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Technology, Vietnam Academy of Science and Technology (VAST), Hanoi, Vietnam

Background: Merosin-deficient congenital muscular dystrophy type 1A (MDC1A),
also known as laminin-a2 chain-deficient congenital muscular dystrophy (LAMAZ2-
MD), is an autosomal recessive disease caused by biallelic variants in the LAMA2
gene. In MDCI1A, laminin- a2 chain expression is absent or significantly reduced,
leading to some early-onset clinical symptoms including severe hypotonia,
muscle weakness, skeletal deformity, non-ambulation, and respiratory
insufficiency.

Methods: Six patients from five unrelated Vietnamese families presenting with
congenital muscular dystrophy were investigated. Targeted sequencing was
performed in the five probands. Sanger sequencing was carried out in their
families. Multiplex ligation-dependent probe amplification was performed in
one family to examine an exon deletion.

Results: Seven variants of the LAMA2 (NM_000426) gene were identified and
classified as pathogenic/likely pathogenic variants using American College of
Medical Genetics and Genomics criteria. Two of these variants were not
reported in the literature, including c¢.7156-5_7157delinsT and ¢.8974_
8975insTGAT. Sanger sequencing indicated their parents as carriers. The
mothers of family 4 and family 5 were pregnant and a prenatal testing was
performed. The results showed that the fetus of the family 4 only carries
c.4717 + 5G>A in the heterozygous form, while the fetus of the family 5 carries
compound heterozygous variants, including a deletion of exon 3 and c.4644C>A.

Conclusion: Our findings not only identified the underlying genetic etiology for
the patients, but also provided genetic counseling for the parents whenever they
have an offspring.
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Introduction

Congenital muscular dystrophies (CMDs) are phenotypically
heterogeneous diseases and characterized by early muscle weakness
and hypotonia presenting early after birth or infancy (Pasrija and
Tadi, 2022). CMDs are rare, with an incidence of 0.82/100,000 live
births (Pasrija and Tadi, 2022). The most common types of CMDs
involve collagen type VI related, laminin-a2 related, and alpha
dystroglycan related groups. Recently, Zambo and Muntoni
showed that thirty-seven genes have been reported to be
associated with CMDs (Zambon and Muntoni, 2021).

Laminin-a2 chain-deficient muscular dystrophy is the most
common form of congenital muscular dystrophy worldwide,
which affects about 30% of CMD patients in Europe
(Mostacciuolo et al, 1996; Allamand and Guicheney, 2002;
Geranmayeh et al,, 2010), 48% in Qatar (Abdel Aleem et al,
2020), 36.4% in China (Ge et al, 2019), and 16% in Australia
(O’Grady et al, 2016). The disease is an autosomal recessive
disorder with the reduction or absence in the production of
protein laminin-a2 which is caused by LAMA2 gene mutations
(OMIM *156225) (Helbling-Leclerc et al., 1995). The deficiency or
absence of the laminin-a2 subunit leads to a lack of laminin-211
and/laminin-221 and results in a reduced strength and stability of
skeletal muscle tissue. Depending on the extent of laminin-a2
deficiency, the clinical manifestations of LAMA2 related muscular
dystrophy (LAMA2-MD) range from severe congenital muscular
dystrophy type 1A (MDC1A, OMIM#607855) to milder late-onset
LAMA2-MD (OMIM#618138). Newborns with severe MDCI1A are
characterized by a weak cry, muscle weakness and hypotonia,
leading to delayed motor developmental milestones (Jones et al.,
2001; Gilhuis et al., 2002). Most MDC1A children lose independent
ambulation, only a few could walk with assistance (Durbeej, 2015).
The growth development is also restricted due to patients suffering
from feeding difficulties, chewing, and swallowing issues (Philpot
et al, 1999). Enteral feeding was required for several MDCIA
patients (Geranmayeh et al, 2010). MDCIA patients may
develop respiratory failure and occasionally require ventilatory
assistance in their life (Geranmayeh et al, 2010). Respiratory
tract infection is the leading cause of death in 30% of children
with early-onset MDCIA in the first decade of life (Wallgren-
Pettersson et al., 2004). Affected individuals may develop facial
muscle weakness and macroglossia, resulting in myopathic facies
with an open mouth and protruded tongue (Oliveira et al., 2020).
Elevated serum creatine kinase (CK) levels, immunohistochemistry
of skin or muscle biopsies, and white matter abnormalities on brain
MRI could be used for diagnosis of MDCI1A (Previtali and Zambon,
2020; Sarkozy et al., 2020). However, immunohistochemistry is not
available in some laboratories (Tran et al., 2020; El Kadiri et al,,
2021). In several cases, immunohistochemistry and brain MRI
might not be sufficient for an accurate diagnosis of LAMA2-MD.
Genetic testing using next-generation sequencing is recommended
for LAMA2-MD (Saredi et al., 2019; El Kadiri et al., 2021).

The LAMA2 gene is located on chromosome 6q22.33 and
consists of 65 exons (Allamand and Guicheney, 2002). There are
836 unique variants that have been reported in the LAMA?2 in the
LOVD database (https://databases.lovd.nl/shared/variants/ LAMA2/
unique; accessed on 18 February 2023), of which, 465 (55.62%) were
classified as pathogenic/likely pathogenic variants, 142 (16.99%)
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were variant of uncertain significance, and 229 (27.39%) were
benign/likely benign variants (Supplementary Table S1; Figure 1).
The pathogenic/likely pathogenic variants involve 109 (23.44%)
deletions, 104 (22.36%) nonsense, 79 (16.99%) splice sites, 63 (13.
55%) missense, 41 (8.82%) insertions, 39 (8.39%) gross deletions/
insertions, and 30 (6.45%) introns (Supplementary Table S1 and
Figure 1). Truncated protein variants contributed half of
pathogenic/likely pathogenic variants (246/465, 52.90%). Exon
4 contains most variants (30 variants), however, only one was
classified as a benign variant (Supplementary Table SI).
Therefore, exon 4 may be a hotspot area for pathogenic/likely
pathogenic variants. Most of the variants (444/465, 95.48%) have
been published in the literature. Numerous LAMA?2 variants are
recurrent (Supplementary Table S1). The most common variants
which have been reported over 20 times include ¢.2049_2050delAG
(54 reported), ¢3942 + 2T>C (34 reported), ¢.3976C>T
(31 reported), and c.3085C>T (25 reported) (Supplementary
Table S1) (Pegoraro et al, 1998; Geranmayeh et al, 2010;
Oliveira et al., 2018; Ge et al., 2019).

Four pathogenic/likely pathogenic LAMA?2 variants have
been reported in Vietnamese patients with muscular
dystrophy, including ¢.778C>T (p.H260Y) and c.2987G>A
(p-C996Y) (Nguyen et al., 2020), ¢.1964T>C (p.L655P) and
€.3556-13T>A (Tran et al., 2020). However, a large number of
LAMA?2 variants can be further detected in Vietnamese patients
with MDCI1A. In this study, we describe six unrelated patients
presenting with congenital muscular dystrophy. Targeted next-
generation sequencing and multiplex ligation-dependent probe
amplification (MLPA) were performed to achieve an accurate
molecular diagnosis. Genetic counseling was performed for the
five families. Invasive prenatal testing was performed on two
families.

Patients and methods
Patients

This study included six patients who presented with hypotonia
and muscle weakness early in life. Two of the six patients are siblings.
The patients were from Hanoi Medical University Hospital. All
patients were from non-consanguineous families.

Target sequencing and data analysis

DNA samples of the patients and family members were
extracted from peripheral blood using QIAmp® DNA Mini Kit.
We used NanoDrop™ 2000/2000c spectrometer (Thermo,
United States) to measure the purity and concentration of the
results. Targeted amplicon sequencing using a gene panel for
HiSeq
2000 platform (Illumina Inc., San Diego, CA) was performed on

hereditary muscular dystrophies on the Illumina
patients 1-5. The variants with minor allele frequency greater than
1% according to the 1000 Genomes Project database were excluded.
The remaining variants interpreted as pathogenic variants by
ClinVar (http://www.clinvar.com/); non-synonymous,

coding insertions or deletions, and splice site were screened. The

exonic
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FIGURE 1

Distribution of pathogenicity of 836 unique LAMAZ variants and the effect of 465 pathogenic/likely pathogenic variants. The data was accessed in the
LOVD database on 19 February 2023. VUS, variant of uncertain significance. Splice sites variants are alterations occurring at the start two nucleotides or

the last two nucleotides of an intron.

single heterozygous variants in the recessive inheritance genes were
removed.

The pathogenicity of identified variants was predicted using
MutationTaster 2021 (Steinhaus et al., 2021) and CADD vl1.6
(Rentzsch et al, 2021). Splice-site prediction was performed
using varSEAK (https://varseak.bio/).

Sanger sequencing, multiplex ligation-
dependent probe amplification (MLPA), and
prenatal testing

Sanger sequencing was performed for the segregation analysis
using the suitable primers (Supplementary Table S2) for LAMA2
obtained from previous research (Guicheney et al, 1998).
Sequencing was done using ABI PRISM 3500 Genetic Analyser
(Model 373A, Applied Biosystems, CA, United States).

MLPA was analyzed to identify an exon deletion in patient 5’s
family using the SALSA MLPA Probemix P391 LAMA2 mix
1 version A3 as described by Cauley et al. (2020).

Prenatal testing was offered to the families of patient 4 and
patient 5 since the mothers were pregnant. The identified variants
were checked in the amniotic fluid obtained at 17 weeks of
pregnancy.

Interpretation of variant pathogenicity

The pathogenicity of identified variants was interpreted
according to ACMG guidelines (Richards et al, 2015). Each
pathogenic criterion is weighted as very strong (PVS1), strong
(PS1-4); moderate (PM1-6), or supporting (PP1-5). Each benign
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criterion is weighted as stand-alone (BAlL), strong (BS1-4), or
supporting (BP1-6). Based on the five-tier classification system,
variants are classified as pathogenic, likely pathogenic, benign, likely
benign, and uncertain significance variants.

Results

Six patients with CMD in Vietnam were identified (Table 1). The
onset of symptoms and musculature involvements of all cases
occurred before six-months-old. None of them showed any
respiratory distress or dysfunction of the autonomic nervous
system. In the last visit, when the age was > 2-years-old, the six
patients showed inability to walk or wheelchair-dependence. The
families 1, 2, and 5 showed family history of CMD (Table 1;
Figure 2). Patient 1 presented with weak cry and muscular
hypotonia at birth, and slight hypotonia in both legs at 3 months
of age. His brothers presented with the same symptoms and died at
the age of 14 years and 9 years. Patient 2 showed a proximal muscle
weakness in lower limbs and weak movements from 5 months of
age. His elder sister had similar phenotypes with him and died at
11 years of age. Patient 3 had slight hypotonia in both legs at
3 months of age and proximal muscle weakness in upper and
lower limbs at 5 months of age. Patient 3 is the first child of the
family. Patient 4 presented with weak cry at birth and neck flexor
weakness at 4 months of age. He had typical elongated myopathic
face, wide mouth, and protruded tongue. His elder sister did not
have any muscular dystrophy symptoms. Patient 5 and patient 6 are
siblings. Patients 5 and 6 showed hypotonia from one-month-old
and 12-day-old, respectively. Patients 5 and 6 were able to sit from 8-
month-old but could not walk without support. Both patients
presented with a typical elongated myopathic face. The magnetic
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TABLE 1 Clinical characteristics and LAMA2 variants identified in the six patients.

10.3389/fgene.2023.1183663

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6
Clinical characteristics
First From birth: weak cry, =~ 3 months: muscle = 4 months: slight hypotonia From birth: weak cry 1 months: 12 days: hypotonia
symptoms muscular hypotonia weakness, weak in both legs hypotonia
movements
Family Two brothers died at One sister died at - One sister with normal One alive brother One alive brother
history 14 years and 9 years 11 years with the phenotype (Patient 6) with (Patient 5) with
with the same same symptoms similar muscle similar muscle
symptoms weakness weakness symptoms
symptoms
Apgar score 7 (weak cry) 10 10 7 (weak cry) 10 10
Respiratory No No No No No No
distress
Musculature 3 months: slight 5 months: 5 months: 4 months: Neck flexor 6 months: hard to 8 months: able to sit
hypotonia in both legs weakness roll over 8 months:
Proximal muscle Proximal muscle weakness able to sit
weakness in lower | in upper and lower limbs
limbs
Facial No No No Typical elongated myopathic = Typical elongated Typical elongated
Dysmorphy face, with an open mouth and myopathic face myopathic face
tongue protrusion
Dysfunction No No No No No No
of ANS
Creatine Elevated Elevated Elevated Elevated Elevated Elevated
kinase level
MRI NA NA NA NA NA White matter
hyperintensities
lesions on T2WI and
T2 Flair
Last clinical | Alive, 2 years, unable Alive, 3 years, Alive, 5 years, able to sit, = Alive, 4 years, able to sit with = Alive 10 years, able | Alive 8 years, able to
follow-up. to walk unable to walk wheelchair dependence his hands as support, to sit, wheelchair sit, wheelchair
wheelchair dependence dependence dependence
LAMA?2 variants (NM_000426.3)
Patient c.1303C>T, het €.3556-13T>A, c.8974_8975insTGAT, c4717 + 5G>A, het Exon 3 del, het Exon 3 del, het
hom hom C.4644C>A, het .4644C>A, het
¢.3556-13T>A, het c.7156-5_7157delinsT, het
Paternal c.1303C>T, het €.3556-13T>A, het = ¢.8974_8975insTGAT, het ¢.7156-5_7157 €.4644C>A, het €.4644C>A, het
delinsT, het
Maternal €.3556-13T>A, het €.3556-13T>A, het = ¢.8974_8975insTGAT, het c4717 + 5G>A, het Exon 3 del, het Exon 3 del, het

Abbreviation: het: heterozygous; hom: homozygous; ANS: autonomic nervous system, MRI: magnetic resonance imaging; NA: not analyzed.

resonance imaging of patient 6 showed white matter
hyperintensities lesions on T2WI and T2 Flair.

Targeted sequencing identified seven LAMA?2 variants in the five
probands (Patients 1-5, Table 1). Two of these variants were not
previously reported in the literature, including LAMA2 (NM_
000426):  ¢.7156-5_7157delinsT c.8974_8975insTGAT

(Table 2). These variants were predicted as deleterious variants in

and

MutationTaster21 and classified as pathogenic variants according
to ACMG.

Patient 1 carried compound heterozygous variants including
c1303C>T (p.R435*) that was maternally inherited, and
c.3556-13T>A (p.V1186Tfs*4) that was paternally inherited
(Table 1; Figure 2). The variant ¢.1303C>T was reported as a

pathogenic variant in ClinVar (ID 235805) and HGMD

Frontiers in Genetics

(CM102052) (Table 2). The variant ¢.3556-13T>A was reported
as a likely pathogenic variant in ClinVar (ID 555549) (Table 2). Both
variants are rare, with a frequency of 2/264690-1/3,854 for
c.1303C>T (p.R435%) (https://www.ncbi.nlm.nih.gov/snp/
1773209126, accessed on 18 February 2023) and a frequency of
1/264690-5/251408 for ¢.3556-13T>A (p.V1186Tfs*4) (https://
www.ncbi.nlm.nih.gov/snp/rs775278003, accessed on 18 February
2023) (Table 2). The ¢.1303C>T produces a premature stop codon
from arginine at the amino acid position 435 (p.R435*). The patient
2 harbored the variant ¢.3556-13T>A in the homozygous state,
while his parents carried the variant in the heterozygous state
(Table 1; Figure 2).

Patient 3 carried the variant ¢.8974_8975insTGAT in the
homozygous state (Table 1; Figure 3). The parents carried the

frontiersin.org
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Family 1 Family 2 Family 3
l] O l] O 8974 8975 -/C.8974_8975
¢.1303C>T/- -/c.3556-13T>A - - - ¢ = .
¢.3556-13T>A/- |-/c.3556-13T>A insTGAT/- insTGAT
o~
P o Patient 3
d.14yo. d.9y.o. Patient1 "4 44 y.0. Patient 2 €.8974_8975insTGAT/
¢.1303C>T/c.3556-13T>A  ¢.3556-13T>Alc.3556-13T>A c.8974_8975insTGAT
Family 4 Family 5
c.7156-5_7157 | -/c.4717+5G>A c.4644C>A/- -/Exon 3 deletion
delinsT/-
-l <L /ﬁ | ,L
-Ic.4717+5G>A Patient 4 -Ic.4717+3G>A Patient 5 Patient 6 TOP 18 wks
c.4717+5G>A/c.7156-5_7157delinsT c.4644C>A/Exon 3 deletion
FIGURE 2

Pedigrees of families 1-5 with variants in the LAMAZ2 gene. Probands are indicated by arrows. Affected individuals are shown in filled symbols. D:

Deceased; y. o.: Year-old; TOP: Termination Of Pregnancy.

variant in the heterozygous state. The variant was predicted to cause
a frameshift of the amino acid sequence of LAMA2 and a gain of
stop in a truncated protein at the position glutamic acid 2,995
(p-E2995*). This variant was not reported in the literature, in the
LOVD, gnomAD, ExAC, dbSNP155, ClinVar, HGMD or in-house
databases. The variant was classified as a pathogenic variant
according to ACMG with PVS1, PM2, PM3, PM4, PP3, and
PP4 supporting (Table 2).

Patient 4 presented with compound heterozygous LAMA2
variants, c.4717 + 5G>A that was maternally inherited and
€.7156-5_7157delinsT that was paternally inherited (Table 1;
Figure 4). The variant c.4717 + 5G>A was predicted to be a
likely splicing effect by the varSEAK tool with class 4. Based on
the ACMG guidelines and segregation analysis in family 4, c.4717 +
5G>A was interpreted as a likely pathogenic variant with two
moderate supporting (PM2 and PM3) and two possible
supporting (PP3 and PP4). The variant c¢.7156-5_7157delinsT
first
2 nucleotides of exon 51 and inserts a T nucleotide. The
varSEAK tool predicted the variant ¢.7156-5_7157delinsT to
have a class 5 splicing effect. This mutation is predicted to lead

deletes the last 5 nucleotides of intron 5 and the

to premature termination of the protein that consists of 2,386 amino
acids (p.R2386%). The variant ¢.7156-5_7157delinsT was reported as
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a pathogenic variant in the ClinVar (ID 477503), however, not in the
literature. During our investigation, the mother of the family had a
pregnancy and decided to have a prenatal diagnosis. The mother had
amniocentesis at a 17-week gestational age. The fetus was found to
be heterozygous for c.4717 + 5G>A and the pregnancy continued.

Patient 5 carried a truncating variant c.4644C>A (p.C1548%)
that was paternally inherited and a deletion of exon 3 that was
maternally inherited (Table 1; Figure 5). The deletion of exon 3 was
interpreted as a pathogenic variant with PVS1, PS3, PM2, PM4, PP1,
and PP4 supporting (Table 2). The ¢.4644C>A creates a premature
stop codon at amino acid 1,548 of the LAMA2 protein. The variant
c.4644C>A (p.C1548%) is classified as a pathogenic variant with
PVS1, PM2, PM3, PM4, PP3, and PP4 supporting. The mother of
patient 5 had amniocentesis at a 17-week gestational age and
performed genetic testing. The result showed that the fetus
harbored both ¢.4644C>A (p.C1548%) and deletion of exon 3,
like his brother (Figure 4).

Discussion
The clinical symptoms of six patients in this study occurred early

(before 6-months-old), in agreement with suggestive findings by
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TABLE 2 Evaluation of the seven LAMA2 (NM_000426) variants.

c.DNA change Phys. Location (exon) Frequency dbSNP ClinVar ID Mutation CADD ACMG Literature
Taster
Deletion Exon 3 Exon 3 - - - - CG1417642 - - Pathogenic (PVSI, PS3, Reported
PM2, PM4, PP1, PP4)
c.1303C>T chr6:129486817C>T (Exon 9) p-R435* 2/264690-1/ 1773209126 235805 Pathogenic Pathogenic Del 37 Pathogenic (PVSI, PS1, Reported
3,854, het CM102052 PM2, PM3, PM4,
PP3, PP4)
€.3556-13T>A chr6:129636608T>A (Intron 24-25) p-V1186Tfs*4 1/264690-5/ 1775278003 555549 Likely Pathogenic Del 225 Likely pathogenic (PM2, Reported
251408, het pathogenic CS151380 PM3, PP3, PP4, PP5)
c.4644C>A chr6:129674429C>A (Exon 32) p.C1548* - - - - Del 37 Pathogenic (PVS1, PM2, Reported
PM3, PM4, PP3, PP4)
c4717 + 5G>A chr6:129674507G>A (Intron 32-33) - 1/251308-3/ 1776050258 1028253 VUS - Del 25 Likely pathogenic (PM2, Reported
264690, het PM3, PP3, PP4)
c.7156- chr6:129786285_129786291delinsT R2386* - rs1554301854 | 477503 Pathogenic - Del - Pathogenic (PVS1, PM2, Not
5_7157delinsT (Intron 50-51+Exon 51) PM3, PM4, PP3, PP4)
¢.8974_8975insTGAT chr6:129833624_129833625insTGAT p-E2995* - - - - Del - Pathogenic (PVS1, PM2, Not

(exon 63)

PM3, PM4, PP3, PP4)

Abbreviation: het-heterozygous, Del-Deleterious, VUS-Variant of Uncertain Significance, HGMD-Human Gene Mutation Database, PVS-pathogenic very strong, PS-pathogenic strong, PM-pathogenic moderate, PP-pathogenic supporting.
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p. E2995*
I b 2005 |
ATTG ATIGA AAIAGG WT-DNA
ATTG AT|TG A T!lGAA Mutant-DNA
| D I *
| [
| Mother
Het
|
I I
| I
| Father
Het
. I
ATTGATITGA TI G AA Mutant-DNA
| D | ~*
|
|
| Patient 3
Hom
-— o wd
FIGURE 3

Sanger sequencing analysis of the variant ¢.8974_8975insTGAT

in the family 3. Patient 3 carries variant c.8974_8975insTGAT
(9.629283_629284insTGAT) in the homozygous state. The parents
carry the variant in the heterozygous state. This variant creates a

new stop codon at the position amino acid number 2995 (p.E2995%).
The protein is truncated. Hom, homozygous; Het, heterozygous; WT,
wild-type.

Oliveira et al. (Oliveira et al, 1993). They all suffered from
significant hypotonia and the inability to walk from an early
period of life.

In this study, 5/7 variants were predicted to result in a truncated
protein (Table 2; Figure 6), which is in line with the previous studies
(Oliveira et al., 2008; Oliveira et al., 2018; Geranmayeh et al., 2010;
Xiong et al,, 2015), in which, variants predicted to lead to premature
termination of translation in LAMA?2 are the most common variants
identified in patients with MDC1A. Laminin-o2 is a part of the laminin-
211which form a link between the sarcolemma of muscle fibers and the
extracellular matrix. The five LG domains of laminin-a2 play as
receptor binding sites (Holmberg and Durbeej, 2013). The LG1-3
domains and LG4-5 domains are responsible for binding to
intergrin a7P1 and a-dystroglycan, respectively. The extracellular a-
dystroglycan is anchored to the cell transmembrane by linking to f-
dystroglycan. The -dystroglycan binds to dystrophin which is coupled
to the actin-rich cytoskeleton (Campbell, 1995). Therefore, the LG4-5
domains are critical for the a-dystroglycan/laminin interaction, which
plays an important role for the stability of basement membranes.
Truncating variants causing the lack of the LG domains frequently
result in the loss of function of LAMA?2 and cause the disease. In fact,
based on the LOVD database, all truncating variants have been
classified as pathogenic/likely pathogenic variants (Supplementary
Table S1). In our study, all patients carried at least a truncating
pathogenic/likely  pathogenic therefore, the

variant, patients
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presented symptoms early in life. None of the seven identified
variants were missense, while another Vietnamese patient with
MDCIA harbored a missense mutation ¢.1964T>C (p.L655P) and
¢.3556-13T>A (Tran et al, 2020). Two missense variants, ¢.778C>T
(pH260Y) and ¢2987G>A (p.C996Y), have been reported in
Vietnamese patients with late-onset LAMA2-MD who achieved
independent walking (Nguyen et al., 2020). This result is consistent
with the findings of Oliveira et al. (2018) and Tan et al. (2021), where
missense variants were more frequent in late-onset LAMA2-MD than
MDCIA.

The variant ¢.3556-13T>A was detected in patients 1 and 2 in
our study, and another reported Vietnamese patient with MDC1A
(Tran etal., 2020). The variant ¢.3556-13T>A was predicted to cause
a premature termination of transcription (p.V1186Tfs*4) (Xiong
et al, 2015). Patient 2 carried ¢.3556-13T>A in the homozygous
state, while patient 1 and the individual in the study of Tran et al.
harbored ¢.1303C>T (p.R435*) and c.1964T>C (p.L655P),
respectively. Mutation ¢.1303C>T (p.R435*) was published as a
nonsense mutation and expected to produce a truncated protein,
thus, leading to a loss of protein function (Geranmayeh et al., 2010).
The variant ¢.3556-13T>A was reported in two Chinese siblings
(Xiong et al., 2015; Ge et al., 2019; Tan et al., 2021). The two siblings
carried another frameshift variant, c.4883delC (p.P1629Qfs*11)
2015).
characteristics between these MDCIA cases, such as ability to sit

(Xiong et al, There are several similar clinical
but inability to walk, normal intelligence, and progressive scoliosis.

Patient 3 carried a novel homozygous variant c.8974_
8975insTGAT (p.E2995*) which was located in exon 63 and
predicted to truncate 172 amino acids located in the last domain
LG5 of LAMA2 (Figure 5). Exon 63 might play an important role in
the function of the G-like domain (Tan et al., 2021). The
pathogenicity of this novel variant is supported by data in the
literature that reported c.8987del (p.K2996Sfs*2) causing the
creation of a stop codon next to p.E2995* (Tan et al., 2021).

Interestingly, in this study we reclassified a VUS (c.4717 + 5G>A) as
a likely pathogenic variant based on segregation analysis. The family
segregation analysis has been considered as an effort method to reclassify
a VUS as pathogenic/likely pathogenic or benign/likely pathogenic
(Garrett et al,, 2016; Rush et al., 2022). The variant c4717 + 5G>A
was reported as uncertain significance in the ClinVar database (ID
1028253) by Baylor Genetics and Invitae submitters but not in the
literature. Our study is the first report of c4717 + 5G>A as a likely
pathogenic variant in a MDCI1A patient. The variant c4717 + 5G>A
affects a nucleotide within the consensus splice site of the intron. In
LAMA2, there is a pathogenic variant which also occurred at the fifth
nucleotide in intron 37 (¢.5562 + 5G>A) (Tezak et al., 2003). The ¢.5562
+ 5G>A resulted in the alternative splicing laminin-a2 with an 11 base-
pair insertion in exon 37 (Tezak et al,, 2003). We hypothesize that c.4717
+ 5G>A may act in a similar way to ¢5562 + 5G>A, leading to an
aberrant splicing. Beside c.4717 + 5G>A, patient 4 also carried a novel
variant ¢.7156-5_7157delinsT, which is classified as a pathogenic variant
with PVS1, PM2, PM3, PM4, PP3, and PP4 supporting (Table 2). This
variant creates a truncated protein consisting of 2,386 amino acids
(p.R2386*). It means the protein lost 724 amino acids belonging to LG2-
LG5 (Figure 5), the region is responsible for linking laminin 211 to the
cytoskeleton in muscle cells and is crucial for their interaction with
membrane receptors (Nguyen et al., 2019). This study is the first report
of ¢.7156-5_7157delinsT associated with MDCI1A patients.

frontiersin.org


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1183663

Tran et al. 10.3389/fgene.2023.1183663
g.581944 581950delinsT g.470166G>A
c.7156-5_7157delinsT c.4717+5G>A
e e = . i 1 - 1
| TTAATAGAGAG Wt ! . !
' TTTAGATT TCA Mut! LA LR
]
| ,  Father ¢ i
! Het | X Hom !
: : : 1
: [ N [
' TTAATAGAGAG Wt | TTGTACGTATA :
] : 1 A Mut :
1
E Hom! Mother : v Hot |
: l : l
' TTAAT AGAGAG Wt | TTGTACGTATA !
:TT TAG ATT TC A Mut: : A Mut :
: i Patient4 ! ¢ i
: Het: ! Het i
: l : .
| TTAATAGAGAG Wt ! . TTGTACGTATA !
! i - ! A Mut :
1
: Hom ! ister E $ Het |
| : : l
' TTAATAGAGAG Wt | 'TTGTACGTATA i
I ! ! A Mut |
! | Fetus X + 1
| Hom ! ! Het |
:______________________! W\ - - - _—_—_____1
B 2386
i ———
c.DNA GACCTGAGAGAT
= | —— Wt
AA D L:R!D
! 1
c.DNA GACCTGTAGATT Mut
ﬁ_‘ﬁ_‘lﬁ—’l
AA D L!'*
L i
FIGURE 4

(A) Sanger sequencing analysis of the family 4. Patient 4 carried two variants, including c.7156-5_7157delinsT inherited from the father and c.4717 +
5G>A inherited from the mother. His sister and fetus only carried c.4717 + 5G>A in the heterozygous state. (B) Sequence comparison between wild type
and variant ¢.7156-5_7157delinsT. The variant alters the sequence at the intersection of intron 50 and exon 51 and may produce a premature termination

of the protein containing 2,386 amino acids (p.R2386%).

The variant ¢.4644C>A was reported in LAMA?2 related muscular
dystrophy in the study of T6pf et al., however, no clinical and functional
information was described (Topf et al., 2020). Our study is the first
detailed clinical report of a MDCIA patient with the variant
c4644C>A. The c4644C>A creates a premature stop codon
(p.C1548*). Patient 5 also carried a deletion of exon 3 which locates
in a hotspot area for large deletions (Oliveira et al, 2018). MLPA
showed that his mother and brother also carried the deletion of exon 3
(Figure 4). The deletion of exon 3 has been reported in a boy with age of
onset at 4-month-old (Oliveira et al, 2014). The LAMA2 gene
sequencing detected a nonsense variant, c497G>A (p.W166*), in the
heterozygous and homozygous states in the boy (Oliveira et al,, 2014).

Frontiers in Genetics

The authors performed MLPA analysis and long-range PCR to identify
the deletion of exon 3 (c.284-4,685_397-146delinsATA (Oliveira et al.,
2014). In our study, we could not determine the breakpoints of the exon
3 deletion in patient 5. According to the LOVD database, 21 deletions of
exon(s) have been reported in LAMAZ from 63 reports, and all of them
were classified as pathogenic/likely pathogenic variants (Supplementary
Table S1). Therefore, in the context of a heterozygous variant being
identified in the patients suspected with MDCIA, the clinicians should
consider another copy number variation.

After genetic analysis, the patients’ families were provided
genetic counseling of potential risks to offspring in the future.
During our investigation, the mothers of patient 4 and patient
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FIGURE 5

Sanger sequencing analysis and multiplex ligation-dependent probe amplification (MLPA) of the family of patient 5. Patient 5, his brother and the
fetus carried compound heterozygous variants, including c.4644C>A (p.C1548*) inherited from the father (the left panel) and a deletion of exon
3 inherited from the mother (the right panel). Mut, mutation; Hom, homozygous; Het, heterozygous.

5 were pregnant and they decided to perform prenatal testing.
The results showed that the fetus of family 4 only carried c¢.4717
+5G>A in the heterozygous state, therefore, the parents decided
to continue the pregnancy. The newborn was given birth with
APGAR score of 10 and did not show muscle weakness or
symptoms like his brother. The fetus of family 5 carried
compound heterozygous variants, including the deletion of
exon 3 and c.4644C>A, the parents decided to terminate the
pregnancy. Prenatal diagnosis for screening of LAMA2
mutations has been described since 1998 (Guicheney et al,
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1998). Merosin immunohistochemistry of trophoblastic cells
was applied for prenatal diagnosis of merosin-deficient
muscular dystrophy (Vainzof et al., 2005; Fadiloglu et al,
2018), however, it seems not to be frequently applied in
prenatal diagnosis.

Currently, there is no curative treatment for MDC1A. Treatment
strategies concentrate on managing symptoms, such as physical
therapy, speech therapy, occupational therapy, and diet
modifications to alleviate the symptoms (Oliveira et al., 2020; Sousa,
2022). Several drugs have been investigated in different LAMA2-CMD
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mouse models. Omiganil treatment inhibited glyceraldehyde-3-
phosphate dehydrogenase-Siahl-mediated apoptosis, protected fibers
degradation, improved locomotion in young mice, reduced spine
deformation, and prolonged survival in dy"/dy" mice (Erb et al,
2009). Doxycycline treatment improved growth, delayed the onset of
hindlimb paralysis, reduced the number of inflammatory cells,
the and Akt
phosphorylation, terminal

increased spontaneous  standing movements

decreased levels of Bax protein,
deoxynucleotidyl transferase dUTP nick end labelling-positive
myonuclei, and activated caspase-3 in dy"/dy" mice (Girgenrath
et al, 2009). Losartan treatment enhanced muscle strength,
ameliorated fibrosis, inhibited transforming growth factor-f signaling
pathway and the mitogen-activated protein kinase cascade in dy”/dy”
mice (Elbaz et al,, 2012). Bortezomib treatment increased life span, body
weight, locomotion, and muscle morphology, reduced apoptosis and
fibrosis, and partially normalized miRNA expression (miR-1 and miR-
133a) in dy’™/dy™ mice (Korner et al, 2014). Metformin treatment
increased weight gain and energy efficiency, enhanced muscle function,
and improved skeletal muscle histology in female dy”/dy” mice (Fontes-
Oliveira et al,, 2018). N-acetyl-L-cysteine treatment preserved muscle
strength, reduced fibrosis, central nucleation, apoptosis, inflammation
and oxidative stress, and vitamin E treatment improved skeletal muscle
morphological features, reduced inflammation and reactive oxygen
species levels in dy”/dy” mice (Harandi et al, 2020). Vemurafenib
treatment improved muscle histopathology and restored the TGF-p/
SMAD3 and mTORC1/p70S6K signaling pathways in mouse models,
but did not restore the myomatrix (Oliveira-Santos et al, 2023).
However, vemurafenib treatment might be combined with other
therapies that restore the myomatrix. Several new therapeutic
approaches for LAMA2-CMD have been investigated, such as
integrin-a7p1 regulation, laminin- and cell-based therapies, laminin-
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111 protein replacement therapy, or laminin-al enhancement (Barraza-
Flores et al., 2020). The CRISPR/dCas9 system was used to correct a
LAMAZ2 splice site variant, c.417 + 1G>A, using nonhonmologus end-
joining in dy’/dy’ mouse model (Kemaladewi et al, 2017). A
restoration of full-length of LAMA2 was obtained, leading to a
functional LAMA?2 protein in the mouse model (Kemaladewi et al,
2017). However, due to the large number of LAMA2 pathogenic
variants reported, therapeutic approaches for MDCIA would be
mutation-independent and thus favorable to all affected patients.
The LAMAI is high identical to LAMA2, therefore, upregulation of
LAMAI can be a disease modifier for LAMA2-CMD (Kemaladewi et al.,
2019). The authors constructed a CRISPR activation system including
deactivated Cas9 derived from Staphylococcus aureus (SadCas9),
transcriptional activators VP64 (2xVP64) and single-guide RNAs
(sgRNAs) targeting the LAMAI promoter (Kemaladewi et al.,, 2019).
The CRISPR/dCas9-mediated upregulation of LAMAI ameliorated
disease symptoms in the dy”/dy” mouse model (Kemaladewi et al,
2019). Arockiaraj et al. (2023) treated fibroblasts from MDC1 A-affected
individuals who carried different LAMA2 pathogenic variants with
SadCas9-2x VP64 and three sgRNAs targeting the proximal promoter
of LAMAI. The results showed a robust upregulation of LAMAI
expression, and reduction in cell migration and expression of
fibroblast growth factor 2 (FGFR2), transforming growth factor-p2
(TGF-B2), and actin alpha 2 (ACTAZ2). For clinical application in the
future, dual adeno-associated virus (AVVs) are needed to package the
necessary CRISPRa components (Arockiaraj et al., 2023). However, the
high doses of AVV required to achieve clinical efficiency for
musculoskeletal disorders resulted in serious adverse events, such as
hepatoxiccity and neurotoxicity (Burdett and Nuseibeh, 2023).
Therefore, a reduction of the CRISPRa components to decrease the
number of AAV is necessary to investigate in the future.
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Conclusion

Targeted sequencing using next-generation sequencing and
MLPA are efficient methods for diagnosis CMD as well as
MDCIA. By using these methods, we identified abnormalities
in the LAMA2 gene that supported the diagnostic accuracy of
MDCI1A. The findings significantly contributed in appropriate
genetic counseling and prenatal testing for affected families. The
effects of the variants identified to the function of LAMA2 need
to be evaluated experimentally in the future to improve the
of the
therapeutic approaches for patients.

understanding pathology and develop targeted

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Ethics statement

The studies involving human participants were reviewed and
approved by the Ethics Committee of the Institute of Genome
Research, Vietnam Academy of Science and Technology. Written
informed consent to participate in this study was provided by the
participants’ legal guardian/next of kin. Written informed consent
was obtained from the individual(s), and minor(s)’ legal guardian/
next of kin, for the publication of any potentially identifiable images
or data included in this article.

Author contributions

VT designed the study, wrote and reviewed the manuscript. N-LN
and LNT analyzed data and wrote the manuscript. PL, AT, TP, NL, NX,
and TVT analyzed data and reviewed the manuscript. THT and H-HN

References

Abdel Aleem, A., Elsaid, M. F., Chalhoub, N., Chakroun, A., Mohamed, K. A. S.,
AlShami, R,, et al. (2020). Clinical and genomic characteristics of LAMA2 related
congenital muscular dystrophy in a patients’ cohort from Qatar. A population specific
founder variant. Neuromuscul. Disord. 30, 457-471. doi:10.1016/j.0md.2020.03.009

Allamand, V., and Guicheney, P. (2002). Merosin-deficient congenital muscular
dystrophy, autosomal recessive (MDCIA, MIM#156225, LAMA2 gene cnding for
alpha2 chain of laminin). Eur. J. Hum. Genet. 10, 91-94. doi:10.1038/sj.ejhg.5200743

Arockiaraj, A. I, Johnson, M. A., Munir, A., Ekambaram, P., Lucas, P. C., McAllister-
Lucas, L. M., et al. (2023). CRISPRa-induced upregulation of human
LAMAL compensates for LAMA2 -deficiency in merosin-deficient congenital
muscular dystrophy. bioRxiv doi:10.1101/2023.03.06.531347

Barraza-Flores, P., Bates, C. R., Oliveira-Santos, A., and Burkin, D. J. (2020). Laminin
and integrin in LAMA2-related congenital muscular dystrophy: From disease to
therapeutics. Front. Mol. Neurosci. 13, 1. doi:10.3389/fnmol.2020.00001

Burdett, T., and Nuseibeh, S. (2023). Changing trends in the development of AAV-
based gene therapies: A meta-analysis of past and present therapies. Gene. Ther. 30,
323-335, doi:10.1038/s41434-022-00363-0

Campbell, K. P. (1995). Three muscular dystrophies: Loss of cytoskeleton-
extracellular matrix linkage. Cell. 80, 675-679. doi:10.1016/0092-8674(95)90344-5

Cauley, E. S, Pittman, A., Mummidivarpu, S., Karimiani, E. G., Martinez, S., Moroni,
L, et al. (2020). Novel mutation identification and copy number variant detection via

Frontiers in Genetics

11

10.3389/fgene.2023.1183663

interpreted the data and reviewed the manuscript. All authors
contributed to the article and approved the submitted version.

Funding

This study was supported by Vietnam Academy of Science and
Technology (Grant number KHCBSS.01/22-24).

Acknowledgments

The authors thank the patients and their family members for
their time and support.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fgene.2023.1183663/
full#supplementary-material

exome sequencing in congenital muscular dystrophy. Mol. Genet. Genomic. Med. 8,
e1387. doi:10.1002/mgg3.1387

Durbeej, M. (2015). Laminin-a2 chain-deficient congenital muscular dystrophy:
Pathophysiology and development of treatment. Curr. Top. Membr. 76, 31-60.
doi:10.1016/bs.ctm.2015.05.002

El Kadiri, Y., Ratbi, I, Laarabi, F. Z., Kriouile, Y., Sefiani, A., and Lyahyai, J. (2021).
Identification of a novel LAMA2 ¢.2217G > A, p. (Trp739*) mutation in a Moroccan
patient with congenital muscular dystrophy: A case report. Bmc. Med. Genomics. 14,
113. doi:10.1186/512920-021-00959-2

Elbaz, M., Yanay, N., Aga-Mizrachi, S., Brunschwig, Z., Kassis, L, Ettinger, K., et al.
(2012). Losartan, a therapeutic candidate in congenital muscular dystrophy: Studies in
the dy®/dy®” mouse. Ann. Neurol. 71, 699-708. doi:10.1002/ana.22694

Erb, M., Meinen, S., Barzaghi, P., Sumanovski, L. T., Courdier-Friih, I, Rilegg, M. A.,
et al. (2009). Omigapil ameliorates the pathology of muscle dystrophy caused by
laminin-alpha2 deficiency. J. Pharmacol. Exp. Ther. 331, 787-795. doi:10.1124/jpet.
109.160754

Fadiloglu, E., Ozten, G., Unal, C,, Talim, B., Topaloglu, H., and Beksac, M. S. (2018).
Prenatal diagnosis of merosin-deficient muscular dystrophy. Fetal. Pediatr. Pathol. 37,
418-423. doi:10.1080/15513815.2018.1520944

Fontes-Oliveira, C. C., Soares Oliveira, M. B., Kérner, Z., Harandi, M. V., and Durbeej,
M. (2018). Effects of metformin on congenital muscular dystrophy type 1A disease

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fgene.2023.1183663/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2023.1183663/full#supplementary-material
https://doi.org/10.1016/j.nmd.2020.03.009
https://doi.org/10.1038/sj.ejhg.5200743
https://doi.org/10.1101/2023.03.06.531347
https://doi.org/10.3389/fnmol.2020.00001
https://doi.org/10.1038/s41434-022-00363-0
https://doi.org/10.1016/0092-8674(95)90344-5
https://doi.org/10.1002/mgg3.1387
https://doi.org/10.1016/bs.ctm.2015.05.002
https://doi.org/10.1186/s12920-021-00959-2
https://doi.org/10.1002/ana.22694
https://doi.org/10.1124/jpet.109.160754
https://doi.org/10.1124/jpet.109.160754
https://doi.org/10.1080/15513815.2018.1520944
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1183663

Tran et al.

progression in mice: A gender impact study. Sci. Rep. 8, 16302. doi:10.1038/541598-018-
34362-2

Garrett, L. T., Hickman, N, Jacobson, A., Bennett, R. L., Amendola, L. M., Rosenthal,
E. A, etal. (2016). Family studies for classification of variants of uncertain classification:
Current laboratory clinical practice and a new web-based educational tool. J. Genet.
Couns. 25, 1146-1156. doi:10.1007/s10897-016-9993-2

Ge, L., Zhang, C., Wang, Z., Chan, S. H. S., Zhu, W., Han, C,, et al. (2019). Congenital
muscular dystrophies in China. Clin. Genet. 96, 207-215. doi:10.1111/cge.13560

Geranmayeh, F., Clement, E., Feng, L. H,, Sewry, C., Pagan, J., Mein, R, et al. (2010).
Genotype-phenotype correlation in a large population of muscular dystrophy patients
with LAMA2 mutations. Neuromuscul. Disord. 20, 241-250. doi:10.1016/j.nmd.2010.
02.001

Gilhuis, H. J., ten Donkelaar, H. J., Tanke, R. B., Vingerhoets, D. M., Zwarts, M. J.,
Verrips, A., et al. (2002). Nonmuscular involvement in merosin-negative congenital
muscular dystrophy. Pediatr. Neurol. 26, 30-36. doi:10.1016/50887-8994(01)00352-6

Girgenrath, M., Beermann, M. L., Vishnudas, V. K., Homma, S., and Miller, J. B.
(2009). Pathology is alleviated by doxycycline in a laminin-alpha2-null model of
congenital muscular dystrophy. Ann. Neurol. 65, 47-56. doi:10.1002/ana.21523

Guicheney, P., Vignier, N., Zhang, X., He, Y., Cruaud, C,, Frey, V., et al. (1998). PCR
based mutation screening of the laminin alpha2 chain gene (LAMA2): Application to
prenatal diagnosis and search for founder effects in congenital muscular dystrophy.
J. Med. Genet. 35, 211-217. doi:10.1136/jmg.35.3.211

Harandi, V. M., Moreira Soares Oliveira, B., Allamand, V., Friberg, A., Fontes-
Oliveira, C. C., and Durbeej, M. (2020). Antioxidants reduce muscular dystrophy in the
dy?/dy” mouse model of laminin a2 chain-deficient muscular dystrophy. Antioxidants
(Basel). 9, 244. doi:10.3390/antiox9030244

Helbling-Leclerc, A., Zhang, X., Topaloglu, H., Cruaud, C., Tesson, F., Weissenbach,
J., et al. (1995). Mutations in the laminin alpha 2-chain gene (LAMA2) cause merosin-
deficient congenital muscular dystrophy. Nat. Genet. 11, 216-218. doi:10.1038/
ngl095-216

Holmberg, J., and Durbeej, M. (2013). Laminin-211 in skeletal muscle function. Cell.
adh. Migr. 7, 111-121. doi:10.4161/cam.22618

Jones, K. J., Morgan, G., Johnston, H., Tobias, V., Ouvrier, R. A., Wilkinson, I, et al.
(2001). The expanding phenotype of laminin alpha2 chain (merosin) abnormalities:
Case series and review. J. Med. Genet. 38, 649-657. doi:10.1136/jmg.38.10.649

Kemaladewi, D. U., Maino, E.,, Hyatt, E., Hou, H., Ding, M., Place, K. M,, et al. (2017).
Correction of a splicing defect in a mouse model of congenital muscular dystrophy type
1A using a homology-directed-repair-independent mechanism. Nat. Med. 23, 984-989.
doi:10.1038/nm.4367

Kemaladewi, D. U,, Bassi, P. S., Erwood, S., Al-Basha, D., Gawlik, K. I, Lindsay,
K., et al. (2019). A mutation-independent approach for muscular dystrophy via
upregulation of a modifier gene. Nature 572, 125-130. doi:10.1038/s41586-019-
1430-x

Korner, Z., Fontes-Oliveira, C. C., Holmberg, J., Carmignac, V., and Durbeej, M.
(2014). Bortezomib partially improves laminin a2 chain-deficient muscular dystrophy.
Am. ]. Pathol. 184, 1518-1528. d0i:10.1016/j.ajpath.2014.01.019

Mostacciuolo, M. L., Miorin, M., Martinello, F., Angelini, C., Perini, P., and Trevisan,
C. P. (1996). Genetic epidemiology of congenital muscular dystrophy in a sample from
north-east Italy. Hum. Genet. 97, 277-279. doi:10.1007/BF02185752

Nguyen, Q., Lim, K. R. Q., and Yokota, T. (2019). Current understanding and
treatment of cardiac and skeletal muscle pathology in laminin-o2 chain-deficient
congenital muscular dystrophy. Appl. Clin. Genet. 12, 113-130. doi:10.2147/TACG.
$187481

Nguyen, N.-L., Ngoc, C. T. B,, Vu, C. D., Nguyen, T. T. H., and Nguyen, H. H. (2020).

Whole exome sequencing as a diagnostic tool for unidentified muscular dystrophy in a
Vietnamese family. Diagn. (Basel). 10, 741. doi:10.3390/diagnostics10100741

O’Grady, G. L, Lek, M., Lamande, S. R., Waddell, L., Oates, E. C., Punetha, J.,, et al.
(2016). Diagnosis and etiology of congenital muscular dystrophy: We are halfway there.
Ann. Neurol. 80, 101-111. doi:10.1002/ana.24687

Oliveira, J., Santos, R., Soares-Silva, L, Jorge, P., Vieira, E., Oliveira, M. E,, et al. (2008).

LAMA?2 gene analysis in a cohort of 26 congenital muscular dystrophy patients. Clin.
Genet. 74, 502-512. doi:10.1111/j.1399-0004.2008.01068.x

Oliveira, J., Gongalves, A., Oliveira, M. E., Fineza, I, Pavanello, R. C. M., Vainzof, M.,
etal. (2014). Reviewing large LAMA2 deletions and duplications in congenital muscular
dystrophy patients. J. Neuromuscul. Dis. 1, 169-179. doi:10.3233/JND-140031

Oliveira, J., Gruber, A., Cardoso, M., Taipa, R., Fineza, I., Gongalves, A., et al. (2018).
LAMA2 gene mutation update: Toward a more comprehensive picture of the laminin-
a2 variome and its related phenotypes. Hum. Mutat. 39, 1314-1337. doi:10.1002/humu.
23599

Oliveira, J., Freixo, J. P., Santos, M., and Coelho, T. (2020). “LAMA2 muscular
dystrophy,” in GeneReviews® (Seattle: University of Washington). Available at: https://
www.ncbi.nlm.nih.gov/sites/books/NBK97333/(Accessed May 18, 2023).

Frontiers in Genetics

10.3389/fgene.2023.1183663

Oliveira-Santos, A., Dagda, M., Wittmann, J., Smalley, R., and Burkin, D. J. (2023).
Vemurafenib improves muscle histopathology in a mouse model of LAMA2-related
congenital muscular dystrophy. Dis. Model. Mech. 16, dmm049916. doi:10.1242/dmm.
049916

Pasrija, D., and Tadi, P. (2022). Congenital muscular dystrophy. Treasure Island, FL:
StatPearls Publishing. Available at: https://www.ncbi.nlm.nih.gov/books/NBK558956/
(Accessed February 14, 2023).

Pegoraro, E., Marks, H., Garcia, C. A., Crawford, T., Mancias, P., Connolly, A. M.,
et al. (1998). Laminin alpha2 muscular dystrophy: Genotype/phenotype studies of
22 patients. Neurology 51, 101-110. doi:10.1212/wnl.51.1.101

Philpot, J., Bagnall, A, King, C., Dubowitz, V., and Muntoni, F. (1999). Feeding
problems in merosin deficient congenital muscular dystrophy. Arch. Dis. Child. 80,
542-547. doi:10.1136/adc.80.6.542

Previtali, S. C., and Zambon, A. A. (2020). LAMA2 neuropathies: Human findings
and pathomechanisms from mouse models. Front. Mol. Neurosci. 13, 60. doi:10.3389/
fnmol.2020.00060

Rentzsch, P., Schubach, M., Shendure, J., and Kircher, M. (2021). CADD-
splice—Improving genome-wide variant effect prediction using deep learning-
derived splice scores. Genome. Med. 13, 31. doi:10.1186/s13073-021-00835-9

Richards, S., Aziz, N, Bale, S., Bick, D., Das, S., Gastier-Foster, J., et al. (2015).
Standards and guidelines for the interpretation of sequence variants: A joint
consensus recommendation of the American College of medical genetics and
Genomics and the association for molecular pathology. Genet. Med. 17, 405-424.
doi:10.1038/gim.2015.30

Rush, E. T., Johnson, B., Aradhya, S., Beltran, D., Bristow, S. L., Eisenbeis, S., et al.
(2022). Molecular diagnoses of X-linked and other genetic hypophosphatemias: Results
from a sponsored genetic testing program. J. Bone. Min. Res. 37, 202-214. doi:10.1002/
jbmr.4454

Saredi, S., Gibertini, S., Matalonga, L., Farina, L., Ardissone, A., Moroni, I, et al.
(2019). Exome sequencing detects compound heterozygous nonsense LAMA2
mutations in two siblings with atypical phenotype and nearly normal brain MRI.
Neuromuscul. Disord. 29, 376-380. doi:10.1016/j.nmd.2019.04.001

Sarkozy, A., Foley, A. R,, Zambon, A. A., Bonnemann, C. G., and Muntoni, F. (2020).
LAMA2-related dystrophies: Clinical phenotypes, disease biomarkers, and clinical trial
readiness. Front. Mol. Neurosci. 13, 123. doi:10.3389/fnmol.2020.00123

Sousa, R. (2022). Congenital muscular dystrophy type 1A: The role of
multidisciplinary rehabilitation. Sinapse 22, 137-140. doi:10.46531/sinapse/CC/
220030/2022

Steinhaus, R., Proft, S., Schuelke, M., Cooper, D. N., Schwarz, J. M., and Seelow, D.
(2021). Mutation Taster2021. Nucleic. Acids Res. 49, W446-W451. doi:10.1093/nar/
gkab266

Tan, D, Ge, L, Fan, Y., Chang, X., Wang, S., Wei, C,, et al. (2021). Natural history and
genetic study of LAMA2-related muscular dystrophy in a large Chinese cohort.
Orphanet. . Rare Dis. 16, 319. doi:10.1186/s13023-021-01950-x

Tezak, Z., Prandini, P., Boscaro, M., Marin, A., Devaney, J., Marino, M., et al. (2003).
Clinical and molecular study in congenital muscular dystrophy with partial laminin alpha 2
(LAMA?2) deficiency. Hum. Mutat. 21, 103-111. doi:10.1002/humu.10157

Topf, A., Johnson, K., Bates, A., Phillips, L., Chao, K. R., England, E. M., et al.
(2020). Sequential targeted exome sequencing of 1001 patients affected by
unexplained limb-girdle weakness. Genet. Med. 22, 1478-1488. doi:10.1038/
541436-020-0840-3

Tran, K. T., Le, V. S,, Vu, C. D, and Nguyen, L. T. (2020). A novel de novo variant of
LAMA2 contributes to merosin deficient congenital muscular dystrophy type 1A: Case
report. Biomed. Rep. 12, 46-50. doi:10.3892/br.2019.1260

Vainzof, M., Richard, P., Herrmann, R., Jimenez-Mallebrera, C., Talim, B.,
Yamamoto, L. U, et al. (2005). Prenatal diagnosis in laminin alpha2 chain
(merosin)-deficient congenital muscular dystrophy: A collective experience of five
international centers. Neuromuscul. Disord. 15, 588-594. doi:10.1016/j.nmd.2005.
04.009

Wallgren-Pettersson, C., Bushby, K., Mellies, U., and Simonds, A.ENMC (2004).
117th ENMC workshop: Ventilatory support in congenital neuromuscular disorders --
congenital myopathies, congenital muscular dystrophies, congenital myotonic
dystrophy and SMA (II) 4-6 april 2003, naarden, The Netherlands. Neuromuscul.
Disord. 14, 56-69. doi:10.1016/j.nmd.2003.09.003

Xiong, H., Tan, D., Wang, S., Song, S., Yang, H., Gao, K,, et al. (2015). Genotype/
phenotype analysis in Chinese laminin-o2 deficient congenital muscular dystrophy
patients. Clin. Genet. 87, 233-243. doi:10.1111/cge.12366

Zambon, A. A., and Muntoni, F. (2021). Congenital muscular dystrophies: What is
new? Neuromuscul. Disord. 31, 931-942. doi:10.1016/j.nmd.2021.07.009

Zambon, A. A., Ridout, D., Main, M., Mein, R., Phadke, R., Muntoni, E., et al.
(2020). LAMA2-related muscular dystrophy: Natural history of a large pediatric
cohort. Ann. Clin. Transl. Neurol. 7, 1870-1882. doi:10.1002/acn3.51172

frontiersin.org


https://doi.org/10.1038/s41598-018-34362-2
https://doi.org/10.1038/s41598-018-34362-2
https://doi.org/10.1007/s10897-016-9993-2
https://doi.org/10.1111/cge.13560
https://doi.org/10.1016/j.nmd.2010.02.001
https://doi.org/10.1016/j.nmd.2010.02.001
https://doi.org/10.1016/s0887-8994(01)00352-6
https://doi.org/10.1002/ana.21523
https://doi.org/10.1136/jmg.35.3.211
https://doi.org/10.3390/antiox9030244
https://doi.org/10.1038/ng1095-216
https://doi.org/10.1038/ng1095-216
https://doi.org/10.4161/cam.22618
https://doi.org/10.1136/jmg.38.10.649
https://doi.org/10.1038/nm.4367
https://doi.org/10.1038/s41586-019-1430-x
https://doi.org/10.1038/s41586-019-1430-x
https://doi.org/10.1016/j.ajpath.2014.01.019
https://doi.org/10.1007/BF02185752
https://doi.org/10.2147/TACG.S187481
https://doi.org/10.2147/TACG.S187481
https://doi.org/10.3390/diagnostics10100741
https://doi.org/10.1002/ana.24687
https://doi.org/10.1111/j.1399-0004.2008.01068.x
https://doi.org/10.3233/JND-140031
https://doi.org/10.1002/humu.23599
https://doi.org/10.1002/humu.23599
https://www.ncbi.nlm.nih.gov/sites/books/NBK97333/
https://www.ncbi.nlm.nih.gov/sites/books/NBK97333/
https://doi.org/10.1242/dmm.049916
https://doi.org/10.1242/dmm.049916
https://www.ncbi.nlm.nih.gov/books/NBK558956/
https://doi.org/10.1212/wnl.51.1.101
https://doi.org/10.1136/adc.80.6.542
https://doi.org/10.3389/fnmol.2020.00060
https://doi.org/10.3389/fnmol.2020.00060
https://doi.org/10.1186/s13073-021-00835-9
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1002/jbmr.4454
https://doi.org/10.1002/jbmr.4454
https://doi.org/10.1016/j.nmd.2019.04.001
https://doi.org/10.3389/fnmol.2020.00123
https://doi.org/10.46531/sinapse/CC/220030/2022
https://doi.org/10.46531/sinapse/CC/220030/2022
https://doi.org/10.1093/nar/gkab266
https://doi.org/10.1093/nar/gkab266
https://doi.org/10.1186/s13023-021-01950-x
https://doi.org/10.1002/humu.10157
https://doi.org/10.1038/s41436-020-0840-3
https://doi.org/10.1038/s41436-020-0840-3
https://doi.org/10.3892/br.2019.1260
https://doi.org/10.1016/j.nmd.2005.04.009
https://doi.org/10.1016/j.nmd.2005.04.009
https://doi.org/10.1016/j.nmd.2003.09.003
https://doi.org/10.1111/cge.12366
https://doi.org/10.1016/j.nmd.2021.07.009
https://doi.org/10.1002/acn3.51172
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1183663

	Merosin-deficient congenital muscular dystrophy type 1a: detection of LAMA2 variants in Vietnamese patients
	Introduction
	Patients and methods
	Patients
	Target sequencing and data analysis
	Sanger sequencing, multiplex ligation-dependent probe amplification (MLPA), and prenatal testing
	Interpretation of variant pathogenicity

	Results
	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


