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Congenital myasthenic syndromes: recent advances

David Beeson

Purpose of review

Congenital myasthenic syndromes (CMS) are a group of heterogeneous inherited disorders caused by
mutations in genes encoding proteins essential for the integrity of neuromuscular transmission. This

review updates the reader on recent findings that have expanded the phenotypic spectrum and suggested
improved freatment strategies.

Recent findings

The use of next-generation sequencing is continuing fo unearth new genes in which mutations can give rise
to defective neuromuscular transmission. The defective transmission may be part of an overall more
complex phenotype in which there may be muscle, central nervous system or other involvement. Notably,
mutations in series of genes encoding presynaptic proteins are being identified. Further work on mutations

found in the AGRN-MUSK acetylcholine receptor clustering pathway has helped characterize the role of
LRP4 and broadened the phenotypic spectrum for AGRN mutations. Mutations in another extracellular
matrix protein, collagen 13A1 and in GMPPB have also been found to cause a CMS. Finally, there are

an increasing number of reports for the beneficial effects of treatment with B2-adrenergic receptor agonists.

Summary

Recent studies of the CMS illustrate the increasing complexity of the genetics, pathophysiological
mechanisms and the need to tailor therapy for the genetic disorders of the neuromuscular junction.
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Congenital myasthenic syndromes (CMS) are a
group of heterogeneous inherited disorders caused
by mutations in genes encoding proteins that
are essential for maintaining the integrity of neuro-
muscular transmission [1,2]. The syndromes share
the clinical feature of fatigable weakness, but age
at onset, presenting symptoms, distribution of
weakness and response to treatment vary depending
on the molecular mechanism resulting from the
genetic defect. To date, at least 24 different genes
are known to cause CMS (Table 1; [3]). Next-gener-
ation sequencing (NGS) is helping to spread the net
in identifying causative genes that now include
proteins that are ubiquitously expressed but their
defective function is most apparent at the neuro-
muscular junction, and presynaptic proteins in
which multiple functional deficits are present, of
which defective neuromuscular transmission is one.

In this review, we report the most recent find-
ings in CMS regarding novel causative genes,
notable observations for the better established
CMS subtypes and an update on treatment. Readers
are referred to other reviews for a more general
overview of CMS [1,4].
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Until recently, mutations in CHAT, the gene encod-
ing choline acetyltransferase, were the only presyn-
aptic cause of a CMS. The hallmark phenotypic
feature for patients with CHAT mutations is episodic
apnea that can be fatal. New reports support the
original findings of Ohno et al. [5] that characterized
the mutations as affecting the catalytic activity
of the enzyme, the expression levels of the enzyme
or a combination of the two [6]. This leads to a
use-dependent reduction in the filling of acetyl-
choline (ACh) molecules into the synaptic vesicles
of the motor nerve terminal and thus a reduction in
the quantal release of ACh into the synaptic cleft.
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KEY POINTS

o Next-generation sequencing continues to help uncover
new CMS disease genes and broaden the phenotypic
spectrum for these syndromes.

e Myasthenic weakness may be only one component of
a broader disease phenotype but its recognition is
important as it will be amenable fo treatment with
drugs that enhance neuromuscular transmission.

e The use of refined treatment combinations may
maximize the benefit fo patients with congenital
myasthenia.

What appears puzzling is why the effects of the
CHAT mutations are restricted to the neuromuscular
junction and the reduction of ACh release is not
apparent in central cholinergic synapses. The use of
NGS is now uncovering mutations in many more
presynaptic proteins, but in these cases a varying
degree of central problems are evident. Release of
the neurotransmitter ACh into the synaptic cleft
is dependent on a multistep cycle in which ACh
is synthesized from acetyl CoA and choline, is
transported into vesicles that congregate adjacent
to the nerve terminal, is exocytosed into the
synaptic cleft through fusion of the vesicles with
the motor terminal membrane that involves the
SNARE protein complex and then in the synaptic
cleft ACh is rapidly broken down and the reuptake
of choline into the nerve terminal occurs largely
through the sodium-dependent high-affinity
choline transporter (Fig. 1). There is the potential
for diminished or altered function in many of these
steps to affect levels of neurotransmitter available
to bind the acetylcholine receptor (AChR) and thus
to cause myasthenic symptoms. The use of NGS is
now revealing that many genes encoding proteins in
this pathway can harbor mutations that lead to
myasthenic features in the patient. Contrasting with
the majority of CMS that are recessive disorders,
dominant mutations have been identified for
SNARE complex protein SNAP25B [7"] and for
synaptotagmin (SYT2) [8"%,9] that locates to
synaptic vesicles and acts as a calcium sensor for
vesicular fusion and neurotransmitter release [10].
The de novo mutation in SNAP25B led not only
to reduced quantal release from the motor nerve
terminal but was also associated with severe
developmental delay, ataxic gait and ataxic dysarth-
ria. Treatment with 3,4-diaminopyridine (3,4-DAP)
improved patient strength. Mutations in SYT2,
identified in two families (p.Asp307Ala and
p-Pro308Leu, respectively), had features of a motor
neuropathy and a presynaptic disorder resembling
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Table 1. Congenital myasthenic syndromes subtypes and
associated genes

Congenital myasthenic

syndrome Gene
Ubiquitously expressed proteins
N-glycosylation pathway
GFPT1 GFPT1
DPAGT1 DPAGTI
°ALG2 ALG2
°ALG14 ALG 14
GMPPB GMPPB
Propyl-oligopeptidase
°PREPL PREPL
Proteins with defined function at the neuromuscular junction
Presynaptic
Choline acetyltransferase CHAT
“Synaptotagmin SY12
9SNAP25B SNAP25B
Synaptic
Endplate AChE deficiency colQ
°Laminin B2 deficiency LAMB2
Agrin AGRN
“Collagen 13A1 COL13A1
Postsynaptic

CHRNAT, CHRNBT,
CHRND, CHRNE

Primary acetylcholine
receptor deficiency

Escobar syndrome CHRNG
Rapsyn RAPSN
DOK7 DOK7”

CHRNAT, CHRNBI1,
CHRND, CHRNE

CHRNAT, CHRNBIT,
CHRND, CHRNE

Slow-channel syndrome

Fast-channel syndrome

“Low-conductance syndrome CHRNE
“MuSK MUSK
“Plectin deficiency PLEC]
“Na-channel myasthenia SCNA4A
°LRP4 LRP4

Source: Updated from Rodrigues-Cruz, Palace, Beeson Curr Opin Neurol
2014. AChE, acetylcholinesterase.
9Accounts for rare CMS syndromes. Adapted from [3].

the Lambert—Eaton myasthenic syndrome. Charac-
teristically, neurophysiology showed low amplitude
of compound muscle action potential (CMAP) with
postexercise amplitude facilitation. Clinical features
included childhood onset foot deformities, lower
limb muscle atrophy and weakness, and absent deep
tendon reflexes. Other candidate proteins in which
mutations might result in presynaptic disorders
would include members of the SNARE complex such
as synaptobrevin and syntaxin, the high-affinity
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FIGURE 1. The neuromuscular junction and the principle molecules involved in congenital myasthenic syndromes. The
spectrum of molecular mechanisms involved in congenital myasthenic syndrome. Common mutated proteins, newly identified
disease genes and presynaptic candidate genes are illustrated. Newly identified disease genes are labeled in grey
(SNAP25B, SYT2, COL13A1 and GMPPB). Candidate presynaptic genes are boxed and labeled in black. The high-affinity
choline transporter is encoded by SLC5A7, and the vesicular acetylcholine transporter is encoded by SLC18A3. GMPPB,
DPAGT1, ALG2, ALG14 and GFPT1 are represented at the postsynaptic endoplasmic reficulum, in a simplified view of the N-
glycosylation pathway, together with the posttranslational modifications of the saccharide structure of the acetylcholine
receptor and other neuromuscular junction proteins inside the endoplasmic reticulum and Golgi apparatus, before reaching the
muscle cell surface as mature proteins. AChE, acetylcholinesterase. Source: Modified from Rodrigues-Cruz, Palace, Beeson

Curr Opin Neurol 2014 [3].

choline transporter, and the vesicular ACh trans-
porter. It is not clear yet what phenotype dysfunc-
tion in these proteins would lead to, whether
defective neuromuscular transmission would be
the predominant symptom, or how they would
respond to current therapies.

BASAL LAMINA-ASSOCIATED
SYNDROMES

Mutations in the collagen-like tail subunit, which
anchors the asymmetric form of acetylcholinester-
ase at the neuromuscular junction, are established
as a major cause of CMS [11]. Other basal

1350-7540 Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.

lamina-associated CMS are rare. A single case
of deficiency of laminin B2 (LAMBZ2) due to heter-
oallelic frameshift mutations has been reported
[12]. A recent report has identified an additional
basal lamina-associated gene in which mutations
can give rise to a myasthenic syndrome [13""].
COL13A1 is a transmembrane protein concen-
trated at the neuromuscular junction with an
ectodomain that can be cleaved and shed into
the synaptic cleft [14]. Studies in mice lacking
coll3al reveal abnormal synaptic maturation
and defective presynaptic and postsynaptic func-
tions [15]. Mutations in COL13A1 have now been
identified in two independent families [13*]. In
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one, there was a homozygous frameshift
c.1171delG, p.Leu392Sfs*71, and in the other a
homozygous splice site mutation c¢.523-1delG
that is predicted to also cause a frameshift
p-Gly175Vfs*20. Onset of the disorder was at birth
with respiratory and feeding difficulties, slight
dysmorphic facial features and marked ptosis
but normal eye movements. Analysis of a patient
muscle biopsy showed the expected complete lack
of COL13A1 at endplates, but normal staining
for other endplate proteins such as DOK7, MUSK,
RAPSN and the AChR. Functional studies were
in keeping with results from col13al~/~ mice that
suggest a defect in synaptic maturation and in
keeping with these observations that patients were
found not to respond to pyridostigmine but
to benefit from the B2-adrenergic receptor agonist
salbutamol. The findings emphasize the crucial
role of extracellular matrix proteins, other than
those in the agrin (AGRN) pathway, for the
formation and maintenance of the synapse, and
highlight the importance of collagen XIII in
neuromuscular junction cytoarchitecture and
neurotransmission.

The agrin pathway

NGS is also helping to identify mutations in genes
encoding some of the larger and more complex
proteins at the neuromuscular junction that might
previously have gone undetected. AGRN is a large
extracellular matrix proteoglycan that has several
isoforms of which the neural isoform plays the key
role in maintaining synaptic structure through
binding LDL receptor related protein 4 (LRP4) and
activating MUSK [16,17]. New cases of CMS due to
AGRN mutations have been identified with distal
muscle weakness and atrophy resembling a distal
myopathy [18"]. Patients had decrement of CMAP
on repetitive nerve stimulation but also showed
postexercise increment of CMAP, though this varied
depending upon which muscle was sampled,
suggesting an additional presynaptic effect due to
the AGRN mutations. No clear genotype—-phenotype
correlation was apparent, although the identifi-
cation of mutations in the N-terminal AGRN
domain emphasizes the importance of screening
the whole gene for pathogenic variants.

LRP4 is the most recent of the key molecules for
the development and maintenance of the neuro-
muscular junction to be identified. AGRN binds to
LRP4 forming a ternary complex with MUSK that
triggers phosphorylation of the MUSK intracellular
kinase domain. A second family with two affected
sisters has now been identified with a homozygous
mutation in LRP4 (¢.3698A>C, p.Glu1233Ala) [197].
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As might be predicted, the mutation is found
to inhibit AGRN-induced upregulation of MUSK
signaling, thus disrupting maintenance of the neu-
romuscular junction. The location of this mutation
at the edge of the third B-propeller domain
of LRP4 and the mutations p.Glul233Lys and
p-Arg1277His [20] suggest that this is a restricted
region for CMS-causing mutations within LRP4,
whereas mutations in other regions of the gene
may give rise to Cenani-Lenz syndactyly syndrome
[21] or sclerosteosis-2 [22].

CONGENITAL MYASTHENIC SYNDROME
DUE TO DEFECTS IN THE
GLYCOSYLATION PATHWAY

The asparagine-linked (N-linked) glycosylation
pathway is a ubiquitous process in eukaryote cells
defined by the sequential attachment of sugar
moieties that are then linked to an amino acid
residue in a protein. Membrane-bound and exported
proteins are modified in the endoplasmic reticulum
by the addition and processing of glycans that can
be crucial for protein folding, assembly, stability,
intracellular transport and function. Mutations
in components within this pathway produce a
spectrum of severe multisystemic disorders known
as congenital disorders of glycosylation [23-25].
NGS has helped uncover mutations in genes
that contribute to the early steps of the N-linked
glycosylation pathway as a cause of CMS [26-28].
Mutations in these genes can result in severe multi-
system disorders, so the reasons why mutations in
ALG2, ALG14, DPAGT1 and GFPT1 that are ubig-
uitously expressed result in symptoms that are
largely restricted to the neuromuscular junction
dystunction is unclear. Indeed, mass spectrometric
studies on the N-glycomes of muscle cells derived
from GFPT1 CMS patients showed no global differ-
ence between the patient cells and control muscle
cells [29]. The neuromuscular junction is known to
be heavily glycosylated, and it may be that this
dynamic synapse and the AChR itself are especially
sensitive to only modest flaws in the pathway [30].
When mutations in GFPT1 were first identified as a
cause of CMS, a number of patients were found to
have the transversion c."22C>A in the 3’-untrans-
lated region of the gene. It was not clear how this
change in the untranslated region of the gene was
pathogenic, but a recent report identified that it
creates a microRNA binding site and that binding
of microRNA206" reduced GFPT1 expression [31].
Thus, the report highlights that variants that create
or disrupt microRNA binding sites in untranslated
regions can be pathogenic and should be considered
in genetic screens.
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Congenital myasthenic syndrome due to
mutations on GMPPB

GMPPB encodes the enzyme mannose-1-phosphate
guanyltransferase beta (GMPPB) that catalyses
the formation of GDP-mannose from mannose-
1-phosphate and GTP [32]. GDP-mannose is used
as building block in multiple glycosylation steps
including N-linked and O-linked glycosylation.
Previously, mutations in GMPPB have been
associated with muscular dystrophy dystroglyca-
nopathies in which defective O-glycosylation
of a-dystroglycan leads to dystrophic features often
accompanied by a variable degree of structural
brain and eye abnormalities [33,34]. A recent
report now expands the phenotype generated by
mutations in GMPPB to include a CMS [35""].

Some patients with GMPPB mutations have no
detectable neuromuscular junction abnormalities,
whereas in others fatigable muscle weakness with
a characteristic neuromuscular junction trans-
mission defect is the main symptom. However, all
patients tested have reduced glycosylation of o-
dystroglycan. Thus, in this CMS subtype, there is
a bridge between a myasthenic syndrome and a
dystroglycanopathy [35""]. Patients with GMPPB-
CMS have a similar phenotype to other CMS sub-
types harboring mutations within the early stages of
the glycosylation pathway, with a characteristic
limb girdle pattern of muscle weakness, onset in
childhood or later and often absence of ptosis and
sparing of eye and facial weakness. Notably, electro-
myography (EMG) abnormalities may be absent in
eye and facial muscles but present in the muscle
groups that are weak. Additional features shared
with the dystroglycanopathies include myopathic
features, raised creatine kinase (CK) levels and mild
cognitive delay. A raised CK reading is unusual for
CMS, though mildly raised levels may be seen in
GFPT1 CMS and occasionally in the slow-channel
syndrome, and therefore the combination of mark-
edly raised CK and decrement on EMG would be
suggestive of GMPPB-CMS [36]. Recognition of CMS
in patients with dystroglycanopathies is important
in that it provides the opportunity for effective
symptomatic treatment for the neuromuscular
junction component of the disorder.

MUTATIONS IN ESTABLISHED FORMS OF
CONGENITAL MYASTHENIC SYNDROME

Variation in phenotypic features and mutations
of note continue to be identified in established
forms of CMS. Two cases of recessive mutations in
SCN4A, the voltage-gated sodium channel that
propagates the membrane depolarization at the
neuromuscular junction into an action potential,

1350-7540 Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.

have been reported ([37%,38"]. The mutations
p-Arg1454Trp and p.Argl457His are in the DIVS4
region of the protein and cause delayed recovery
from inactivation states, which could potentially
translate into myasthenic weakness through
use-dependent inactivation. The p.Arg1454Trp
mutation generates a phenotype in which CMS
and periodic paralysis overlap [38"].

NGS is increasingly picking up variants in
known CMS-associated genes. For example, a
screen of a large cohort of patients with fetal aki-
nesia identified heteroallelic mutations in CHRND
(p-8Cys257Arg and p.Val439Trpfs*11) leading to a
severe CMS [39]. Further, a screen of late-presenting
myasthenia cases suggestive of seronegative myas-
thenia gravis led to the identification of seven
CMS cases out of a cohort of 25 with mutations in
RAPSN or CHRNA1, several of whom had previously
been treated for autoimmune myasthenia [40]. As
the clinical use of NGS expands, the emphasis of
interpreting the data generated will move from the
detection of sequence variants to determining the
pathogenicity of variants and sufficient understand-
ing of the molecular mechanisms to formulate an
appropriate therapeutic strategy.

TREATMENT

Current therapies for CMS include cholinesterase
inhibitors such as pyridostigmine, the potassium
channel blocker — 3,4-DAP, AChR open channel
blockers — fluoxetine or quinidine and the g2-adre-
nergic receptor agonists — ephedrine and salbuta-
mol. Response to treatment depends on the CMS
subtype. However, the use of salbutamol or ephe-
drine alone or combined with other drugs is increas-
ingly being reported as beneficial for many CMS
subtypes. These drugs can have a dramatic beneficial
effect for patients with DOK7 mutations, although,
unlike the near immediate effects of pyridostigmine
or 3,4-DAP, the benefit builds up over weeks or
months [41-44]. Based on the work with DOK7
CMS, it is hypothesized that the p2-agonists should
be beneficial for all mutations that impair the
AGRN-LRP4-MUSK-DOK?7 signaling pathway [41].
It is reassuring therefore that patients with
mutations in LRP4 [19"], MUSK [45] and AGRN
[18"] are reported to benefit from salbutamol,
although the response for AGRN mutations may
be less marked. A more recent study reports a
marked improvement following the addition of
B2-agonists therapy to patients with severe weak-
ness from ACh deficiency due to CHRNE mutations
on optimum treatment with pyridostigmine and
3,4-DAP [46™"]. Studies on mouse models in which
components of the AGRN pathway were ‘knocked
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FIGURE 2. Hypothetical model of the action of B2-agonists
at the neuromuscular junction. Diagrammatic model of
disruption of endplate structure caused by excess cholinergic
transmission counteracted by AGRN-LRP4-MUSK-DOK7
signaling that stabilizes endplate structures. It is proposed
that B2-agonist can partially compensate when signaling in
this pathway is impaired. Similarly, it is proposed that
B2-agonists can help stabilize the endplate structures if there
is excess cholinergic transmission resulting from long-term
anticholinesterase medication. Source: Original.

out’ found that this pathway works to counteract
the intrinsic dispersal effect that neurotransmission
has on AChR clusters and synaptic structure [47,48].
Long-term anticholinesterase therapy is known to
affect neurotransmission and endplate fine struc-
ture [49,50], and in some cases of AChR deficiency
the early beneficial response to cholinesterase
inhibitors becomes less effective with its longer term
use [46™"]. A plausible explanation for the beneficial
effects of B2-agonists is that they provide a compen-
satory mechanism to stabilize motor endplate
structures through activation of second messenger
signaling that partially compensates for the impair-
ment in the AGRN-MuSK signaling pathway (Fig. 2).
Similarly, B2-agonists may help to counteract the
disruptive effect on neuromuscular junction struc-
ture of long-term use of cholinesterase inhibitors in
cases of AChR deficiency. This hypothesis would
predict that the many subtypes of CMS that are
responsive to anticholinesterase therapy and are
on long-term anticholinesterase medication should
be helped by the addition of p2-agonists in their
treatment regimen.

CONCLUSION

NGS is becoming an integral part of the diagnostic
process for rare genetic disorders. Additional new
CMS disease genes will be identified. Increasingly,
disorders are now being identified in which

570 www.co-neurology.com

impaired neuromuscular transmission 1is only
one component in a more complex phenotypic
spectrum. It is important to recognize the myas-
thenic component within these disorders as symp-
tomatic treatment for the myasthenia is available.
An expanding knowledge of the pathogenic
mechanisms that underlie CMS helps in refining
treatment combinations that can maximize the
benefit to patients.
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