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Abstract Congenital myasthenic syndrome (CMS) is a group of 32 disorders involving ge-
netic dysfunction at the neuromuscular junction resulting in skeletal muscle weakness that
worsens with physical activity. Precise diagnosis and molecular subtype identification are
critical for treatment as medication for one subtype may exacerbate disease in another
(Engel et al., Lancet Neurol 14: 420 [2015]; Finsterer, Orphanet J Rare Dis 14: 57 [2019];
Prior and Ghosh, J Child Neurol 36: 610 [2021]). The SNAP25-related CMS subtype (con-
genital myasthenic syndrome 18, CMS18; MIM #616330) is a rare disorder characterized
by muscle fatigability, delayed psychomotor development, and ataxia. Herein, we per-
formed rapid whole-genome sequencing (rWGS) on a critically ill newborn leading to the
discovery of an unreported pathogenic de novo SNAP25 c.529C>T; p.Gln177Ter variant.
In this report, we present a novel case of CMS18 with complex neonatal consequence. This
discovery offers unique insight into the extent of phenotypic severity in CMS18, expands
the reported SNAP25 variant phenotype, and paves a foundation for personalizedmanage-
ment for CMS18.

[Supplemental material is available for this article.]

INTRODUCTION

The prevalence of congenital myasthenic syndrome (CMS) in northern Europeans, as esti-
mated by a 2014 U.K. study was 9.2 cases/million in children under the age of 18 (Parr
et al. 2014). This is likely an underestimate given the diagnostic limitations of genomic se-
quencing accessibility. CMS disorders are characterized by fatigable, transient, or perma-
nent muscular weakness in the absence of myasthenia gravis–associated autoantibodies.
The majority of CMS disorders occur because of defects in postsynaptic proteins associated
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with the acetylcholine receptor (Finsterer 2019). There is no standardized therapy because of
rarity of cases, but most CMS subtypes respond to acetylcholinesterase inhibitors, which pre-
vent degradation of acetylcholine in the synaptic cleft, and 3,4-diaminopyridine, which in-
creases the amount of acetylcholine released into the synapse. Because these same
therapies may exacerbate clinical manifestations in certain subtypes of CMS, it is important
to establish a genetic diagnosis prior to initiating treatment (Engel et al. 2015; Finsterer
2019; Prior and Ghosh 2021). As the clinical presentation of CMS is highly variable depend-
ing on subtype and variant pathogenicity, prognosis predictions are currently difficult to es-
tablish. Clinical findingsmay range frommild exercise intolerance to disabling weakness and
respiratory insufficiency (Abicht et al. 2003). However, although CMS profoundly affects the
respiratory system, only the most severe cases require intubation and rarely does it lead to
neonatal crisis (Finsterer 2019).

SNAP25 was first isolated and characterized in small rodents by Oyler et al. (1989) where
it was localized to synaptic membranes in neurons found in the limbic and neocortical brain
regions. As a member of the SNARE (soluble N-ethylmaleimide-sensitive factor) complex
whichmediates presynaptic vesicle fusion, SNAP25 is responsible for SNARE complexmem-
brane stabilization and conformational change following protein–protein interactions at syn-
apse junctions (Karmakar et al. 2019). Vesicle priming depends on the SNARE complex
formation, which involves interactions of the α-helical domains of SNAP25, syntaxin, and syn-
aptobrevin. Vesicle fusion occurs following calcium-triggered interactions between synapto-
tagmin and SNAP25 (Zhang et al. 2002; Zhou et al. 2015, 2017). Pathogenic variants in
components of the SNARE complex have been associated with autism, intellectual disability,
epilepsy, and movement disorders (Tang 2021).

Mice homozygous for a Snap25 null mutation exhibited an embryonic lethal phenotype
and subsequent neuronal cell culture studies indicated that evoked but not spontaneous
neurotransmitter release was eliminated in Snap25−/− lines, suggesting that SNAP25 is es-
sential for Ca2+-triggered synaptic transmission (Washbourne et al. 2002). In humans, dis-
ease associated with SNAP25 follows an autosomal dominant inheritance pattern with the
majority of de novo SNAP25 variants linked to early-onset developmental and epileptic en-
cephalopathy (DEE). These patients display a variety of phenotypes that include develop-
mental delay, seizures, and various neurological abnormalities such as muscular hypotonia
and ataxia (Rohena et al. 2015; Hamdan et al. 2017; Fukuda et al. 2018; Klöckner et al.
2021). In these patients, a broad spectrum of seizure activity is noted with median age of on-
set for seizure activity reported to be 12mo (Klöckner et al. 2021). To our knowledge, human
variants in SNAP25 have not previously been linked to early neonatal demise.

In 2014, CMS18 was first described in a patient with a mutation specifically impacting
SNAP25B. The Ile67Asn variant was found to disrupt the helical nature of the protein, affect-
ing its interactions with other members of the SNARE complex, and was determined to be
pathogenic by a dominant negative effect based on cell culture transfection studies (Shen
et al. 2014). In the reported patient, disease manifestation was characterized by arthrogrypo-
sis, myasthenia, cortical hyperexcitability, ataxia, and intellectual disability. This patient was
cyanotic at birth and recoveredwith oxygen therapy. At the time of the report the patient was
11 yr of age.

Herein, we present a case of severe SNAP25-related CMS that resulted in early neonatal
demise in the sixth day of life because of respiratory failure following compassionate with-
drawal of life-sustaining care. The de novo nonsense variant was identified as a part of the
Utah NeoSeq Project (Fig. 1A) via interdisciplinary collaboration between the Utah Center
for Genetic Discovery (UCGD) and ARUP Laboratories, which integrates multiple variant call-
ing and analysis methods to identify genetic etiologies for undiagnosed conditions. The pa-
tient was enrolled into the research study following presentation of arthrogryposis multiplex
congenita. A concurrent clinical standard arthrogryposes gene panel was negative.
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RESULTS

Clinical Presentation and Family History
The proband was a newborn male delivered at 35 wk gestation via emergent cesarean sec-
tion because of severe polyhydramnios discovered on prenatal ultrasound. His weight was

A

B

C

Figure 1. NeoSeqworkflow schematic, proband pedigree, and alignment data. (A) Schematic of NeoSeq pro-
tocol workflow: candidate patient identification and consent, whole-genome sequencing (WGS) at ARUP,
UCGD and ARUP genomic analyses, sequencing quality control, review of genomic variant candidates, clinical
and research results released to family and clinical care team. (B) Proband pedigree featuring unaffectedmoth-
er, father, and brother. (C ) Alignment of the SNAP25 gene for proband, mother, and father reveals heterozy-
gous de novo mutation Chr 20 (GRCh38): g.10299389 C>T.

De novo SNAP25 variant in CMS18

C O L D S P R I N G H A R B O R

Molecular Case Studies

Reynolds et al. 2022 Cold Spring Harb Mol Case Stud 8: a006242 3 of 10



2280 g, length was 40 cm, and occipital frontal circumference (OFC) was 36 cm. APGAR
scores were 1, 6, 5, and 7 at 1, 5, 10, and 15 min, respectively. Upon delivery, he required
intubation following ineffective respiratory effort and the need for positive pressure ventila-
tion. Consistent with reported findings of disorders of the neuromuscular junction, prenatal
ultrasound was remarkable for multiple fetal anomalies including severe polyhydramnios,
multiple upper extremity joint contractures consistent with arthrogryposis, micrognathia,
right clubfoot, left rocker-bottom foot, diffuse skin thickening, and hypomobility. Fetal
growth was appropriate with slightly increased biparietal diameter. Physical exam confirmed
ultrasound findings and additionally noted findings of undescended testicles, cleft palate,
petechiae, hypotonia, and limited reactivity to stimuli. Echocardiogram and head ultrasound
were normal. No seizure activity or epileptic spasms were noted on neurologic exam; how-
ever, neither a magnetic resonance imaging (MRI) nor electroencephalogram (EEG) were
performed because of the critical condition of the patient. Autopsy reports describemultiple
findings consistent with arthrogryposis (bilateral contractures of upper extremities with ante-
cubital webbing, clinodactyly, bilateral hips, and knees stiffly extendedwith outward rotation
of hips, left rocker-bottom foot and extreme right clubfoot, reduced skeletal muscle with
mild fiber size variation and osteopenia, micrognathiawith cleft soft palate, downslanted pal-
pebral fissures and epicanthal folds, wide nasal root), fluid collections (pleural effusions, peri-
cardial fluid, peritoneal fluid), evidence of acute hypoxic stress (increased extramedullary
hematopoiesis, scattered hemorrhages), and dilated bilateral renal pelvises. The patient
was the second child of nonconsanguineous parents. The mother is a healthy 25-yr old
G2P1101. The father is a healthy 24-yr old. The sibling is a healthy male (Fig. 1B).

Genomic Analyses
Initial analysis included noninvasive prenatal testing for fetal aneuploidy and prenatal chromo-
somal single-nucleotide polymorphism (SNP) microarray (Reveal), which were reported as a
normal male. After delivery and initial assessment, a standard arthrogryposes gene panel
was ordered (Blueprint Genetics Arthrogryposes). Because of the infant’s critical condition,
the parents of the probandwere consented under theUniversity of UtahNeoSeq research pro-
tocol and rWGS was performed for the proband and parents. Overall, whole-genome
sequencing (WGS) achieved ≥45-fold median coverage for all three sequenced individuals
(Supplemental Table S2). Single-nucleotide variant (SNV) analysis methods from
both UCGD and ARUP converged to identify a de novo stop-gain mutation: c.529C>T,
p.Q177X in the SNAP25 gene (Table 1; Fig. 1C). The variant is predicted to result in a truncat-
ed protein product with loss of the terminal 30 residues and a large portion of the second α-
helical domain (Fig. 2A). The variant is absent from the Genome Aggregation Database
(gnomAD v2 and v3). Under ACMG/AMPguidelines, this variantmeets criteria for pathogenic-
ity: nonsense variant (PVS1_Strong), de novo paternity andmaternity confirmed (PS2), and ab-
sence in population databases (PM2) (Richards et al. 2015). In this instance, the predicted lack
of nonsense-mediated decay does not nullify the PVS1_Strong classification because the var-
iant is located in a region critical to protein function (Abou Tayoun et al. 2018).

Table 1. Variant table

Gene
Chromosome
(GRCh37) HGVS cDNA reference

HGVS protein
reference

Variant
type Predicted effect

dbSNP
ID Genotype

SNAP25 Chr 20:
g.10280037C>T

NM_001322908.2(SNAP25):
c.529C>T

p.(Gln177∗) Substitution Premature
termination

n/a Heterozygous
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Following whole-genome analysis with high priority given to genes associated with hu-
man phenotype ontology (HPO) terms, this variant emerged as the most likely candidate in
this case due to the predicted pathogenicity and strong clinical overlap. The testing turn-
around time was 7 d.

The clinical standard arthrogryposes panel resulted as negative 3 wk after collection as
SNAP25 was not included in the panel (Supplemental Table S1).

A D

B

C

Figure 2. SNAP25 structural domains with proband variant, SNARE complex–mediated vesicle docking and fu-
sion, proposed dominant-negative mechanism schematic, and the coiled-coil homology 2 (CCH2) domain var-
iant patient phenotypes. (A) Proband variant with respect to SNAP25 structural domains. The variant falls within
the CCH2 domain. (B) Sequential diagram depicting SNARE complex–mediated evoked neurotransmitter re-
lease at the presynaptic membrane. V-SNARE: synaptobrevin (red) and T-SNAREs: SNAP25 (blue) and
Syntaxin-1 (green) combine to form SNARE complex in N-ethylmaleimide sensitive factor (NSF)-mediated prim-
ing stage. Calcium influx triggers synaptotagmin (orange) calcium binding cytoplasmic domains (C2A and C2B)
with SNARE complex, which result in vesicle fusion with presynaptic membrane. (C ) Multiple SNARE complexes
meet to traffic a single vesicle (black circle outline) toward a presynaptic membrane target fusion point (dark gray
circle). If half of the SNARE complexes are disrupted (gray), the vesiclewill not converge at the target fusion point
providing an explanation of how a dominant-negative mechanism may occur. (D) Variants in the CCH2 domain
displayed with age at time of report, phenotype and clinical findings. White indicates information was not
reported, light blue indicates phenotype was reported as absent and dark blue indicates phenotype was report-
ed as present. ClinVar accession numbers: Asp166Tyr (VCV001285522), p.Asp166Gly (VCV001285523),
Gln174Pro (VCV001285524), p.Arg176Cys (VCV001683899), p.Ile192Thr (VCV001285525), p.Arg198Pro
(VCV001066155), p.Ala199Gly-16y (VCV001285526), p.Ala199Val (VCV001065446), p.Gln174Ter-11m
(VCV001285529), p.Gln197Ter (VCV000986340), p.Lys201Ter (VCV001285534). Other: p.Ile192Asn (PMID:
33147442), p.Ala199Gly-6y (PMID: 33147442), p.Gln174Ter-1y10m (PMID: 33299146).
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DISCUSSION

This study is the first reported case of CMS18 resulting from the Q177X de novo variant. This
variant would not have been identified through commercial gene panel testing, highlighting
the utility of whole genome and exome sequencing in critically ill newborns. Although our
patient does not appear to exhibit some of the common phenotypes in SNAP25-associated
disease, it is possible that neurologic findings such as seizure activity, intellectual disability,
and developmental delay would have been identified later in life or could have been iden-
tified on EEG. The severity of the CMS18 phenotype reported here is likely due to the path-
ogenic nature of the variant type consisting of protein truncation within a critical binding
region in the coiled-coil homology 2 (CCH2) domain.

Without functional studies the pathogenic mechanism cannot be known, however we the-
orize that the variant is most likely pathogenic by a dominant-negative mechanism. Because
the variant is located within the last 50 bp of the penultimate exon, it is not predicted to result
in nonsense-mediated decay of the transcript, and therefore a truncated protein is likely pro-
duced (Richards et al. 2015). We hypothesize that disrupting interactions of the CCH2 domain
with other members of the SNARE complex and calcium sensing domains of synaptotagmin
results in unravelingof the SNARE complex and impaired vesicle fusionwith the synapticmem-
brane (Fig. 2B; Gerona et al. 2000; Zhang et al. 2002, de Wit et al. 2009; Zhou et al. 2015,
2017). Moreover, because SNARE complexes operate cooperatively, several complexes are
required for efficient vesicle docking and fusion (Mohrmann et al. 2010). Ablation of approx-
imately half of the complexes, as seen in a heterozygous truncating variant, could impact over-
all vesicle positioning and fusion and would explain a dominant-negative effect (Fig. 2C).

The hypothesis for a dominant-negativemechanism is supported by thework of Klöckner
et al. (2021) who found that nonsense variants in the terminal exon of SNAP25 displayed
more severe phenotypes compared with splice variants in the second and third exon.
Further, Alten et al. (2021) performed functional studies that confirmed that expression of
one of these variants (Q174X) in wild-type neuronal cultures exerted a strong dominant-neg-
ative effect. Because our variant also results in the absence of similar critical carboxy-terminal
residues, we predict that results of functional studies for Q177X would be similar to those of
the Q174X variant, which deserves further research attention. Of note, among truncating
variants within the CCH2 domain, there exists considerable variation in scope and severity
of clinical phenotypes (Fig. 2D). It is also notable that Snap25+/− heterozygous mice have
a relatively mild phenotype with no significant impairments, suggesting haploinsufficiency
may not be adequate to explain the extent of disease pathophysiology seen in our patient
and others with carboxy-terminal truncating variants (Alten et al. 2021). Potential explana-
tions for the range of phenotypic variation within SNAP25-associated disease include genet-
ic modifier effects, position-specific differential penetrance, differences in expressivity, or
differences in ability to affect both evoked and spontaneous vesicle release (Alten et al.
2021). To better define the pathogenic effect of these variants, there is a need for in vitro
functional analyses to compare to the patient phenotypic spectrum.

Collectively, the study presented herein more precisely defines the CMS18 disorder and
paves the foundation for future functional and structural analyses in the SNAP25
SNAREopathy.

METHODS

Genomic DNA Extraction and Sequencing
Genomic DNA was extracted from the proband umbilical cord blood and parental venous
samples using the Chemagic Magnetic Separation Module I kit (PerkinElmer). DNA was
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then quantified with a broad-range double-stranded assay kit on a Qubit 1.0 fluorometer
(ThermoFisher Scientific). Whole-genome libraries were prepared using the Illumina DNA
Prep workflow (Illumina 20018704). This prep uses tagmentation and five cycles of PCR to
produce dual-indexed, paired-end libraries. The libraries were sized and quantified using
the Agilent 4200 TapeStation (Agilent) before being diluted and pooled into
equimolar ratios. After a final dilution to 1.6 nM, the pool was spiked with 1% PhiX bacte-
riophage DNA as a sequencing control (Illumina). The final pool was then denatured and
loaded on a NovaSeq 6000 sequencing platform for 2× 150-bp paired-end sequencing
on an S1 flow cell (Ilumina).

Sequence reads were generated using bcl2fastq (v2.20) and transferred with a custom
script.

Analysis
The Utah NeoSeq pipeline performs alt-aware alignment and variant calling against the
GRCh38 build of the human reference genome with alt and decoy contigs. BWA–MEM
was used for alignment and the Sentieon suite (https://support.sentieon.com) was used
for SNV and indel identification and joint genotyping, as adapted from the GATK “Best
Practices” workflow (Li 2013; Caetano-Anolles 2022).

SNVs and short insertions/deletions (indels) were analyzed using Slivar, VAAST, Phevor,
and VIQ (Kennedy et al. 2014; Singleton et al. 2014; Pedersen et al. 2021). Structural variants
were called and analyzed using RUFUS, Smoove, and Manta (Chen et al. 2016; Feusier et al.
2019; Pedersen et al. 2020). Short tandem repeat (STR) expansions at known disease-asso-
ciated loci were analyzed using gangSTR and STRling (Mousavi et al. 2019; Dashnow et al.

Table 2. HPO terms and associated genes

Name HP identifier

Arthrogryposis multiplex
congenita

HP:0002804

Hydrops fetalis HP:0001789

Micrognathia HP:0000347

Polyhydramnios HP:0001561

Talipes equinovarus HP:0001762

Fetal pyelectasis HP:0010945

Genes with >4 HPO
matches

ACTA1, CHRNG, COL2A1, DOK7, FLNB, GBA, HBA1, HBA2, HSPG2,
KAT6B, MUSK, MYH3, MYPN, NEK9, RAPSN, SLC26A2, TPM2, TPM3

Genes with >3 HPO
matches

ACTA1, ADGRG6, AGRN, AMER1, ARVCF, BICD2, CFL2, CHAT,
CHRNA1, CHRNG, CHST14, CNTNAP1, COL13A1, COL1A2, COL2A1,
COMT, DHCR24, DOK7, DYNC2H1, EBP, ECEL1, ERBB3, ERCC5,
FAT4, FBN2, FIG4, FLNB, GBA, GBE1, GLE1, GP1BB, HACD1, HBA1,
HBA2, HIRA, HRAS, HSD17B4, HSPG2, HYLS1, ITGA7, JMJD1C,
KAT6B, KBTBD13, KIAA0586, KLHL41, LBR, LGI4, LMNA, LMOD3,
MAFB, MAP3K20, MUSK, MYH3, MYH8, MYL2, MYO9A, MYOD1,
MYPN, NALCN, NEB, NEK9, PHGDH, PI4KA, PIEZO1, PIEZO2, PIGA,
PLXND1, PSAT1, PTH1R, RAPSN, REV3L, RREB1, RSPO2, RYR1,
SEC24C, SELENON, SLC18A3, SLC25A1, SLC26A2, SLC5A7, SNAP25,
SOX9, SYT2, TAPT1, TBX1, TMCO1, TNNI2, TNNT3, TPM2, TPM3,
TRAIP, TRIP11, UFD1, VAC14, VAMP1, WDR34, WDR35, WDR60,
WNT7A, ZC4H2, ZMPSTE24

HPO terms that were used in whole-genome sequencing analysis alongside genes associated with >4 and >3 HPO terms.
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2021). SNVs were then selected and prioritized bymode of inheritance and by predicted del-
eteriousness, conservation, allele frequency, ClinVar classification, and known associations
to assignedHPO terms (Table 2). Additionally in this case, genes from four different commer-
cial arthrogryposis panels were searched (GeneDx, Blueprint Genetics, Fulgent, Prevention
Genetics) (Supplemental Table S1).

ADDITIONAL INFORMATION

Data Deposition and Access
The Utah NeoSeq Project consent allows for case level genomic and phenotypic data for ap-
proved uses, but not public distribution. The sequencing data has been deposited in the
NCBI database of Genotypes and Phenotypes (dpGaP) and variant information is available
in ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/) and can be found under accession number
VCV001712269.1.

Ethics Statement
This project (Utah NeoSeq) was approved by the University of Utah Institutional Review
Board (IRB_00125940). Written informed consent was obtained from all participants in the
study. Written consent was obtained from the parents or legal guardians of any participant
under the age of 16.
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