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Abstract: Baker-Gordon Syndrome (BAGOS) is a genetically determined 4 (NDD), represented by a phenotypic spectrum of
moderate to severe intellectual disability, resulting from mutations in the synaptotagmin 1 (SY7/) gene. Its prevalence is estimated
at 1:1,000,000 and the known gene variants have indicated complete penetrance with variable expressivity. SYT1 is a membrane
trafficking protein in presynaptic vesicles, which exerts a complex influence on synaptic transmission, with fundamental roles in the
release of neurotransmitters and facilitators of endocytosis, impacting both neurotransmission and neuron plasticity. The current case
report describes the first Brazilian male patient diagnosed at 17-year-old, and the 39th reported case globally using whole-exome
sequencing. A de novo heterozygous missense mutation at chr12q:79448958 (NM_005639.2; ¢.1103T>C; p.11e368Thr) in the SYTI
was found and classified as a pathogenic variant. The proband’s clinical phenotype was compatible with BAGOS, involving behavioral
changes such as irritability and severe intellectual disability. Knowledge about the mechanism of action and the extent of the genotypic
and phenotypic presentations of the mutations in the SYT1 is still unfolding. Thus, we aimed to describe additional genotype—
phenotype correlation for BAGOS, contributing to the expansion of the existing knowledge of such a heterogeneous ultra-rare
syndrome, and, therefore, improve its diagnostic yield, case management, and therapeutic journey for future patients.
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Introduction

Baker-Gordon Syndrome (BAGOS, OMIM #618218) is a genetically determined neurodevelopmental disorder (NDD),
encompassing a phenotypic spectrum of moderate to severe intellectual disability, caused by pathogenic mutations in the
synaptotagmin 1 gene (SY7I, OMIM *185605) at 12q21." BAGOS is characterized by involuntary movements, facial
dysmorphology, behavioral abnormalities, and alterations in electroencephalogram (EEG) patterns.'*? It is a rare genetic
syndrome, with an estimated prevalence of 1:1,000,000 and early childhood onset.®> The syndrome is characterized by
global developmental delay since infancy, including hypotonia, delayed or inability to walk, poor or absent speech, and
moderate to profound impaired intellectual development.>*~® Other common characteristics include feeding difficulties,
gastroesophageal reflux, sleep disorders, self-mutilation, outbursts of anger, episodic agitation, and stereotypical and/or
unpredictable behaviors that may resemble autism spectrum disorder. Additionally, there are congenital ophthalmological

abnormalities such as strabismus, esotropia, nystagmus, hyperopia, lack of visual attention, and central visual
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Graphical Abstract

Pathogenic de novo variants in synaptotagmin 1 gene (SYTI) cause an ultra-rare neurodevelopmental disorder: the Baker-Gordon syndrome.
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impairment. Less frequent features include skeletal disorders such as joint laxity, foot deformities, scoliosis, central sleep
apnea, and nonspecific abnormalities of the white matter.' >*°

Many genes and postsynaptic processes have been associated with neurodevelopmental disorders. It is becoming
increasingly evident that presynaptic dysfunction plays an important role in the pathophysiology of neurodevelopmental
disorders.®” Healthy brain function depends on the precise regulation of the probability, timing, and bioavailability of
neurotransmitter release in the synaptic cleft. In this context, a fundamental step involves calcium-dependent triggering
of fusion between the synaptic vesicle and plasma membranes to allow rapid and coordinated neurotransmitter release.®*

SYT1 is a membrane trafficking protein present in presynaptic vesicles, which requires calcium binding for
exocytosis and endocytosis of the neurotransmitter in synaptic clefts. The primary brain isoform expressed throughout
the neocortex and subcortical structures in postnatal life, functions as a calcium sensor for rapid synchronous neuro-
transmitter release. This mechanism has been molecularly confirmed, as SY7'/ deletion results in specific ablation of the
mechanism in model organisms. Thus, SYT1 exerts a complex influence on neurotransmission and neuron plasticity,
acting as a cargo molecule for extracellular vesicles.”’ In the aforementioned context, de novo pathogenic or likely
pathogenic mutations in SY77 manifest in a dominant manner. Variants located in the C2B domain have been considered
phenotypically more severe as they are more efficient to disrupt endocytosis, leading to a defect in the dynamics of
presynaptic vesicle release and disrupting neurotransmission.®*~'> Contemporary findings suggest a genotype—phenotype
relationship where variation in patient phenotype reflects the specific impact of the mutation, affecting neurotransmitter
function in a genotype-dependent manner in the synaptic vesicle.”® Therefore, knowledge about the mechanism of action
and the extent of the genotype—phenotype relationship of observed mutations in the SYT1 are still limited. Thus, it is
necessary to assess the extent of clinical manifestations and the variability of phenotypes in relation to the identified
genotypes.s’8

In the context present above, in the future, the diversity of molecular mechanisms associated with STY1 sequencing
variants will lead to the understanding of the complex genotype—phenotype associations found in BAGOS and may even
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shed light into the severity of symptoms and prognosis, facilitating precision medical care. Prospectively, it is also very
likely large-scale genome sequencing analysis, combined with experimental neuroscience, investigating presynaptic
mechanisms will lead to the discovery of other clinically relevant rare phenotypes of neurodevelopmental disorders.

The present report aims to describe another genotype—phenotype relationship for BAGOS, including additional
information to contribute to the underlying mechanisms of this disorder. The description of rare cases is important for
better understanding patient prognosis, inheritance, appropriate genetic counseling, treatment, case management and
follow-up, and quality of life improvement.

Case Report

A 17-year-old male patient from Goiénia, Central Brazil, was referred to the State Rehabilitation and Readaptation Center
for medical assistance and genetic counseling due to a rare undiagnosed syndrome with congenital malformations
predominantly affecting the facial aspects. The father was healthy, and the mother reported a thyroid cancer treated before
conception with surgery and radioactive iodine therapy. The parent’s age at conception were 29 (mother) and 32 (father)
years old. The parents did not have difficulty getting pregnant and received regular prenatal care. The pregnant mother was
prescribed the standard prenatal vitamin supplements. During pregnancy, she denied infections, bleeding, amniotic fluid
loss, rashes, fever, hypertension, or edema. However, she had gestational diabetes controlled without medication.

During pregnancy, the fetus started moving around the 18th week and remained active until delivery. Delivery was
performed by cesarean section due to gestational diabetes as a medical decision. No unusual placenta nor umbilical cord
presentations were reported. The newborn weighed 3370kg, measured 54cm in length, and had Apgar scores of 8, 9, and
10 at 1, 5, and 10 minutes, respectively. The newborn required no respiratory assistance, did not show the crying reflex
and was unresponsive to stimuli, causing delayed suction and latching. As the newborn did not adapt to breastfeeding, he
was transitioned to formula with the help of a speech therapist. The family stayed in the maternity ward for 2 days.

The child’s medical history included recurrent urinary tract infections, strong urine odor since birth, idiopathic high
fever at 12 months, a medication-induced seizure episode at 4 years, gastroesophageal reflux, and infantile hypotonia. The
proband showed global neurodevelopmental delay, not having achieved most developmental milestones and lacked
independence in all his daily activities. Some milestones were reached with delay, such as closure of the wide fontanelle
at | year, eruption of the first teeth at 1 year, and sitting with assistance at 2 years old. He showed behavioral changes such
as irritability and had severe intellectual disability making social interactions ineffective. The proband has had an updated
vaccination schedule. Upon his last physical examination at 18 years old, he weighed 32.3 kg (P1%; —6.61 SD), had
a height of 165 cm (P4%; —1.72 SD), and a head circumference of 57.1 cm (P46%; —0.09 SD). The weight deficit is likely
due to dysphagia and difficulty ingesting liquid and solid foods, accepting only pureed or small pieces of solid foods.

The complementary tests showed variable results. The electrocardiogram, ophthalmological evaluation, and brain
magnetic resonance imaging were unremarkable. However, electroneuromyography indicated chronic motor neuropathy
in all four limbs and a slight increase of glycine in the urine was found. For follow-ups, the patient has been monitored
by a multidisciplinary team including nutrition, speech, occupational, and physio therapies, besides genetic counseling.

Based on the family history and phenotypic synopsis, diagnostic hypotheses were formulated, which guided the
genetic tests. Initially, fluorescent in situ hybridization (FISH) was performed for Smith-Magenis syndrome, genotyping
of the FMR1 gene expansion by polymerase-chain reaction (PCR), and chromosomal microarray analysis (CMA) of the
proband and his parents. All tests showed normal results. Subsequently, whole-exome sequencing (WES) using next-
generation sequencing (NGS) was performed. Preparation and enrichment of genomic DNA were carried out using
Agilent SureSelectXT Human All Exon 50Mb kit. Exome sequencing was performed on the HiSeq 2500 System
platform (Illumina, USA). Quality parameters for WES included average number of reads of 175x, 20x coverage of
>94% of targeted bases. A de novo heterozygous pathogenic variant at chr12q:79448958 (NM_005639.2; c.1103T>C; p.
[1e368Thr) in the SY7/ (GRCh38) was found. The variant was classified as pathogenic according to the criteria of the
American College of Medical Genetics (ACMG) and described in patients with intellectual disability and facial
dysmorphisms, associated with the phenotype of BAGOS (OMIM #618218). Only the reported variant was found.

During genetic counseling, the family history revealed a simplex case, consistent with autosomal dominant inheritance (ADI).
The proband was the second child of a non-consanguineous, healthy couple with no future reproductive interest. Although the
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penetrance of the variant is unknown, in the present case, it behaved with complete penetrance with onset at birth, consistent with
all previously reported cases. In the literature, there are records of variable expressivity for this phenotype. The prevalence of
BAGOS is estimated at 1:1,000,000.> So far, the described cases of genomic variants in SY7/ suggest complete penetrance with
variable expressivity. However, the limited number of cases is not sufficient to confirm this evidence. Therefore, for genetic
counseling in the present case, although healthy, the proband’s sisters were considered individuals at risk. Consequently, the
recurrence risk in the sibling of an isolated case of ADI with high penetrance (>90%) and low fitness (<30%) with two healthy
sisters was estimated to be <0.021. Additionally, predictive testing recommendations for asymptomatic children and adolescents
were discussed with the family, which should be done only for genes that determine medically actionable conditions. Therefore, in
the present case, there was no indication for genetic testing of the siblings. As it is a variant with dominant manifestation, with
healthy parents without phenotypic manifestation, genetic testing for the couple was not offered, following national guidelines.
Subsequently, the parents participated voluntarily in a larger study regarding global developmental delay and had their genotyped
confirmed with no variants found. Thus, the family history included a de novo missense mutation following dominant
manifestation.

Discussion

Neurotransmission requires a balance between exocytosis and endocytosis of synaptic vesicles for effective and healthy
neuronal communication. This process is calcium-dependent, as calcium triggers the release of neurotransmitter to
initiate signal transmission.>*'° SYT1 is considered the primary calcium sensor for vesicular trafficking. Considering the
relevance of SYT1 in synaptic neurotransmission physiology, it is essential to fully understand the role of the protein as
a relevant biomarker for synaptic dysregulation, as its dysfunction can result in a wide range of deleterious effects in the
central nervous system (CNS), leading to brain and neurodevelopmental disorders.”>”’

The current case reported a rare missense sequence variant in SY7'/, the mutation replaced isoleucine, a nonpolar amino acid,
with threonine, a neutral polar amino acid. The difference in hydropathy indices between these two amino acids alters the protein’s
spatial structure, as the more hydrophilic threonine tends to occupy more external regions in the protein’s spatial organization,
leading to loss of function and haploinsufficiency of SY7TI. Therefore, there is a significant reduction in the availability of
functional calcium sensors involved in triggering neurotransmitter release in the synaptic cleft. Consequently, it causes intellectual
disability and facial dysmorphisms associated with the phenotype of BAGOS (OMIM #618218)."

The proband’s clinical presentation was consistent with the cardinal phenotypes known for BAGOS, including the age
of onset in childhood.>>* On the other hand, electromyography indicated motor neuropathy in all four limbs with signs
of chronicity. These findings had not been previously reported in association with BAGOS. The current case supported
that neurodevelopmental disorders associated with SY7/ have a wide phenotypic variability, modulated by the
genotype.>® Thus, the advancement of genomic technologies and the increase in casuistic SYT/ sequence variants will
contribute to further understanding the role of the genotypes in BAGOS outcomes.'' Elucidating the genotype—phenotype
relationship through case reports in the literature would, for example, confirm how mutations in SY7/ behave in terms of
penetrance and expressivity, providing pieces of information crucial to case management and genetic counseling.

Currently, DECIPHER database contains 39 cases of genomic variants in SY71.'> Out of this, 9 patients had sequence
variants like the patient in this report (Table 1; Figure 1). Despite the small sample size, among reported cases the sex
ratio was 2:1, suggesting BAGOS appears twice as common among boys. The missense mutation described here
corresponded to the most reported variant among patients with sequence variants (3/9), having a predicted molecular
impact of inhibited membrane penetration.® Additionally, a total of 28 patients in DECIPHER had copy number
variations (CNVs) involving the SYT1, distributed in 14% gains and 86% losses.'® Regarding CNVs, about 14% of
them were inherited, and half of them were inherited from parents with phenotypes like the proband’s. The quantitative
sex ratio also revealed the predominance of males (2:1). On the other hand, aneuploidy was important for the
manifestation of the phenotype in two girls, one with trisomy and the other with uniparental disomy of chromosome
12, likely resulting from a trisomy rescue. Although the casuistic data is still extremely rare, the observed genotypic
diversity among patients with BAGOS supports the observation that multiple genomic mechanisms may be involved in
the pathophysiology and dominant manifestation of the phenotype in this ultra-rare disease. Figure 2 illustrates the
synopsis of the phenotypes of cases with variants in the sequence of the SY7, including the present case. Moreover, 22
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Table | Patients with BAGOS Phenotype (OMIM #618218), Included in DECIPHER'? Until October 2023, Who Exhibited
the Syndrome Due to Missense Sequence Variants

Decipher Sex Transcript | Chromosome | Consequence Protein Pathogenicity Inheritance Genotype
Patient’s ID Location Location

2712928 46XY c.625G>A 12:79296219 p.Glu209Lys C2A VUs de novo Heterozygous
274395 46XX c.907A>G 12:79353598 p-Met303Val C2B Likely Pathogenic de novo Heterozygous
260408 46XX c.928G>C 12:79353619 p-Asp3|0His C2B Likely Pathogenic de novo Heterozygous
306487 46XY c.935A>G 12:79444079 p-Tyr312Cys C2B ni de novo Heterozygous
5434541 46XX c.1016A>G 12:79444160 p.Tyr339Cys C2B Likely Pathogenic de novo* Heterozygous
3721188 46XY c.1022A>G 12:79444166 p.Asn341Ser Cc2B ni de novof Heterozygous
281640° 46XY c.1103T>C 12:79448958 p.lle368Thr C2B Pathogenic de novo Heterozygous
422867 46XY c.1103T>C 12:79448958 p.lle368Thr C2B ni de novot Heterozygous
509263" 46XY c.1103T>C 12:79448958 p.lle368Thr C2B Pathogenic de novo Heterozygous

Notes: $Cases formerly reported in Melland et al, 2022; TCurrent patient; FUnconfirmed genotype; Gray shaded rows indicate females; Yellow shaded cells show
the most common sequence variant.
Abbreviations: VUS, Variant of Uncertain Significance; ni, not informed.

patients, which included some previously deposited in DECIPHER database, were reported with missense variants in
SYT1.° The paper thoroughly described the phenotype heterogeneity in BAGOS and presented a rich approach detailing
the potential molecular mechanisms underlying the pathogenic potential of STY'1 variants worth reading by all clinicians.
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Figure | Missense sequence variants of SYT| deposited in DECIPHER? indicating their location on the protein domains by yellow, Orange, and red dots classified as variant of uncertain
significance, Likely pathogenic, and pathogenic respectively. DECIPHER severity tracks related to variant identified in a patient with Baker-Gordon Syndrome from Central Brazil is also
included.

Note: This figure makes use of data generated by the DECIPHER community. A full list of centres who contributed to the generation of the data is available from https:/
deciphergenomics.org/about/stats and via email from contact@deciphergenomics.org. DECIPHER is hosted by EMBL-EBI and funding for the DECIPHER project was
provided by the Wellcome Trust [grant number WT223718/Z/21/Z].
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Figure 2 Phenogram of patients harboring sequence variants in SYT/ (12q21.2). (A) abnormalities by ontological clustering in open access DECIPHER patients;'® (B)
Synopsis of phenotype of a male patient diagnosed with Baker-Gordon Syndrome from Central Brazil.

Conclusion

This case describes an ultra-rare case of BAGOS, corresponding to the first patient identified in the Brazilian
population with a de novo heterozygous pathogenic variant at chr12q:79448958 (NM_005639.2; ¢.1103T>C; p.
[1e368Thr) in the SY7/ (GRCh38). Regarding the phenotypic synopsis of BAGOS patients included in DECIPHER,
the triad of global developmental delay, intellectual disability, and facial dysmorphisms corresponds to most cases.
The phenotypic overlap among neurodevelopmental disorders was responsible for a 16-year diagnostic journey for
our case, making the molecular diagnosis clinically relevant not only for genetic counseling but also for proper
medical care and multidisciplinary management of patients. The data described here and made public in DECIPHER
contributed to expand the knowledge about the phenotypic and genotypic presentations of this syndrome. However,
most single variant cases from DECIPHER include patients with missense mutations in the C2B domain and some
do not include phenotype information. For BAGOS, phenotypes vary according to variants’ location and genotypes,
therefore, the community dealing with the spectrum of SYTl-associated neurodevelopmental disorders should
consider updating the information in DECIPHER and those with new patients should also include their information
in the databank. That approach would increase the likelihood of finding patients for future functional studies,
reducing the chances of biases due to uncontrolled variables.
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