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Variants in SLC18A3, vesicular

acetylcholine transporter, cause congenital
myasthenic syndrome

ABSTRACT

Objective: To describe the clinical and genetic characteristics of presynaptic congenital myas-
thenic syndrome secondary to biallelic variants in SLC18A3.

Methods: Individuals from 2 families were identified with biallelic variants in SLC18A3, the gene
encoding the vesicular acetylcholine transporter (VAChT), through whole-exome sequencing.

Results: The patients demonstrated features seen in presynaptic congenital myasthenic syndrome,
including ptosis, ophthalmoplegia, fatigable weakness, apneic crises, and deterioration of symptoms
in cold water for patient 1. Both patients demonstrated moderate clinical improvement on pyridostig-
mine. Patient 1 had a broader phenotype, including learning difficulties and left ventricular dysfunction.
Electrophysiologic studies were typical for a presynaptic defect. Both patients showed profound elec-
trodecrement on low-frequency repetitive stimulation followed by a prolonged period of postactivation
exhaustion. In patient 1, this was unmasked only after isometric contraction, a recognized feature of
presynaptic disease, emphasizing the importance of activation procedures.

Conclusions: VAChT is responsible for uptake of acetylcholine into presynaptic vesicles. The clinical and
electrographic characteristics of the patients described are consistent with previously reported mouse
models of VAChT deficiency. These findings make it very likely that defects in VAChT due to variants
in SLC18A3 are a cause of congenital myasthenic syndrome in humans. Neurology® 2016;87:1442-1448

GLOSSARY

ExAC = Exome Aggregation Consortium; OMOM = Online Mendelian Inheritance in Man; 3,4-DAP = 3,4 diaminopyridine;
VAChT = vesicular acetylcholine transporter.

The congenital myasthenic syndromes are genetic disorders of neuromuscular junction function
that commonly present with ptosis, ophthalmoplegia, and fatigable weakness. The majority of
cases are due to defects in postsynaptic proteins, and in >50%, the muscle nicotinic acetylcho-
line receptor is affected." Presynaptic causes identified to date include variants in CHAT (choline
acetyltransferase), which facilitates the production of acetylcholine from choline and acetyl
coenzyme A, and the recently identified SY72* and SNAP25 genes.’

SLC18A3 (solute carrier family 18 [vesicular acetylcholine], member 3) is found on chro-
mosome 10q11.23. It comprises a single exon within the first intron of the CHAT gene and
encodes the vesicular acetylcholine transporter (VAChT). VAChT is a 532—amino acid protein
with 12-transmembrane domains localizing to the membrane of presynaptic secretory vesicles
where it transports acetylcholine into vesicles.* Acetylcholine release from vesicles at cholinergic
nerve endings is important for neurotransmission in both the central and peripheral nervous
system. The presence of SLCI8A43 within the CHAT gene is evolutionarily conserved from
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Caenorhabditis elegans, a primitive nematode,
to humans, suggesting that it has an important
regulatory mechanism to ensure appropriate
expression of VAChT.*?

This study describes 2 patients with con-
genital myasthenic syndrome secondary to
pathogenic variants in SLC1843.

METHODS Both patients presented with a congenital myasthenic
syndrome but remained undiagnosed after testing for known genetic
causes. For patient 1, whole-exome sequencing and whole-genome
sequencing were performed at the Broad Institute on genomic
DNA from the proband and his unaffected mother. Analysis was
performed with the XBrowse bioinformatics platform  (hteps://
xbrowse.broadinstitute.org) as previously described.® A custom search
was performed for all variants in all known neuromuscular disease
genes at the time of investigation. When no candidate gene was
identified, the whole exome was searched by inheritance pattern,
considering clinical phenotype and population frequency in the
Exome Aggregation Consortium (ExAC) database and in silico
prediction programs. Comparative genomic hybridization microarray
was performed with Agilent SurePrint G3 ISCA Targeted Microarray
8x60K. Sanger sequencing of CHAT was performed as previously
described.” For patient 2, whole-exome sequencing was performed at
Beijing Genome Institute Europe (Copenhagen, Denmark) and
analyzed with the use of a bioinformatic pipeline at the Radboud
University Medical Center, Department of Human Genetics,
essentially performed as described.® A filter for a muscle disease gene
panel was applied first (www.genomediagnosticsnijmegen.nl/exome).
Because no candidate gene was identified, the whole exome was
searched by inheritance pattern, considering clinical phenotype and
population frequency in the in-house patient database, ExAC database,

and in silico prediction programs.

Standard protocol approvals, registrations, and patient
consents. This research was approved by the Human Research
Ethics Committee of the Children’s Hospital at Westmead, Australia
(10/CHW/45) and performed with patient consent. For patient 2,
the analysis of the whole exome was done after counseling of and
informed consent by the parents and approval by the Medical Review
Ethics Committee Region Arnhem-Nijmegen (2011/188).

RESULTS Patients. Patient 1 was born to unaffected
nonconsanguineous Filipino parents (figure, A). He
had multiple episodes of cyanosis that did not require
assisted ventilation between 2 and 18 months of age.
His early developmental milestones were normal. He
fatigued easily during his preschool years and was
reported to have ptosis from 1 year of age. He was
investigated at 6 years of age and again at 14 years of
age when he reported reduced exercise tolerance but
no diurnal fluctuation in his abilities. He had episodes
of more severe weakness triggered by swimming in
cold water. On examination at 14 years of age, he had
bilateral fatigable ptosis, ophthalmoplegia, and mild
facial weakness. Shoulder abduction, hip flexion, and
hip extension power were graded 4+/5. Fatigable
weakness was present with sustained shoulder abduc-
tion. The remaining muscle groups had normal
strength. Deep tendon reflexes were present.

Throughout school, he had mild static learning diffi-
culties. A formal psychometric assessment at 16 years of
age showed significant deficits in visual perceptual rea-
soning, attention span, working memory, motor process-
ing speed, and immediate and delayed visual memory.
Verbal intellect and verbal learning and memory were
within normal limits.

Creatine kinase, thyroid function, lactate, and acetyl-
choline receptor antibody studies were normal. Repetitive
nerve stimulation studies were normal at 9 years of age,
including absence of an electrodecrement in the abductor
digiti minimi after 10 seconds of isometric exercise. No
benefit was observed with an edrophonium test. Electro-
physiologic studies repeated at 14 years did not show an
electrodecrement in the abductor digiti minimi or abduc-
tor pollicis brevis with 5-Hz stimulation. After 10 seconds
of isometric exercise, a 5-Hz stimulus resulted in an
abnormal decrement of 34% in the abductor pollicis bre-
vis, which persisted when repeated every 30 seconds for
4 minutes.

Pyridostigmine was started at 14 years of age and
increased to 60 mg 4 times per day (5.3 mg-kg™'-d7").
He reported reduced fatigue, and his 6-minute walk test
improved from 360 to 462 m after 4 weeks of treat-
ment. Sustained arm abduction improved from 45 to
60 seconds and sustained upgaze from 10 to 20 sec-
onds. The dose was increased to 60 mg 5 times per day
(7.5 mg-kg™'-d™"), and the clinical improvement was
sustained at 16 years of age. Power was graded as 5/5 in
all muscle groups; facial weakness was improved; but
mild ptosis and ophthalmoplegia persisted.

Transthoracic echocardiogram at 14 years of age,
before pyridostigmine treatment, showed mild reduc-
tion of left ventricular systolic function (left ventricular
end-diastolic dimension 45 mm; end-systolic dimension
33 mm; fractional shortening 26%). After 2 months of
treatment with pyridostigmine, a repeat echocardiogram
showed normal left ventricular function (fractional
shortening 31%). Normal function was maintained
14 months after the start of treatment (fractional short-
ening 29%).

Patient 2 was the only child of consanguineous East
Turkish parents (figure, A). After a complicated labor,
she was delivered at 36 + 5 weeks by caesarian section.
Apgar scores were 3 at 1 minute, 5 at 5 minutes, and
6 at 10 minutes. She developed meconium ileus after
3 days and apneas after 1 month, which did not require
intubation. An MRI of the brain performed because of
the complicated delivery showed mild hyperintensity
of the white matter and small punctate hemorrhages
in the frontal and parietal lobes. At 3 months of age, she
was admitted with hypotonia and feeding difficulties
with aspiration and required nasogastric feeding. Neu-
rologic examination was typical for a myasthenic syn-
drome and revealed horizontal nystagmus, horizontal
and vertical ophthalmoplegia, bilateral ptosis, and
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Figure

Family pedigrees, evolutionary conservation of the vesicular acetylcholine transporter (VACHT)
receptor, and schematic structure
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(A) Family pedigrees. (B) Evolutionary conservation of G186 and D398 in the 4th and 10th transmembrane domains. Conservation
across species is shown on the top; conservation in orthologous genes is shown on the bottom. (C) Schematic diagram showing
VACHT. The 12 transmembrane domains are shown. The Gly186Ala variant identified in patient 1 is shown in yellow in the fourth
transmembrane domain. The Asp398His variant identified in patient 2 is shown in yellow in the 10th transmembrane domain.

VMAT = vesicular monoamine transporter.

hypotonia, all of which fluctuated during the day. Deep
tendon reflexes were normal. Flexure contractures were
present at the knees. An edrophonium test was positive,
with improvements in tone and head control, a reduc-
tion in ptosis, and a louder cry.

Electrophysiologic studies of patient 2 showed nor-
mal nerve conduction velocities and amplitudes.
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Repetitive stimulation at low frequency showed extreme
electrodecrement. With a 3-Hz stimulus, an electro-
decrement of 47% was recorded in the abductor
digiti minimi and 78% in the abductor pollicis brevis.
No afterdischarges were recorded. Pyridostigmine was
started, and she improved in axial tone, but ptosis, hor-
izontal ophthalmoplegia, and neck extensor weakness



persisted. Oral feeding improved, and defecation was no
longer dependent on intestinal lavages or enema. 3,4-
Diaminopyridine (3,4-DAP; 1 mg-kg™'-24 h™") was
begun at 1 year of age in addition to high-dose pyridos-
tigmine (7 mg-kg™'-24 h™" as 6 divided doses). At 2
years of age, she had a severe apnea in the night, prob-
ably due to a delayed dose of pyridostigmine, and
required resuscitation. She had further choking episodes
and apneas, and distigmine (2.5 mg) was added with
limited benefits. At 3 years of age, ephedrine (0.5 mg/
kg as 2 divided doses) was added to pyridostigmine (22
mg-kg™'-24 h™') and 3,4-DAP (1.7 mg-kg™'-24 h™")
with improvement. Nevertheless, she continued to have
apneas during the night, and percutaneous endoscopic
gastrostomyfeeds were required. At 4 years of age, she
walked for some months, but she lost independent
ambulation by age 5. At 6 years of age, patient 2 is able
to stand and transfer with assistance when wearing
orthoses. She is ambulant over short distances with assis-
tance but has limited exercise tolerance. Knee flexor
contractures are developing. Formal neuropyschometric
testing has not been done, but she has not demonstrated
any learning difficulties in a regular school program. An
echocardiogram was normal at 3 months of age, and no
evidence of cardiomyopathy was found on continuous
ECG monitoring during the intensive care admissions.

Genetic results. For patient 1, candidate gene sequenc-
ing of CHAT, the common N88K RAPSN variant, and
a next-generation sequencing neuromuscular gene panel,
including all genes known to cause congenital myasthenia
in 2014, did not find any pathogenic variants. Whole-
exome sequencing identified a homozygous recessive
variant in  SLCI8A3, ¢557G>C; p.(Glyl186Ala)
(NM_003055.2), in the proband that was confirmed
by Sanger sequencing. His mother was heterozygous
for this variant, and paternal DNA was not available.
Chromosomal microarray identified a homozygous
4.83-Mb heterozygous deletion in the proband within
chromosome 10q11.22-q11.23, (chrl0: 46,949,255~
51,780,909, hgl9), involving 5 Online Mendelian
Inheritance in Man (OMIM)-listed genes, including
CHAT and SLCI8A3. Thus, the proband carries
a deleton of CHAT and SLCI8A3 on 1 allele and
a missense variant ¢.557 G>C; p.(Gly186Ala) in
SLCI8A3 on the second allele, appearing homozygous
via Sanger sequencing. Whole-genome sequencing was
performed in the proband to exclude a second variant
in CHAT, potentially undetected by whole-exome
sequencing. No further likely pathogenic variants were
identified.

SLCI8A3 ¢.557 G>C; p.(Gly186Ala) is not found
in the National Heart, Lung, and Blood Institute
Exome Variant Server or the EXAC database. Four in
silico prediction software packages predicted the variant
to be pathogenic (PolyPhen-2, probably damaging

[1.0]; Sorting Intolerant From Tolerant, deleterious
[0.000]; [—5.62];
Taster, disease causing'). Gly186 is located in the fourth
transmembrane domain of VAChT (Figure, B and C),
is invariant among vertebrates, and is conserved in the

Provean, deleterious Mutation

related vesicular monoamine transporters 1 (SLC18A1)
and 2 (SLC18A2), suggesting that this amino acid posi-
tion is highly important for protein function.

Patient 2 was investigated over many years, including
Sanger sequencing and exclusion of known genetic
causes of congenital myasthenic syndrome. Whole-
exome sequencing studies in patient 2 and her unaffected
parents identified a homozygous recessive missense vari-
ant, ¢.1192G>C, p.(Asp398His); (NM_003055.2), in
SLCI18A3. Both parents were heterozygous for this var-
iant. The variant was confirmed in the trio with Sanger
sequencing. SLCI8A3 ¢.1992G>C; p.(Asp398His) is
not found in the National Heart, Lung, and Blood
Institute Exome Variant Server or the ExAC. p.As-
p398Gly and p.Asp398Glu are identified as rare var-
iants in ExAC but with no reported homozygotes. Four
in silico prediction software packages predicted the var-
iant to be pathogenic (PolyPhen-2, probably damaging
[1.0]; Sorting Intolerant From Tolerant, deleterious
[0.000]; Provean, deleterious [—6.46]; Mutation
Taster, disease causing [0.999]). Asp398 is located in
the 10th transmembrane domain (Figure, B and C)
and, like Gly186, is highly conserved in vertebrates
and other members of the monoamine transporters.

DISCUSSION The patients” clinical presentations
were typical for congenital myasthenic syndrome with
incomplete improvement after treatment with pyri-
dostigmine (and 3,4-DAP and ephedrine for patient
2). The patients shared features with presynaptic
congenital myasthenic syndrome secondary to

7,9,10 and

CHAT deficiency, including apneic crises
deterioration of symptoms in cold water in patient 1."
The results of repetitive nerve stimulation studies
were consistent with a presynaptic defect, with
profound electrodecrement on low-frequency repetitive
stimulation followed by a prolonged period of
postactivation  exhaustion. In patdent 1, the
electrodecrement was unmasked only after sustained
isometric contraction, which is recognized as a feature
of presynaptic syndromes.?

Two mouse models of reduced SLCI8A3 expres-
sion, a knockout mouse and a knockdown mouse, have
previously been described and provide strong support
for SLC18A3 as a genetic cause of presynaptic congen-
ital myasthenic syndrome.'*"*¢ Homozygous SLC18A43
(VAChT4) knockout mice had severe neuromuscu-
lar junction dysfunction and died within minutes of
birth of respiratory failure. The heterozygous knockout
mice (VAChT""4!) demonstrated a 50% reduction in

VAChT protein levels but no clinical phenotype and
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normal axonal branching of peripheral nerves.'*
Homozygous knockdown mice (VAChT KDYOM),
with deletion of a regulatory element within the 5’
untranslated region, had a 65% to 70% reduction in
VACKT expression. Motor performance and grip
strength were impaired, and mice were not able to
maintain long periods of physical activity. Grip
strength was restored by treatment with a cholinesterase
inhibitor."? These findings support a high safety mar-
gin in neuromuscular transmission, with a reduction in
protein levels of up to 50% well tolerated.

Postsynaptic myasthenic syndromes affect only
peripheral nicotinic acetylcholine receptors, resulting
in specific involvement of skeletal muscle. VAChT is
crucial for acetylcholine release in the central, auto-
nomic, and peripheral nervous systems. Impairment of
VAChT activity thus affects both muscarinic and nico-
tinic acetylcholine receptors, causing more widespread
clinical manifestations.

Cognitive deficits have been described in CHAT-
related disease secondary to hypoxic injury after life-
threatening apneic episodes.'” Patient 1 demonstrated
selective cognitive deficits in the absence of life-
threatening apneic crises. These may be secondary
to altered cholinergic synaptic transmission mediated
by neuronal nicotinic acetylcholine receptors in the
brain. Cognitive deficits were not seen in patient 2.
Cholinergic tone is considered to be important in
learning and memory, and deficits in acetylcholine
neurotransmission have been described in several
conditions, including Alzheimer disease. The VAChT
KD"OM mouse strain performed poorly at memory
tasks and in object recognition and social memory.'

Cardiac function was also impaired in VAChT"M
mice secondary to reduced cholinergic neurotransmis-
sion. Because cholinergic transmission underpins the
parasympathetic nervous system, there is an autonomic
imbalance in VAChT"™ mice whereby sympathetic
activation of contraction is not appropriately counter-
balanced by parasympathetic vasodilation and relaxa-
tion. At 3 months of age, mice showed reduced cardiac
contractility, which improved significantly after treat-
ment for 2 weeks with a cholinesterase inhibitor."
Similarly, patient 1 had reduced left ventricular con-
tractile function, which resolved with pyridostigmine
therapy, consistent with findings in the mouse model.
Patient 2 had a normal echocardiogram at 3 months of
age and began pyridostigmine therapy earlier than
patient 1. Cardiac dysfunction has not been reported
in other cases of congenital myasthenic syndrome, and
it remains to be established whether cardiac involve-
ment is a primary manifestation related to SLC1843
variants and VAChT dysfunction or is an incidental
finding in patient 1. Because of the possible cardiac
phenotype, we recommend cardiac surveillance in pa-
tients with SLCI8A3 variants while the clinical
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spectrum of this new subtype of congenital myasthenic
syndrome is being established.

The 4.83-Mb deletion at 10q11.21-q11.23 in-
cludes the genes RBP3 (retinitis pigmentosa G0,
OMIM 615233), GDF2 (telangiectasia, hereditary
hemorrhagic type 5, OMIM 615506), ERCC6 (cere-
bro-oculo-facio-skeletal syndrome 1, OMIM 214150),
and MSMB (prostate cancer, hereditary 13, OMIM
611928), which were not considered relevant to the
patient’s phenotype. No second variant in these genes
was identified in whole-exome sequencing data. Recur-
rent deletions and reciprocal duplications involving
CHAT and SLCI18A3 have been previously reported
and range in size from 0.12 to 12 Mb."®"” The clinical
features associated with these changes were variable but
included developmental delay and intellectual disability.
However, in more than half of the patients, the deletion
was present in an unaffected parent, suggesting that it
cither is not pathogenic when heterozygous or is asso-
clated with variable expressivity. Two of 19 patients
were reported to have ptosis, but none had other fea-
tures suggestive of a congenital myasthenic syndrome,
strongly suggesting that heterozygous deletion of CHAT
and SLCI8A3 does not cause congenital myasthenic
syndrome."” Accordingly, heterozygous SLCI8A43 mice
(VAChT*4!)!13 and heterozygous CHAT mice (chat™'")
showed reduced protein expression but did not have

+7/~ mice exhibited no

neuromuscular defects, and cha
cognitive deficits.”

Thus, the ¢.557 G>C; p.(Glyl86Ala) missense
variant in SLCI8A3 identified in patient 1, inherited
in zrans to the 10q11.21-q11.23 deletion, and the
homozygous ¢.1192G>C, p.(Asp398His) identified
in patient 2 are considered the cause of congenital
myasthenic syndrome in these patients, likely resulting
from defective uptake of acetylcholine into presynaptic
vesicles. Both had been extensively investigated to
exclude known causes of this disease. In patient 1,
whole-genome sequencing was performed to defini-
tively exclude a second causative variant in CHAT.

Congenital myasthenic syndromes are important to
diagnose because of the potential for treatment with an
acetylcholinesterase inhibitor or, in other subtypes, sal-
butamol, ephedrine, or 3,4-DAP." The early manifes-
tations may be nonspecific, with fatigue and ptosis
becoming more evident only later in childhood. Some
patients remain undiagnosed untl adulthood with
slowly progressive limb girdle weakness.”' Failure to
demonstrate an electrodecrement is not uncommon,
particularly without activation procedures or testing
of weak proximal muscles, and given the limita-
tions of performing the study in young children.?!
Our findings highlight the importance of repeated
nerve conduction studies and consideration of acti-
vation procedures. Stimulated single-fiber EMG is
recommended as a more sensitive measure of



neuromuscular junction dysfunction.”? A trial of ace-
tylcholinesterase inhibitors may be considered, with
objective assessment of response and awareness of the
risk of deterioration in DOK/—, MUSK-, and LRP4—
related disease.!

SLCI8A3 is a new genetic cause of presynaptic
congenital myasthenic syndrome and should be
included in congenital myasthenic syndrome panels.
Two well-characterized mouse models of VAChT defi-
ciency strongly support the pathogenesis of SLCI1843
variants in congenital myasthenia.
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This Week’s Neurology® Podcast

Anti-LGI1 encephalitis: Clinical syndrome and long-term
follow-up (see p. 1449)

This podcast begins and closes with Dr. Robert Gross, Editor-in-
Chief, briefly discussing highlighted articles from the October 4,
2016, issue of Neurology. In the second segment, Dr. Lara Marcuse

: talks with Dr. Maarten Titulaer about his paper on the clinical
.\ CUI( )l( Y % features and long-term follow-up of anti-LGI1 encephalitis.
L Dr. Ted Burns interviews Ben Utecht about his recently pub-
lished book, Counting the Days While My Mind Skips Away:
A Love Letter to My Family, for our “What's Trending” feature
of the week. In the next part of the podcast, Dr. Ted Burns focuses his interview with Dr. Gil Wolfe
on a Neurology Today® story about thymectomy for patients with myasthenia gravis.

Disclosures can be found at Neurology.org.

At Neurology.org, click on “RSS” in the Neurology Podcast box to listen to the most recent
podcast and subscribe to the RSS feed.

CME Opportunity: Listen to this week’s Neurology Podcast and earn 0.5 AMA PRA Category
1 CME Credits™ by answering the multiple-choice questions in the online Podcast quiz.

Share Your Artistic Expressions in Neurology ‘Visions’

AAN members are urged to submit medically or scientifically related artistic images, such as photo-
graphs, photomicrographs, and paintings, to the “Visions” section of Neurology®. These images are
creative in nature, rather than the medically instructive images published in the Neuro/mages sec-
tion. The image or series of up to six images may be black and white or color and must fit into one
published journal page. Accompanying description should be 100 words or less; the title should be a
maximum of 96 characters including spaces and punctuation.

Learn more at www.aan.com/view/Visions, or upload a Visions submission at submit.neurology.org.
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