 33 with loss of the reading frame [47]

TABLE 2: Summary of the reported splice-site mutations and their transcriptional consequences

PTC: Premature termination codon

The splicing mutations ¢.397-4_c.478del and ¢.7452-1G>A were identified in a patient with severe MDCIA.
The ¢.397-4_c.478del mutation resulted in exon-4 skipping, whereas the c.7452-1G>A mutation caused the
skipping of exon 54, affecting both the N-terminal domain and G domain of laminin-a2. Together, these
mutations accounted for the disease manifestation in the patient who showed a total absence of laminin-a2
expression [38].

The two out-of-frame mutations ¢.4860+2delinsGGCC and c.6429+3A>C were reported in three cases with
LGMD-like phenotype. The ¢.4860+2delinsGGCC mutation led to the out-of-frame skipping of exon 33. It
was found, along with a missense mutation (728T>C), in two patients with a partial expression of laminin-
a2 [47]. Based on existing literature, a missense mutation in the N-terminal region of laminin-a2 was
reported to be linked with milder clinical presentations, which could partly explain the phenotype of the two
cases [5,9,25]. On the other hand, the c.6429+3A>C mutation was found to be responsible for the out-of-
frame skipping of exons 44 and 45. It was also identified with an in-frame duplication (exons 4-12) in a case
with LGMD-like phenotype [46]. The preservation of the reading frame due to the in-frame duplication (exon
4-12) in this last case could potentially allow for the translation of an abnormal yet partially functional
laminin-a2. Along with that, the aberrant transcripts of the alleles bearing two out-of-frame mutations
(c.4860+2delinsGGCC and c.6429+3A>C) might have undergone degradation through the nonsense-mediated
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mRNA decay mechanism [11,19], or the resulting laminin a2 product, if translated, might have been
subjected to degradation through the "protein quantity control” mechanism, which could elucidate the
LGMD-like phenotype observed in the three cases [11,20].

The mutation ¢.3924+2T>C led to an in-frame deletion of exon 26, and it was associated with a mild
phenotype in two homozygous siblings for this mutation [23]. The mild MDC1A phenotype in both cases
could be justified since this mutation permitted the expression of laminin-a2 in the patients, though
truncated. Another mutation, ¢.5562+5G>C, resulted in the inclusion of a portion of intron 38 and a PTC.
This mutation and another splice-site mutation, ¢.9211+6T>C, were responsible for a mild phenotype in one
case [29]. The partial expression of laminin-a2 could explain this phenotype. However, the unavailable
transcriptional outcome of the ¢.9211+6T>C mutation remains necessary to explain the case better. It is
noteworthy that patients with the same homozygous genotype (c.3924+2T>C and ¢.3924+2T>C) or
compound heterozygous genotype (c.5562+5G>C and 9211+6T>C) exhibited different phenotypes, ranging
from severe presentation, where independent walking was not achieved, to milder presentation, in which
patients acquired and maintained the ability to walk for years (till last seen) [6,24]. It can be inferred that
establishing a clear genotype/phenotype correlation and predicting the prognosis of the disease based on
the effect of the mutation is not straightforward in LAMA2-RDs. This complexity and variability arise
because other genetic or epigenetic factors may potentially influence the severity of the disease [24,49].

The c.5234+1G>A mutation was reported to cause complete exon 36 skipping in three MDC1A patients: two
patients (2/3) with a homozygous genotype (c.5234+1G>A and c.5234+1G>A) and a patient with a compound
heterozygous genotype (c.5234+1G>A and ¢.3085C>T nonsense mutation) who had all a total absence of
laminin-a2 [25]. Additionally, six other cases with this mutation and a loss-of-function mutation (nonsense,
exonic deletion, and duplication) exhibited a severe MDC1A phenotype [26]. However, two unrelated
patients who had the ¢.5234+1G>A mutation and a missense mutation ¢.2461A>C presented an LGMD-like
phenotype, which is likely attributed to the presence of the missense mutation and a partial laminin-o2
expression [26,27]. This supports the claim that a genotype involving a combination of loss-of-function
mutation and missense mutation may lead to a less severe phenotype than genotypes consisting merely of
loss-of-function mutations.

The ¢.2450+5_c.2450+11del and c.4524-2A>G mutations were demonstrated to induce exon skipping, while
the ¢.3556-13T>A mutation led to the introduction of a new splicing acceptor; the three mutations were
demonstrated to affect the reading frame resulting thus in a PTC. Conversely, the ¢.4058+1G>A mutation
was merely responsible for exon 27 skipping. The four mutations were identified with another loss-of-
function mutation (frameshift or nonsense) in individuals with severe MDC1A [17,53,34]. The transcriptional
outcome of the four splice-site mutations correlated with the phenotype of patients who exhibited no
expression of laminin-a2. Besides, the resulting phenotype correlated with the entire genotype in these
patients since it consisted of loss-of-function mutations.

Our mutation, ¢.8244+1G>A, introduces a PTC within the highly functional G domain [11]. As previously
noted, it has been identified in diverse patients, occurring either in the homozygous state or in combination
with other mutations (splicing, frameshift, and nonsense) in the compound heterozygous state. All
individuals harboring this mutation manifested a severe MDC1A phenotype, except one patient with mild
MDCI1A [6,11,18,26,30]. In the cases with severe MDC1A, the severity of the transcriptional impact of this
mutation correlated significantly with the resulting phenotype. A study established that this mutation led to
a complete absence of laminin-a2, causing a severe MDC1A phenotype [11]. Nevertheless, two patients with
a compound heterozygous genotype and a severe MDC1A phenotype demonstrated partial expression of
laminin-a2. This variability may be attributed to the impact of the second mutation in each genotype [6].
Nonetheless, additional transcription analyses remain crucial for comprehensively understanding these
cases.

In summary, assessing the clinical severity in patients with LAMA2-RDs involves understanding laminin-o2
expression levels and considering the type, location, and mutational mechanism of LAMA2 mutations.
Among the different types of mutations, splice-site mutations play a significant role in LAMA2-RDs, and the
clinical severity varies depending on the genotype and transcriptional severity of the disease-causing
mutations. The findings regarding the transcriptional consequences of 12 mutations demonstrated that
splice-site mutations trigger single exon skipping in most cases but also multiple exon-skipping, insertion
of intron fragment, and the activation of a new splicing acceptor site. The pathogenicity of the
transcriptional effects of these mutations correlated with the resulting phenotypes, and most of them
induced the loss of the reading frame. Thus, a splice-site mutation, which causes the loss of the reading
frame when associated with another loss-of-function mutation, primarily results in MDC1A phenotypes.
This genotype tends to cause severe MDC1A when combined with a total absence of laminin-a2. In contrast,
the same genotype associated with residual laminin-a2 expression leads mainly to a milder MDC1A
phenotype. On the other hand, the LGMD-like phenotype is primarily attributed to a splice-site mutation
combined with a missense mutation, suggesting that a combination of loss-of-function and missense
mutations, with residual laminin-a2 expression, generally results in a less severe phenotype. Nonetheless,
exceptions were noted since a combination of loss-of-function mutations resulted in an LGMD-like
phenotype, and a splice-site mutation with a missense mutation caused an MDC1A phenotype. A lack of
information concerning laminin-a2 expression and the transcriptional consequences of many mutations
hinders a comprehensive understanding of these cases. Other than that, it was revealed that the G domain of
laminin-a2 is crucial; thus, when aberrant, it results in MDC1A in up to 41% of patients, with no
implication in cases of LGMD-like phenotype. Lastly, the observation that the same genotype with the same
level of laminin-a2 expression can lead to different phenotypes underscores the potential influence of other
genetic or epigenetic factors on the final phenotype and disease prognosis in patients.

Conclusions

The clinical manifestations of LAMA2-RDs showcase significant diversity, particularly in terms of motor
development and disease progression. This diversity poses a considerable challenge in offering precise
prognoses, even for individuals sharing identical genotypes. Splice-site mutations play a prominent role
among the various mutations implicated in LAMA2-RD. Whether occurring in a homozygous or
heterozygous state in association with another loss-of-function mutation, splice-site mutations
predominantly lead to severe MDC1A. The severity of the resulting phenotype correlates significantly with
the transcriptional consequences of these mutations. Therefore, the transcription analysis of splice-site
mutations serves as a crucial tool for comprehending their effects and, consequently, facilitating the
establishment of a genotype-phenotype correlation in individuals affected by LAMA2-RDs.
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TABLE 3: The documented 57 splice-site mutations and the clinical, paraclinical, and genetic
characteristics of the reported 97 individuals

?: Unknown 2nd mutation; A: Absent; CK: Creatine kinase; CNV: Copy number variation; FS: Frameshift; HC: Head control; LGMD: Limb-girdle muscular
dystrophy; MDC1A: Congenital muscular dystrophy type 1A; M: month; MS: Missense; NA: Non-available; NS: Non-sense; P: Partial expression; Pr:
Present; R: Running; S: Sitting; Ss: Sitting supported; St: Standing; St. s: Standing supported; W: Walking; Ws: Walking supported; WMC: White matter
changes; Y: year
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