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The different clinical facets of SYN1-related neurodevelopmental disorders
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Synapsin-I (SYN1) is a presynaptic phosphoprotein crucial for synaptogenesis and synaptic plasticity. Pathogenic SYN1 variants are associated with variable X-linked neurodevelopmental disorders mainly affecting males. In this study, we expand on the clinical and molecular spectrum of the SYN1-related neurodevelopmental disorders by describing 31 novel individuals harboring 22 different SYN1 variants. We analyzed newly identified as well as previously reported individuals in order to define the frequency of key features associated with these disorders. Specifically, behavioral disturbances such as autism spectrum disorder or attention deficit hyperactivity disorder are observed in 91% of the individuals, epilepsy in 82%, intellectual disability in 77%, and developmental delay in 70%. Seizure types mainly include tonic-clonic or focal seizures with impaired awareness. The presence of reflex seizures is one of the most representative clinical manifestations related to SYN1. In more than half of the cases, seizures are triggered by contact with water, but other triggers are also frequently reported, including rubbing with a towel, fever, toothbrushing, fingernail clipping, falling asleep, and watching others showering or bathing. We additionally describe hyperpnea, emotion, lighting, using a stroboscope, digestive troubles, and defecation as possible triggers in individuals with SYN1 variants. The molecular spectrum of SYN1 variants is broad and encompasses truncating variants (frameshift, nonsense, splicing and start-loss variants) as well as non-truncating variants (missense substitutions and in-frame duplications). Genotype-phenotype correlation revealed that epileptic phenotypes are enriched in individuals with truncating variants. Furthermore, we could show for the first time that individuals with early seizures onset tend to present with severe-to-profound intellectual disability, hence highlighting the existence of an association between early seizure onset and more severe impairment of cognitive functions. Altogether, we present a detailed clinical description of the largest series of individuals with SYN1 variants reported so far and provide the first genotype-phenotype correlations for this gene. A timely molecular diagnosis and genetic counseling are cardinal for appropriate patient management and treatment.
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INTRODUCTION
Synapsins are a family of presynaptic phosphoproteins mainly expressed in the central and peripheral nervous system (Ueda and Greengard 1977; De Camilli, Cameron, and Greengard 1983). They play a fundamental role during the early stages of neuronal development, where they regulate neurite outgrowth, synaptic development, function, and plasticity through the regulation of the number of synaptic vesicles (SVs) available for neurotransmitter release (Cesca et al. 2010).
Synapsins exist in both invertebrates and vertebrates. Mammals possess three synapsin genes named SYN1, SYN2 and SYN3. SYN1 is located on chromosome X, SYN2 and SYN3 are on autosomes. SYN1 and SYN2 each produce two different protein isoforms through alternative splicing (SYN1a, SYN1b, SYN2a, SYN2b). The different isoforms share a common N-terminal region and diverge at the C-terminus (Hosaka and Sudhof 1998; Sudhof et al. 1989). The N-terminus of synapsins is composed of domains A-C. Domain A comprises residues that are target of phosphorylation and therefore important for the regulation of the activity of the protein. Domain B is relatively poorly conserved and is considered a linker between domains A and C. The last N-terminal domain, namely domain C, is composed of 300 amino acids and is essential for the activity of the protein. The domains of the C-terminal region (D-J) are instead highly variable and differ between both the primary transcripts and the splice variants (Longhena et al. 2021; Cesca et al. 2010). Synapsin protein isoforms display partially overlapping functions but are also characterized by distinctive localization and expression patterns, as well as different post-translational modifications (Guarnieri et al. 2017; Longhena et al. 2021). The finely orchestrated balance between the isoforms is essential for proper brain functions. Importantly, the vast majority of neurons within the central nervous system express at least one synapsin isoform (De Camilli, Cameron, and Greengard 1983).
Alteration of synapsin function results in neurodevelopmental phenotypes in both humans and mice. In mice, the disruption of a single synapsin gene has only a mild impact on learning and behavior, while double or triple gene knockouts display additive effects which lead to more severe phenotypes (Etholm and Heggelund 2009; Cambiaghi et al. 2013). Late-onset seizures triggered by sensitive stimuli occur in Syn1−/−, Syn2−/−, as well as in Syn1/Syn2 and Syn1/Syn2/Syn3 double and triple knockout mice, but not in Syn3−/− mice (Corradi et al. 2008; Etholm et al. 2012; Rosahl et al. 1995; Gitler et al. 2004; Feng et al. 2002). In humans, variants in SYN1 have been independently associated with epilepsy, learning disabilities and behavioral disorders (OMIM #300491) (Garcia et al. 2004; Fassio et al. 2011) or non-syndromic intellectual disability (OMIM #300115) (Guarnieri et al. 2017). In mice, alterations of Syn2, and to a lesser extent of Syn1, are associated with autistic-like features and rare seizures (Etholm et al. 2012; Greco et al. 2013; Michetti et al. 2017). Autistic behavioral features seem to predominate in mice and human individuals with syn2/SYN2 variants, whereas focal-onset seizures seem more characteristic of syn1/SYN1 (Etholm et al. 2012). The evidence for an association between rare variants in SYN2 and epilepsy remains weak as the missense variants carried by the single described case has subsequently been reported in gnomAD (Corradi et al. 2014). Early suggestions of an association between epilepsy and a common intron variant in SYN2 (Cavalleri et al. 2007) have become less compelling in larger genome-wide association studies (International League Against Epilepsy Consortium on Complex, 2018). Finally, disruption of Syn3 also alters social behaviors in mice (Michetti et al. 2017; Greco et al. 2013) but a clear association between SYN3 and human disease has not yet been established, although de novo variants of unknown significance in this gene have been reported in two patients with developmental disorders (Eldomery et al. 2017; Turner et al. 2019).
Here, we focus on the X-linked gene SYN1. Pathogenic variants in this gene have been recurrently reported in individual cases and families (Garcia et al. 2004; Fassio et al. 2011; Guarnieri et al. 2017; Xiong et al. 2021; Zhou et al. 2021; Butler et al. 2017; Lindy et al. 2018; Nguyen et al. 2015; Rossi et al. 2017; Peron et al. 2018; Fernandez-Marmiesse et al. 2019; Darvish et al. 2020; Ibarluzea et al. 2020; Mojarad et al. 2021; van der Ven et al. 2021; Stranneheim et al. 2021; Yang et al. 2020; Cabana et al. 2018). Epilepsy, learning disabilities, speech delay, intellectual disability (ID), and autism spectrum disorder (ASD) are the most frequent clinical manifestations associated with SYN1 variants (Longhena et al. 2021; John et al. 2021; Accogli et al. 2021), but an extensive comparison of the clinical features and genotype-phenotype correlations are missing. Recent studies have highlighted a specific association of reflex epilepsy with SYN1 variants (Nguyen et al. 2015; Peron et al. 2018; Accogli et al. 2021), but the percentage of patients exhibiting this phenotype and the full clinical spectrum associated with SYN1 remains undetermined. Reflex epilepsy can be defined as the reproducible provocation of seizures in response to a specific motor, sensory, or cognitive stimulus, with or without the occurrence of spontaneous seizures. In patients with SYN1 variants, seizures are frequently triggered by bathing or showering. Importantly, SYN1-related disorders are characterized by extensive clinical heterogeneity and intrafamilial variability.
Herein, we report 31 unpublished individuals from 22 families harboring variants in SYN1 and review variants and clinical features published in the literature in order to deep-phenotype SYN1-related disorders and explore potential genotype-phenotype correlations.
MATERIALS AND METHODS
SYN1 study cohort
Our cohort was collected through an International collaboration (EuroEPINOMICS RES consortium) and GeneMatcher (Sobreira et al. 2015). Gene panels and exome sequencing were performed at the respective institutions. All procedures were performed following the ethical standards of the institutional and/or national research committee, and in conformity with the 1964 Helsinki declaration and its later amendments or comparable ethical standards. After anonymization of patients’ data, each referring physician provided detailed developmental, neurological, and behavioral history of the patients. Informed consent was obtained from all individuals included in this study or their legal guardians. Clinical features of the previously published cases were retrieved from the corresponding publications.
SYN1 variants
Variants were mapped on the SYN1 NM_006950.3 RefSeq transcript using HGVS recommendations (den Dunnen et al. 2016) and classified according to ACMG Guidelines (Richards et al. 2015). All variants have been submitted to the ClinVar Database and have been assigned the following accession numbers: SCV002558865 - SCV002558886.
Known SYN1 ENST00000295987.7 (corresponding to NM_006950.3) variants were retrieved from gnomAD v2.1.1 (Karczewski et al. 2020), restricting to loss-of-function, missense and synonymous single nucleotide variants or indels. For each gnomAD variant, we calculated the number of females and males carrying the variant. The combined annotation-dependent depletion (CADD) score (Rentzsch et al. 2019) (https://cadd.gs.washington.edu/score) was calculated for all variants using GRCh37-v1.6 genomic coordinates.
Putative effects of the variants on splicing were calculated with the SpliceAI neural network (Jaganathan et al. 2019). The probability that a variant affects splicing is expressed as score cutoffs, namely >0.5 (recommended) and >0.8 (high precision).
Pathogenic and likely pathogenic SYN1 variants were retrieved from HGMD Professional (Qiagen, Hilden, Germany). Three variants reported in the HGMD database were excluded from the total count: p.(Ala51Gly) and p.(Thr567Ala) were previously deemed benign due to minor allele frequency (MAF) thresholds and computational evidence (Abouelhoda et al. 2016; Thauvin-Robinet et al. 2019), whereas p.(Gly240Arg) shows an incongruent pattern of inheritance (Fernandez-Marmiesse et al. 2019).
In silico SYN1 protein analysis
Amino acid positions of each protein region of SYN1 were retrieved from Uniprot (The UniProt Consortium et al., 2021). Evolutionary conservation of the SYN1 amino acids affected by missense substitutions was retrieved from Alamut Visual Plus™ (SOPHiA GENETICS, Lausanne, Switzerland). Alignment of amino acids across synapsins was carried out with Clustal Omega (Goujon et al. 2010; Sievers et al. 2011).
The putative effects of the missense substitutions on protein stability were predicted with DynaMut2 (Rodrigues, Pires, and Ascher 2021) and mCSM (Pires, Ascher, and Blundell 2014). The AlphaFold SYN1 protein structure (AF-P17600-F1-model_v3) was used for the analysis. Residues with a confidence score <70 based on AlphaFold predictions were excluded from the analysis.
Statistics
Fisher’s tests were performed to determine associations 1) between truncating variants and the manifestation of each main clinical feature, 2) between sex and the manifestation of the clinical features of interest, and 3) between sex and the existence of putatively damaging variants using gnomAD data. Odds ratios were log2 transformed and indicate enrichment or depletion of genes, for positive or negative values, respectively. p-values were adjusted for multiple comparisons using Bonferroni correction.
Mann-Whitney tests followed by Bonferroni correction for multiple testing were used to compare the age of epilepsy onset between individuals with different levels of ID.
RESULTS
Classification of SYN1 variants
Twenty-two different genetic alterations of SYN1 were identified in a total of 31 individuals. Detailed information about each variant is available in Supplementary Table S1. The identified variants comprise nine frameshift variants, three nonsense variants, one start-loss, one splice site variant, seven missense substitutions, and one in-frame duplication. The newly identified variants almost double the total number of reported SYN1 alterations, raising it to 46 (13 frameshift, eight nonsense, 18 missense, four altering splice sites, one start-loss and two in-frame duplications). All variants reported so far are indicated on the corresponding transcript and protein domain in Figure 1. As shown in this Figure, all variants alter amino acids shared by both SYN1 isoforms (SYN1a and SYN1b), while the variable C-terminal domains E and F are spared. No apparent clustering of variants of unknown significance (VUS) or likely pathogenic missense substitutions can be observed.
[image: Figure 1]FIGURE 1 | Schematic representation of the SYN1 gene and SYN1 protein with positions of the identified variants relative to exon and domains distribution. Variants identified in the present cohort are depicted in red, those reported in the literature in black, and those reported both in the literature and in our cohort in blue. The conserved A (N-terminal highly phosphorylated domain), B (linker), and C (functional domain) domains are depicted in yellow, orange, and green, respectively; the variable D, E, and F domains in blue, pink, and red. Classification of the variants was performed based on ACMG criteria. Missense substitutions are subdivided in likely pathogenic, VUS, and benign based on the presence of functional data and their frequency in the healthy population.
CADD scores were calculated for all variants and range from 20.3 to 40. As expected, truncating variants are associated with higher CADD scores, whereas the two in-frame duplications show the lowest scores. Variants were additionally classified based on ACMG guidelines. Of the 46 variants, 26 were classified as pathogenic, five as likely pathogenic and 15 as variants of unknown significance (VUS) (Supplementary Table S1). Missense substitutions and in-frame duplications fall within the category of VUS, unless functional studies (PS3) or a de novo origin with confirmed maternity and paternity (PS2) are reported.
Likely pathogenic and VUS missense substitutions were evaluated based on the conservation of the affected amino acids across species and synapsin isoforms (Supplementary Figures S1, 2). Except for p.(Arg114Gly), all missense substitutions affect evolutionarily conserved amino acids (Supplementary Figure S1). Arginine 114 also differs among SYN1, SYN2, and SYN3. Eleven missense variants (p.(Ser11Thr), p.(Ser79Trp), p.(Trp126Arg), p.(Met258Ile), p.(Val266Met), p.(Ala273Thr), p.(Lys318Asn), p.(Thr329Met), p.(Asp358Asn), p.(Thr359Lys), and p.(Ala374Val)) alter residues that are conserved in all synapsins. The following substitutions affect amino acids that are conserved in two out of three synapsins: p.(Leu205Gln), p.(Ser212Ile), p.(Arg420Gln), and p.(Arg556Cys). The two remaining missense variants, p.(Ala310Asp) and p.(Ala550Thr), affect residues that are specific for SYN1a and SYN1b (Supplementary Figure S2). According to the SpliceAI neural network, none of the missense substitutions is predicted to affect splice site junctions (Supplementary Table S1). We subsequently employed DynaMut2 and mCSM to predict the putative effects of missense substitutions on protein stability. The predictions of these two bioinformatic tools are in agreement with each other for all the analyzed variants and suggest that four variants (p.(Trp126Arg), p.(Lys318Asn), p.(Leu205Gln), and p.(Arg114Gly)) might lead to destabilization of the SYN1 protein (Supplementary Table S1).
All putatively disease-causing SYN1 variants are either absent from gnomAD or present at a very low allele frequency (<0.0001%). All SYN1 variants available in gnomAD were subsequently retrieved to compare a large population of males and females and the distribution of variants across different protein regions. Putatively damaging SYN1 variants (non-synonymous variants with CADD score ≥22) affect 78 residues, while non-deleterious variants (synonymous or non-synonymous variants with CADD score <22) alter codons corresponding to 140 residues (Figure 2). Notably, males are depleted in putatively damaging SYN1 variants compared to females (p = 7.3 × 10–4, OR = 0.67, Fisher’s test). Regions A and B are almost devoid of putatively damaging gnomAD variants while in the other protein regions, 17 residues are altered by putatively damaging variants in multiple female individuals whereas only 10 are altered in multiple males (Figure 2).
[image: Figure 2]FIGURE 2 | Comparison of the distribution of the SYN1 variants identified in our cohort and/or in the literature with the variants reported in gnomAD. The number of individuals with gnomAD variants was plotted for each combined codon. gnomAD variants were stratified by both sex and damage potential (based on variant type and CADD score). Specifically, gnomAD variants were subdivided in the following two groups: one comprising synonymous variants and non-synonymous variants with CADD scores lower than 22 and one comprising non-synonymous variants with CADD scores equal or higher than 22 (putatively damaging gnomAD variants). Numbers above bars represent the positions of residues affected by putatively damaging non-synonymous variants in at least two males or two females. Males are depleted in putatively damaging SYN1 variants compared to females (p = 7.3 × 10–4, OR = 0.67, Fisher’s test). Regions A and B are almost devoid of putatively damaging variants in gnomAD.
SYN1 variants predominantly affect males and result in clinical heterogeneity
This cohort comprises 29 males and two females with SYN1 variants (Supplementary Table S2). Taking previously published patients into account, the number of individuals with SYN1-related neurodevelopmental disorders for whom clinical information is available is 83 (71 males and 12 females; Table 1) (Garcia et al. 2004; Fassio et al. 2011; Nguyen et al. 2015; Guarnieri et al. 2017; Peron et al. 2018; Fernandez-Marmiesse et al. 2019; Darvish et al. 2020; Ibarluzea et al. 2020; Accogli et al. 2021; Mojarad et al. 2021; van der Ven et al. 2021; Xiong et al. 2021; Yang et al. 2020; Zhou et al. 2021).
TABLE 1 | Main clinical features of individuals with SYN1 variants.
[image: Table 1]Most SYN1 variants were identified in families with multiple affected family members. Four SYN1 variants arose de novo in the index patient (Table 1). One additional de novo variant in an unaffected mother was previously reported (Accogli et al. 2021). Of the four de novo variants, two were identified in female individuals (Individual 19 in our cohort and Paed234 in van der Ven et al. 2021) and two in males, both part of our cohort. One male subject was hemizygous for the variant (Individual 21), while the other male individual displayed somatic mosaicism in blood (Individual 30) (Supplementary Table S2). Remarkably, somatic mosaicism in blood was identified also in the unaffected father of the female Individual 29.
Overall, this study brings the total number of families with SYN1 variants to 50 (22 from our cohort and 28 from the literature). Pedigrees of the families from our cohort are depicted in Figure 3. In familial cases, males show a more homogeneous clinical presentation at the more severe end of the SYN1-phenotypic spectrum. Conversely, females can display a broad clinical spectrum, ranging from unaffected to equally affected as males. Nevertheless, male individuals within the same family can also show different phenotypes or severity of the displayed clinical features, leading to the hypothesis that additional factors might act as phenotypic modifiers.
[image: Figure 3]FIGURE 3 | Pedigrees of the SYN1 familial cases of our cohort. Black arrows indicate the index cases initially referred to the genetic center. Individuals within the same family tree are variably affected, pointing to the existence of incomplete penetrance and clinical heterogeneity.
When assessed, X-inactivation analysis of the healthy female carriers within families did not reveal any skewing (Supplementary Table S2). Notably, Individual 29, who inherited the SYN1 variant from her mosaic father, displays complete skewing of the X-inactivation.
Altogether, our data suggest that SYN1 variants predominantly affect male individuals, whereas females exhibit a wider clinical heterogeneity and incomplete penetrance, possibly related to the status of X-inactivation in the brain. Extensive intrafamilial variability is also reported.
SYN1-related disorders are characterized by developmental delay, intellectual disability, behavioral disturbances, and epilepsy
A detailed clinical description of each individual in our cohort was provided by the referring physician and can be found in Supplementary Table S2. A summary of the main clinical features of all individuals (from our cohort and the literature) is provided in Table 1.
In our cohort, pregnancy and infancy were typically uneventful. Birth parameters were similar to those of the general population. Developmental delay (DD) was reported in 77% (24/31) of the individuals (Figure 4A), typically affecting speech acquisition more than gross motor development. Walking independently was achieved at a median age of 17.5 months (range 12–36 months), whereas the median age of pronouncing the first words was 24 months (ranging from 12 months to 12 years of age). At the latest clinical examination, ten individuals (age range: 3.5–50 years) were either non-verbal or could only pronounce a few words or short sentences. ID was present in 74% (20/27) of the subjects for whom assessment was possible. The degree of ID could be assessed for 16 of the 20 individuals and was mild in ten, moderate in three, and severe in three. Six individuals showed signs of regression; in five of them, regression started after the onset of epilepsy. Epilepsy was one of the cardinal features, reported in 83% (25/30) of the individuals. Triggers of seizures were reported in 60% (15/25) of those with epilepsy. Behavioral disturbances were present in 85% (22/26) of the individuals. More specifically, ASD was diagnosed in 42% (11/26) and attention deficit hyperactivity disorder (ADHD) in 23% (6/26) of the total number of individuals of our cohort. Additional behavioral issues were observed in 65% (17/26) of the cases and comprise poor eye contact, aggressivity, impulsivity and sleep disorders. At the latest clinical examination, weight and height were mostly in the normal range for a given age and sex. Five individuals exhibited macrocephaly (>2 SD). When performed, brain magnetic resonance imaging (MRI) and neurologic examinations were normal. Specifically, MRI was normal in 70% (14/20) of the individuals of our cohort and the clinical neurological examination in 88% (22/25). Facial dysmorphic features were rarely reported and were rather unspecific.
[image: Figure 4]FIGURE 4 | Frequency of the main clinical features associated with SYN1 variants. Numbers inside the bars are ratios between the number of patients presenting with the specific clinical sign and the number of patients for which information on that specific feature was available. (A) Percentage of SYN1 patients in our cohort and/or in the literature manifesting the clinical features of interest. (B) Percentage of male and female SYN1 patients manifesting specific clinical features. Data from patients in our cohort and the literature were combined. (C) Percentage of patients with either truncating variants (TV) or non-truncating variants (NTV) manifesting specific clinical features. Data from patients in our cohort and the literature were combined. TV: nonsense, frameshift and splicing variants; NTV: missense substitutions and in-frame duplications. (D) Per clinical feature enrichment/depletion of TV versus NTV. Only significant p-values are shown inside bars (Fisher’s test followed by Bonferroni correction for multiple testing; Supplementary Table S4). DD, developmental delay; ID, intellectual disability; ASD, autism spectrum disorder; ADHD, attention deficit hyperactivity disorder.
The frequency of the main clinical features (DD, ID, behavioral disturbances, and epilepsy) was subsequently calculated on the total number of individuals with SYN1 variants for whom clinical information was available: altogether, DD was present in 70% of the total subjects (37/53), ID in 77% (47/61), ASD in 59% (24/41), ADHD in 32% (12/37), epilepsy in 82% (64/78), and reflex epilepsy in 63% (41/65) (Figure 4A). Importantly, individuals with SYN1 variants can present with a variable combination and severity of these clinical signs.
Next, we investigated whether the clinical features of interest are enriched in association with a specific variant type or with the sex of the individual. Males represent the vast majority of affected individuals, with 71 males and 12 females with SYN1 putatively pathogenic variants reported so far. Although hemizygous males tend to show a more homogeneous and severe clinical presentation, no specific clinical feature was found to be enriched in males compared to females (Figure 4B, Supplementary Table S3). We then compared the frequency of ID, DD, behavioral disturbances, and epilepsy in individuals with truncating variants (TV; frameshift, nonsense, start-loss, and splicing variants) and non-truncating variants (NTV; including both missense substitutions and in-frame duplications) (Figures 4C,D). Subjects with TV presented more frequently with seizures than subjects with NTV (p = 8.35 × 10–3, Fisher Test, Supplementary Table S4). Reflex seizures were also more frequent in individuals with TV, and conversely, DD was more often observed in individuals with NTV, although these two differences were not statistically significant after adjusting for multiple testing (Figures 4C,D; Supplementary Table S4).
Lastly, we examined whether the presence of the main clinical features associated with SYN1 genetic alterations correlates with the location of the variant at the protein level. As shown in Figure 5, no correlation was identified between the position of the variant or its predicted functional consequences and any specific clinical feature.
[image: Figure 5]FIGURE 5 | Combined clinical features observed in patients with specific SYN1 variants. T: truncating variants (nonsense, frameshift and splicing variants); N: non-truncating variants (missense substitutions and in-frame duplications). Black squares indicate that a given clinical feature was described in association with the corresponding variant. The protein region has been subdivided in the four protein domains affected by the variants, namely domains A-D. No association can be detected between the position of the variant and the presence of a given clinical feature.
Of note, six individuals were each reported to carry a single VUS in additional genes (Supplementary Table S2). Of these, three genes (TMTC1, SUPT5H, and MYCBP2) had not been associated to any disease until now. The remaining three genes KMT2C, RELN, and BRCA2, had been previously associated with Kleefstra syndrome (OMIM #617768), Familial Temporal Lobe Epilepsy (OMIM #616436), and with different types of cancer, respectively. We cannot rule out that the presence of these subsidiary variants may have an effect on the phenotypic outcome and might therefore contribute to the SYN1-associated phenotypic variability.
SYN1 variants are frequently associated with reflex epilepsy mainly triggered by contact with water
Epilepsy represents one of the paramount features of SYN1-related disorders. Epileptic seizures were reported in 82% (64/78) of the total number of individuals with putatively disease-causing SYN1 variants. The onset of seizures ranges from 6 months to 26 years of life, with a median age of onset of 7 years old. In 29% of cases with seizures, seizure-onset occurred before the second year of life and in 55% within the first 5 years of age. Ninety percent of individuals manifest their first seizures before the age of thirteen (Supplementary Figure S3). Seizure frequency is also variable, with some individuals having seizures weekly or monthly and others being seizures-free for several months. In few individuals, seizures occurred only once or represented rare events. Seizures are typically tonic-clonic (focal-to-bilateral tonic-clonic or of unknown onset) or of focal-onset with impaired awareness (Fisher et al. 2017).
Electroencephalograms of individuals with epilepsy frequently revealed focal or diffuse slow spike waves or multifocal epileptiform discharges, mainly of frontal origin. Pharmacological treatment could successfully improve epilepsy in several patients. Pharmoresistance was reported in 11 individuals of our cohort.
Neurodevelopmental comorbidities (DD, ID, and ASD) did not correlate with the occurrence of epilepsy (Supplementary Table S5). However, the age at seizure onset showed some degree of correlation with the severity of ID: in individuals with severe-to-profound ID, seizures manifested at a median age of 1 year of life (range: 5 months to 5 years), much earlier than individuals with borderline-to-mild ID (median age 9.5 years) (p = 0.025, Mann-Whitney Test and Bonferroni correction for multiple testing) (Supplementary Table S6, Figure 6A).
[image: Figure 6]FIGURE 6 | Epilepsy types and associations (A) Age of epilepsy onset according to the severity of ID. Patients were grouped into three categories of ID severity: borderline/mild (n = 14), moderate (n = 5) and severe/profound (n = 5). Each point represents one patient for which information was obtained. Box plot elements are defined as follows: center line: median; box limits: upper and lower quartiles; whiskers: 1.5× interquartile range; smaller point outside whiskers: outlier (B) Categorization of epilepsy types. Numbers inside the bars are shown as percentages and ratios for epilepsy patients. RE, reflex epilepsy. (C) Triggers reported in association with SYN1 variants sorted from the most to the less frequent.
More than half of the individuals with epilepsy (41/64, 64%) had reflex seizures. Unprovoked seizures were reported in 16% of the individuals (10/64). The presence of reflex seizures could not be confirmed or excluded in the remaining 20% (13/64) (Figure 6B). The most frequent triggers reported in association with SYN1 variants were showering, bathing, or contact with water (Figure 6C). In approximately one-third of these individuals, reflex seizures only occurred in the presence of warm water, whereas for the others the temperature of the water was irrelevant. Additional triggers include fever (n = 4), rubbing with towel (n = 4), toothbrushing (n = 3), fingernail clipping (n = 3), defecation (n = 2), falling asleep (n = 2), or even watching someone taking a shower (n = 2). Emotion, lightning, stroboscope, haircutting, thinking of bathing, immersion of feet in the water, digestive troubles, and hyperpnea were each reported as triggers in one individual each.
DISCUSSION
The proper formation, function, and plasticity of synapses are highly dependent on the synapsin protein family. Three related synapsin genes that can generate at least five different protein isoforms are present in mammals (Longhena et al. 2021; Sudhof et al. 1989). Synapsins regulate the distribution and availability of neurotransmitter vesicles as well as neurotransmitter release upon binding to actin, which serves as a molecular scaffold system to allow a higher concentration of synapsins in proximity of presynaptic vesicles clusters (Garcia et al. 2004; Cesca et al. 2010; Longhena et al. 2021; Sankaranarayanan, Atluri, and Ryan 2003). By this, synapsins regulate SVs trafficking between the reserve pool and the readily releasable pool (Cesca et al., 2010; Guarnieri et al., 2017). Synapsin I is also implicated in the regulation of the final steps of docking and priming of SVs to the presynaptic plasma membrane (Fassio et al. 2006). Therefore, synapsins represent one of the key players in neurotransmission.
Synapsins are enriched in the brain and poorly or non-expressed in other tissues (De Camilli et al. 1979; De Camilli, Cameron, and Greengard 1983). However, within the brain, the three synapsin genes display only partially overlapping patterns of expression (Porton, Kao, and Greengard 1999; De Camilli, Cameron, and Greengard 1983). In light of this incomplete redundancy, accurate expression and balance of synapsin isoforms are instrumental for proper cellular and brain functions.
Correspondingly, alterations of synaptic homeostasis consequent to variants in SYN1 have been shown to lead to disease phenotypes mainly characterized by epilepsy, ID, DD, and ASD (Garcia et al. 2004; Accogli et al. 2021; Longhena et al. 2021). Due to the increasing accessibility of next-generation sequencing technologies, we were able to assemble a large cohort of individuals with SYN1 variants through international collaborations and Genematcher, thereby expanding the clinical and molecular spectrum of SYN1-related disorders. DD, ID, behavioral issues, and epilepsy (particularly reflex epilepsy) were corroborated as the main features of these disorders. ASD and reflex epilepsy were found to be more frequent in previously published cohorts than in our cohort. This could be accounted for by the gene-based inclusion criteria of our cohort in comparison to the phenotype-focus of previous publications. The advantage resulting from such a genotype-first approach is the more comprehensive recognition of the phenotypic spectrum associated with variants in a given gene.
Reflex epilepsy is emblematic of SYN1-related disorders (Nguyen et al. 2015; Peron et al. 2018; Accogli et al. 2021; Zhou et al. 2021). Contact with water, such as during bathing or showering, is the most frequent trigger in individuals with SYN1 variants. The temperature of the water may be relevant only for some subjects (Nguyen et al. 2015; Peron et al. 2018). As previously suggested, water temperature might play a confounding role, whereby the contact with water represents the real somatosensory stimulus that triggers the seizures (Accogli et al. 2021). Additionally, the precise contribution of water contact and temperature is complicated by other reported triggers including activities that are likely to occur around bath time. Herein, we expand on the type and number of possible triggers to include visual triggers (lighting, stroboscope lights), hyperpnea, emotions, as well as more unusual triggers such as digestive troubles or defecation. Particularly, seizures triggered by defecation were reported in two out of 15 individuals with reflex epilepsy of our cohort (13%) and warrant therefore special attention.
In our combined cohort, we did not detect enrichment of DD, ID, or ASD in individuals with epilepsy, suggesting that cognitive impairment processes are not a consequence of epileptic seizures and likely arise from parallel pathophysiological processes resulting from the SYN1 alteration. This is in line with previous evidence showing that social impairment becomes apparent before the onset of seizures in mouse models (Greco et al. 2013). Nevertheless, an association between the age at seizure onset and the severity of ID was noted, with individuals with severe-to-profound ID having seizures at an earlier median age than subjects with less severe cognitive impairment. Additionally, loss of acquired milestones also occurred in five individuals after the onset of seizures, while only one subject showed signs of regression before seizure onset. Altogether, these data suggest that, although the distinct clinical features observed in SYN1 individuals might develop independently from each other, seizure onset and frequency could still influence the course or the level of severity of other clinical manifestations.
We note that case ascertainment in many studies describing the clinical features of individuals with SYN1 variants has been weighted towards individuals with epilepsy. Identification of more individuals without epilepsy and comparison of the detailed longitudinal developmental trajectories of individuals carrying pathogenic SYN1 variants with and without epilepsy will help to clarify the role of seizures per se on neurodevelopment. The finding that epilepsy developed in 83% of SYN1 variant carriers published to date suggests that early molecular diagnosis of a SYN1 variant (for example, in children born within families known to carry a variant) should alert clinicians to the need for careful surveillance for possible seizures. Given that after a first seizure, a 10-year risk of subsequent seizures of 60% is sufficient to diagnose epilepsy and to tip the risk-benefit ratio in favor of commencing treatment (Fisher et al. 2014), the administration of anti-seizure medication after a first seizure should be considered. However, the possible ascertainment bias towards cases with epilepsy in the SYN1 literature means that we should not yet conclude that anti-seizure medication should be commenced prior to the presentation of seizures as it is likely that a significant proportion of carriers would not benefit from it.
SYN1 variants predominantly affect male individuals. The exact male:female ratio is however difficult to determine due to the paucity of detailed clinical information on female carriers. We have analyzed the reported phenotypes of 71 male and 12 female individuals. A higher frequency of DD and ID was observed in the limited female cohort, but this was not statistically significant. The ascertainment of the clinical features of a greater number of females with SYN1 variants will help to clarify whether these variants present differently in male and female individuals. Overall, female carriers have been reported to be either unaffected or to display a variable number and severity of clinical signs, hence pointing to the existence of clinical heterogeneity and incomplete penetrance. When assessed, X-inactivation analyses performed on blood DNA of female carriers did not show any tendency towards preferential skewing, although this might not reflect the status in the brain, i.e. the primarily affected organ of the SYN1-related disorders. In our cohort, Individual 29 presented with skewed X-inactivation in blood. Whether different degrees of X-inactivation in brain tissues might account for the distinct phenotypical manifestations of the female individuals is an intriguing possibility. Notably, SYN1 is not reported to escape X-inactivation in females (Balaton, Cotton, and Brown 2015).
Mosaicism had not been reported previously in association with SYN1. In our cohort, we identified two SYN1 variants in a mosaic state in blood DNA in two male individuals. Strikingly, the mosaic variant resulted in a classic phenotype characterized by the presence of epilepsy in Individual 30, whereas no clinical features were reported for the mosaic father of Individual 29. A different percentage of the mutant allele in brain tissues might explain the different phenotypes, similarly to what has been postulated regarding X-inactivation in female carriers, and as previously described in other epilepsy disorders like SCN1A-related Dravet syndrome (Depienne et al. 2010).
Multiple types of alterations were identified in our cohort and the literature, including frameshift duplications or deletions, nonsense variants, splicing variants, in-frame duplications, and missense substitutions (Garcia et al, 2004; Fassio et al., 2011; Butler et al., 2017; Nguyen et al., 2015; Guarnieri et al., 2017; Rossi et al., 2017; Lindy et al., 2018; Peron et al., 2018; Fernández-Marmiesse et al., 2019; Darvish et al., 2020; Ibarluzea et al., 2020; Accogli et al., 2021; Mojarad et al., 2021; Stranneheim et al., 2021; Van der Ven et al., 2021; Xiong et al., 2021; Yang et al., 2020; Zhou et al., 2021). We also report for the first time a deletion of a single nucleotide within the first codon of the SYN1 protein (Individuals 1–3). The loss of the start codon consequent to this deletion likely leads to alternative translation initiation and subsequent generation of an N-terminally truncated protein. SYN1 N-terminus is highly conserved and depleted from putatively pathogenic alterations within the gnomAD database. Additionally, several residues of this region are pivotal for the phosphorylation-dependent regulation of SYN1 activity (Cesca et al. 2010; Longhena et al. 2021). Hence, the start-loss variant identified in our cohort might impair the ability of SYN1 to interact with its binding partners, which is likely to affect the protein’s ability to carry out its normal function in SV dynamics.
Epilepsy was more frequently observed in individuals with TV (frameshift, nonsense, and splicing variants). Accordingly, functional studies have shown that SYN1 TV lead to higher network excitability and firing/bursting activity (Lignani et al. 2013). Decreased stability or expression of the mutated protein as well as alterations of its subcellular distribution or the inter- or intramolecular interactions were found to result in altered trafficking or release of the SVs, which could ultimately affect neural network excitability and induce the consequent epileptic phenotypes (Lignani et al. 2013; Fassio et al. 2011; Giannandrea et al. 2013).
Some missense substitutions were similarly shown to lead to reduced protein expression and altered SVs mobility or clustering (Fassio et al. 2011; Guarnieri et al. 2017; Darvish et al. 2020). Missense variants mainly fall within the category of VUS. Analysis of the conservation of the affected residues across species or synapsin isoforms together with bioinformatic predictions support a putative pathogenic role for all but one reported missense substitution. Namely, the p.(Arg114Gly) variant identified in Individual 25 of our cohort affects a residue that is poorly evolutionarily conserved, nor conserved across different synapsin proteins. For this reason, the functional/physiological relevance of this variant in the context of the individual’s phenotype remains uncertain. However, the prediction of the impact of this variant on protein stability suggests that the p.(Arg114Gly) substitution might be destabilizing. Notably, no additional disease-relevant variant was identified for this subject by targeted sequencing of an ID panel comprising 451 genes.
In conclusion, our study expands on the molecular spectrum of SYN1 variants and improves the clinical characterization of SYN1-related neurodevelopmental disorders. The newly reported data and unified analysis of the clinical and molecular features of all published carriers will refine genetic counselling and the personalization of medical care for individuals with SYN1-related neurodevelopmental disorders. Future studies will be required to understand the mechanisms by which specific pathogenic SYN1 variants result in a range of epileptic and neurodevelopmental phenotypes, and to clarify the mechanisms underlying the reflex seizures. These should be complemented by studies to assess the clinical and developmental trajectories of individuals with SYN1 variants and to examine how these are affected by co-morbid seizures and medication exposure with the ultimate aim of providing precision medicine.
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DD, developmental delay; ID, intellectual disability; ASD, autism spectrum disorder; ADHD, attention deficit hyperactivity disorder; NA, not assessed; NR, not relevant; Fam, family; Dup,
duplication; Mat, maternal; Pat, paternal.
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