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The severity of MUSK pathogenic variants
is predicted by the protein domain they disrupt
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Summary
Biallelic loss-of-function variants in the MUSK gene result in two allelic disorders: (1) congenital myasthenic syndrome (CMS; OMIM:

616325), a neuromuscular disorder that has a range of severity from severe neonatal-onset weakness to mild adult-onset weakness,

and (2) fetal akinesia deformation sequence (OMIM: 208150), a form of pregnancy loss characterized by severe muscle weakness in

the fetus. TheMUSK gene codes for muscle-specific kinase (MuSK), a receptor tyrosine kinase involved in the development of the neuro-

muscular junction. Here, we report a case of neonatal-onsetMUSK-related CMS in a patient harboring compound heterozygous deletions

in the MUSK gene, including (1) a deletion of exons 2–3 leading to an in-frame MuSK protein lacking the immunoglobulin 1 (Ig1)

domain and (2) a deletion of exons 7–11 leading to an out-of-frame, truncated MuSK protein. Individual domains of the MuSK protein

have been elucidated structurally; however, a completeMuSK structure generated bymachine learning algorithms has clear inaccuracies.

We modify a predicted AlphaFold structure and integrate previously reported domain-specific structural data to suggest a MuSK protein

that dimerizes in two locations (Ig1 and the transmembrane domain). We analyze known pathogenic variants in MUSK to discover

domain-specific genotype-phenotype correlations; variants that lead to a loss of protein expression, disruption of the Ig1 domain, or

Dok-7 binding are associated with the most severe phenotypes. A conceptual model is provided to explain the severe phenotypes

seen in Ig1 variants and the poor response of our patient to pyridostigmine.
Introduction

Congenital myasthenic syndrome (CMS) is a neuromus-

cular disorder characterized by neuromuscular junction

(NMJ) abnormalities.1 CMS has been linked to variants

in 35 genes and can be categorized as presynaptic, synap-

tic, postsynaptic, or mixed pre- and postsynaptic with

glycosylation defects based on which gene is mutated.2

Muscle-specific kinase (MuSK) is a receptor tyrosine ki-

nase located postsynaptically, and rare biallelic variants

underlie MUSK-related CMS.3,4 MuSK contains seven do-

mains.5 The first immunoglobulin domain (Ig1) allows

MuSK to homodimerize when activated by its ligand

agrin/low-density lipoprotein receptor-related protein 4

(LRP4) and is important for binding to a collagen-like

tail subunit of asymmetric acetylcholinesterase (ColQ)

and acetylcholinesterase (AChE) for clearance of ACh

from the synapse.6,7 Early in development, Wnt

signaling through the MuSK frizzled (Frz) domain plays

a role in guiding growing motor neuron axons to muscle

fibers.8 Later in development, MuSK signaling in

response to neuronally released agrin bound to LRP4

leads to activation of MuSK through an agrin-LRP4-

MuSK-Dok-7 megacomplex that leads to proper acetyl-

choline receptor (AChR) clustering and endplate forma-

tion.6,7 Intracellularly, MuSK contains a protein kinase
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domain, which trans-autophosphorylates for its own

activation as well as phosphorylating key downstream ef-

fectors, such as Dok-7.9,10

Biallelic pathogenic loss-of-function variants in the

MUSK gene, including missense variants and deletions,

lead to two genetic conditions characterized by NMJ ab-

normalities. The first condition, fetal akinesia deformation

sequence (FADS), is a form of in utero demise characterized

by a sequence of defects related to decreased fetal move-

ment.11 Movement of the fetus is important for the proper

development of a number of organ systems. FADS often re-

sults in respiratory insufficiency due to pulmonary hypo-

plasia, skeletal muscle disease with joint contractures,

and intrauterine growth retardation (IUGR). Characteristic

dysmorphic features can also result due to the FADS and

IUGR, including micrognathia, single palmar creases, hy-

pertelorism, and posteriorly rotated ears.

The second disorder, CMS, presents with neuromuscular

weakness ranging from neonatal- to adult-onset limb-gir-

dle weakness or even isolated vocal cord paralysis.4

Though CMS and FADS are considered two different dis-

ease entities, both are associated with a recessive inheri-

tance pattern and caused by biallelic loss-of-function

variants; therefore, they represent a continuum ofmanifes-

tations of the same disease process and can be more gener-

ically described as MUSK-related disorders.
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Here, we report a case of a neonatal onset MUSK-related

CMS in a patient harboring compound heterozygous

MUSK deletions, including (1) an in-frame deletion of

exons 2–3 leading to shortened MuSK protein lacking an

Ig1 domain and (2) a deletion of exons 7–11 leading to

an out-of-frame, truncated MuSK protein. We performed

a literature review of known MUSK variants, identifying

24 cases of CMS3,4,12–22 and 21 cases of FADS.11,23–25 We

provide a protein domain-specific genotype-phenotype

correlation based on the structure and function of the

MuSK protein. We find that pathogenic variants within

the Ig1 domain are associated with a more severe pheno-

type. Finally, given that our patient experienced clinical

deterioration with a short trial of pyridostigmine, an

AChE inhibitor used to treat myasthenia gravis, and subse-

quently improved with oral albuterol, a short-acting b2

adrenergic receptor agonist, we review our understanding

of current treatment paradigms and agree with current rec-

ommendations that discourage the use of cholinesterase

inhibitors in MUSK-related CMS.26
Subjects and methods

Genetic testing
The genetic evaluation of the patient was performed during an

inpatient consult (D.GJ. and K.G.Q.T.) and continued in an outpa-

tient setting (B.T.C. andM.T.M.) at Duke University Hospital.Writ-

ten informed consent was obtained for reporting of clinical infor-

mation. Per the Duke University Health System IRB policy, the

review of medical records for publication of a single case report

is not considered by the IRB to be research involving human sub-

jects, and therefore such a report of medical cases is considered

exempt.

SNP microarray analysis
Copy-number variant analysis was performed on DNA derived

from uncultured peripheral blood leukocytes of the patient using

the Affymetrix Cytoscan HD array and Affymetrix ChAS software

4.3 (Thermo Fisher Scientific).

NextGen sequencing panel
Genomic DNA was isolated from peripheral blood leukocytes by

the Duke Molecular and Cytogenetics Lab and then submitted

to Invitae (San Francisco, CA, USA) for Illumina next-generation

sequencing technology to interrogate 143 genes associated with

neuromuscular disorders. Both MUSK deletions identified by

NGS were subsequently confirmed by array comparative genomic

hybridization (MUSK transcript NM_005592.3.). Parental testing

was performed to confirm the phase of the variants.

Protein modeling
The MuSK protein structure was predicted with AlphaFold and ob-

tained from the Membranome 3.0 database.27–30 Custom adjust-

ments to the structure were made in pymol to present it in a

more biologically plausible orientation (The PyMOL Molecular

Graphics System, v.2.0 Schrödinger). The following structures

were obtained from the Protein Data Bank: dimer of Ig1 and Ig2

domains (PDB: 2EIP),31 Frz-like cysteine rich domain (PDB:

3HKL),6 unphosphorylated, autoinhibited tyrosine kinase (PDB:
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1LUF),9 and peptide fragment with DOK7 (PDB: 3ML4).10 The

AlphaFold structure (MUSK_HUMAN) was obtained from Mem-

branome 3.0 (ID MUSK_HUMAN) as a base.29,30 Custom align-

ment in pymol was performed to generate models using existing

structures as an anchor point. Two models were developed. In

model 1, dimerization was modeled in both the Ig1 and trans-

membrane domain using the TMDOCKmodel. In model 2, dimer-

ization was modeled in the Ig1 domain alone using prior crystal

structures of the Ig1 and Ig2 domains as a starting point. Given

the physical constraints required for kinase trans-autophosphory-

lation (i.e., the need for the two kinase domains to be close enough

in physical space to rotate and phosphorylate one another), the

model with the transmembrane domains homodimerizing was

selected as the most plausible structure (though further experi-

mental validation is warranted).
Results

Case presentation

The patient was born at 38 weeks gestational age and pre-

sented at birth with generalized hypotonia, bilateral ptosis,

muscle weakness, and respiratory failure requiring neonatal

intensive care. There were no prenatal concerns, and he was

born symmetric and appropriate for gestational age (birth

weight: 3.17 kg [44th percentile]; head circumference:

35 cm [71st percentile]; length: 53 cm [92nd percentile]).

APGAR scores were 2 (1min) and 7 (5 min), and he required

intubation at the 15 h of life for respiratory insufficiency

and acidosis. Spinal muscular atrophy testing was negative

both on the North Carolina newborn screen and on

follow-up testing. An SNP chromosomal microarray re-

vealed (1) a 104 kb duplication of 17q25.3with a breakpoint

within the SEPT9 gene with chromosomal coordinates

chr17:75,447,984–75,551,771 (hg build 19) and (2) an

interstitial deletion of 43 kilobases on 9p31.3 involving

MUSK with chromosomal coordinates chr9:113,501,707–

113,544,998 (hg build 19). Duplications and missense vari-

ants in SEPT9 have been associated with autosomal domi-

nant hereditary neuralgic amyotrophy, characterized by se-

vere upper extremity neuropathic pain and dysmorphic

features (hypotelorism, cleft palate, blepharophimosis, and

unusual skin fold creases) not observed in our patient.32–35

Our patient did exhibit trigonocephaly (Figure 1).

A neuromuscular gene panel covering 143 genes was per-

formed (Invitae Comprehensive Neuromuscular Disorders

Panel). The gene panel confirmed the pathogenic MUSK

deletion detected on microarray, providing better resolu-

tion of exons involved. The panel also revealed a second

smaller pathogenic deletion involving exons 2–3 of

MUSK, which was below the SNP microarray detectable

range. Subsequent parental testing demonstrated that

each parent was heterozygous for one of the deletions,

thus confirming a diagnosis ofMUSK-related CMS. In addi-

tion to both deletions, a paternally inherited missense

variant in MUSK was also observed (c.667G>A; p.Va-

l223Ile), which is obligated to be present on the paternally

inherited allele with the deletions of exons 2–3. Variants of



Figure 1. Loss of the Ig1 domain leads to neonatal-onset MUSK-related CMS
(A) Clinical photographs taken at 10 months of age show ptosis and myopathic facies, which are typical of congenital myasthenic syn-
drome. He has low tone in hismouth, but he does not havemacroglossia. Additionally, he has evidence of trigonocephaly, which is not a
typical dysmorphic feature of MUSK-related CMS and may be related to a separate unidentified genetic or environmental modifier. At
10 months of age, he exhibited severe hypotonia and was unable to hold his head unassisted for more than a few seconds. Antigravity
movements of his extremities were present.
(B) The patient inherited two intragenic deletions in MUSK in trans.

(legend continued on next page)
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uncertain significance in genes CHRND, HNRNPDL, and

SPEG and a pseudodeficiency allele in GAA were observed

(Table S1).

While the patient was in the neonatal intensive care unit

after the diagnosis of CMS, a trial of pyridostigmine was

performed at an oral dose of 1 mg/kg every 6 h for

2 days. The patient experienced acute worsening with

bradycardia, respiratory distress, and increased secretions

while receiving pyridostigmine, and the medication was

discontinued. Two days following this pyridostigmine

trial, the patient was noted to have a new-onset choreiform

movements. An electroencephalogram revealed general-

ized slowing but no epileptiform activity, and neuroimag-

ing (brain MRI) was normal. His choreiform movements

ceased, and he returned to normal baseline movements

3 days after they were first noted.

Oral albuterol therapy was then initiated at 1 mg/kg

every 8 h. Improvement in strength and tone were noted

with decreased ventilator settings, and strength improved

from 3/5 (antigravity) to 4/5 (strength against light resis-

tance) on the MRC scale in bilateral upper and lower ex-

tremities. Ptosis improved, though it was still present,

and proximal muscle strength improved from 3/5 to 4/5.

As albuterol was well tolerated, it was increased to a main-

tenance dose of 2 mg/kg every 8 h.

The patient was 10 months of age at his last evaluation

in the Medical Genetics clinic (Figure 1). At that time,

he was showing normal cognitive development. He

continued to have significant weakness, including consid-

erable head lag, but he was able to sit unassisted for a few

seconds when placed in a seated position. He remains on

24 h mechanical ventilation for respiratory support but is

currently working toward weaning down his ventilatory

needs.

Structural modeling of MuSK using previous

experimental and predicted structures

X-ray crystallography data exist for the MuSK Ig1 and Ig2

domain (PDB: 2IEP), the Frz-like domain (PDB: 3HKL),

the kinase domain (PDB: 1LUF), and a 2:2 complex be-

tween a portion of the juxtamembrane domain of MuSK

and Dok7 (PDB: 3ML4).6,9,10,31 An experimental structure

for the complete protein has not been solved by X-ray crys-

tallography or cryoelectron microscopy (cryo-EM). An in-

silico-predicted model generated by AlphaFold exists, but

this structure does not consider the presence of the mem-

brane, which separates the intracellular and extracellular

portions of the protein (Figure 2).27,28 The AlphaFold struc-

ture loops the extracellular Ig domains adjacent to the

intracellular kinase domain (Figure 2A). Membranome pro-
(C) SNP chromosome microarray analysis revealed an intronic deleti
passing exons 2–3 was below detection for his initial microarray, alth
tensity suggesting a deletion.
(D) The paternally inherited allele with the in-frame deletion is predic
remainder of the protein intact. His maternally inherited allele is
expression.
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vides transmembrane information to AlphaFold structures

to improve structure prediction, but this automated tool

does not consider additional experimental evidence for in-

dividual proteins.29,30 For the MuSK structure in the Mem-

branome 3.0 database, the linker region is removed, and

the extracellular domain is tilted horizontally along the

membrane, which would not allow for homodimerization

of the Ig1 domain or the transmembrane domain or trans-

autophosphorylation of the kinase domain (Figure 2B).

To overcome the challenges, we combined available in-

formation from crystallography, functional data, and the

AlphaFold model to generate an improved predicted struc-

tural representation of the MuSK protein (Figure 2). This

structure aligns previously solved domains into a logical

structure that is able to homodimerize at both the Ig1

and transmembrane domains. The Ig1 domains adopt

the orientation observed in the previously solved struc-

ture,31 and the positioning of the transmembrane domain

is consistent with reports that replacement of the trans-

membrane domain with a constitutively homodimerizing

form led to constitutive clustering and MuSK activation.36

The flexible linker between the transmembrane and the

Frz-like domain has sufficient length for the structure to

be energetically plausible. The kinase domains also have

sufficient flexibility to turn inwards to trans-autophos-

phorylate upon agrin/LRP4 activation.

Two regions of the protein, the disordered linker regions

and the Dok-7-binding juxtamembrane domain, remain

poorly resolved and require further refinement; this is

typical of disordered regions in AlphaFold-predicted struc-

tures.37 This juxtamembrane domain that connects the

transmembrane domain with the kinase domain has

been shown to be involved in Dok-7 binding and is in a re-

gion of the AlphaFold structure that has ‘‘low’’ to ‘‘confi-

dent’’ ratings (between 50 and 90 per-residue confidence

score predicted local distance difference test [pLDDT]).

This low confidence is consistent with a degree of flexi-

bility of the linker region to accommodate confirmations

with binding partners.

Genotype-phenotype correlation suggests domain-

specific symptom severity

The primarily expressed isoform of MuSK is composed of

seven domains and one flexible, disordered linker region

(Figure 3). Extracellularly, MuSK is composed of three Ig-

like domains (Ig1, Ig2, and Ig3), a Frz-like cysteine rich

domain, and a flexible disordered linker region connecting

the extracellular domains to the transmembrane

domain.38 MuSK contains a single-pass transmembrane

domain. The intracellular domain is composed of a short
on encompassing exons 7–11. The smaller loss of material encom-
ough in retrospect, there are probes in this region with signal in-

ted to result in aMuSK protein with the Ig1 domain deleted but the
an out-of-frame deletion predicted to result in loss of protein



Figure 2. Modeling the structure of
MuSK using experimental and predicted
data suggests dimerization occurs at
both the Ig1 domain and the transmem-
brane domain
(A) The MUSK_HUMAN structure from the
AlphaFold database (https://alphafold.ebi.
ac.uk/entry/O15146) has a biologically un-
likely orientation with the intracellular ki-
nase domain interacting closely with the
extracellular Ig2 domain.
(B) Membranome removes disordered re-
gions and forces a membrane constraint
to correctly separate the intracellular and
extracellular domains; however, without
the flexible linker, which is present be-
tween the extracellular domain and trans-
membrane domain, the extracellular
portion of the protein is positioned hori-
zontally along the membrane, which
would not allow for Ig1 dimerization
concurrently with kinase trans-autophos-
phorylation.
(C) Previously solved domains by X-ray
crystallography were obtained from the
RCSB Protein Data Bank (https://rcsb.org).
(D) Allowing for the flexible linker between
the Frz-like and transmembrane domain to
modify the position of the extracellular
domain allows for an orientation of the
MuSK protein that is biologically plausible
and allows for dimerization at the Ig1
domain, within the transmembrane
domain, and within reach for trans-auto-
phosphorylation of the kinase domains.
juxtamembrane domain with one phosphorylated residue

important for DOK7 interactions and a protein kinase

domain.5,9,39

We reviewed the literature for previously reported vari-

ants inMUSK. Forty-six patients, including the case we pre-

sent here, with twenty-nine unique disease-related alleles

were observed3,4,11–25 (Table S2). The variants appeared

in four of the seven MuSK domains, including the Ig1,

Frz-like, juxtamembrane, and kinase domains (Figure 3).

Variants leading to loss of the full-length MuSK protein

(nonsense, frameshift, and large deletions) represented

62% of the alleles, and 38% were missense. Homozygous

loss-of-function variants resulted in the most severe

phenotype (FADS). Missense variants were frequently

observed in compound heterozygosity with a loss-of-func-

tion allele (55% of unique disease combinations). The pa-

tient reported in this study is unique in his combination

of a loss-of-function allele and an allele with a deletion

of the Ig1 domain.

The Ig1 domain performs multiple functions integral to

known MuSK function, including binding between MuSK

monomers for homodimerization and binding to the

AChE COLQ to anchor AChE in the NMJ.6,7 Four

missense variants were observed in the Ig1 domain; two

resulted in FADS, and two were observed in neonatal/in-

fantile-onset CMS. Complete loss of the Ig1 domain

through deletions involving exons 2–3 has been previ-
Hu
ously reported. The previous case reported with a deletion

of exons 2–3 had a second allele with a p.D38E variant

also impacting the Ig1 domain. Of note, our patient’s

deletion of exons 2–3 was inherited from an unaffected

parent, providing evidence that the variant does not

have a dominant-negative effect.

The p.N103S allele was observed both in a homozygous

state and in heterozygosity with a null allele.4,15,40,41 The

allele frequency of the p.N103S allele is 2.41e�5 on gno-

mAD and is present in Latino/admixed American and

European/non-Finnish populations. The variant was also

described in a Chinese family.40 The only described indi-

vidual that is heterozygous for a loss-of-function variant

plus the p.N103S variant presented with neonatal-onset

CMS. Of the four patients reported so far with homozygous

p.N103S variants, significant variability has been

observed.40 One presented in the neonatal period, one in

childhood, one at 13 years of age, and one at 27 years of

age. Apart from the 27-year-old who was not on treatment,

all the patients responded poorly to AChE inhibitor ther-

apy and improved with a b2-receptor agonist.40

One missense variant (p.P344R) was observed in the Frz-

like domain. The variant presented in a homozygous state

in a patient with infantile-onset CMS. The Frz-like domain

interacts with Wnt morphogens, and recent work in a Frz-

like-domain knockout mouse revealed defects in muscle

prepatterning and NMJ synapse differentiation.42
man Genetics and Genomics Advances 5, 100288, July 18, 2024 5

https://alphafold.ebi.ac.uk/entry/O15146
https://alphafold.ebi.ac.uk/entry/O15146
http://rcsb.org


Figure 3. Missense pathogenic variants in theMUSK gene are most severe in the Ig1 domain andmost frequently found in the kinase
domain
Pathogenic variants that have been observed in patients to date are plotted along their position within the MuSK protein and separated
by CMS (on the left) and FADS (on the right). Variant color is given based the disease severity scale from fetal (purple) to adulthood (cyan)
onset of symptoms. Null alleles consistently resulted in the most severe phenotype. For missense variants, those that impact the extra-
cellular domain (Ig1 or Frz-like) were associated with earlier onset of symptoms. Variants were most frequent in the kinase domain
(which is also the largest domain). The kinase domain variants had the largest range of disease onset. Variants that were observed in
patients who trialed and discontinued pyridostigmine are marked with an asterisk (*); all patients with extracellular missense variants
discontinued pyridostigmine, but so did many patients with kinase variants. The most frequent combination of variants in compound
heterozygotes involves one null allele and one missense allele.
The intracellular domain is comprised of a juxtamem-

brane domain, which contains a critical phosphorylated

residue (Y554) within an NXPY binding site43 (note that

amino acid numbering has been adjusted since the original

publication from Y553 to Y554). Phosphorylation at Y554

following agrin/LRP4 activation leads to Dok-7 binding

and ultimately AChR clustering. No pathogenic variants

were observed at this residue, but functional data have

shown loss of AChR clustering that we predict would cause

disease if observed in patients.

Two phosphorylated regions involving five tyrosine res-

idues are involved in agrin/LRP4-mediated activation of

the MuSK kinase.43,44 Y554 and Y577 are found in, and

adjacent to, the juxtamembrane domain. The activation

loop within the tyrosine kinase is composed of Y751,

Y755, and Y756. Interestingly, the most severe missense

homozygous variant, which resulted in FADS, results in

the substitution of threonine, a residue that can also be
6 Human Genetics and Genomics Advances 5, 100288, July 18, 2024
phosphorylated two amino acids upstream of the typi-

cally phosphorylated Y577 residue (Figure 4).11 Func-

tional data from fetal tissue and myocytes with the

p.I575T variant show loss of MuSK autoactivation, loss

of kinase activity, and loss of AChR clustering.11 The

mechanism of this substitution has not been completely

elucidated; whether the severity of this change is related

to improper phosphorylation of the substituted threonine

or loss of normal phosphorylation of the Y577 or Y554

residues remains an open question. Rare missense variants

at amino acid position 575 appear in gnomAD at a low

frequency. p.I575V appears at an allele frequency of

3.1e�5 in the European (non-Finnish) population data

and p.I575N at an allele frequency of 6.4e�5 in the

African/African American population. Variants resulting

in substitutions at any of the five phosphorylated residues

are not present in gnomAD but would presumably be

deleterious.



Figure 4. Homozygous MUSK variants
previously reported in patients
Six variants have been observed in a homo-
zygous state. Two of these variants result in
FADS (c.40dupA and c.1724T>C). The
c.40dupA allele leads to a complete loss of
protein expression. It is the only combina-
tion that leads to a complete loss of protein
expression observed in patients to date,
though presumably, any other combina-
tion that leads to complete loss of MuSK
will be lethal in utero. The c.1724T>C allele
leads to a p.I575T missense variant. This
variant leads to the placement of a residue
that is capable of being phosphorylated
within two amino acids of the prototypi-
cally phosphorylated tyrosine at position
577. Further experimental validation of
the p.I575T variant is needed to determine
if it alters phosphorylation at Y577 or leads
to disease through another mechanism.
The remaining four variants result in
CMS and are located within the Ig1, Frz-
like, and kinase domains. The p.N103S
variant is the most frequent of the homo-
zygous variants and results in a range of
symptom severity, from neonatal onset to
adult onset.
The tyrosine kinase domain, which is the largest MuSk

domain, contained the most pathogenic variants (12/18

missense alleles observed). Except for the p.I575T variant

described above, no other kinase variants were observed in

FADS. The kinase variants were spread along the length of

the domain (Figure 3). Two variants, p.I581N and p.M835V,

were observed in a homozygous state (Figure 4). These vari-

ants resulted in less severe disease with childhood or adoles-

cent onset of symptoms. The remainingmissense kinase var-

iants appeared as compound heterozygous with the second

allele containing a loss-of-function variant (7/10) or separate

missense variants in the kinase domain (3/10) (Figure 5).

Compound heterozygous variants with one kinase

missense change and a loss-of-function variant resulted in

neonatal (4/7observations)orcongenitalvocal cordparalysis

and/or adult-onset limb-girdle weakness (3/7 observations).

The p.V790M variant in compound heterozygosity with a

loss-of-function allele was observed in two separate cases of

neonatal-onset CMS.3,17 Reminiscent of observations in pa-

tients, a knockin mouse model of the p.V790M variant

(p.V789M in the mouse) recapitulated the CMS phenotype

when the p.V790M variant was heterozygous with a loss-

of-function allele.45 No phenotype was observed in the

p.V790M homozygous state. Consistent with its frequent

appearance in our cohort, p.V790M is found in almost all

populations in gnomAD and appears at a global allele fre-

quency of 2.10e�4, making it the most common allele

among pathogenic or likely pathogenic missense variants.
Discussion

Here, we report a case of neonatal MUSK-related CMS and

review previously reported cases of MUSK-related disease.
Hu
We use the atlas of cases developed here to extract correla-

tions between the genotype and phenotype and propose

that grouping cases by the impacted protein domain(s)

predicts disease severity. Combining functional evidence

with machine-learning-based predictions and experi-

mental structural data, we develop a complete MuSK struc-

ture for illustrative purposes. We use this structure to high-

light domain-specific changes among previously reported

cases.

Our patient’s combination of genetic changes is unique

for cases of MUSK-related disease described to date. Previ-

ously reported cases either resulted in absent MuSK protein

expression (typically resulting in FADS) or MuSK expres-

sion with a single amino acid change. One previous case

presented with one allele producing a MuSK protein with

a missense change and the other allele producing MuSK

with a loss of the Ig1 domain.14 In our patient, the only

MuSK protein present is a form with the Ig1 domain

missing. Given the importance of the Ig1 domain to core

MuSK functions—dimerization, agrin/LRP4 response, and

AChE anchoring—it is not surprising that our patient pre-

sented with severe symptoms.6,7 One limitation of this

study is the use of SNP microarray and next-generation

sequencing to characterize our patient’s deletions without

further confirmation by RNA and western blotting

methods. Further experimental investigation of this Ig1-

deficient variant is warranted to determine its impact on

cell signaling.

Protein structure determination is key to our mecha-

nistic understanding of protein function. X-ray crystallog-

raphy and cryo-EM are mainstays to solving protein struc-

tures, but in recent years, computational modeling has

shown increasing promise in successful prediction.27,28
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Figure 5. Conceptual models suggest the importance of the Ig1 domain for MuSK protein function
(A) The formation of the agrin-LRP4-MuSK-Dok-7 megacomplex occurs stepwise. Unlike most receptor tyrosine kinases, which bind
directly to a ligand, agrin first binds LRP4, and the agrin-LRP4 complex serves as a ligand for MuSK. Following agrin-LRP4-MuSK binding
on the extracellular side, Dok-7 binds intracellularly, leading to MuSK activation by trans-autophosphorylation (i.e., the kinase domains
from opposite MuSKmonomers phosphorylate each other). Activated MuSK phosphorylates downstream targets to result in AChR clus-
tering and endplate formation.
(B) The Ig1 domain is the site of binding for ColQ, allowing for proper localization of AChE in the synapse. This suggests a model to
explain why our patient experienced severe worsening in the setting of a trial of pyridostigmine (an AChE inhibitor).
(C) Systemic b-agonist therapy is the currentmainstay of therapy, though themechanism of signaling through the b-adrenergic receptor
is not completely known. Whether G-protein signaling, b-arrestin signaling, or both are involved is an open question.
The model of MuSK proposed here was informed by both

computational models and the prior crystallographic

determination of Ig1 domains and the juxtamembrane

domain interaction with Dok-7.6,9,10,31 Our model inte-

grates disparate sources of data, and additional experi-

mental data are important to validate these predictions.

Tools for refining protein models like extensive molecular

dynamics simulation, as recently done for the tyrosine-

protein kinase KIT, could be a direction of future research

to better understand the conformations and dynamics of

the linker and other low-confidence and flexible regions.46

As with prior reports of postsynaptic CMS, our patient

had a poor response to a trial of the AChE-inhibiting medi-

cation pyridostigmine. By reviewing cases ofMUSK-related

CMS with variants affecting the Ig1 domain, we find that

they all have exhibited a poor response to pyridostigmine

(this paper and Gallenmüller et al.14). Given the role of Ig1

in anchoring AChE to the NMJ, it would be informative to

investigate AChE localization in patients with Ig1 variants.

Regardless of themechanism, we further highlight existing
8 Human Genetics and Genomics Advances 5, 100288, July 18, 2024
recommendations that pyridostigmine should not be used

in patients with MUSK-related CMS,2 particularly when

their variant impacts the Ig1 domain.

Our patient exhibited a good response to therapy with

an oral b2-adrenergic receptor agonist. Previous reports

suggested that b2-adrenergic receptor agonists appeared

to have the greatest therapeutic effect for variants that

disrupt kinase function4; however, our patient does not

fit that pattern, suggesting that a b2-adrenergic receptor

agonist may be a reasonable first-line therapy for all

MUSK-related CMS.2

The mechanism by which activation of the b2-adren-

ergic receptor, a prototypical G-protein-coupled receptor

(GPCR), improves symptoms in MUSK-related CMS, a dis-

order of a receptor tyrosine kinase, is not clear. GPCR

signaling occurs both through G proteins and b-arrestins.

Activation of the Gs alpha subunit, for example, increases

cAMP, which may directly or indirectly activate MuSK or

may lead through a separate pathway to MuSK effector

activation (Figure 5C). b-Arrestin signaling has been



shown to activate the non-receptor tyrosine kinase Src,47

and activated Src has been shown to act within the

MuSK/agrin pathway for AChR clustering.48 Further eluci-

dation of this pathway is important, as biased agonists for

G-protein or b-arrestin activation exist that may form the

basis of a more effective precision medicine approach to

therapy.

Recently, agonist antibodies directed against MuSK have

been proposed as a potential therapy for postsynaptic

CMS.49 The treatment showed promise in a mutant

Dok-7 mouse model of CMS. The antibodies target the

Frz-like domain of MuSK to induce MuSK activity, pro-

posed to induce MuSK dimerization independent of

Dok-7 or other adaptor proteins. However, the exact mech-

anism of MuSK activation by these antibodies is unclear. In

a separate study it was shown that full-length antibody

could induce MuSK activation and AChR clustering, while

a fragment antigen binding region was insufficient, lead-

ing them to suggest that dimerization of MuSK was

required for antibody activity.50 In contrast, previous liter-

ature found that single-chain variable fragments (scFVs)

against MuSK could induce MuSK activation, but the au-

thors could not rule out the possibility of scFV dimers.51

As one of our patient’s MuSK variants contains a functional

Frz-like domain and a functional kinase domain, he would

likely be an excellent candidate for such a therapy.

A review of cases here provides some logic to the variant

profile typically observed in MUSK-related disorders.

Twenty-one variant combinations were observed, with

28% occurring in homozygosity. Of the homozygous vari-

ants, only one, to our knowledge, leads to complete loss of

protein expression (c.40dupA). We hypothesize that any

other allele combination that leads to complete loss of pro-

tein expression will result in FADS. Of the compound het-

erozygous variants, 73% occurred with one allele that re-

sulted in complete loss of protein expression (frameshift,

nonsense, or out-of-frame deletion) and the other allele

with a missense variant. This suggests a mild deleterious ef-

fect of haploinsufficiency that is further worsened by a

loss-of-function missense variant in compound heterozy-

gous cases. Further evidence for this pattern of inheritance

comes from amouse model of the p.V790M variant, which

does not have a phenotype in the p.V790 homozygous

state but has a striking neuromuscular phenotype in the

compound heterozygous setting of one p.V790 allele and

one MUSK-deleted allele.45

Conclusion

In conclusion, we provide the detailed clinical pheno-

type of a case of MUSK-related CMS in the setting of a

MuSK protein lacking the Ig1 domain. Our patient pre-

sented with severe neonatal respiratory distress and a

poor response to pyridostigmine. Therapy with a sys-

temic b2-adrenergic receptor agonist has been beneficial,

though the mechanism of action remains unclear. We

use previous structural data to improve machine-

learning-predicted models of the MuSK protein. We re-
Hu
view prior reports to search for general rules, which

may assist with variant classification and prediction.

We find that the Ig1 and kinase domains were the most

frequently impacted by pathogenic missense variants

and that most cases of MUSK-related CMS were in com-

pound heterozygous individuals with one null allele

and one missense allele. Treatments that increase expres-

sion of a functional allele or act downstream of the

LRP4/MUSK/agrin/Dok-7 pathway may prove efficacious.
Data and code availability

The MUSK AlphaFold2-generated structure is available for

download from the AlphaFold Protein Structure Database

(https://alphafold.ebi.ac.uk/entry/O15146). The Membra-

nome transmembrane-corrected structure is available

from the Membranome database (https://membranome.

org/proteins/2668).
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Supplemental Figure 1: Compound heterozygous allele combinations with missense variants in 

the Ig1 domain. Five allele combinations in compound heterozygosity involve the Ig1 domain. They 

all result in fetal or neonatal presentation, with the exception of the p.N103S which has a variable 

presentation (observed as neonatal, infantile, adolescent, and adult). Two cases have been reported with

the in-frame deletion of Ig1. The p.R74W and p.C99F allele, when in combination with a null allele, 

result in FADS. The p.N103s allele is the most variable and most common pathogenic allele observed 

in the cohort.



Supplemental Figure 2: Compound heterozygous allele combinations with missense variants in 

the kinase domain. Three combinations of variants were observed with two separate missense variants

in the kinase domain. The p.A727V appeared in both a neonatal case in combination with p.M605I and 

an adolescent case with p.V790M, suggesting that either (1) the p.M605I is a more severe variant or (2)

additional genetic or environmental modifiers were present in the patients reported. The p.V790M, 

when paired with a null allele, leads to neonatal onset CMS (Supplemental Figure 3).



Supplemental Figure 3: Compound heterozygous allele combinations with one null and one 

missense variant. The most common allele class observed in compound heterozygous patients is one 

null and one missense allele (11/15 observations). Patients with one null allele and one kinase missense

variant had variable phenotypes from neonatal CMS to isolated CVCP. Even residues that are very 

close in space (p.V722A and p.K720E) had disparate clinical presentations.



Gene DNA 

change

Protein 

change

Zygosity dbSNP rsID Variant 

interpretat

ion

Related 

Disease 

(inheritance)

MUSK Deletion 

exons 7-11

Premature 

stop codon

Heterozygous N/A Pathogenic 

(maternally 

inherited)

Congenital 

Myasthenic 

Syndrome (AR)

MUSK Deletion 

exons 2-3

In frame Heterozygous N/A Pathogenic

(paternally 

inherited)

Congenital 

Myasthenic 

Syndrome (AR)

MUSK c.667G>A p.Val223Ile Heterozygous rs774463260 Uncertain 

significance

(paternally 

inherited)

Congenital 

Myasthenic 

Syndrome (AR)

CHRND c.68A>T p.Asn23Ile Heterozygous Not reported Uncertain 

significance

Congenital 

Myasthenic 

Syndrome (AR)

HNRNPDL c.273A>G Silent 

mutation

Heterozygous rs372961029 Uncertain 

significance

Limb girdle 

muscular 

dystrophy (AD)

SPEG c.3017G>A p.Arg1006His Heterozygous rs571127512 Uncertain 

significance

Centronuclear 

myopathy (AR)

GAA c.2065G>A p.Glu689Lys Heterozygous rs1800309 Benign 

(Pseudodefic

iency allele)

Pompe Disease 

(AR)

Supplemental Table 1: Results from a comprehensive neuromuscular panel revealed two pathogenic 

variants in MUSK, four variants of uncertain significance, and a benign pseudodeficiency allele in GAA

were detected. This result is consistent with a diagnosis of MUSK-related CMS.
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