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Congenital myasthenic syndromes (CMS) are a rare group of inherited disorders caused by gene defects associated
with the neuromuscular junction and potentially treatable with commonly available medications such as acetylcho-
linesterase inhibitors and B2 adrenergic receptor agonists. In this study, we identified and genetically characterized
the largest cohort of CMS patients from India to date.

Genetic testing of clinically suspected patients evaluated in a South Indian hospital during the period 2014-19 was
carried out by standard diagnostic gene panel testing or using a two-step method that included hotspot screening
followed by whole-exome sequencing. In total, 156 genetically diagnosed patients (141 families) were characterized
and the mutational spectrum and genotype-phenotype correlation described. Overall, 87 males and 69 females were
evaluated, with the age of onset ranging from congenital to fourth decade (mean 6.6 + 9.8 years). The mean age at
diagnosis was 19 + 12.8 (1-56 years), with a mean diagnostic delay of 12.5 + 9.9 (0-49 years). Disease-causing variants
in 17 CMS-associated genes were identified in 132 families (93.6%), while in nine families (6.4%), variants in genes not
associated with CMS were found. Overall, postsynaptic defects were most common (62.4%), followed by glycosylation
defects (21.3%), synaptic basal lamina genes (4.3%) and presynaptic defects (2.8%). Other genes found to cause neuro-
muscular junction defects (DES, TEFM) in our cohort accounted for 2.8%.

Among the individual CMS genes, the most commonly affected gene was CHRNE (39.4%), followed by DOK7 (14.4%),
DPAGT1 (9.8%), GFPT1 (7.6%), MUSK (6.1%), GMPPB (5.3%) and COLQ (4.5%). We identified 22 recurrent variants in
this study, out of which eight were found to be geographically specific to the Indian subcontinent. Apart from the
known common CHRNE variants p.E443Kfs*64 (11.4%) and DOK7 p.A378S{s*30 (9.3%), we identified seven novel recur-
rent variants specific to this cohort, including DPAGT1 p.T380I and DES c.1023+5G>A, for which founder haplotypes
are suspected.

This study highlights the geographic differences in the frequencies of various causative CMS genes and underlines
the increasing significance of glycosylation genes (DPAGT1, GFPT1 and GMPPB) as a cause of neuromuscular junction
defects. Myopathy and muscular dystrophy genes such as GMPPB and DES, presenting as gradually progressive limb
girdle CMS, expand the phenotypic spectrum. The novel genes MACF1 and TEFM identified in this cohort add to the
expanding list of genes with new mechanisms causing neuromuscular junction defects.
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Introduction

Congenital myasthenic syndromes (CMS) are a heterogeneous
group of rare inherited neuromuscular junction (NMJ) disorders
caused by defects in the proteins that play a pivotal role in neuro-
muscular transmission.™? Genetically, CMS are an evolving spec-
trum of disorders, and the advent of next-generation sequencing
(NGS) technologies has resulted in a rapid increase in the identifica-
tion of causative genes over the past decade.? CMS is generally con-
sidered a very rare disorder, but published prevalence estimates of
9.2 cases per million children in the UK and 1.8 per million popula-
tion in Spain®” are likely to be significant underestimates, due both
to incomplete case ascertainment and the fact that diagnostic yield
varies depending on the genetic testing methodology used, espe-
cially considering the recent adoption of NGS technologies like
gene panel, exome and genome testing.>®

Individual CMS subtypes are primarily classified as presynaptic,
synaptic and postsynaptic according to the localization of the de-
fective genes involved in the structure and function of the NMJ
complex, while a fourth group of glycosylation genes has been
found to cause CMS due to impaired glycosylation of various NMJ
components.” In the 2022 version of the gene table of neuromuscu-
lar disorders, 34 genes are reported to cause CMS, in addition to sev-
eral myopathy genes, including RYR1, TPM3, DNM1 and DES, for
which features of a NMJ defect have been described in addition to
primary myopathy.®*?

To date, only three genetically confirmed CMS cohorts of over 100
patients have been published. These international cohorts were es-
tablished over a number of years by groups from the Mayo Clinic
(UsA), the UK and Europe."*'* Multiple smaller cohorts have also
been reported from countries including Brazil, Turkey, Israel, Spain
and China.>**"” Except for the Chinese cohort, in which GFPT1
defects constituted the most common genotype, CHRNE defects are
by far the most common genetic cause of CMS identified worldwide.
Postsynaptic defects in general are more common than presynaptic,
synaptic and glycosylation defects. However, the frequencies of other
gene defects do vary substantially between studies from different
regions, indicating likely geographical variability in CMS genotypes.

The mutational spectrum and prevalence of CMS subtypes in India
has not been studied in detail to date, with only a few reports describ-
ing genetically confirmed cases.’®?! A targeted NGS study from south-
ern India, which analysed five CMS genes (CHRNE, RAPSN, COLQ, DOK7
and GFPT1), identified the genetic cause in 18 CMS patients in whom
CHRNE defects were the most common cause.?> Another recent report
from a South Indian hospital identified seven genetically confirmed
cases in whom COLQ defects were predominant.?®

In the present study, we describe a large cohort of 156 genetical-
ly confirmed CMS patients from 141 unique families who were seen
in the neuromuscular speciality clinic of a quaternary referral cen-
tre in South India. We aimed to determine the genetic prevalence of
CMS subtypes and characterize the recurrent or ‘regional hotspot’
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variants among Indian patients in an effort to develop a cost-
effective diagnostic pipeline. This is the first large genetically con-
firmed CMS cohort in the NGS era, only the fourth study worldwide
to comprise over 100 patients and the largest from India to date. Our
study confirms several previously reported epidemiological find-
ings and introduces several novel findings that appear to be unique
to India.

Materials and methods

A total of 213 patients from 197 families with a clinical suspicion of
CMS were divided into two independent sub-cohorts based on the
genetic testing strategies adopted (Fig. 1). The first sub-cohort (diag-
nostic) comprised 97 suspected CMS patients (94 families) who
underwent commercial genetic testing followed by review of the fi-
nal genetic report as part of the standard diagnostic pathway. The
second sub-cohort (research) comprised 116 patients (103 families)
who underwent a two-step genetic testing process of hotspot
screening followed by whole-exome sequencing (WES) and analysis
through an international research collaboration. Of these, 156 pa-
tients (141 families) received a confirmed genetic diagnosis, while
57 (56 families) remained genetically undiagnosed and are not re-
ported here in the further analysis. A detailed genotype-phenotype
analysis was thus performed on 156 CMS patients (141 families) in
whom disease-causing variants were identified. All patients were
recruited, clinically evaluated by the lead author and neuromuscu-
lar specialist (A.N.) and investigated at the National Institute of
Mental Health and Neuroscience (NIMHANS), Bangalore, India,
during the period 2014-19. For the second sub-cohort, blood
samples from 116 patients (103 families) were collected and DNA
was extracted and subjected to quality control. Written consent
was obtained from all individuals for the study, and DNA samples
were submitted to the Newcastle MRC Centre Biobank for
Neuromuscular Diseases, for which ethical approval was granted
by the NRES Committee North East—Newcastle & North Tyneside
1 (reference 08/H0906/28). Detailed clinical data, including age of on-
set, progression, family history, symptoms and electrophysiology
and histopathology results, if any, were collected, and all phenotyp-
ic data were uploaded onto the PhenoTips online software platform
hosted by the RD-Connect Genome-Phenome Analysis Platform
(GPAP), which makes use of Human Phenotype Ontology (HPO)
terms to enable standardization and comparability across patients.

For a clinical suspicion of CMS, the following inclusion criteria were
applied to individuals with isolated, or a combination of: (i) fatigable
ocular (ptosis, ophthalmoparesis), bulbar, limb or respiratory muscle
weakness with or without positive family history; (ii) infants/children
with apnoeic spells; (iii) persistent myopathic/dystrophic features
with fatigable weakness; (iv) electrophysiological evidence of normal
nerve conduction studies and decrement/increment response on
repetitive nerve stimulation (RNS) (slow/sub-tetanic/tetanic stimula-
tion); or (v) improvement with acetylcholinesterase inhibitor drugs,
salbutamol and/or fluoxetine.

Sporadic patients with suspected autoimmune myasthenia gravis
(positive anti-AChR or anti-MuSK antibodies with highly variable
seasonal fluctuations, significant asymmetry in ocular findings,
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history of myasthenic crisis and significant previous response to
steroids, immunomodulation or thymectomy were excluded.

All cooperative patients underwent standard motor and sensory
nerve conduction studies of the median and ulnar nerves in the
upper limbs and common peroneal and sural nerves in the lower
limbs. Presence of double compound muscle action potential
(CMAP) was carefully observed. RNS to detect NMJ transmission de-
fect, pre- or postsynaptic, was performed at the routine 3 Hz stimu-
lation rate and responses recorded from the orbicularis oculi,
nasalis, trapezius, deltoid, quadriceps, tibialis anterior, abductor
digiti minimi and anconeus muscles. For limb-girdle CMS
(LG-CMS) patients, if slow-rate RNS did not reveal a decremental re-
sponse, sub-tetanic stimulation at 10 Hz was performed in the
proximal limb muscles. Where a presynaptic defect was suspected,
tetanic stimulation was performed.

For the first sub-cohort of 97 CMS patients (94 families), molecular
testing was performed as part of standard clinical diagnostics,
with review of a final genetic report by the treating neurologist.
The majority of these patients were sequenced in a commercial
genetic testing laboratory using custom library capture kits for clin-
ical exome sequencing as described previously®* (Supplementary
material).

Screening for hotspot variants

The sub-cohort of 116 patients (103 families) who were submitted to
the Newcastle MRC Centre for a collaborative genetic study under-
went a two-step process (Fig. 1). During Step 1, all patients were
screened for the most common CMS causative variants: CHRNE
€.1327delG; p.E443Kfs*64* and c.130dupG; p.E44Gfs*3,° DOK7
c.1124_1127dupTGCC; p.A378SfS*3O26 and RAPSN c.264C>A;
p.N88K.>”” CHRNE and DOK7 amplicons were Sanger sequenced
and RAPSN amplicons were subjected to enzymatic restriction
with Bsrl and visualized by agarose gel electrophoresis. All negative
patients were subjected to Step 2: WES.

WES in patients and family members was performed using the
genomics platform at the Broad Institute of MIT and Harvard,
Cambridge, USA. Library preparation and exome sequencing was
performed as previously described.?® Exome data were then pro-
cessed at the Centro Nacional de Andlisis Gendémico (CNAG),
Barcelona, Spain, and variant prioritization was carried out on the
RD-Connect GPAP (https:/platform.rd-connect.eu).? Likely patho-
genic variants were identified by applying standard filtering cri-
teria, including a moderate to high variant effect predictor (VEP)
score (i.e. nonsense, splice site, frame-shift, in-frame and non-
synonymous variants), minor allele frequency (MAF) <1% and
CADD (Combined Annotation Dependent Depletion) score >20.
WES data were sequentially analysed first for known CMS genes
(n=34), followed by screening of the 611 genes in the 2022 neuro-
muscular gene table (https:/www.musclegenetable.fr/) and other
known disease-causing genes from the Online Mendelian
Inheritance in Man (OMIM) database.®*%?! Patients in whom no
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68 / 94 (72.3%)

Unsolved after standard
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26 /94 (27.7%)
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DOK7 and RAPSN)

Genetically confirmed by
hotspot screening

15 / 103 (14.6%)

Step 2: Whole
exome sequencing
(WES)

Unsolved after hotspot
screening

88 /103 (85.4%)

Genetically confirmed by
WES

58 / 103 (56.3%)

Unsolved after 2-step
molecular testing

Genetically confirmed

after two-step molecular

testing
73 / 103 (70.9%)

30/ 103 (29.1%)

Figure 1 Molecular diagnostic flow chart for suspected congenital myasthenic syndrome patients. CMS = congenital myasthenic syndrome; NGS =

next generation sequencing.

defects in known genes were found were further screened for puta-
tive pathogenic variants in novel candidate genes. Shortlisted var-
iants were interrogated for their predicted in silico deleteriousness
and previous known association with human disease. Novel var-
iants that had not previously been reported in the literature were
assessed by in silico methods, including mutation taster,
UMD-predictor, PolyPhen-2, SIFT, PROVEAN, CADD and/or human
splicing finder, and were classified individually according to
American College of Medical Genetics (ACMG) standards and guide-
lines for interpretation of variants.*>* Segregation of the identified
variants was carried out where possible and genetic diagnosis was
confirmed with the referring clinician.

The identified causative genes in this cohort were classified as
either ‘CMS’ or ‘non-CMS’ genes based on strong evidence of asso-
ciation with a CMS phenotype as reported in the OMIM database,
neuromuscular gene table and/or literature. As the cohort includes
multiple affected members in some of the families, the percentages
from here on were calculated among ‘patients’ for clinical findings
and among ‘families’ for genetic data.

Results
Demographic details

To understand the phenotypic and mutational pattern of CMS in
India, we studied the 156 CMS patients (from 141 families) in
whom disease-causing variants had been identified. Most patients

were from the three South India states of Karnataka (40.4%), Tamil
Nadu (16%) and Andhra/Telangana (14.1%), which correlated with
the frequency of referral of these populations to the quaternary re-
ferral hospital located in Bengaluru (Bangalore), Karnataka. Apart
from these southern states, the hospital also receives sizeable re-
ferrals from the eastern state of West Bengal, which contributed
14.1% of the cases to the cohort (Fig. 2A). Seventy (49.6%) of the fam-
ilies were known to be consanguineous, all but two of whom came
from South India. A positive family history of other affected indivi-
duals with a similar phenotype was present in 39/141 families
(27.6%), while the remaining 102 were sporadic cases. Recessive
genotypes were identified in 131 families (92.9%).

Clinical details

The sex ratio was 87 (male): 69 (female). The age of onset ranged
from as early as at birth to as late as the fourth decade, with a
mean age of 6.6 +9.8 (040 years). Onset was predominantly con-
genital or infantile (34.6%) followed by early childhood <5 years
(29.5%). Juvenile or adult onset >12 years was reported in 33 pa-
tients (21.2%). The mean age at diagnosis was 19 + 12.8 (1-56 years).
There was a mean delay of 12.5 + 9.9 (0-49 years) between onset and
diagnostic confirmation of CMS. All patients presented with fatig-
able weakness of either ocular, cranial or limb muscles. Limb symp-
toms (predominantly lower limb fatigable weakness) were the most
common, occurring in 142 patients (91%), followed by ocular symp-
toms (ptosis/ophthalmoparesis) in 120 (76.9%). Bulbar involvement
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Figure 2 Demographic, clinical features, congenital myasthenic syndrome subtypes and gene frequencies. (A) Geographic distribution by their various
Indian states of origin of congenital myasthenic syndrome (CMS) patients reported in this study. (B) Clinical features of CMS patients: percentage of four
common symptom groups (limb, ocular, bulbar and respiratory). (C) Pie chart showing frequencies of various CMS subtypes based on location of defect
at neuromuscular junction and/or underlying pathomechanism. (D) Frequencies of individual CMS genes identified in the current cohort.

was reported in 72 patients (46.1%), while 23 patients (14.7%) had re-
spiratory symptoms (Fig. 2B). Patients with acetylcholine receptor
subunit defects and DPAGT1 glycosylation defects presented with
predominantly early onset of symptoms, while those with DOK7,
GFPT1 and GMPPB glycosylation defects had a later onset.
Similarly, ocular symptoms were more common at onset in pa-
tients with receptor defects, while DOK7 and all glycosylation de-
fects had a predominantly LG-CMS phenotype (Fig. 3D and Table 1).

Electrophysiology data comprising nerve conduction and RNS
studies were available for 138/156 (88.5%) of patients. A positive
decrement response of >10% was observed in 124 patients
(79.5%). Eight patients did not cooperate for RNS, and records
were not available for another 10 individuals. Of 14 individuals in
whom RNS did not show a positive decrement, five were found to
have defects in non-CMS genes.

Treatment response with either pyridostigmine (acetylcholi-
nesterase inhibitor) and/or salbutamol (B2 adrenergic receptor
agonist) was assessed by oral or telephonic follow-up after a treat-
ment period of at least 3 months.

Genetic results

Diagnostic sub-cohort

Among the 97 patients (94 families) screened through the standard
diagnostic pathway, a confirmed genetic diagnosis was obtained in
71 (68 families or 72.3%) (Fig. 1). Patients from 26 families (27.7%)

remained unsolved, and further genetic testing was not performed
as part of this study.

Research sub-cohort

Hotspot screening results

As described above, 116 suspected CMS patients (103 families) were
subjected to screening of the four most common CMS-causing
variants in CHRNE, DOK7 and RAPSN. In 16 patients (13 families),
the two hotspot CHRNE frameshift variants (c.1327delG and
€.130dupG) were identified in either the homozygous or compound
heterozygous state, thus confirming their diagnosis. In another
seven unrelated patients, the DOK7 hotspot variant c.1124_
1127dupTGCC was identified; two of these patients carried the
variant in homozygosity and were considered to have a confirmed
diagnosis. The remaining five were heterozygous, and their diagno-
sis remained inconclusive. None of the patients carried the RAPSN
hotspot variant. Thus, hotspot screening provided a genetic diag-
nosis in 18 patients from 15 families (14.6%).

Whole-exome screening results

After hotspot screening, 98 patients (88 families) who remained un-
diagnosed, including five patients with a single heterozygous DOK7
hotspot variant, were screened by WES. WES identified disease-
causing variants in an additional 69 patients (58 families). Overall,
the two-step molecular screening contributed to diagnosis in 73/
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Figure 3 Clinical images of genetically confirmed congenital myasthenic syndrome patients. (A) An 8-year-old male with homozygous CHRNE
€.1052C>T; p.P351L showing ptosis, ophthalmoparesis and facial weakness. (B) A 14-year-old female with homozygous COLQ c.1319G>A; p.C440Y pre-
sented with history of recurrent apneic spells, ptosis, limb weakness and respiratory distress from birth. She was ventilator-dependent until 13 years of
age and showed significant improvement with salbutamol. (C) A 12-year-old male with compound heterozygous RAPSN variants c.-210A>G (5'UTR)/
¢.1144T>C; p.C382R with dysmorphic facial features, ptosis, open mouth and severe proximal contractures. (D) A 23-year-old male with homozygous
GFPT1 ¢.1103C>T; p.T368I presented with limb girdle weakness and muscle wasting with no ocular or bulbar involvement mimicking the limb girdle
muscular dystrophy phenotype. (E) A 14-year-old male with compound heterozygous AGRN ¢.5302G>A; p.A1768T/c.6057_6060delCGTGinsT p.V2022del
presented with easy fatigability from childhood and profound proximal muscle weakness. (F) A 2-year-old female with homozygous VAMP1 c.97C>T
(p.R33*) showing severe hypotonia, pectus excavatum, myopathic facies, hyperextensible fingers and high arched palate (3F published previously in

Polavarapu et al.?).

103 of the suspected CMS families analysed: a diagnostic yield of
70.9%.

Mutational spectrum

Of the 156 patients (141 families) who received a confirmed diagno-
sis, 147 patients (132 families or 93.6%) were found to have causa-
tive variants in CMS genes, while nine families (6.4%) had
causative variants in non-CMS genes. Overall, 101 unique variants
were identified in our cohort (Tables 2 and 3). While 57 have previ-
ously been reported in other patients, 54 are novel variants identi-
fied as disease-causing in this cohort following in silico predictions
and phenotype correlation along with segregation wherever famil-
ial samples were available. The most common group of CMS genes
affected were postsynaptic (88/141 or 62.4%) followed by glycosyla-
tion defects (30/141 or 21.3%) (Fig. 2C). Among the CMS genes, the
most commonly affected was CHRNE (52 or 39.4%), followed by
DOK7 (19 or 14.4%), DPAGT1 (13 or 9.8%), GFPT1 (10 or 7.6%), MUSK
(8 or 6.1%), GMPPB (7 or 5.3%), COLQ (6 or 4.5%), VAMP1 (3 or 2.3%),
CHRND (3 or 2.3%), DES (3 or 2.3%), AGRN (2 or 1.8%) and one each
(0.8%) of SLC25A1, CHRNA1, CHRNB1, RAPSN, MACF1 and TEFM
(Fig. 2D). Affected individuals from nine families (6.4%) carried like-
ly disease-causing variants in non-CMS genes. Six variants were
found in genes associated with myopathy or muscular dystrophy:
TTN (n=2), DYSF, TRAPPC11, ADSSL1 and CAPN3. In two patients, re-
ported pathogenic variants were identified in mitochondrial genes

(MT-TL1 and NF1). The MT-TL1 variant was heteroplasmic in the pa-
tient, while the NF1 variant was de novo. One patient had a homozy-
gous splice site variant in a known mental retardation gene, ANK3.
The majority of the patients (all but 12/156) had a recessive geno-
type with either homozygous or likely compound heterozygous
variants (Tables 2 and 3 and Supplementary material). Two sporad-
ic patients (one CHRNE and one CHRNA1) had reported heterozy-
gous slow-channel variants in acetylcholine receptor subunit
genes. Segregation analysis was performed in 59 families where
additional family samples were available. Of 38 patients with sus-
pected compound heterozygous variants, segregation was con-
firmed in 27 patients where family samples were available.
Further segregation was not performed in 11 patients with likely
compound heterozygous variants and two patients with reported
dominant slow channel variants due to lack of parental samples.
In another seven families (eight patients), a single heterozygous
variant was identified in DOK?7 (2), GFPT1 (2), CHRNE (1), CHRND (1)
and CHRNBI (1) genes, respectively, with a good phenotypic fit
and likely recessive pattern of inheritance, but a second heteroalle-
lic variant remained elusive. However, these patients were consid-
ered as likely solved by respective genes and were included in the
variant analysis. A total of 22 recurrent variants were observed in
eight genes (CHRNE, DPAGT1, COLQ, GMPPB, GFPT1, MUSK, DES and
DOK?7). Of these, 15 were previously reported as disease-causing
in CMS patients, while seven novel recurrent variants were identi-
fied in this cohort (Table 4).
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Table 2 Variants identified in congenital myasthenic syndrome patients diagnosed with postsynaptic defects

Gene Variant 1 (cDNA) Variant 1 (p.) Variant 2 (cDNA) Variant 2 (p.) Zygosity Patients
Acetylcholine receptor defects

CHRNE c.1327delG p-E443Kfs*64 c.1327delG p.E443Kfs*64 Hom p1-17°
CHRNE ¢.130dupG p.E44Gfs™3 ¢.130dupG p.E44Gfs*3 Hom P18
CHRNE €.130dupG p.E44Gfs*3 c.1327delG p.E443Kfs*64 C.Het P19-20
CHRNE ¢.1204C>T p-Q402* ¢.1204C>T p.Q402* Hom P21-23
CHRNE c.991C>T p-R331W c.991C>T p.R331W Hom P24
CHRNE c.1371delC p-C458Afs*49 c.1371delC p.C458Afs*49 Hom P25-28
CHRNE ¢.1052C>T p.P351L c.1052C>T p.P351L Hom P29-30
CHRNE c.250C>T p-R84" €.501-10_504dup p-Q169Gfs*19 C.Het P31
CHRNE €.799C>T p-Q267* €.799C>T p.Q267* Hom P32
CHRNE €.860_861insT p-L287Ffs*110 €.860_861insT p.L287Ffs*110 Hom P33-34
CHRNE C.689T>A p.-V230D c.729C>G p.Y243" C.Het P35-36
CHRNE c.235-1G>A - c.1216_1219+19del - C.Het P37
CHRNE c.467C>T p.P156L c.467C>T p.P156L Hom P38-39
CHRNE ¢.1219+1G>T - ¢.1219+1G>T - Hom P40
CHRNE €.1216_1219+19del - €.1216_1219+19del - Hom P41-42
CHRNE €.501-10_504dup p-Q169Gfs*19 €.235-1G>C - Likely C.Het P43®
CHRNE c.713G>A p-R238Q c.713G>A p-R238Q Hom P44
CHRNE c.729C>G p-Y243* c.729C>G p.Y243* Hom P45
CHRNE c.712C>T p-R238W c.712C>T p.R238W Hom P46
CHRNE €.183_187dup p.L63Pfs*3 €.183_187dup p.L63Pfs*3 Hom P47
CHRNE €.684_687del p.D229sfs*70 €.684_687del p.D2295fs*70 Hom P48
CHRNE €.686_687dup p-V230Tfs*71 €.686_687dup p.V230Tfs*71 Hom P49
CHRNE c.905C>T p-P302L c.905C>T p.P302L Hom P50
CHRNE €.501-10_504dup p-Q169Gfs*19 €.501-10_504dup p-Q169Gfs*19 Hom P51
CHRNE €.293T>C p.L98P €.293T>C p.L98P Hom P52
CHRNE €.501-10_504dup p-Q169Gfs*19 €.293T>C p.L98P Likely C.Het P53°
CHRNE c.209_210del p-L70Hfs*3 c.209_210del p.L70Hfs*3 Hom P54
CHRNE €.1002_1008dup p-A337Hfs*62 €.1216_1219+19del - Likely C.Het P55°
CHRNE c.799C>T p-Q267* ¢.500+40G>C - Likely C.Het P56°
CHRNE .854T>C p.V285A - - Het (D) P57°
CHRNE C.326A>T p.E109V - - Het (R) P58-59
CHRND ¢.1334T>C p.1445T ¢.1334T>C p.1445T Hom P60
CHRND c.1204G>A p-E402K c.1204G>A p.E402K Hom P61
CHRND c.1390C>T p-R464* - - Het (R) P62
CHRNA1 c.517G>A p.G173S - - Het (D) P63°
CHRNB1 c.432_437dup p-G145_1146insMG - - Het (R) P64
Development and maintenance gene defects

DOK7 c.1124_1127dup p-A3785fs*30 c.1124_1127dup p.A3785fs*30 Hom P65-71
DOK7 c.1124_1127dup p-A3785fs*30 c.1263dupC p.S422Lfs*97 Likely C.Het p72°
DOK7 ¢.1124_1127dup p-A378Sfs*30 c.957delC p-K320Sfs*136 Likely C.Het p73®
DOK7 c.1124_1127dup p.A3785fs*30 c.437C>T p-P146L C.Het P74-76
DOK7 c.1124_1127dup p-A3785fs*30 c.773-1G>C - C.Het P77
DOK7 €.1197_1212del p-S400Mfs*51 €.1197_1212del p-S400Mfs*51 Hom P78
DOK7 c.437C>T p.P146L c.1112C>A p.S371* Likely C.Het P79°
DOK7 c.331+1G>T c.1324_1357del p.C442Afs*3 Likely C.Het p8oP
DOK7 c.1322_1347dup p-R450Gfs*15 c.472C>T p.R158W C.Het P81
DOK7 C.652G>A p.D218N C.652G>A p.D218N Hom P82
DOK7 c.1124_1127dup p-A3785fs*30 - - Het (R) P83
DOK7 €.1083_1086del p-V362Gfs*93 - - Het (R) P84
MUSK c.496C>T p-R166" c.1634T>C p.L545P Hom P85
MUSK c.1742T>A p-I581N c.1742T>A p.IS81IN Likely C.Het P86,P87-90
MUSK c.1925T>A p.L642* c.2114T>A p.I705N Likely C.Het P91°
MUSK €.1904_1912dup p-N635_N637dup €.1904_1912dup p-N635_N637dup C.Het P92
AGRN c.3413T>C p.L1138P c.3413T>C p.L1138P C.Het P93
AGRN c.5302G>A p.-A1768T €.6057_6060delinsT p-V2022del Hom P94
RAPSN c.-210A>G - c.1144T>C p.C382R Likely C.Het P95
MACF1 c.4687G>A p-V1563M c.4687G>A p.V1563M Likely C.Het P96

C.Het =compound heterozygous; Hom = homozygous; Het (R) = heterozygous in recessive; Het (D) = heterozygous in dominant. Bold text represents single heterozygous

variants in possible recessive phenotypes.

2P17 had homozygous pathogenic mutations in both CHRNE and DYSF.
bSegregation not confirmed.
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Table 3 Variants identified in congenital myasthenic syndrome patients diagnosed with glycosylation, synaptic, presynaptic and

non-congenital myasthenic syndrome gene defects

Gene Variant 1 (cDNA) Variant 1 (p.) Variant 2 (cDNA) Variant 2 (p.) Zygosity Patients
Glycosylation defect

DPAGT1 €.299G>A p-G100D €.299G>A p.G100D Hom P97
DPAGT1 c.185G>C p.S62T c.85A>T p.I29F Likely C.Het pog?
DPAGT1 €.652C>T p.-R218W €.652C>T p-R218W Hom P99
DPAGT1 ¢.1139C>T p-T3801 €.324G>A p-M108I C.Het P100
DPAGT1 c.1139C>T p-T380I c.85A>T p.I29F C.Het P101-107
DPAGT1 c.853A>C p-N285H ¢.1139C>T p.T3801 C.Het P108
DPAGT1 €.769T>C p-F257L €.769T>C p.F257L Hom P109
GMPPB c.1000G>A p-D334N c.1000G>A p.D334N Hom P110-121
GFPT1 ¢.1103C>T p.T3681 c.1103C>T p.T368I Hom P122
GFPT1 c.589C>A p-Q197K c.589C>A p-Q197K Hom P123
GFPT1 c.158A>G p-N53S c.158A>G p-N53S Hom P124-125
GFPT1 c.479A>G p.Y160C - - Het (R) P126
GFPT1 c.44C>T p.T15M C.44C>T p.-T15M Hom P127
GFPT1 c.586G>A p-G196R c.586G>A p.-G196R Hom P128
GFPT1 c.1276A>T p.N426Y c.1276A>T p.N426Y Hom P129
GFPT1 c.881T>C p.L294P c.881T>C p.L294P Hom P130
GFPT1 c.1280C>G p.T427R - - Het (R) P131
Synaptic defect

COLQ c.1061G>A p-W354* c.1061G>A p-W354* Hom P132
COoLQ c.1319G>A p-C440Y c.1319G>A p.C440Y Hom P133-134
CoLQ €.1228C>T p.R410W €.1204C>T p.-R402C C.Het P135
CoLQ €.1228C>T p-R41OW c.870A>T p-R290S C.Het P136
CcoLQ c.1228C>T p-R410W €.1228C>T p.R410W Hom P137
Presynaptic defect

VAMP1 c.66delT p.G23Afs*6 c.66delT p.G23Afs*6 Hom P138
VAMP1 €.202C>T p-R68* €.202C>T p.R68* Hom P139
VAMP1 c.97C>T p.R33" c.97C>T p.R33" Hom P140
SLC25A1 c.740G>A p.R247Q c.740G>A p-R247Q Hom P141-142
DES c.1023+5G>A - c.1023+5G>A - Hom P143-145
TEFM €.469C>G p.P157A €.469C>G p.P157A Hom P146-P147
Non-CMS genes

TTN €.86065G>T p-E28689" c.30683-2A>T Likely C.het P148?
TIN c.41595C>A p.C13865* €.15544_15546del p.G5182del C.het P149
ANK3 c.114+1G>T c.114+1G>T Hom P150
DYSF c.3113G>A p-R1038Q c.3113G>A p-R1038Q Hom P151
DYSF c.1116C>A p.S372R c.1116C>A p.S372R Hom P17°
TRAPPC11 €.2938G>A p-G980R €.2938G>A p-G980R Hom P152
ADSSL1 c.794G>A p-G265E c.794G>A p.G265E Hom P153
CAPN3 €.2288A>G p.Y763C €.2288A>G p.Y763C Hom P154
MT-TL1 m.3243A>G* - - - Heteroplasmy P155

NF1 c.3721C>T p-R1241* - - Het (D) P156

C.Het=compound heterozygous; Hom = homozygous; Het (R) = heterozygous in recessive; Het (D) = heterozygous in dominant. Bold text represents single heterozygous

variants in possible recessive phenotypes.
3Segregation not confirmed.

P17 had homozygous pathogenic mutations in both CHRNE and DYSF.
“Heteroplasmic MT-TL1 variant.

Discussion

CMS is a clinically identifiable phenotype with characteristic fatigable
weakness and variable oculo-bulbar, limb muscles and respiratory in-
volvement. Many patients respond well to acetylcholinesterase inhi-
bitors (pyridostigmine or neostigmine). However, patients with
defects in certain genes, including slow-channel CMS (SCCMS), as
well as DOK7 and COLQ-related CMS, can deteriorate when treated
with acetylcholinesterase inhibitors but often improve with
B-sympathomimetics such as ephedrine and salbutamol (albuterol)
or fluoxetine. Hence, it is imperative to establish the underlying gen-
etic defect in any suspected CMS patient to effectively assign the ap-
propriate therapy and thereby improve the prognosis. The outcome

in these patients varies and depends on how early they are identified
and appropriately treated.*

This study is the first comprehensive report of the mutational
spectrum and phenotypic pattern of CMS in India. Here we attempt
to highlight the salient features and novel findings in this large CMS
cohort comprising 141 unique families in which disease-causing
variants were identified.

CMS genes are broadly classified as postsynaptic, presynaptic, syn-
aptic basal lamina and glycosylation gene defects.*® Postsynaptic
defects, including those in acetylcholine receptor subunit genes
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Table 5 Congenital myasthenic syndrome gene frequencies in current and selected previously published cohorts

Abicht et al.*® Engeletal.’ Parretal® Estephan Yisetal’™ Aharoni  Natera-de Zhao Current
(predominantly  (Worldwide) (UK) etal.™ (Turkey) etal.'®  Benitoetal®  etal.’’ study
European) (Brazil) (Israel) (Spain) (China) (India)

Total no. of CMS 299 356 123 52 43 35 47 29 132

families with

molecular

diagnosis
Acetylcholine receptor subunit genes
CHRNE 148 (49.5%) 180 (50.5%) 46 (37.4%) 25 (48.1%) 14 (32.5%) 7 (20%)  10(21.3%)  5(17.2%) 52 (39.4%)
CHRNA1 5 (1.7%) 5 (4.1%) 1(1.9%) 1(2.1%) 1(3.4%) 1(0.8%)
CHRNB1 3 (1%) 1(2.1%) 1 (0.8%)
CHRND 3 (1%) 2 (1.6%) 1(1.9%) 1(2.3%) 1(3%) 3(2.3%)
CHRNG 4(8.5%)
Neuromuscular junction development and maintenance genes
DOK7 31 (10.4%) 35 (9.8%) 22 (17.9%) 3 (5.8%) 1(3%) 5(10.6%)  1(3.4%) 19 (14.4%)
MUSK 1(0.3%) 1(0.3%) 2 (4.6%) 8(6.1%)
AGRN 1(2.3%) 5(17.2%) 2 (1.8%)
RAPSN 43 (14.4%) 51(14.3%) 34 (27.6%) 6 (11.5%) 13 (37%) 9 (19.1%) 1(0.8%)
MACF1 1(0.8%)
Synaptic basal lamina genes
coLqQ 38 (12.7%) 45 (12.6%) 12 (9.7%) 2(3.8%) 14 (325%) 11 (31%) 9(19.1%)  4(13.8%) 6 (4.5%)
COL13A1 3 (5.8%)
Glycosylation genes
DPAGTI 2 (0.6%) 13 (9.8%)
GFPT1 12 (2%) 11 (3.1%) 2 (3.8%) 1(2.3%) 1(3%) 5(10.6%)  8(27.6%) 10 (7.6%)
GMPPB 1(1.9%) 1(2.1%) 2 (6.9%) 7 (5.3%)
CoG7 1 (3.4%)
Presynaptic genes
CHAT 15 (5%) 18 (5.1%) 2 (1.6%) 1(1.9%) 8(18.6%)  1(3%) 2 (4.2%) 1(3.4%)
MYO9A 2 (4.6%)
VAMP1 3 (2.3%)
SLC25A1 1(3.4%) 1(0.8%)
Other CMS genes
SCN4A 1(0.3%) 2 (3.8%)
PLEC 2 (0.6%)
PREPL 1(0.3%)
DES 3(2.3%)
TEFM 1(0.8%)

CMS = congenital myasthenic syndrome.

and genes associated with NMJ development and maintenance,
form the largest group in our cohort (88/141; 62.4%), of which acetyl-
choline receptor defects are the most common, as found in previ-
ous larger cohorts worldwide*** (Table 5). Patients with receptor
subunit defects had predominantly early onset (congenital or early
childhood) and presented with ocular features of fatigable ptosis
and ophthalmoparesis with variable limb and bulbar involvement
(Fig. 3A). While receptor deficiency or fast-channel defects seem
to be the most common of the subunit defects, both displaying a
predominantly recessive inheritance pattern, only two patients
(Patients P57 and P63) in this cohort were confirmed to have
SCCMS with previously reported slow channel heterozygous var-
iants in CHRNE (p.V285A) and CHRNA1 (p.G173S), respectively.**8
Among the endplate maintenance and development defects, those
in RAPSN and DOK7 are usually described as the most common,
with RAPSN being the second most frequent CMS gene after
CHRNE in the majority of previously published studies.*>*** The
high frequency of RAPSN CMS can be attributed to the common
founder mutation p.N88K in European patients.?” In our cohort,
DOK7 was the second most common gene (13.5%) after CHRNE
(36.8%). Unlike other studies, we identified only one confirmed
RAPSN case, and the p.N88K variant is conspicuously absent in

our cohort. This may be explained by the fact that the majority of
previous large cohort studies have been from Europe and the
Americas, as p.N88K is largely lacking from the literature and
from population databases from the wider Asian region. Only three
Indian patients have previously been reported with p.N88K in the
literature.?**°% A study reporting 18 genetically confirmed CMS
patients from southern India found one patient harbouring
p-N88K in the compound heterozygous state, while another study
from western India did not report any RAPSN cases.?>*! Further co-
horts from China (35 patients) and Turkey (43 patients) also re-
ported no RAPSN cases, suggesting a lower prevalence of RAPSN
defects in Asia more broadly.'" Interestingly, the Chinese cohort
reported DOK7 as one of the least common genes (3.4%), and defects
in DOK7 were not identified in Turkish patients,*>*” which con-
trasts with its prevalence in our Indian cohort. While our RAPSN pa-
tient, Patient P95, presented with a severe congenital-onset
phenotype with oculobulbar and respiratory involvement, patients
with DOK7, MUSK and AGRN variants presented predominantly
with a limb-onset fatigable weakness (LG-CMS) and relatively late
onset compared to receptor defects (Fig. 3C and E).

Patient P96 is one of the two CMS patients worldwide found to
harbour variants in a novel CMS gene, MACF1, which is a scaffolding
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protein at the NMJ shown to play a crucial role in synaptic differenti-
ation and transmission in a mouse model.*?> While our Patient P96
presented with a mild adult-onset LG-CMS phenotype and harboured
a homozygous missense variant p.V1563M in the plakin domain, the
other known patient to date, who is of Serbian origin and harbours
compound heterozygous variants p.T1799A and p.L2208F in the pla-
kin domain and spectrin repeats, respectively, had a more severe
early-onset phenotype.> Although de novo heterozygous MACF1 var-
iants, especially in the distal GAR domain, have previously been re-
ported in patients with lissencephaly and complex brain
malformations, the recessive CMS patients and family members
did not have any brain abnormalities, suggesting a domain-specific
phenotype expression.”® However, to our knowledge, no further pa-
tients with recessive variants in MACF1 have yet been reported,
which restricts our ability to establish the exact phenotypic associ-
ation and convincingly validate MACF1 as a CMS gene.

Glycosylation defects (GFPT1, DPAGT1 and GMPPB) represented
the second largest category in our cohort and were causative in
30 families (21.3%). In previous larger studies, predominantly
from Europe and the Americas, the frequency of glycosylation de-
fects was comparatively lower, accounting for less than 10% of gen-
etically diagnosed CMS.»**3% However, in the small cohort of 29
Chinese CMS families mentioned previously, Zhao et al.” reported
GFPT1 and GMPPB variants in eight and two families, respectively,
accounting for 34.5% of the diagnosed CMS cases. This suggests
the possibility of geographically and ethnically higher prevalence
of glycosylation defects among Asian populations compared to
those in European regions. Among the glycosylation genes,
DPAGT1 was most common, with 13 unrelated patients having bial-
lelic variants. This contrasts with previous cohorts in which GFPT1
has been the predominant glycosylation CMS defect.*>*>'” While a
LG-CMS pattern is characteristic of all glycosylation CMS patients,
DPAGT1 patients presented with a more severe and early onset
phenotype with CNS abnormalities including seizures and intellec-
tual disability reported in 7 of 13 patients (53.8%). GFPT1-CMS
presented as arelatively milder LG-CMS phenotype with predomin-
antly early-to-late childhood onset and no CNS abnormalities
(Fig. 3D). All patients with GMPPB-CMS carried the identical
Indian founder mutation p.D334N in homozygosity and displayed
variable onset and a slowly progressive mixed phenotype of limb
girdle muscular dystrophy (LGMD) with CMS as described in our
previous publication.”* While our centre has previously diagnosed
a number of patients with other recessive GMPPB variants who pre-
sented with a pure muscular dystrophy phenotype, the p.D334N
variant is the only one in our cohort associated with CMS features
and seems to be the only CMS-associated GMPPB mutation reported
in Indian patients to date.

Defects in the synaptic basal lamina gene COLQ are also among
the more commonly reported defects in previous cohorts with fre-
quencies ranging from 6-14%, while in Israel and Turkey the re-
ported frequency has been >30%.>'>'>!¢ In our cohort, COLQ
variants were identified in only six families (4.3%). Interestingly,
the Brazilian cohort had only two COLQ cases out of 54 (3.8%), simi-
lar to our study, while the Chinese study reported COLQ in 13.8% of
cases, similar to other larger studies from Europe.’*'’ Early onset
with a variably progressive course was characteristic of our COLQ
patients, and four of six patients had respiratory defects (Fig. 3B).

While presynaptic gene defects are the least common cause of
CMS worldwide, recessive CHAT variants form the majority of pre-
synaptic cases reported to date, with a frequency of 2-5% reported
in the European and Mayo Clinic cohorts.*** However, CHAT var-
iants were not identified in any of our patients and CHAT-CMS is
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apparently extremely rare in the Indian subcontinent, with a
complete lack of reported cases to our knowledge. Two recently
identified rare CMS genes, VAMP1 and SLC25A1, were the only pre-
synaptic genes in this cohort and are reported for the first time from
India. We previously reported three unrelated children with severe
congenital onset and characteristic severe hypotonia, feeding
difficulties and respiratory distress identified to have homozygous
loss-of-function variants in the VAMP1 gene, a component of the
SNARE complex, essential for vesicular docking and fusion at NMJ
(Fig. 3F).?* Two siblings with SLC25A1 were among the six patients
reported in 2020 with a characteristic mild phenotype of fatigable
weakness with variable involvement of ocular, proximal limb and
bulbar muscles and mild intellectual disability in all cases. The
p-R247Q variant in these siblings was reported as a recurrent CMS
variant with no founder effect identified in four families from unre-
lated ethnicities including Europe and Asia.>* A further detailed
genotype-phenotype description of individual CMS genes identified
in this cohort can be found in the Supplementary material.

Taken together, these results suggest that, while CHRNE defects
appear to be the most common cause of CMS worldwide, the fre-
quencies of other gene defects vary markedly between different po-
pulations. These differences—and the increased prevalence of
certain recessive CMS subtypes—can in part be attributed to the
high frequency of consanguineous marriages in our source popula-
tion, estimated in the 2010-14 census® to be 23% in South India,
from where most of our patients originate. A related factor is the
prevalence of recurrent mutations with possible founder effects
as discussed below. Variable severity, with phenotypes ranging
from early death to late-onset mild presentations, as well as clinical
presentations overlapping with other neuromuscular disorders, es-
pecially in patients with LG-CMS, may also lead to a certain level of
ascertainment bias in CMS cohorts recruited exclusively from spe-
cialist neuromuscular clinics as in this cohort. These factors under-
score the need for larger global studies to fully understand the
ethnic and geographical distribution of CMS genetic subtypes.

Among the CMS genes, we also included patients with recessive
variants in DES and TEFM genes, which could not be classified
into any of the four CMS subgroups. However, we consider DES
and TEFM to be CMS genes based on the available functional evi-
dence of NMJ defects and association with specific CMS pheno-
types.’>°® In three unrelated patients from South India, Patients
P143, P144 and P145, we identified a rare novel intronic homozygous
variant in DES, c.1023+5G>A, which likely affects normal splicing of
exon 5. While all three patients presented with a fairly uniform
phenotype of childhood onset, gradually progressive limb-girdle
weakness, variable oculo-bulbar involvement and elevated serum
creatine kinase, two of the patients showed significant decrement
on RNS, confirming the presence of a NMJ defect and resembling
a LG-CMS phenotype. Muscle biopsy in one of the patients showed
myopathic features and partial loss of desmin on immunostaining.
While the parents were unaffected in all three cases, segregation
and functional validation of the novel intronic variant is planned
to investigate the possibility of a novel founder haplotype asso-
ciated with a milder LG-CMS phenotype. CMS features have previ-
ously been reported in two recessive desmin null patients who
had a severe combined phenotype of CMS, myopathy and cardio-
myopathy.’® A recessive DES knock-in mouse model has been
shown to have NMJ endplate pathology.'” While further functional
characterization is necessary to understand the underlying NMJ
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pathophysiology, our patients further confirm the presence of a
mixed myopathy-CMS phenotype specific to recessive DES var-
iants, and we suggest that all recessive desminopathy patients
should be evaluated for NMJ defects.

Searching for novel candidate genes in unsolved CMS patients
led to the identification of a new CMS associated gene, TEFM, which
encodes the mitochondrial transcription elongation factor.”” In two
siblings (Patients P146 and P147), a homozygous missense variant
p-P157A was identified in TEFM. Both siblings had childhood onset
fatigable limb weakness with variably progressive ocular involve-
ment (more severe in the younger sibling), accompanied by CNS in-
volvement in the form of epilepsy in both siblings and ataxia with
behavioural abnormalities in the elder sibling. Serum lactate eleva-
tion, positive decrement on RNS and biopsy showing mitochondrial
respiratory chain complex I and IV deficiencies confirmed the mito-
chondrial disease together with the NMJ defect in the siblings.
Additional patients with recessive TEFM defects were subsequently
identified in other cohorts worldwide with variable neurological
phenotypes and severity, suggesting a wide clinical spectrum. A
knockdown zebrafish model showed abnormalities in mitochon-
drial function and the NM]J, further confirming the genotype-
phenotype association and establishing TEFM as a novel mitochon-
drial disease gene with or without a CMS phenotype.>®

We identified causative variants in non-CMS genes in nine clinical-
ly suspected CMS patients (6.4%). Of these nine unrelated patients,
six were found to have recessive variants in known myopathy/
muscular dystrophy genes including TTN, DYSF, CAPN3, TRAPPC11
and ADSSL1. All these patients presented with a predominantly
limb-girdle phenotype with fatigability. Elevated serum creatine ki-
nase and dystrophic features correlated with DYSF, TRAPPC11 and
CAPN3 variants in Patients P151, P152 and P154, respectively.
Patients P148 and P149 likely had compound heterozygous variants
in TTN. The phenotype in both patients did not resemble character-
istic recessive TTN myopathy or muscular dystrophy; instead, both
presented with a LG-CMS phenotype with ocular involvement.
Patient P153, who presented with congenital onset bulbar symp-
toms that improved over time, but subsequently developed grad-
ually progressive proximo-distal fatigable limb weakness with
muscle wasting and ocular symptoms, was found to have a homo-
zygous missense variantin ADSSL1, p.G265E, previously reported in
a Japanese myopathy patient. While initially reported in distal my-
opathy patients, recessive ADSSL1 variants are now attributed to a
broader pathophenotype of nemaline myopathy characterized by
proximo-distal limb involvement with prominent fatigability
which can be attributed to defective ATP synthesis.*®

Reverse phenotyping and segregation confirmed the genetic
diagnosis in two non-CMS patients (Patients P155 and P156) with a
predominantly ocular phenotype, with heteroplasmic MT-TL1 sub-
stitution (m.3243A>G) and heterozygous NF1 nonsense variant
(p-R1241%), respectively. While the presence of prominent clinical
fatigability prompted a provisional CMS diagnosis in all non-CMS
patients, three of these patients—those with CAPN3 (Patient P154),
TTN (Patient P148) and ADSSL1 (Patient P153) variants—also had sig-
nificant decrement on RNS. A double-trouble scenario with a second
undiscovered variant causing the CMS phenotype cannot be ruled
out in these cases. Interestingly, in one of our patients, Patient
P17, a double-trouble scenario was in fact observed, with the patient
having both CHRNE and DYSF recessive variants, which correlated
with the mixed pattern of ocular and limb-girdle phenotype along
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with significant decrement, high creatine kinase and biopsy-
confirmed dysferlin loss. One patient, Patient P145, who presented
with predominantly oculobulbar involvement with delayed motor
milestones at 1 year of age, had a homozygous splice site variant
(c.114+1G>T) in the ANK3 gene. Recessive loss-of-function variants
in the ANK3 gene have previously been reported in patients with in-
tellectual disability (OMIM:615493). A detailed neuropsychological
assessment and RNS study was not completed for this patient due
to missed follow-up. Although no association with either muscle or
NM]J disease in humans has been reported to date, Drosophila Ank2,
the closest homologue to ankyrin-G-producing human ANK3, is re-
ported to be crucial for NMJ stabilization, and loss of presynaptic
Ank? can disrupt NMJ morphology.>® Based on the identification of
similar cases with ANK3 variants, it may be necessary to further ex-
plore the role of ankyrin-G in NMJ dysfunction. Overall, although our
cohort does not present sufficient grounds to reclassify these
‘non-CMS’ genes as new CMS genes, we consider that reporting such
cases of clear NMJ involvement in genes where this has not previously
been established is of significant value to understanding likely CMS
mimics as well as identifying new pathways for NMJ dysfunction.

While we have made efforts to exclude possible autoimmune
cases across the entire cohort, we acknowledge that autoimmune
aetiology due to uncommon antibodies or seronegative myasthenia
gravis, etc. cannot be ruled out conclusively in sporadic patients,
especially in uncommon CMS and non-CMS genotypes.

In the present cohort, worsening or no response to pyridostigmine
was seen predominantly in DOK7, MUSK and AGRN patients as well
as those with SCCMS, but all showed improvement with salbuta-
mol. Patients with glycosylation defects (GMPPB, GFPT1 and
DPAGT1) responded well to combination therapy of pyridostigmine
plus salbutamol. Among the new and rarer CMS genotypes in the
cohort, while SLC25A1 patients did not show any response to either
pyridostigmine or salbutamol, MACF1, VAMP1, TEFM and DES pa-
tients showed good initial response to pyridostigmine with added
benefit from salbutamol (Table 1). Six patients with non-CMS var-
iants also reported significant improvement with pyridostigmine
and/or salbutamol, which further points towards a possible alter-
nate NMJ pathomechanism in these patients. While treatment re-
sponse was subjectively recorded based on patient feedback after
at least 3 months of continuous intake of pyridostigmine and/or
salbutamol, the lack of objective and long-term assessment of im-
provement is a limitation in this study.

We identified 22 recurrent disease-causing variants in our cohort
(Table 4). Based on a comparison of MAFs from the gnomAD world-
wide and South Asian population databases, eight recurrent var-
iants appear to be predominantly specific to the South Asian
region (Table 4). Unsurprisingly, the two most frequently recurring
variants in our cohort were the common frameshift variants CHRNE
p.E443Kfs*64 in 16 families (11.4%) and DOK7 p.A378Sfs*30 in 13
families (9.3%). CHRNE p.E443Kfs*64 (c.1327delG), with its high
South Asian-specific gnomAD MAF of 0.087%, was originally discov-
ered in the migrant Roma population in Europe®® and has already
been established as a founder mutation predominantly affecting
both the Roma population and the population from the Indian sub-
continent. In contrast, the common DOK7 frameshift p.A378S{s*30
(c.1124_1127dupTGCC) is more universally prevalent according to
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gnomAD, with a 0.07% worldwide MAF and 158 alleles in total, of
which only nine came from South Asia. The CHRNE gene had nine
recurrent variants in our cohort, of which we also identified
three novel recurrent CHRNE variants including a frameshift
p.L287Ffs*110, a nonsense p.Y243* and a 3’ splice site change
€.235-1G>A. These were neither previously reported in CMS pa-
tients nor present in population or internal variant databases
(Table 4). Our two patients (Patients P52 and P53) with the CHRNE
variant p.L98P hail from the states of Jharkhand and West Bengal
in the eastern part of India. Interestingly, the variant has previously
been reported in patients from Bangladesh, which is adjacent to
West Bengal and Jharkhand, suggesting a possible founder haplo-
type specific to the eastern region of the Indian subcontinent.?>%
This is also supported by gnomAD data in which only four control
alleles were reported, all from Southeast Asia.

Apart from the expected common CHRNE and DOK7 variants, it
is interesting to note that in our cohort, the other frequent variants
were found in glycosylation genes, with three recurrent variants
being found in DPAGT1 and GMPPB. Among these, a novel recurrent
missense variant, p.T380I, located in DPAGT1 transmembrane helix
10, was found in nine unrelated patients exclusively in compound
heterozygous state, seven of which harboured the previously re-
ported helix 1 missense variant p.I29F on the second allele.*? We
observed that the p.T380I/p.129F genotype occurred only in patients
from the eastern state of West Bengal, suggesting the possibility of
founder haplotypes specific to Bengalis. The MAFs of ¢.1139C>T
(p.T380I) and c.85A>T (p.I29F) in gnomAD also suggest a relative
South Asian predominance at 0.03% and 0.08%, respectively, in
the region (Table 4). Another recurrent recessive variant in
GMPPB, p.D334N, is also exclusive to South Asia (South Asian MAF
0.06%) and was recently reported by us as a founder mutation caus-
ing a slowly progressive LGMD-CMS phenotype in 12 patients from
seven consanguineous families of South Indian descent when pre-
sent in homozygosity.?>®° Interestingly, the p.D334N variant has
previously been reported in the compound heterozygous state in
congenital muscular dystrophy patients from India and
Pakistan.*>°? Overall, these recurrent variants accounted for 61%
of the CMS families (86/141) in this cohort.

In this cohort, molecular testing of suspected CMS patients was
performed either as part of standard diagnostic testing (predomin-
antly NGS clinical exome panels in commercial labs) or a two-step
research process with hotspot screening followed by WES. The
overall diagnostic rate was 71.6%, as 156 patients (141 families)
were genetically diagnosed out of 213 (197 families) suspected clin-
ically as having CMS (Fig. 1). Based on the two-step molecular test-
ing we employed in the ‘research’ sub-cohort (104 families), hotspot
screening of four previously reported common variants in CHRNE,
DOK?7 and RAPSN yielded a variant detection rate of 14.4% (15 fam-
ilies) with an additional five LG-CMS cases in which a single hetero-
zygous DOK7 variant was identified. The RAPSN hotspot variant
p-N88K commonly reported in European patients was not identified
in any of our patients. While p.N88K has been associated with an
ancient Indo-European haplotype and may not be entirely absent
in India, given individual previous reports of Indian RAPSN patients
harbouring the mutation, the prevalence of genetically confirmed
RAPSN patients in India as reported in the literature is low over-
all.?>*° This coincides with variant frequencies obtained from
Asian cohorts in population databases in which the p.N88K variant
is either absent or present at a much lower prevalence
(Supplementary material). In particular, the gnomAD prevalence
of p.N88K is 3.5-fold lower in the South Asian population (0.075%)
compared with the European population (0.26%), which
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underscores the variability of genotypic patterns between different
populations and suggests that the variations seen in this cohort
cannot exclusively be ascribed to ascertainment bias, although
that may still be a factor as noted above.

The mean delay from onset to molecular diagnosis was 12.5 +
9.9 (0-49 years) for CMS patients in this cohort. While severe pre-
synaptic VAMP1 cases had a shorter average diagnostic delay of
2.5+ 2.1 years, patients affected by other common CMS subtypes
had to wait a decade or more on average to receive diagnostic con-
firmation. The diagnostic delay was especially long (41.7 +
9.4 years) for GMPPB patients in this cohort, predominantly due to
the delayed clinical diagnosis of their complicated LGMD-CMS
phenotype. By including the recurrent variants identified in this
study, we anticipate that the diagnostic rate can be increased sig-
nificantly through cost-effective mutational screening, which will
in turn reduce the diagnostic delay by enabling screening even in
smaller centres without access to expensive NGS facilities. Given
the high frequency of consanguineous and intra-community mar-
riages in various regions, such recurrent variants with population-
specific founder haplotypes may also contribute to the different
prevalence of recessive CMS genotypes in India as seen in genes
like DPAGT1 and GMPPB in the present cohort. Based on these find-
ings, we suggest that screening for common variants is likely to be
most effective when tailored to population-specific founder effects.

Conclusion

This uniquely large CMS cohort from a single quaternary neurology
centre in South India provides crucial insights into the mutational
spectrum and prevalence of individual CMS subtypes in India with
an in-depth genotype-phenotype correlation. The clear differences
identified in the mutational spectrum and relative frequencies of de-
fects in specific genes in this Indian cohort compared to previous
CMS cohorts emphasises the need for additional global large-scale
genetic studies to better capture these regional variations in terms of
prevalence. As our cohort consists predominantly of south Indian pa-
tients, we are limited in our ability to assess true frequencies across
the whole Indian subcontinent, and broader population studies would
be of value even within this region. In our study, exome-wide analysis
notonlyled to the identification of novel CMS-causing genes including
TEFM and MACF1 but also further expanded global knowledge of rare
genotype associations including DES, GMPPB, VAMP1 and SLC25A1 in
CMS. The finding of gradually progressive and treatment-responsive
LG-CMS phenotypes in the known myopathy and muscular dystrophy
genes DES and GMPPB expand the phenotype spectrum and suggest a
hidden NMJ dysfunction mechanism in previously known NMD genes.
The higher frequency of glycosylation CMS patients in our cohort sug-
gests not only that this CMS subgroup may be more prevalent in India
but also that many such patients with this limb-girdle CMS phenotype
might have remained undiagnosed or misdiagnosed earlier due to
overlapping clinical features, and this may be true in other cohorts
as well. While CMS is often a clinical diagnosis, muscle fatigability
can often be confounding especially in other myopathy and LGMD
cases necessitating faster molecular diagnosis. Identification and
screening of CMS-associated variants in suspected LGMD/myopathy
patients is important to enable prompt initiation of treatment, which
can improve fatigable weakness and delay progression of disability.
This study also identifies 22 unique recurrent disease-causing CMS
variants which account for about two-thirds of patients. In highly con-
sanguineous populations like India, the identification of recurrent and
founder disease-causing variants may be a valuable and cost-effective
strategy enabling early diagnostic screening.
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