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Abstract

Muscular dystrophies encompass a wide and heterogeneous subset of hereditary myopathies that manifest by the structural
or functional abnormalities in the skeletal muscle. Some pathogenic mutations induce a dysfunction or loss of proteins
that are critical for the stability of muscle cells, leading to progressive muscle degradation and weakening. Several studies
have well-established cognitive deficits in muscular dystrophies which are mainly due to the disruption of brain-specific
expression of affected muscle proteins. We provide a comprehensive overview of the types of muscular dystrophies that are
accompanied by intellectual disability by detailed consulting of the main libraries. The current paper focuses on the clinical
and molecular evidence about Duchenne, congenital, limb-girdle, and facioscapulohumeral muscular dystrophies as well as
myotonic dystrophies. Because these syndromes impose a heavy burden of psychological and financial problems on patients,
their families, and the health care community, a thorough examination is necessary to perform timely psychological and

medical interventions and thus improve the quality of life.
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Introduction

Neuromuscular disorders (NMDs) encompass a broad group
of progressive diseases affecting the nervous and muscular
systems. NMDs are divided into several types according to

>4 Malihe Mohamadian
malihe.mohamadian @ gmail.com

Cancer Research Center, Ahvaz Jundishapur University
of Medical Sciences, Ahvaz, Iran 616476515

Department of Molecular Medicine, Birjand University
of Medical Sciences, Birjand, Iran

Zanjan Metabolic Diseases Research Center, Zanjan
University of Medical Sciences, Zanjan, Iran

Department of Immunology, Medical School, School
of Medicine, Ahvaz Jundishapur University of Medical
Sciences, Ahvaz, Iran

Diabetes Research Center, Health Research Institute, Ahvaz
Jundishapur University of Medical Sciences, Ahvaz, Iran

Department of Medical Genetics, School of Medicine, Ahvaz
Jundishapur University of Medical Sciences, Ahvaz, Iran

Cellular and Molecular Research Center, Birjand University
of Medical Sciences, Birjand, Iran

the disease mechanism, incidence, inheritance pattern, and
disease progression: myopathy, neuropathy, and neuromus-
cular junction (NM]J) disorders (Laing 2012). Encephalomy-
opathies refer to a hereditary and syndromic group of NMDs
that mainly affect the muscular and central nervous system
(CNS). The hallmark of them is myopathy with an altered
mental state that can range from mild to severe (Darin and
Tulinius 2000).

Generally, myopathies include various types that can
be caused by inherited or metabolic disorders, endocrine
disruption, infections, connective tissue diseases, toxic sub-
stances, or secondary to other agents (Peristeri et al. 2020).
One of the most common hereditary myopathies is mus-
cular dystrophy, determined by muscle tissue destruction
and weakness, leading to different levels of dystrophy and
fibrosis. Indeed, it is a group of hereditary diseases in which
the voluntary muscles are gradually weakened and eventu-
ally lose the ability to performing activities such as sitting
and walking. On the other hand, having such disabilities will
impose the patients and their relatives on high costs and dif-
ficulties (Konstantelou et al. 2019).

Different types of muscular dystrophies are known, all
of which have almost the same pathological findings. These
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types are distinguished from each other by the age of onset,
the pattern of muscle infirmity, the grade of weakness, and
their inheritance pattern. Nevertheless, due to the complexity
of symptoms and the similarity of signs in the various types,
a conclusive diagnosis is difficult (Zivkovic and Clemens
2015; Shieh 2013). Diagnosis of muscular dystrophies
is possible through careful examination of clinical signs,
family history for the disease and other muscle disorders,
laboratory tests (such as serum creatine phosphokinase
(CPK) measurement), electromyography, muscle biopsy, and
genetic tests. Gene mutations and disturbances in proteins,
mainly present in muscles, are the cause of the symptoms.
The hereditary pattern varies from one type of disease to
another and can be autosomal, X-linked, or mitochondrial.
Therefore, a thorough examination of patients helps to
understand the heredity as well as diagnosis of disease
(Wicklund 2013; Rojas-Marcos 2019; Sewry 2010).
Thousands of proteins are required to maintain muscle
cell function, and many genes are implicated in the pro-
duction of these proteins. Muscular dystrophies are the
consequences of genetic defects that lead to the loss or
alteration of proteins vital to muscle function. Due to the

different genetic backgrounds of muscular dystrophies,
their clinical presentations are also different. There is a
group of inherited and syndromic diseases characterized
by muscular dystrophy concomitant with intellectual dis-
ability (ID) in the patient (Mohamadian et al. 2020). Intel-
lectual disability, previously recognized as mental retar-
dation, is characterized as having an IQ less than usual,
onset age under 18 years, and impairment in adaptive
skills where adaptive skills are behaviors that are usually
expected from a person at any age. Based on the intelli-
gence test and clinical examination, the severity of ID is
ranged from mild to severe (Parsamanesh et al. 2019). Sev-
eral studies have considered cognitive problems as a subset
of CNS involvement in NMDs. It is well known that these
syndromes enforced a heavy load of financial and psycho-
logical issues on the patients and their families and health
care society. Therefore, early diagnosis of these patients
is indispensable in applying psychological and medical
interventions and subsequently modifying the quality of
life. In this review, we have scrutinized the clinical and
molecular evidence of these syndromes and summarized
the assigned CNS involvements in Table 1.

Table 1 CNS involvements and causative genes reported in muscular dystrophies

Muscular dystrophy  Structural/functional abnormalities in CNS Causative gene
Duchenne Delays in language learning; decrease in full-scale and verbal intelligence quotient; devel- DMD

opmental dyslexia

Reduced speed RAN; phonological processing problems;
Learning difficulties (e.g., dyslexia); Increased risk of neurobehavioral comorbidities like

ADHD, epilepsy, anxiety, and ASD
FCMD Developmental delay; severe intellectual disability; pachygyria, polymicrogyria, and FKTN

agyria on brain MRI
MEB Delayed developmental milestones; cognitive disability; visual deficits; limited commu- FKRP, POMGnTI

nication skills; type II lissencephaly or pachygyria; Micropoligyria of occipital lobes;

hydrocephalus
WWS Severe mental retardation; hydrocephalus; type II lissencephaly; occipital encephalocele; LARGE, POMTI, POMT2,

fusion of two cerebral hemispheres; lack of corpus callosum; cerebellar hypoplasia B3GALNT?2, ISPD,

FKTN, FKRP

LGMD2K Microcephaly; intellectual disability POMTI
LGMD2N Microcephaly; mild to severe intellectual disability POMT2
LGMD2T Mild intellectual disability GMPPB
DM 1 Full-scale IQ decrease; delay in language milestone; verbal memory impairments; high DMPK

rates of ADHD and mood disorders
DM 2 Planning and conceptual reasoning deficits; milder cognitive deficits than in type 1; visu- CNBP

ospatial recall impairment
FSHD-Type 1 Intellectual disability (IQ of 25 to 50); speech delay; cerebellar atrophy DUX4

ADHD attention-deficit hyperactivity disorder, ASD autism spectrum disorders, B3GALNT2 Beta-1,3-N-Acetylgalactosaminyltransferase 2,
CNBP CCHC-type zinc finger nucleic acid binding protein, DM myotonic dystrophy, DMD Duchenne muscular dystrophy, DMPK dystrophia
myotonica protein kinase, DUX4 double homeobox 4, FCMD Fukuyama congenital muscular dystrophy, FKRP fukutin-related protein, FKTN
fukutin, FSHD facioscapulohumeral muscular dystrophy, GMPPB guanosine diphosphate mannose pyrophosphorylase B, /Q intelligence quo-
tient, ISPD isoprenoid synthase domain, LGMD limb-girdle muscular dystrophy, MEB Muscle-Eye-Brain disease, POMGnT1 protein O-linked-
mannose beta-1,2-N-acetylglucosaminyltransferase, POMT protein o-mannosyltransferase, RAN rapid automated naming, WWS Walker-Warburg

syndrome
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CMD

The congenital muscular dystrophies consist a clinically
and genetically heterogeneous group (Sanga et al. 2021).
The incidence of Congenital muscular dystrophies (CMDs)
is not well acknowledged, and it is approximately in the
range of 1/100,000 individuals (Mercuri et al. 2009). CMD
is characterized by the early onset of muscle weakness,
hypotonia, and joint contractures appearing in infancy or
before the first year after birth. CMD is one of the most
common childhood dystrophies, discerned by autosomal
recessive inheritance. Brain defects with or without men-
tal retardation are seen in some cases (Butterfield 2019).
Clinically, three types of CMD in combination with brain
abnormalities have been identified. In all of them, a defect
in O-glycosylation of a-dystroglycan leads to a reduction
in binding of the a-dystroglycan-laminin complex to the
extracellular matrix. Hence, these conditions are called mus-
cular dystrophy-dystroglycanopathy (MDDG) syndromes.
Moreover, new and lesser-known CMD forms including
SYNEI-related CMDs and CHKB-related myopathies have
been identified in association with severe mental disability
(Mitsuhashi et al. 2011; Voit et al. 2007). Various forms
of MDDG syndromes are created by the mutation in the
DAG]1 gene encoding a-dystroglycan and p-dystroglycan or
17 other genetic loci involved in the glycosylation pathway
(Tonekaboni 2016; Paprocka et al. 2021). In the MDDG
syndromes, the main cerebral pathological finding is neu-
ronal migration anomalies, followed by a specific type of
evolutionary monster known as the Cobblestone complex
(Astrea et al. 2016). One multicentric research conducted
by Mercuri et al. on 81 Italian patients with CMD as well
as reduced level of alpha-DG in muscle biopsy found the
prevalence rate of pathogenic variants in the following six
genes; POMTI (protein o-mannosyltransferase 1), POMT2
(protein O-mannosyltransferase 2), POMGnTI (protein
O-linked-mannose beta-1,2-N-acetylglucosaminyltrans-
ferase), FKRP (fukutin-related protein), FKTN (fukutin),
and LARGE (acetylglucosaminyltransferase-like protein).
POMTI mutations were the most common in the study,
followed by POMT2, POMGnTI1, and FKRP. FUKUTIN
and LARGE gene mutations were only found in one patient
each. Moreover, a range of brain MRI findings is reported
in the patients (Mercuri et al. 2009). Also, Messina et al.
examined the ID and systemic brain involvements in CMD
patients. The results indicated that cognitive impairment was
not always dependent on the reduced a-DG or laminin a2
or structural brain changes (Messina et al. 2010). Evalua-
tion of a large group of Chinese patients with MDDG syn-
drome showed that mutations in FKRP (the most common
mutation) induce milder phenotypes while the POMGNT1
mutations are associated with severe phenotypes. The men-
tal delay was a clinical manifestation related to mutations

of the POMT] gene (Song et al. 2020). On the other hand,
Maroofian et al. stated that mutations in B3GALNT?2 can
cause a novel type of MDDG syndrome characterized by
mental retardation and seizure, but without any evident
muscular involvement (Maroofian et al. 2017). About two-
thirds of congenital disorders of glycosylation are associ-
ated with intellectual disabilities (Wolfe and Krasnewich
2013). Generally, similar pathological evidence shared by
animal models of dystroglycanopathy consisting of fukutin
chimera, FKRP-Neo"*"’N, POMGnT1-null, LARGE™", and
MORE-DG null mice suggests that appropriate o-DG gly-
cosylation is indispensable for corticogenesis (Chan et al.
2010). Also, neurological phenotypes presented by LARGE
knockout mice propose that a LARGE deficiency in the hip-
pocampus leads to abnormal amplification of stimulatory
synapses through AMPA-type glutamate receptor overload,
thereby weakening hippocampal-dependent memory (Seo
et al. 2018).

FCMD

Fukuyama congenital muscular dystrophy was first described
in 1960 by Fukuyama (Fukuyama 1960). Fukuyama
congenital muscular dystrophy (FCMD) is a rare inherited
disease with an autosomal recessive inheritance pattern.
After Duchenne muscular dystrophy (DMD), FCMD is
the most prevalent CMD in Japan. Despite the incidence
of 2—4 per 100,000 Japanese infants, Fukuyama is not
common in other countries. Hypotonia and generalized
muscle weakness occur before the age of 9 months (Reed
2009). In 50% of the affected infants, the power of crying
and sucking has been severely reduced. Contracture in the
hips, pelvic, knees, or interphalangeal joints is a decisive
pathological finding. Although these children may have no
problem sitting, they will never be able to walk. The most
common complications of cortical dysplasia are seizures
and epilepsy, which occur in 50-80% of children aged 1 to
6 years (Yoshioka and Higuchi 2005). After the age of 6,
the children’s motor problems progress rapidly until they
die in the early years of puberty. Progressive respiratory
failure and cardiac dysfunction are the most common
causes of death in FCMD patients and generally appear in
the second decade of life (Ishigaki et al. 2018). The intense
mental delay and speech disturbance are presented in all
patients (IQ 30-60). Ocular abnormalities such as myopia,
hypermetropia, cataracts, and retinal detachment are also
seen in Fukuyama patients. Furthermore, almost 30% of
the patients suffered from insomnia (Falsaperla et al. 2016;
Mattos et al. 2021). In laboratory studies of the FCMD
patients, an increase in the serum CK enzyme, as well as
myopathic findings on electromyography, is noteworthy
(Astrea et al. 2016). Given the poor prognosis as well as a
higher prevalence of FCMD in Japan, prenatal diagnosis is
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performed in Japanese families by haplotype analysis using
microsatellite markers (Saito 2006). Yang et al. reported
three Chinese FCMD patients with mental retardation,
motor developmental delay, muscle weakness, febrile
convulsions, increased levels of serum CK, and a 3-kb
insertion in the 3’ untranslated region of FKTN. Moreover,
micropolygyria and extensive dysplasia in the white matter
and brainstem were evident in brain MRI of the patients.
Two heterozygous nonsense mutations in FKTN including
c.139C>T (p.Argd7 %) and ¢.346C>T (p.GIn116 %) are also
detected (Yang et al. 2015). Kobayashi and collaborators
have also found the same 3-kb-retrotransposal insertion into
the 3" UTR of the FKTN gene (founder mutation) in the
general Japanese population with a frequency of 1 in 88
(Kobayashi et al. 1998). However, Silan et al. have reported
one Turkish individual with FCMD that had a homozygous
mutation, 1-bp insertion mutation in exon 5 of the FKTN
gene, other than the founder mutation that was reported
previously (Silan et al. 2003).

Neuroimaging and necropsy show brain abnormalities
like pachygyria, polymicrogyria, and agyria in Fukuyama
patients. Commonly, small amounts of normal brain tis-
sue appear in the temporal-occipital regions of the patients
(Reed 2009; Silfeler et al. 2012). The genetic basis of FCMD
is established on mutation in the FKTN gene on chromo-
some locus 9q31-q33, affecting the fukutin protein of
the basal membrane. Fukutin is mainly expressed in neu-
rons and its deficiency prevents accurate glycosylation of
a-dystroglycan, thereby disturbing the migration of neurons
during brain development. Researchers believe that a defect
in the migration of nerve cells causes a brain disorder called
lissencephaly, in which the brain surface does not appear to
have any groove (Saito and Matsumura 2011). Disturbances
in cortical lamination and architecture can eventually lead
to intellectual disability and severe learning disabilities.
Moreover, Fukutin is also expressed in glial cells, suggest-
ing arole in the integrity of the glial limitans (D’Angelo and
Bresolin 2006). A fukutin-deficient chimeric mouse shows
that despite the defects in the basal lamina of the cortex,
no change in neuronal migration is observed (Takeda et al.
2003). It seems that the loss of interaction between hypogly-
cosylated a-dystroglycan and its ligand cause basal lamina
dysfunction and subsequent cortical dysplasia in FCMD
(Chiyonobu et al. 2005).

MEB

Muscle-eye-brain disease (OMIM no. 253280) or MDDG-
3A is an autosomal recessive disorder that was first reported
by Santavuori in 1978. The earlier clinical signs of muscle-
eye-brain disease (MEB) include neonatal hypotonia and
severe developmental delay which present at birth or in the
first few months of life (Santavuori et al. 1977). In most
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cases, walking is delayed until the age of 4. In the second
decade of life, muscle stiffness, joint freezing, and gait dis-
turbance appear. Visual deterioration consists of severe myo-
pia followed by retinal detachment, and cataracts are some
complications of the MEB. Furthermore, a few patients have
a neurological speech impairment (Taniguchi et al. 2003).
CNS dysgenesis, including lissencephaly type II or pachy-
gyria, and micropoligyria of occipital lobes, has been fre-
quently observed in MEB patients (Falsaperla et al. 2016;
Natarajan and Ionita 2018). Commonly, creatine kinase level
elevates since the first year of life, and electromyography
(EMG) shows myopathy. Autosomal recessive mutations in
the POMGNT1 gene are involved in the development of the
MEB condition, but over time, other reported dystroglycano-
pathies have been linked with MEB (Clement et al. 2008;
Merecuri et al. 2006; Godfrey et al. 2007). POMGnT1 glyco-
syltransferase catalyzes the transfer of N-acetylglucosamine
to O-linked mannose of a-dystroglycan. Twenty-four differ-
ent mutations in the POMGnTI gene have been identified
in patients with MEB that the mutations did not occur at
a hot spot (Diesen et al. 2004). Taniguchi et al. described
the universal distribution and a broader phenotype range of
MEB disease. They found that rather extreme brain signs,
such as hydrocephalus, are seen in patients with mutations
near the 5’end of the POMGnTI gene, whereas patients
with mutations near the 3’ end have slighter brain involve-
ment (Taniguchi et al. 2003). Biancheri et al. demonstrated
a genotype—phenotype correlation in MEB and increased
our understanding of the clinical range associated with
POMGnTI mutations (Biancheri et al. 2006). Even in the
same family, POMGnT1 mutations can cause MEB disease
with various phenotypes (Teber et al. 2008).

The MEB has been considered to be confined to the
Finnish population for several years. In Finland, The
incidence of MEB is nearly 1/100,000 live birth while the
carrier frequency of the founder mutation is anticipated to
be 1/60 (Diesen et al. 2004; Kano et al. 2002). The Finnish
founder mutation (c.1539+ 1G”A (p.Leu472_His513del))
was introduced in 2004 as a causative variant of MEB. This
splice site pathogenic variation induces premature stop
codon (PTC) which leads to the deletion of 42 amino acids
(De La Chapelle and Wright 1998). Arvio et al. described
two middle-aged women carrying the Finnish variant of
POMGnT1 with severe cognitive and motor disability, visual
deficits, limited communication skills, epilepsy, recurrent
bowel obstructions, and joint contracture (Arvio et al.
2019). Borizovna et al. reported compound heterozygous
mutations in the POMGNTI gene (c.1539+ 1G> A and
¢.385C>T) in a 6-year-old boy presenting MEB clinical
characteristics by whole exome sequencing (WES) technique
(Borisovna et al. 2019). The molecular diagnosis was still
followed by clarifying new POMGnTI mutations related
to MEB in non-Finnish individuals as well as patients with
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new phenotypes, such as retained vision. An alternative
study manifested a minor association between the position
of the mutation and clinical significance. It highlighted the
need to recognize POMGnTI mutations of not just non-
Finnish MEB-like individuals and in patients with Walker-
Warburg syndrome (WWS) or even other CMDs worldwide
(Taniguchi et al. 2003; Biancheri et al. 2006). All of the
gene mutations reported in POMGnT] result in a complete
deficiency of enzyme function and are not associated with
phenotype intensity (Hehr et al. 2007). De Bernabé described
a patient with a phenotype of MEB disorder and a mutation
in the FKRP gene. Mutations in the FKRP gene, which
also occur in WWS, are likely to affect glycosyltransferase
function (De Bernabé et al. 2004). As discussed in previous
sections, O-mannosyl glycan is critical for the binding
of a-dystroglycan and laminin. Hence, an inappropriate
O-mannosylation resulted from defective POMGnT1 may
disrupt the sarcolemmal linkage of skeletal muscle and
migration of neuronal cells, as well (Yoshida et al. 2001).
This could be a suggested pathophysiological pathway for the
myopathic and cognitive manifestations assigned to MEB.
Induction of dystrophic phenotype by an antibody blocking
the interaction of a-dystroglycan and laminin (Brown et al.
1999), as well as weaker immunostaining of the laminin o2
chain in MEB muscles (Auranen et al. 2000), supports this.

WWS

The syndrome was first reported in 1942 by Walker, and
years later in 1978, it was reported by Warburg as well
(Walker 1942; Warburg 1978). The Walker-Warburg syn-
drome (OMIM no. 236670) is a rare disorder with a world-
wide spread; the total prevalence is uncertain. A prevalence
rate of 1.2 per 100,000 live births was recorded in a survey
in northeastern Italy (Mostacciuolo et al. 1996). Unlike the
FCMD and MEB, this syndrome is not limited to a specific
race. The most frequent symptoms of WWS are severe cer-
ebral abnormalities characterized by hydrocephalus, type
II lissencephaly, occipital encephalocele, the fusion of two
cerebral hemispheres, lack of corpus callosum, and cerebel-
lar hypoplasia (Falsaperla et al. 2016). Children with WWS
show different degrees of intellectual disability and often
experience seizures. Ocular abnormalities consisting of con-
genital cataracts, microphthalmia, and buphthalmos have
been observed in the patients. Affected children are blind at
birth and suffer from severe hypotonia, a condition known as
“floppy infant syndrome”(Barkovich 1998). Increased serum
levels of CK and various abnormalities found in muscle
biopsy indicate myopathy in these children. All patients suf-
fer from severe mental and physical retardation and do not
live for over 4 months (Suthar et al. 2018). WWS is highly
heterogeneous, and so far, pathogenic changes in at least
14 genes have been attributed to its pathogenesis. At first,

mutations in the most common genes including POMT]I,
POMT?2, ISPD, FKTN, FKRP, and LARGE] were discov-
ered. Some of them are still unknown and are thought to be
involved in the progression of the disease (Tuuli and Odibo
2017). de Bernabé et al. unraveled the WWS genetically
by performing genome-wide linkage analysis followed by
homozygosity mapping in 15 consanguineous families with
WWS. Of thirty individuals examined, just six (20%) car-
ried POMT] mutations. In this study, a total of five POMT]
mutations in five families were identified (de Bernabé et al.
2002). Later, Currier et al. reported POMTI mutations in
only 2 of 30 patients with classic WWS. Linkage analysis in
six consanguineous families exhibited 100% heterozygosity
as well as negative LOD scores at the POMT1 region. So, the
incidence of WWS-related POMT mutations can change in
different populations (Currier et al. 2005). Van Reeuwijk
registered a homozygous 63-kb intragenic deletion in the
LARGE gene in a patient with familial WWS characterized
by CMD, severe mental retardation, and eye abnormali-
ties. Evidence suggests that mutations in the LARGE gene,
like other genes involved in post-translational modification
of a-dystroglycan, can lead to a broad clinical range (van
Reeuwijk et al. 2007). Using the gene knockdown technique
in zebrafish, Roscioli et al. identified WWS-causing muta-
tions in the isoprenoid synthase domain-containing (ISPD)
gene that are associated with faulty glycosylation of a-dys-
troglycan (Roscioli et al. 2012) Although ISPD is the first
WWS-related gene without any suggested glycosyltrans-
ferase activity, it is directly involved in the glycosylation
pathway. Almost 32 CMD patients with severe CNS involve-
ment carrying ISPD mutations have been reported in the
literature (Gengpinar et al. 2019). Besides, de Bernabé et al.
nominated the FKTN gene in the pathogenesis of WWS in
one Turkish patient in whom a homozygous nonsense muta-
tion of FKTN leads to a complete loss of protein function
(de Bernabé et al. 2003). After that, Manzini et al. recorded
novel mutations in POMTI1, POMT2, FKTN (FCMD), and
FKRP in 40% of WWS patients from different ethnicities.
Among the patients participating in this cohort, mutations in
the FKTN gene were more frequent in the European/Ameri-
can group compared to what was previously expected with
the same founder mutation (Chiara Manzini et al. 2008).
Besides this, uncommon genomic deletions or deletion/
insertions in POMT2 were identified in other studies (Yanagisawa
et al. 2009) . Van Reeuwijk et al. described a family with two
siblings carrying a homozygous variation in the starting
codon of the FKRP gene which is likely to cause protein loss,
resulting in WWS (Van Reeuwijk et al. 2010). After that, a lim-
ited number of patients with the WWS phenotype carrying the
FKRP mutations have been reported (de Bernabé et al. 2002).
All known genes involved in the pathogenesis of WWS
are molecules modulating glycosylation and appear to be
involved in the neural cell interactions (Spalice et al. 2009).
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Selective deletion of dystroglycan in the brain of mice is
merely sufficient for the development of CMD-like brain
abnormalities. In the mice, the high affinity to laminin-
binding is also lost, and discontinuities are evident in the
glia limitans. These events are thought to be a prelude to the
onset of neural migration errors. Additionally, the mutant
mice showed blunted hippocampal long-term potentiation
(LTP) that suggests a possible postsynaptic mechanism of
dystroglycan in learning and memory (Vajsar and Schachter
2006). In this regard, Moore et al. showed that some of the
brain abnormalities observed in the WWS, such as excessive
neural migration and fusion of the cerebral hemispheres,
result from a brain-specific disturbance of a-dystroglycan
glycosylation during mouse embryonic development (Moore
et al. 2002). Therefore, dystroglycan complex defects are
crucial to the pathogenesis of functional and structural
brain abnormalities seen in WWS. Other possible targets
of O-mannosylation in the brain are reelin and tenascin-J,
which may be responsible for the development of WWS
symptoms (Hirotsune et al. 1995; Lochter et al. 1991). These
glycoproteins are influential factors in brain development.
Reelin is secreted by Cajal-Retzius cells and other pioneer
neurons and is involved in lissencephaly and cerebellar
hypoplasia (Hong et al. 2000), while Tenascin-J1 plays an
inhibitory role in neurite extension (Roll and Faissner 2019).

LGMD

Limb-girdle muscular dystrophy (LGMD) is a term used
to refer to a group of diseases that involve the proximal
muscles, especially shoulder muscles, above the arm, the
pelvic region, and the thighs. The general occurrence of
LGMD worldwide has been 1 in 14,500—-45,000 individuals
(Murphy and Straub 2015; Norwood et al. 2009). The
severity and age of onset are varied among subtypes and may
be contradictory even among members of a family. Based on
the new genetic criteria, LGMD is categorized as autosomal
dominant (LGMD 1A-H) and autosomal recessive (LGMD
2A-7). Recessive forms constitute almost 90% of LGMD
cases, and among them, LGMD2A (Calpainopathies) is the
most common. To date, about 50 genetic loci associated with
LGMD forms have been identified. When ID accompanies
LGMD, differential diagnosis of LGMD is more superficial
because all conditions included in the subtype are
dystroglycanopathy syndromes or MDDGs with autosomal
recessive heredity (Wicklund 2019).

LGMD2K
LGMD2K (also known as MDDGC1) (OMIM no. 609308)
is characterized by slow progression of the proximal muscle

infirmity. Commonly, the onset age of LGMD2K is 1 to
6 years. CNS abnormalities appearing as microcephaly
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and/or mental delay (IQ 50 to 76) are reported in 60% of
cases. Furthermore, the serum CK level is highly increased
in these patients (Cirak et al. 2006). LGMD2K is allelic
with WWS, and homozygous or compound heterozygous
missense mutations in the POMTI gene on 9q34.13 locus
are known to cause the disease (Angelini 2017). The
POMT1 protein has six loops, in which loops one, three, and
five are located in the endoplasmic reticulum (ER) lumen,
and the remaining loops are situated within the cytoplasm.
Milder LGMD phenotypes are likely to be associated with
mutations involving only the cytoplasmic loops. Conversely,
the most severe clinical presentations of CMD are caused
by pathogenic mutations in loop one and loop five inside
the ER lumen (Wallace et al. 2014). Balci and colleagues
reported five Turkish patients diagnosed with LGMD2K,
mild intellectual disability, and normal brain MRI. Their
findings showed that all patients carried p. Ala200Pro
pathogenic variant in the POMT1 gene, an ancestral founder
mutation affecting glycosylation of a-dystroglycan (Balci
et al. 2005). Bello et al. described two patients affected by
a novel phenotype of LGMD, one with a normal cognitive
profile and the other with mild cognitive impairment. Both
patients carried compound heterozygous POMTI mutations
and manifested dilated cardiomyopathy and reduced
myocardial contractile force (Bello et al. 2012). Also, Yi(;
and co-workers have studied the epidemiology of the genetic
and clinical characteristics of childhood-initiated LGMDs in
a part of the Turkish population. Out of 56 pediatric cases
with LGMD, three patients (5%) suffered from generalized
muscular hypertrophy, mild microcephaly, and intellectual
disability. The whole-exome sequencing revealed two
pathogenic missense variants (p.A647T, p.A647T) in the
POMT]1 gene of these patients (YTs et al. 2018). POMTI
gene encoding O-mannosyltransferase 1 catalyzes the
initial step in the O-mannosyl glycan synthesis. The highest
tissue expression of POMT] is in the adult testis, cardiac
and skeletal muscles, and fetal brain (Jurado et al. 1999).
POMTlis involved in the synthesis of the motif “Galbl
4GIcNAcbl 2Man-O-Ser/Thr” or O-mannose-linked core,
which is present in all of the O-mannose—-linked glycans.
Furthermore, it seems that the phenotype associated with
POMTI mutations can be expected to be more severe than
other glycosyltransferases. Neuromuscular phenotypes
resulting from POMTI mutations are likely to be mediated
by the reduction or absence of O-mannosylation of target
proteins that have basic functions in development (de
Bernabé et al. 2002). Lack of O-mannosyl glycans is likely
to prevent the natural interaction between a-dystroglycan
and laminin-a2, thereby reducing the a-dystroglycan
stability. Consequently, the binding of a-dystroglycan to
the extracellular matrix is lost, paving the way for muscle
weakness as well as neuronal migration disorders (Brown
et al. 1999).
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LGMD2N

LGMD type 2 N is an uncommon form of recessive LGMDs
caused by pathogenic variants in the POMT2 gene. The
causative gene is located on cytogenetic location 14q24.3
and contains 21 exons. POMT2 encodes another putative
O-mannosyltransferase whose expression pattern overlaps
with that described for POMT1 (Clement et al. 2008). So far,
few patients with LGMD type 2 N (LGMD2N) are reported.
Physical examination of the patients exhibits hypertrophy
of calf muscles, mild-to-moderate proximal muscle
weakness, and mild intellectual disability (Biancheri et al.
2007). In addition, delayed walking and increased serum
creatine kinase level are the common features. Defects on
echocardiograms have been seen in some cases (Angelini
2017). Biancheri et al. identified a missense mutation in
the POMT2 gene in a 5-year-old Italian girl with a mild
LGMD phenotype, increased CK serum levels, reduced
muscle weakness, and lack of any brain involvement.
The muscle biopsy showed an intense decrease in the
a-dystroglycan (Biancheri et al. 2007). Saredi et al. reported
two pathogenic mutations in the POMT?2 gene, including
a null and a missense, in a patient affected by a mild
phenotype of LGMD with intellectual disability. The patient
presents minor histopathological features and reduction of
a-dystroglycan glycosylation, without any ocular or brain
involvement (Saredi et al. 2014). Ostergaard and colleagues
studied the specific clinical features in a cohort of LGMD2N
patients. They found that all patients had mental retardation,
unlike the other recessive LGMDs. Furthermore, the age of
disease onset was in a wide range, and hamstring, paraspinal,
and gluteal muscle involvement were found on MRI. The
study found 11 novel POMT2 mutations associated with
LGMD2N (@stergaard et al. 2018). Hu et al. induced a
brain-specific deletion of POMT?2 to investigate the role of
O-mannosylation in brain development. POMT2 deficiency
leads to the a-DG hypoglycosylation and loss of its binding
to the pial basement membrane. This disruption underlies
brain malformations such as overmigration of neocortical
neurons as well as failure in the granule cell migration. The
complications of POMT?2 removal on brain development
were time-dependent, meaning that earlier deletions led to
more severe phenotypes (Hu et al. 2011). Since about one-
third of the brain’s O-linked glycans are O-linked mannosyl
glycans, POMT2 function in neural tissue is necessary for
normal brain development (Kogelberg et al. 2001).

LGMD2T

LGMD type 2 T (OMIM no. 615352) is characterized
by hypotonia, microcephaly, mild weakness of limb and
proximal muscles followed by delayed gait. The onset age of
the condition is from infancy to early childhood. Learning

difficulties in the form of mild intellectual disability
have been revealed in half of the patients. Additional
manifestations consist of epilepsy, cardiomyopathy, cataracts,
and respiratory defects exhibited in some patients (Topaloglu
2018). Carss et al. first reported mutations in guanosine
diphosphate mannose (GDP-mannose) pyrophosphorylase
B (GMPPB) resulting in decreased a-DG glycosylation in
muscle biopsies of three unrelated LGMD patients from
Indian, English, and Egyptian ethnicities. However, only
the Indian and Egyptian patients showed mental retardation
delay and epilepsy. Three patients had raised CK serum
levels and dystrophic injuries on muscle biopsy (Carss et al.
2013). The GMPPB gene is located on 3p21 and comprises
eight exons in the 1.7-kb mRNA (Tian et al. 2019; Angelini
2017). The clinical spectrum of the GMPPB mutations
is extremely heterogeneous, ranges from LGMD type 2 T
(LGMD2T) to congenital myasthenic syndromes (CMS),
to severe CMD with ocular and brain involvement (WWS,
MEB) (Montagnese et al. 2017). Sarkozy et al. reported
eight patients presented with an LGMD phenotype and
pathogenic variations assigned to GMPPB. Their findings
expanded the phenotypic spectrum of GMPPB mutations
by reporting a 13-year-old patient with impaired cognitive
function and raised CK (Sarkozy et al. 2018). Jensen BS.
et al. collected the clinical and pathological findings of nine
unrelated patients with compound heterozygous variants in
GMPPB ranging from LGMD to CMD. Five patients had
clear evidence of LGMD, of which only one 20-year-old
girl with moderate restrictive lung disease, sensorineural
hearing loss, developed scoliosis, and muscle weakness
has moderate to severe intellectual disability (Jensen et al.
2015). Oestergaard et al. found a preferential involvement
of hamstring and paraspinal muscles in six patients with
LGMD2T who carried GMPPB mutations. Variable loss of
a-dystroglycan glycosylation was also seen in the patients.
According to their study, the prevalence of LGMD2T in
Denmark was estimated at 1.5% (Oestergaard et al. 2016).
GMPPB enzyme provides GDP-mannose, a substrate for the
N-glycosylation, O-mannosylation, and C-mannosylation
pathways, as well as glycosylphosphatidylinositol (GPI)-
anchor formation (Rodriguez Cruz et al. 2016). More than
50 mutations in the GMPPB gene have been reported till
now, most of which are missense. Mutations in the catalytic
domain of GMPPB are more destructive, and people carrying
these variants present more severe phenotypes (Liu et al.
2021). Zheng et al. showed that knocking down of GMPPB
in the zebrafish model resulted in scattered and irregular
muscle fibers as well as shortening of caudal primary
(CaP) motor neurons. They also found that both muscle and
neuronal impairments could be efficiently recovered by the
injection of wild-type GMPPB (Zheng et al. 2021). Recently,
Wingoet al. conducted a proteome-wide association study
of depression through integrating genome-wide association
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study (GWAS) findings with human brain proteomes. They
identified GMPPB as one of 19 genes involved in depression
pathogenesis through modulating the abundance of the brain
protein (Wingo et al. 2021).

DMD

Duchenne muscular dystrophy (OMIM no. 310200) is a
lethal recessive X linked (Xp21.2) disease and the most
common subtype of childhood muscular dystrophies (MDs)
(1/3500 live-born males) (Wicklund 2013). Dystrophin is
a 427-kDa cytoskeletal protein, which along with its 11
binding partners is organized as a dystrophin-associated
protein complex (DAPC) (Tadayoni et al. 2012). Dystro-
phin deficiency leads to the disassembly of DAPC and loss
of interaction between F-actin and the extracellular matrix.
Since the DAPC plays significant mechanical and signal-
ing roles in strengthening and maintaining muscle fibers,
detachment of DAPC components is followed by irrepa-
rable consequences on muscle cell function (Duan et al.
2021). Although dystrophin is found mainly in skeletal and
cardiac muscles, it is also present in other tissues and the
CNS, mostly in the cerebellum, hippocampus, and neocortex
(Peristeri et al. 2020). In DMD, frameshifting or nonsense
mutations in the dystrophin gene lead to the prematurely
terminated protein, resulting in non-functional and unstable
dystrophin (Crisafulli et al. 2020). DMD patients appear to
be normal at birth; however, independent walking and dif-
ficulty standing on surfaces become apparent in early child-
hood (18 months). Afterward, at 4 years of age, proximal hip
muscle weakness has emerged (Gowers’ sign). The notable
clinical characteristics of DMD are motor delay and gait dis-
turbances, including flat feet, deterioration of motor skills, a
loss of physical endurance, and much more frequent falls. In
the second decade, boys are often inbounded to wheelchairs.
The intensity and onset-age of cardiomyopathy differ and
are unrelated to the dystrophin gene mutations. Respiratory
muscles are affected by fibrosis, which leads to respiratory
failure (Bresolin et al. 1994; Waldrop and Flanigan 2019).
Delays in language learning and cognitive function were
also reported (Peristeri et al. 2020). Often, death is a con-
sequence of cardiac or respiratory failure in DMD patients
(Nardes et al. 2012; Rasic et al. 2014; Banihani et al. 2015a).
Clinical characteristics and elevated plasma CPK are critical
for the diagnosis (Anaya-Segura et al. 2015).

Although most boys with DMD are not intellectually
disabled, non-progressive CNS manifestations are well
described in some of them. A decrease in full-scale intel-
ligence quotient (FSIQ) compared with the population’s
mean is a consistent finding in DMD patients (Banihani
et al. 2015b). In around 30.0% of patients with FSIQ less
than 70, ID has been reported and approximately 3.0% of
them are affected by severe impairment with FSIQ less
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than 50. Overall, 44% of DMD patients showed evidence of
learning disabilities. Moreover, increased risk of neurobe-
havioral comorbidities like attention-deficit hyperactivity
disorder (ADHD), epilepsy, anxiety, and autism spectrum
disorders (ASD) have been reported in DMD patients (Parisi
et al. 2018). It seems that a genotype—phenotype associa-
tion provides a partial explanation for the cognitive differ-
ences between patients (Doorenweerd 2020). According
to research by Ricotti et al., patients with distal mutations
in the DMD gene were more likely to have neurodevelop-
mental problems, intellectual disability, memory deficits,
and decreased gray matter volume and cerebral perfusion.
However, emotional and behavioral problems were equally
distributed in patients carrying proximal or distal mutations.
There was no clear genotype—phenotype association between
neuroimaging findings and learning/behavioral problems
(Ricotti et al. 2016). Individuals with DMD mutations are
indicated to have learning disabilities that are qualitatively
similar to subjects with developmental dyslexia. In these
patients, specific reading and writing problems and reduc-
ing the speed of rapid automated naming (RAN) have been
found to cause phonological processing problems. About
40% of the patients have been identified as having difficulty
reading, as well as deficiencies in phonological awareness/
processing and short-term memory (Astrea et al. 2015).
Mochizuki et al. evaluated intelligence quotient (IQ) in 74
Japanese DMD patients and followed them over a period
of 12 years. The patients with an IQ below 70 (38%) were
found to start walking later, need to ventilator and tube
nutrition earlier, and died earlier than patients with normal
intelligence (Mochizuki et al. 2008). The main pathophysi-
ological mechanisms underlying cognitive deficits in DMD
attributed to various dystrophin isoforms, the involvement
of dystrophin in embryonic development, and the interac-
tion between genes and non-genetic agents. Different tran-
scripts of the dystrophin gene are expressed from three
upstream and four internal promotors. Dystrophin protein
71 (Dp71) is an alternatively spliced transcript and the most
predominant isoform in non-muscular tissues, especially the
brain. In the brain, Dp71 is involved in neuronal differen-
tiation, cell division, nuclear scaffolding, DNA repair, and
organization of excitatory synapses (Naidoo and Anthony
2020). Previous studies on Dp71-null mice have revealed
that Dp71 regulates the postsynaptic nerve terminal’s active
zone morphology and glutamate receptor composition in the
postsynaptic density (Banihani et al. 2014). According to
recent evidence, it is likely that intellectual deficiency is
the consequence of the combined loss of Dp71, Dp140, and
Dp427, while the loss of Dp71 adds to the seriousness of
cognitive impairment (Naidoo and Anthony 2020). Rasic
et al. determined the frequency of cognitive impairment
and its association with dystrophin mutations in Serbian
DMD patients. About 40% of patients had some degrees of
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mental retardation, among those who had mutations affect-
ing Dp140, Dp71, and Dp40 isoforms of dystrophin were
associated with recurrent and more severe cognitive deficits
(Rasic et al. 2014). Loss of Dp427 is potentially associated
with emotional and behavioral problems that could be due to
misplaced signaling receptors in neurons, preferably in the
amygdala and hippocampus. In addition, the Dp140 isoform
is highly expressed during development, and its essential
role in neuronal differentiation has been suggested. On the
other hand, evidence suggests that Dp140 and Dp71 are
somehow involved in the cerebral vasculature. Although
the exact relationship between this and the cognitive abili-
ties of DMD patients is not yet known, the association of
lower IQ with low cerebral perfusion in normally develop-
ing children has been established (Kilroy et al. 2011). Other
studies have investigated the association between cerebel-
lum involvement in DMD patients with speech and verbal
functions. Metabolic examination of the cerebellum and the
temporo-parietal region of the patients showed constant cho-
line deficits and significant abnormalities in glutamate and
N-acetyl compounds in these areas, which were related to
verbal IQ and short-term verbal memory (Kreis et al. 2011).
Elevated levels of choline-containing compounds are seen
in several brain disorders and probably indicate an unstable
increase in membrane turnover due to increased cell division
or inflammation. However, there is a permanent increase in
the choline compounds level in DMD, which may call into
question the hypothesis of a change in membrane turnover
(Anderson et al. 2002; Rae et al. 1998).

MD

Myotonic dystrophies are the most common subtype of muscular
dystrophies with the onset age of adulthood. MDs are progressive
and multisystemic genetic disorders that follow the autosomal
dominant pattern of inheritance (Meola and Cardani 2015).
Two subgroups are genetically identified: DM 1 (OMIM no.
160900) is more common and caused by an expansion of CTG
trinucleotide repeat in 3'UTR of the dystrophia myotonica protein
kinase (DMPK) gene where the number of repeats is greater than
50. DM 2 (OMIM no. 602668) is derived from the expansion of
CCTG tetranucleotide repeat in the first intron of the nucleic acid-
binding protein (CNBP) gene (formerly known as zinc finger 9
gene, ZNF9) where 75 or longer repeats have occurred (Johnson
and Heatwole 2012). The number of repeats increases with age,
thereby intensifying the disease over time. In DM1, the length
of the CCTG expansion is directly correlated to clinical severity,
while in DM2, no clear relationship was found between the two
(Thornton 2014). The clinical presentation of DMs is diverse
and contains myotonia, muscular dystrophy, cataracts, and
cardiac conduction disorders. Additional manifestations include
gastrointestinal, endocrine, respiratory, and CNS involvement.
Despite the similarity of symptoms, the clinical phenotype

is distinct for each subgroup (Udd and Krahe 2012). DM is
characterized primarily by the weakness of the face and distal-
predominant limb, grip myotonia without fluctuation, while
DM2 is defined principally by progressive proximal and distal
limb infirmity and variable mild grip myotonia. The incidence of
DM is 1/3000 worldwide, while in some areas such as Quebec,
it is 1/500 (Thornton 2014). The most severe form of DM1 is
congenital myotonic dystrophy (CMD) which appears at birth
or the first month of life and is often accompanied by evident
developmental disabilities. Besides, all the patients suffer from
intellectual disability along with serious learning difficulties
(Zapata-Aldana et al. 2018; Stokes et al. 2019). Some studies
on children with DM1 have linked the severity of cognitive
dysfunctions (lower IQ score) to the number of triplet repeats
tied to maternal inheritance. (Perini et al. 1999; Astrea et al.
2016). Stokes et al. evaluated 74 DM1 patients, 52 of whom
had congenital form (CMD). Seventy-four percent of the
cases had 143 to 2300 CTG repeats with maternal inheritance.
Most patients had some form of developmental, cognitive, or
behavioral problems. Cognitive impairments were evident in
more than 50% of the DM1 patients, with higher occurrence in
those with CMD. Speech/language delay, mood disorders, and
ADHD also showed above-average rates (Stokes et al. 2019).
Woo and colleagues. compared adult-onset and juvenile-onset
DM1 in a cohort of 19 DM1 patients who underwent multiple
neuropsychological studies. In the juvenile group, verbal
intelligence and verbal memory were considerably impaired,;
however, in terms of performance intelligence and functional
tasks, both groups were on the same level (Woo et al. 2019). In
childhood-onset DM, the first cognitive symptoms occasionally
appear before the onset of muscle involvement. Additionally,
these children tended to present psychopathological disorders,
such as anxiety and ADHD (Udd and Krahe 2012). Structural
and functional brain defects have been reported in adult-onset
DM1. The most common neuropsychological symptom appears
to be decreased perception skills which can be associated with
some features of psychological disorders (Astrea et al. 2016).
Structurally, brain MRI of DM patients shows different changes
in white matter that are more prominent than atrophy (Goossens
et al. 2000). One of the key distinctions between DM1 and
DM2 seems to be CNS involvement. Cognitive deficiencies are
rarely found in cases with DM2, although these are milder than
in DM1(Peristeri et al. 2020; Goossens et al. 2000). The most
common cognitive symptoms in DM2 include dysexecutive,
visuospatial, and memory deficiencies. Additionally, sleep-
related disorders, fatigue, and pain have also been reported
frequently in DM2 (Peric et al. 2021). Meola et al. assessed the
cognitive function of 21 DM1 and 19 DM2 patients. Cognitive
deficiencies attributed to frontal lobe impairments as well as
lower ID scores were noted in DM 1 patients. Also, a decreased
cerebral blood flow in the frontal, parietal, and temporal lobes
was documented, which was related to cognitive disability
(Meola et al. 1999, 2003). Since two replicate sequences in
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completely different genes produce largely similar traits, a
common pathogenic mechanism may be involved. It is well
established that the "gain-of-function RNA mechanism" is
the main cause of DM pathogenesis (Lee and Cooper 2009).
Intranuclear accumulation of mutant RNAs containing long
repeats of (CUG), or (CCUG),, disrupts the cellular function of
two RNA-binding proteins: muscle blind like 1 (MBNL1) and
CUGBP Elav-like family member 1 (CELF1), which are tissue-
specific antagonist regulators of alternative splicing for hundreds
of pre-mRNA targets, such as insulin receptor (INSR), troponin
2 (TNNT?2), chloride channel 1 (CLCN1), ryanodine receptor
(RyR1), dihydropyridine receptor (DHPR), sarco/endoplasmic
reticulum Ca2+-ATPase 1 (SERCA1), and MBNL2. So, the
pathological repeats lead to downregulation of MBNL1 due
to its sequestration into RNA forming ribonuclear foci as well
as upregulation of CELF1 through its high stability. The main
downstream effect of this deregulation is spliceopathy, which
leads to the aberrant expression of embryonic isoforms in the
adult tissues, underlying clinical manifestations of myotonic
dystrophy (Meola 2020; Lépez-Martinez et al. 2020). Apart from
the missplicing, CELF1 and MBNL1 can also induce alterations
in other processes including calcium regulation, proteostasis,
non-coding RNA metabolism, and sarcomere protein localization
(Ozimski et al. 2021). Another pathogenic mechanism attributed
to the DM1 pathology is known as repeat-associated non-ATG
(RAN) translation. RAN translation indicates AUG-independent
translation of the mutant RNAs, thereby producing the expanded
homopolymeric proteins (Cleary and Ranum 2013). Zu et al.
observed positive immunostaining in DM 1 myoblasts, skeletal
muscle, and blood using antibodies against RAN poly-Gln
protein. Similar staining is also shown in cardiomyocytes and
leukocytes of a DM1 mouse model (Zu et al. 2011). In addition,
in both humans and mice, caspases 8 and 10 are recruited into
the nuclear aggregates of extended polyglutamine and provide
the primary indicator of polyGln-induced apoptosis (Miyashita
et al. 2001). There is strong evidence to support the importance
of different signaling cascades in DM1 pathogenesis. Disruption
of the protein kinase B/AKT signaling pathway in DM1 increases
apoptosis, autophagy, and ubiquitin—proteasome activity. In
addition, the interrupted nuclear factor kB (NFkB) pathway has
been shown to be associated with inflammation in DM 1(Ozimski
et al. 2021).

FSHD

Facioscapulohumeral muscular dystrophy is a progressive
muscular disorder with autosomal dominant inheritance.
Landouzy and Dejerine first described facioscapulohumeral
muscular dystrophy (FSHD) in 1884 (Landouzy and
Dejerine 1884). FSHD is the third most prevalent muscular
dystrophy after Duchenne and myotonic muscular dystrophy
with an incidence rate of 1 in 15,000-20,000 birth (Tawil
2004). Typically, facial weakness manifests in the form
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of inability to completely close the eyes during sleep,
transverse smile, and trouble whistling due to limited
movements of the lips. Also, muscle weakness and atrophy
are mainly seen as scapular winging, horizontal clavicles,
and limitation in shoulder abduction and elbow flexion. The
disorder develops or begins at a relatively early stage of life.
Patients with a highly progressive phenotype can show rare
characteristics, including a poly-hill sign, Beevor’s sign,
extreme curvature, enhanced lumbar lordosis, and weakness
of the hip girdle, foot extensor, and abdominal muscles (Mul
et al. 2016; Mah and Chen 2018). CNS abnormalities such
as cerebellar atrophy and intellectual impairments with an
IQ of 25 to 50 have been reported in FSHD individuals
(Zouvelou et al. 2008; Matsuzaka et al. 1986; Funakoshi
et al. 1998). Grosso et al. noted that in some individuals
with shorter 4q35 deletions, further muscular manifestations
such as seizures, speech delay, and mental retardation may
be seen. In these patients, there was no constant association
between the size of the 4935 fragment and the clinical
severity of FSHD. Moreover, FSHD patients with a larger
gene deletion appear to have a greater risk of displaying
extreme clinical phenotypes with CNS disorders (Grosso
et al. 2011). Saito et al. reported one 20-year-old girl with
FSHD who had a facial muscle involvement since early
childhood, but it remained hidden due to severe cognitive
problems. The clinical manifestations consistent with the
FSHD phenotype included an increased serum creatine
kinase, a disrupted stapedial reflex, as well as hamstrings,
scapular, and abdominal muscles involvements (Saito et al.
2007). Two biological forms of FSHD are FSHD type 1
(FSHD1) and type 2 (FSHD2). FSHD type 1 (OMIM no.
158900) is the most common subtype seen in approximately
95% of FSHD patients and is responsible for almost all early-
onset cases (Mul et al. 2016). The phenotype of FSHD1
is associated with deletions in the subtelomeric region of
chromosome 4q35 which consists of tandem repetitive
units of 3.3 kb called D4Z4. Each D474 unit is a copy of
double homeobox 4 (DUX4) retrogene, which is expressed
as a transcription factor in the germline, but is normally
suppressed in somatic tissue. In normal people, the number
of D474 repetitions is 11 to more than 100 copies, while in
FSHD patients, this number is reduced to 1 to 10 copies.
The childhood-onset FSHD occurs when larger deletions
are made in the D4Z4. Investigations revealed that the
deletion leads to DNA hypomethylation of D474 repeats and
derepression of transcription in the region (Deutekom et al.
1993; van Overveld et al. 2003). Less than 5% of patients
with FSHD phenotype have normal-size repeat arrays on
4q but show DNA hypomethylation of D474 repeats. These
patients are considered to have FSHD2 (OMIM no. 158901)
correlated with mutations of the structural maintenance of
chromosomes flexible hinge domain-containing protein
1 (SMCHDI gene) or rarely DNA methyltransferase 3B
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(DNMT3B gene) in the presence of a disease-permissive
4gA haplotype. Haplotype 4qA contains the polymorphic
polyadenylation signal (PAS), which is essential for the
stabilization of DUX4 transcribed mRNA and thus the
expression of the DUX4 protein in skeletal muscle (Hamel
and Tawil 2018). Recently, Hamanaka et al. indicated some
mutations in ligand-dependent nuclear receptor-interacting
factor 1 (LRIF1), which is a facilitator of the interaction
between SMCHD1 and chromatin, in FSHD2 pathogenesis
(Hamanaka et al. 2020). SMCHDI, located at 18 p11 and
containing 48 exons, encodes a protein belonging to the
extremely conserved structural maintenance of chromosome
(SMC) protein family as well as the human microrchidia
(MORC) family. Both of the protein families are involved in
the epigenetic regulation of chromatin status (Lemmers et al.
2012; van den Boogaard et al. 2016; Ruggiero et al. 2020).
Contraction of number of D4Z4 repeats in FSHDI1, as well
as chromatin hypomethylation of D4Z4 repeats in FSHD2,
reduces D4Z4 region suppressive heterochromatin. This
chromatin relaxation leads to transcription of DUX4 mRNA
and improper expression of DUX4 protein in myonuclei. It
disrupts multiple signaling pathways that eventually lead to
cell death in the muscles of infected individuals (Hamel and
Tawil 2018; Schitzl et al. 2021).

Conclusion

Over the past two decades, substantial progress has been
made in the field of decoding the cellular and molecular
bases of neuromuscular disorders. Cognitive deficit is a gen-
eral term used to describe impairments in the individual’s
mental processes. Several cognitive function sub-domains,
including memory, attention, problem-solving, and visual
perception, have been considered in NMDs. Due to the
diverse pathogenesis of muscular dystrophies and the influ-
ence of several systems, cognitive defects may also appear
as a result of these conditions. Although there is a strong
correlation between cognitive characteristics and brain pro-
tein expression or function, the direct link between tissue-
specific protein expression and cognitive deficits in these
NMDs is not yet clear. Cognitive deficits do not seem to be
rare in muscular dystrophies. Some muscular dystrophies
clearly present cognitive dysfunction, while others are often
associated with neuropsychological problems, such as anxi-
ety, ASD, and ADHD (Table 1). However, adequate studies
on this topic have not yet been conducted. This is partly
due to the low frequency of occurrence of these diseases
and the intermittent lack of large cohorts of patients to
provide robust and credible results. In summary, the most
well-known pathomechanisms involved in the simultaneous
progression of muscular dystrophy and intellectual disability
include the following: defects in assembly and processing

of DGC in both muscles and neurons in dystroglycanopa-
thy syndromes (CMD. LGMD); loss of the brain and mus-
cle dystrophin isoforms as well as choline and glutamate
defects in DMD, spliceopathy arising from gain-of-function
RNA mechanism in myotonic dystrophy; and DUX4 dere-
pression due to the opening of the chromatin structure in
FSHD. Given the effect that the simultaneous occurrence
of cognitive impairment and muscle involvement has on the
quality of life of these patients, a more accurate understand-
ing of molecular mechanisms paves the way for the develop-
ment of targeted therapeutic interventions and consequently
improves their quality of life.
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