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Introduction

Abstract

Objective: We aimed to summarize the clinical, genetic, and myopathological
features of a cohort of Chinese patients with congenital myasthenic syndrome,
and follow up on therapeutic outcomes. Methods: The clinical spectrum, muta-
tional frequency of genes, and pathological diagnostic clues of various subtypes
of patients with congenital myasthenic syndrome were summarized. Therapeutic
effects were followed up. Results: Thirty-five patients from 29 families were
recruited. Ten genes were identified: GFPT1 (27.6%), AGRN (17.2%), CHRNE
(17.2%), COLQ (13.8%), GMPPB (6.9%), CHAT, CHRNAI1, DOK7, COG?7,
and SLC25A1 (3.4% each, respectively). Sole limb-girdle weakness was found in
patients with AGRN (1/8) and GFPT1 (7/8) mutations, whereas distal weakness
was all observed in patients with AGRN (6/8) mutations. Tubular aggregates
were only found in patients with GFPT1 mutations (5/6). The patients with
GMPPB mutations (2/2) had decreased alpha-dystroglycan. Acetylcholinesterase
inhibitor therapy resulted in no response or worsened symptoms in patients
with COLQ mutations, a diverse response in patients with AGRN mutations,
and a good response in patients with other subtypes. Albuterol therapy was
effective or harmless in most subtypes. Therapy effects became attenuated with
long-term use in patients with COLQ or AGRN mutations. Interpretation: The
genetic distribution of congenital myasthenic syndrome in China is distinct
from that of other ethnic origins. The appearance of distal weakness, selective
limb-girdle myasthenic syndrome, tubular aggregates, and decreased alpha-dys-
troglycan were indicative of the specific subtypes. Based on the follow-up find-
ings, we suggest cautious evaluation of the long-term efficacy of therapeutic
agents in congenital myasthenic syndrome.

group of autosomal dominant forms of the syndrome.
Based on the causative genes and their encoded protein

Congenital myasthenic syndrome (CMS) is a group of
neuromuscular junctions (NM]J) disorders that are highly
heterogeneous, both clinically and genetically. CMS diag-
nostic clues include early disease onset, fatigability or
fluctuating weakness, symmetric extraocular and limb
muscle involvement, a positive family history, and a
decremental response to repetitive nerve stimulation
(RNS). Mutations in CMS-related genes lead to an accu-
rate diagnosis. Over 30 genes have been identified to date,
mainly in autosomal recessive CMS, as well as in a small

functions, CMS is characterized by defects in presynaptic
proteins, synaptic basal lamina-associated proteins, and
postsynaptic proteins, as well as defective protein glycosy-
lation and endplate development and maintenance,
among other syndromes.' >

The incidence and distribution of CMS has been reported
in several geographical regions, and the mutational frequen-
cies of CMS genes vary among different ethnicities."”
CHRNE, RAPSN, and COLQ mutations are prevalent in most

populations."”® In Chinese patients, cases of CMS have been
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described with a series of gene mutations, including in CHA,’
COLQ,® GFPT1,” and MUSK,'’ but the exact mutation fre-
quency of CMS in China remains unclear. Based on the
molecular defects and the response to NMJ-modulating
drugs, CMS therapies can be divided into three categories:
responsive to cholinergic upregulation (e.g., acetyl-
cholinesterase inhibitor [AChEI] and 3,4-diaminopyridine),
responsive to -adrenergic agonists (e.g., albuterol and ephe-
drine), and responsive to open-channel blockers (e.g., fluox-
etine and quinidine)."! However, drug effects are not
constant in some types of CMS."” " Diminished drug
responses have also been observed in some CMS subtypes.'*
Therefore, the continuous observation of these agents is nec-
essary to evaluate their long-term effects.

In the present study, we investigated 35 Chinese
patients with CMS, from 29 families. We provide genetic
data on the mutational frequencies of CMS, broaden the
clinical, genetic, and pathologic aspects of CMS subtypes,
indicate diagnostic clues of CMS in both clinical patterns
and muscle pathologies, and evaluate the therapeutic out-
comes of NMJ-modulating agents.

Patients and Methods

Patients

Thirty-five patients from 29 unrelated families who were
diagnosed with CMS at the Department of Neurology, Pek-
ing University First Hospital, were included in this study. A
diagnosis of CMS was based on clinical symptoms, a decre-
mental response to RNS (over 10% decrease at low-fre-
quency stimulation), and the presence of pathogenic
variations of CMS-related genes. Clinical data collection
included age of disease onset, gender, disease duration, ini-
tial symptoms, muscle weakness distribution and pattern,
other organ dysfunction, creatine kinase level, myasthenia
gravis (MG)-related antibodies (including anti-acetyl-
choline receptors [AChR], RyR, titin, and MuSK antibod-
ies, which were performed in ELISA), RNS and other
electrophysiological findings, and muscle pathology. Thera-
peutic responses to a series of NMJ-modulating drugs were
followed up during each visit, either in the clinic or via
phone calls. The Activities of Daily Living (ADL) scales
were utilized to defined the therapeutic response of our
patients, which is often used in clinical trials of myasthenia
gravis.">'® If the ADL scores at posttreatment follow-up
were lower than baseline, we defined the patients as having
treatment improvement or partial improvement.

Muscle pathology

Open muscle biopsies were performed in patients who
gave consent for this procedure. The muscle tissue was

Genes and Myopathology in Chinese CMS Patients

frozen in cooled isopentane and stored in liquid nitrogen.
Standard histological and histochemical staining was per-
formed, including hematoxylin & eosin, modified Gomori
trichrome, periodic acid-Schiff reaction, oil red O,
reduced nicotinamide adenine dinucleotide tetrazolium
reductase, succinate dehydrogenase, cytochrome-c oxidase
reaction, adenosine triphosphatase (at pH 4.3, 4.6, 9.4,
and 10.5), and nonspecific esterase. Immunohistochemical
staining was also performed, with antibodies against dys-
trophin, sarcoglycans, alpha-dystroglycan, dysferlin, and
desmin. Specimens from some patients were also fixed in
2% glutaraldehyde and postfixed in osmic acid for elec-
tron microscopy.

Genetic testing

Genomic DNA was extracted from peripheral blood for tar-
geted next-generation sequencing covering 2484 genes related
to hereditary neuromuscular disorders or whole-exome
sequencing. If variants were identified, Sanger sequencing
was used to confirm the findings. Blood samples were also
collected from parents, as well as affected and unaffected
family members, to identify variant origins and test co-sepa-
ration. The genetic variants were interpreted using the Amer-
ican College of Medical Genetics and Genomics guidelines.
The mutational types and frequencies were summarized.

Ethical approval

The study was performed in accordance with the ethical
standards of the relevant national and institutional com-
mittees on human experimentation and was approved by
the Institutional Review Board of Peking University First
Hospital (No. 2012[542]). Informed consent for all exam-
inations was obtained from patients or their guardians.
The study protocol strictly followed the guidelines of the
Declaration of Helsinki.

Results

Genetic data

In total, 35 CMS patients were enrolled from 29 families,
six of which (families 3, 9, 11, 12, 14, and 29) had a posi-
tive family history. Five families (families 3, 9, 12, 14, and
29) presented an autosomal recessive inheritance pattern
and one family (family 11) had an autosomal dominant
pattern. Only two siblings were confirmed from a consan-
guineous family (family 14). Ten CMS-related genes were
identified and classified' > among the 29 families
(Table S1): [1] presynaptic defects (CHAT, family 1); [2]
synaptic basal lamina-associated defects (COLQ, families
2-5); [3] postsynaptic defects (CHRNAI, family 6;
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CHRNE, families 7-10, and slow-channel syndrome caused
by CHRNE mutations, family 11); [4] defects in endplate
development and maintenance (AGRN, families 12-16;
DOK?7, family 17)); [5] defects in glycosylation (GFPTI,
families 18-25; GMPPB, family 26-27, COG7, family 28);
and [6] other syndromes (SLC25A1, family 29). The most
frequent CMS-related genes were GFPT1 (27.6%), AGRN
(17.2%), CHRNE (17.2%), and COLQ (13.8%).
Homozygous variants were found in eight families and
compound heterozygous variants were found in 19 fami-
lies. Family 11, with an autosomal dominant inheritance
pattern, revealed a single heterozygous variant. Patient 31
from family 25 had only one heterozygous variant in
GFPT1, which had an autosomal recessive inheritance. A
total of 47 variants were identified. The variant types
comprised 29 missense variants, four nonsense variants,
five small insertions/deletions, three splicing variants, two
non-coding variants, and four copy number variations
involving deletions of one to three exons (Table S1).

Clinical information

The patients included 15 women and 20 men. All of our
patients are Han Chinese. Most of them are from the
north, and a few are from the south. The disease onset age
ranged from birth to 23 years old. Twenty-eight patients
had onset in the first decade of life, while four had onsets
in the second decade, and three in the third decade. Disease
duration varied from 1 to 30 years. Of the 35 patients, 21
(60%) had delays in achieving motor development mile-
stones. Eleven (31.4%) patients presented bilateral symmet-
ric ptosis as the initial symptom, while the other 24
patients first presented with lower limb weakness. At the
time of diagnosis, 15 (42.9%) patients had ptosis, while 9
(25.7%) had ophthalmoplegia. Facial weakness was
revealed in five (14.3%) patients, bulbar palsy in one
(2.9%) patient, neck weakness in ten (28.6%) patients, and
respiratory insufficiency in two patients (in patient 5, tran-
sient respiratory failure occurred after neostigmine injec-
tion, and only partially recovered). Limb weakness was
apparent in 33 (94.3%) patients, including 15 with upper
limb involvement and 33 with lower limb involvement.
Fluctuations in motor symptoms, such as diurnal fluctua-
tions of weakness, exercise intolerance, or fatigability,
occurred in 31 (88.6%) patients. Regarding abnormalities
aside from motor symptoms, three patients had scoliosis
(patients 3, 4, and 23), two patient had Achilles tendon
contracture (patients 7 and 33), two patients had recurrent
diarrhea (patient 23 and 34), two patient had calf hypertro-
phy (patients 32 and 33), and one patient had dilated car-
diomyopathy (patient 32) (Table S2).

In CMS subtypes with various molecular defects, we
summarized the distribution of weakness, which consisted
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of involvement in the ocular, limb (proximal/distal), and
other (facial/bulbar/cervical/respiratory) muscles. The
involvement of both ocular and limb muscles occurred in
one patient with CHRNA mutation and six patients with
CHRNE mutations. The involvement of both ocular and
other muscles was revealed in five patients with COLQ
mutation and four patients with CHRNE mutation.
Involvement of both the limb and other muscles was pre-
sent in one patient with DOK7 mutation, one patient
with GFPTI mutation, and one patient with GMPPB
mutation. Generalized weakness involving all three types
of muscles included four patients with COLQ mutations,
three patients with CHRNE mutations, one patient with
AGRN mutation, and one patient with SLC25A1 muta-
tion. Pure limb-girdle weakness appeared in eleven
patients, including one with CHAT mutation, one with
AGRN mutation, seven with GFPTI mutations, one with
GMPPB mutation, and one with COG7 mutation. Pure
distal dominant weakness was present in six patients, all
of whom had mutations in AGRN. Furthermore, two
patients with GFPTI mutations had an asymmetric and
proximal pattern of weakness. Clinical phenotypes of vari-
ous CMS subtypes are listed in Table 1 and Figure 1.

Follow-up of CMS therapeutic agents

We evaluated three therapeutic categories in 33 of the 35
patients, and follow-up durations ranged from 2 months
to 5 years. The patient with CHAT mutation had partial
improvement with AChEI therapy. In five patients with
COLQ mutations, two had no improvement and three
worsened with AChEI treatment; one of these patients
had acute respiratory failure after intramuscular injection
of neostigmine. One patient improved with albuterol
treatment, one with fluoxetine, and two with combination
therapy, but all of these patients ceased to respond to the
therapies after 1.5 to 3 years. The six patients with pri-
mary AChR defects, with mutations in CHRNAI and
CHRNE, all responded partially to AChEI. One patient
had further improvement with the addition of albuterol,
while the other two did not improve. In two patients
from a slow-channel syndrome family, AChEI, albuterol,
or fluoxetine at the maximal dose of 40 mg had no
apparent effect. In patients with defects in endplate devel-
opment and maintenance, different reactions were
observed to the same medication. In eight patients with
AGRN mutations, three worsened, one improved, and
four showed no improvement in response to AChFEI treat-
ment. Albuterol was tried in five patients, and ephedrine
was administered to four patients. Both drugs initially
had a satisfactory effect, but became less effective in the
three patients who continued this treatment for 5 years.
The only patient with DOK7 mutation had partial
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improvement with combination AChEI and albuterol
treatment. In patients with glycosylation defects, those
with GFPTI mutations showed great improvements with
low-dose AChEI treatment (pyridostigmine bromide
at < 60mg/day), except for one patient who did not
improve. The patient with GMPPB and COG7 mutation
responded well to AChEIL In the patient with the defec-
tive mitochondrial citrate carrier, SLC25A1, a partial
response to AChEI was observed. The details of change-
from-baseline ADL scores were described in Table S2.

Neurophysiological findings and laboratory
tests

Thirty patients finished RNS testing, and 28 (93.3%) showed
decrements of over 10%. The remaining two patients, patient
1 (CHAT mutation) and patient 21 (AGRN mutation), did
not show any decremental responses at frequencies of 1, 3, or
5Hz. Of the 24 patients who underwent needle electromyog-
raphy, there were myopathic changes in 15 patients and nor-
mal appearance in 9 patients. Sixteen patients underwent
detection of MG-related antibodies, including AchR, RyR,
Titin, and MuSK. Two patients (patient 6, with COLQ muta-
tion, and patient 30, with GFPT1 mutation) had mild eleva-
tions of AchR antibodies. Thirty-one patients had creatine
kinase levels in the normal range (25-170 IU/L) or mildly
elevated, while patients 32 and 33 with GMPPB mutation
had the highest creatine kinase of 2080 and 9999 IU/L,
respectively.

Muscle pathology

Nineteen patients underwent open skeletal muscle biop-
sies. Mild changes or non-specific myopathies, such as
fiber atrophy, necrosis/regeneration, or type 1 fiber pre-
dominance, were frequent in 10 patients (52.6%), who
had mutations in CHRNAI (patient 7), CHRNE (patients
9, 10, and 13), AGRN (patients 15, 18, and 21), DOK7
(patient 23), and GFPT1 (patients 24 and 30). Tubular
aggregates (TAs) (Fig. 2A) were typical in five patients
(patients 26-29 and patient 31) with GFPTI mutations.
Patient 19, with AGRN mutation, underwent two muscle
biopsies (from the right and left anterior tibialis, respec-
tively) at an interval of 11 years. Mild unspecific myopa-
thy was revealed on the first biopsy. On the second
biopsy, massive atrophic/ hypertrophic fibers, fiber necro-
sis/regeneration, rimmed vacuoles (Fig. 2B), target-like
fibers (Fig. 2C), and fiber connective tissue replacement
were indicating muscular dystrophic appearance and mus-
cle denervation. In patients 32 and 33 with GMPPB
mutations, chronic myopathy with necrotic fibers was
present (Fig. 2D). Central nuclei, a tendency toward type
1 fiber predominance and fiber-type disproportion
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Figure 1. Weakness distribution in this cohort of congenital myasthenic syndrome.

suggestive of centronuclear myopathy, were also noted in
patient 32 (Fig. 2E). Alpha-dystroglycan was decreased in
patients 32 and 33 (Fig. 2F) with intact dystrophin and
sarcoglycan expression. In patient 34 with COG7 muta-
tions, grouped atrophic fibers (Fig. 2G) and fiber type
grouping (Fig. 2H) were in accordance with chronic neu-
rogenic muscle impairment.

Discussion

In our series, the most frequent mutations were GFPTI,
AGRN, CHRNE, and COLQ. The CMS mutation fre-
quency in Chinese was very different from that of other
ethnic groups. Our data indicated CHRNE as the most
common AChR defect, similar to previous reports,”*”
but also showed a high proportion of GFPTI and AGRN
mutations. In a cohort of 680 CMS patients of mainly
European origin® using a panel of 10 CMS-associated

genes that did not include AGRN, the top three

mutations were CHRNE (49%), RAPSN (15%), and
COLQ (12%), whereas GFPTI accounted for only 4% of
patients. Furthermore, in a Mayo Clinic study of 359
CMS patients,” 50.4% of the genetically confirmed CMS
patients had genetic defects in AChR, 14.2% had muta-
tions in RAPSN, and 12.5% had mutations in COLQ.
Again, GFPT1 and AGRN were not very common in this
cohort, and were present in approximately 3.1% and
0.8% of patients, respectively. Moreover, in 35 kinships
from Israel, mainly of Arabic descent, RAPSN, COLQ,
and CHRNE were the three most frequent mutations,
while GFPT1 was reported in only one family.” Addition-
ally, CHRNE and COLQ mutations were proposed to be
the two most common subtypes of CMS in an Indian
cohort.® Mutations in CHRNE, RAPSN, and COLQ were
frequent in a Spanish population, as well as a high rate of
GFPTI mutations.*

The CHRNE Val279Phe mutation, identified in family
11 in the present study, has been previously reported in a

Figure 2. Muscle pathology in various subtypes of congenital myasthenic syndrome: (A) Tubular aggregates appeared within fibers. MGT
staining. (B) Hypertrophic/atrophic fibers, rimmed vacuole, together with connective tissue replacement and infiltration. H&E staining. (C) Target
like structure within an atrophic fiber. NADH staining. (D) Central nuclei, fiber necrosis, and hyalinized fibers. H&E staining. (E) Type 1 fiber
predominance and fiber type disproportion with larger type 2 fibers than type 1. ATPase staining (pH 4.6). (F) Alpha-DG decreased with the intact
expression of dystrophin and sarcoglycans. (G) Grouped atrophic fibers. H&E staining. (H) Fiber type grouping. ATPase staining (pH 4.6).
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patient diagnosed with slow-channel congenital myas-
thenic syndrome (SCCMS) based on a patch-clamp study
of mutant AChRs expressed in HEK cells."” Family 11
showed an autosomal dominant inheritance pattern and
decremental RNS, both of which are in accordance with
the hallmarks of SCCMS, but repetitive compound mus-
cle action potential and endplate potential analysis of
AChR were still needed. In patient 31, the childhood
onset, fluctuating limb-girdle myasthenia, decremental
RNS, TAs within myofibers, and good response to AChEI
indicated the possibility of TA-related CMS, similar to
that of GFPTI, DPAGTI, or ALG2 mutations.'"®"” We
therefore still considered this patient’s diagnosis as CMS
even with only one GFPTI heterozygous mutation, since
pathogenic non-coding variants could be missed in next-
generation sequencing. Two variants were found in non-
coding areas of CHRNE. c.-95G > A, in patient 9, is a
known disease-causing mutation that is located in the
promoter region of CHRNE, and converts the Ets-binding
site of the promoter region from CGGAA to CAGAA.*
Additionally, in family 9, c.601 + 118A>G was revealed
heterozygously in a deep intron position together with a
truncating variant, ¢.295C > T, p. Arg99%, in which pto-
sis, ophthalmoplegia, generalized weakness from birth,
and decremental RNS were present in two affected broth-
ers. Co-segregation has been confirmed within this family,
but functional analysis is still needed because no signifi-
cant splicing motif has yet been revealed in this variant.
Our series revealed a common early onset and the
delayed achievement of motor milestones, similar to other
reports of CMS." >>?! The frequency of muscle weakness
in CMS was different from that of acquired MG, and
may therefore be valuable for diagnosing CMS. Lower
limb weakness was the most frequent symptom, followed
by ptosis and ophthalmoparesis. In a previous study of
European patients,” mutation detection rates reached 55%
when ptosis and ophthalmoparesis were taken together.
Isolated ocular symptoms were responsible for only 4% of
the identification rate. In patients with limb-girdle weak-
ness or apnea, mutation rates were 43% and 54%, respec-
tively. Moreover, the distribution of weakness is also
indicative of molecular defects. Distal muscle weakness
and atrophy in CMS is a strong indicator of AGRN muta-
tions.”> In the present study, six patients with AGRN
mutations from three unrelated families presented sym-
metric distal weakness, suggesting the need to detect NM]J
function and AGRN mutations in patients with distal
myopathy. Selective limb-girdle weakness devoid of ocular
muscles was frequently observed in patients with GFPTI
and GMPPB mutations. Such unspecific myopathy in
CMS was usually related to defects in the glycosylation
182324 and the agrin-LRP4-MuSK signaling
Unlike other patients with CHAT

pathway
pathway.

1-2,5,13,22
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mutations,” our case had prominent exercise intolerance
and mild lower limb weakness without any episodes of
respiratory insufficiency or ptosis, even up to childhood.
This benign phenotype might be because there was less
involvement of the active sites or the substrate-binding
site in the enzyme. Our patients with GMPPB mutations
had a phenotype that was more like Becker muscular dys-
trophy, with hyperophic calf muscles, Achilles tendon
contracture, and very high creatine kinase levels. Previ-
ously reported phenotypes of GMPPB mutations vary
from adult-onset limb-girdle muscular dystrophy or iso-
lated episodes of rhabdomyolysis to congenital muscular
dystrophy.***® Calf muscle enlargement, rigid spine bone
deformity, pes cavus, and joint contractures have been
described in patients with GMPPB mutations.'* Further-
more, we also found diastolic cardiomyopathy which was
not indicated previously further expanding the clinical
spectrum of GMPPB mutations. The most prominent
effect of COG deficiency is misglycosylation which
destroyed the proper function of the NMJ in reducing
bouton numbers of larval.*”” However, COG7 gene defects
usually caused a variety of development and growth retar-
dation®® among which NM]J disorder has not been
described. We recognized decremental RNS in patient
with COG7 mutations and good response to AChEI sup-
porting COG7 as a new CMS-related gene regulating gly-
cosylation pathway. The mitochondrial citrate carrier
SLC25A1 interferes with the development of the brain,
eyes, heart, and NMJs. Our patient with SLC25A1 muta-
tion presented with NM]J defects only, which has been
demonstrated to be related to presynaptic nerve terminal
abnormalities,” although it was classified as “other syn-
dromes”.

Unlike acquired MG, AChEI treatment should be
avoided in some types of CMS, such as those with COLQ,
SCCMS, and DOK7 mutations. This is because of the pro-
longed AChR opening time in these CMS types."!"!>3031
Our observation suggests a complex modulation of AChR
clustering by the agrin-LRP4-MuSK signaling pathway.
CMS with DOK7 mutations has been reported to worsen
with AChEI treatment,®' but the patient with DOK7 muta-
tion in our study showed improvements with combination
AChEI and albuterol treatment. Patients with DOK7 muta-
tions have also been reported to benefit from fluoxetine
treatment.'” In the follow-up of our patients with AGRN
mutations, we observed diverse therapeutic effects of
AChE], including responsive, nonresponsive, or aggravated
effects. Ephedrine and albuterol are alternative and safe
treatment options for many CMS subtypes, although the
effects of these two agents were attenuated in patients with
AGRN mutations over 5 years in the present study. Similar
findings have been reported with the use of 3,4-diaminopy-
ridine and AChEI therapy in patients with GMPPB
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mutations."* Therefore, NMJ-modulating drugs may facili-
tate efficient signal transduction at the NMJ more tran-
siently than other therapy, and the long-term benefits of
their use should be evaluated. We did not find any effect of
the long-lived open-channel blocker fluoxetine in the fam-
ily with SCCMS, similar to a previous report.>>

We identified decremental RNS in 93% of our CMS
patients. In the group with negative RNS responses, the
mutation rate of CMS-related genes was as high as
18%.” In patients with DOK7 mutations, Klein found
that RNS and stimulated single-fiber electromyography
results were pathological in 53% and 82% of patients,
respectively.”’ Moreover, Fidzianska reported an SCCMS
patient whose RNS was normal at the age of 9 years,
but became decremental 20 years later.!” Therefore, we
recommend the monitoring of RNS, or of exercise facili-
tation RNS, during follow-up in patients that are
strongly suspected to have CMS. We found AChR anti-
bodies in three CMS patients, one of whom also had
RyR antibodies. Anti-AChR antibodies®™ in CMS, or
even the co-existence of CMS and acquired MG,** have
rarely been described.

Muscle pathology in most of our CMS patients was
unspecific or unrevealing. However, some pathological
features were indicative of molecular defects in CMS. All
instances of TA myopathy in the present study were
found in patients with GFPTI mutations; approximately
80% of patients with these mutations were reported to
have TAs in a previous study by Senderek.'” TAs, the
membranous tubules derived from the sarcoplasmic retic-
ulum, are considered related to disturbances in calcium
regulation and N-linked glycosylation, and may therefore
be linked to mutations of GFPT1, DPAGT1, ALG2, or
ALG14."”*7° Besides chronic myopathy, the appearance
of grouped angular atrophic fibers and target-like fibers
suggested muscle denervation in the advanced stage of
AGRN mutations. Rimmed vacuoles were typical findings
in patients with distal limb weakness, such as in GNE
myopathy, myofibrillar myopathy, or neutral lipid storage
disease with myopathy. Their appearance in patients with
AGRN mutations provides a pathological explanation for
the distal-predominant pattern of weakness. Different
from other CMS, GMPPB mutations lead to more
destructive muscle damage than other CMS. The partially
decreased expression of alpha-dystroglycan supports
GMPPB-related CMS as a member of dystrogly-
canopathies among which more than 19 genes are
involved.”® We also found evidence of centronuclear
myopathy in GMPPB mutation. An overlap between cen-
tronuclear myopathy and CMS was described by Liewluck
in 2011,>° and the homozygous mutation of GMPPB in
this case was later confirmed. '* The coexistence of NMJ
dysfunction and myopathy or muscular dystrophy

Genes and Myopathology in Chinese CMS Patients

findings on muscle biopsy has also been found in other
hereditary muscular disorders, such as with BINI, DES,
DNM2, MTM]1, or PLEC mutations.'®

Above all, we summarized a cohort of Chinese patients
which broadened the CMS spectrum especially in clinical
and genetic aspects. CMS has distinct clinical patterns
and genetic distribution in China, which reflects ethnic
disparities. Our results will help to design a specific diag-
nostic strategy for Chinese CMS patients based on the
mutation rates. The weakness distribution and some
pathological features in muscles may provide clues of
CMS subtypes. The proper identification of underlying
genetic defects in CMS will be valuable for the early initi-
ation of NMJ-modulating drugs, before the development
of irreversible endplate myopathy or denervation.
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