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Introduction

The spermine synthase gene (SMS) is an ubiquitously expressed gene coding for an enzyme (EC 2.5.1.22) which participates in polyamine metabolism by catalyzing the production of spermine from spermidine.

Polyamines are essential for normal mammalian cell growth and development. Spermine is an endogenous polyamine with a polycationic structure which is involved in several key cellular processes including proliferation, protein and nucleic acid synthesis, cell adhesion and signaling and ion channel regulation.

Spermine has numerous functions within the central nervous system, including nerve growth and regeneration, response to neuronal injury and stress, regulation of ionic flux and neuronal ion channels and modulation of the excitatory N-methyl-d-aspartate (NMDA) glutamate receptor [START_REF] Pegg | Functions of Polyamines in Mammals[END_REF].

Missense and splicing variants in SMS on chromosome Xp22 have been shown to be responsible for the Snyder-Robinson X-linked intellectual disability (XLID) syndrome (MIM# 309583) or SRS [START_REF] Cason | X-Linked Spermine Synthase Gene (SMS) Defect: The First Polyamine Deficiency Syndrome[END_REF]). The disease is mainly characterized by intellectual disability, facial dysmorphism, musculoskeletal features and associated neurological signs (unsteady gait, abnormal speech, seizures) [START_REF] Snyder | Recessive Sex-Linked Mental Retardation in the Absence of Other Recognizable Abnormalities. Report of a Family[END_REF][START_REF] Zhang | A Y328C Missense Mutation in Spermine Synthase Causes a Mild Form of Snyder-Robinson Syndrome[END_REF]. The disease-causing variants are responsible for a partial loss of function (LoF) of SMS with decreased activity, resulting in low levels of intracellular spermine and low spermine/spermidine ratios [START_REF] Albert | Impaired Osteoblast and Osteoclast Function Characterize the Osteoporosis of Snyder -Robinson Syndrome[END_REF][START_REF] Cason | X-Linked Spermine Synthase Gene (SMS) Defect: The First Polyamine Deficiency Syndrome[END_REF][START_REF] Alencastro | New SMS Mutation Leads to a Striking Reduction in Spermine Synthase Protein Function and a Severe Form of Snyder-Robinson X-Linked Recessive Mental Retardation Syndrome[END_REF][START_REF] Peron | Snyder-Robinson Syndrome: A Novel Nonsense Mutation in Spermine Synthase and Expansion of the Phenotype[END_REF][START_REF] Zhang | A Y328C Missense Mutation in Spermine Synthase Causes a Mild Form of Snyder-Robinson Syndrome[END_REF] In vitro functional studies and in silico modeling of some disease-causing variants in SMS highlight that missense variants alter the structural integrity of SMS. Indeed, the protein can either be unfolded and then degraded, or be present in small amounts and unable to dimerize properly [START_REF] Peng | Revealing the Effects of Missense Mutations Causing Snyder-Robinson Syndrome on the Stability and Dimerization of Spermine Synthase[END_REF][START_REF] Zhang | In Silico and in Vitro Investigations of the Mutability of Disease-Causing Missense Mutation Sites in Spermine Synthase[END_REF]2013).

Case report

Here we describe the clinical features of a boy carrying a NP_004586.2:p.(Met303LysfsTer3), (RefSeqTranscript) NM_004595.4:c.908_911del, variant in SMS, which is the first report of a complete LoF of the protein. The patient had a multiple congenital anomalies syndrome more severe than previously described in SRS patients and died at 4 months of life from an abdominal complication. His presentation was similar to the severe SRS patients described up to date, but also had new features previously unreported (Table 1). Written informed consents were obtained from the parents for clinical testing and research use but they did not wish to share photos of their child.

Clinical description

Table 1 lists the clinical features of the present patient. He is the second child of unrelated Caribbean parents who come from two different islands of the French West Indies (Guadeloupe and Martinique). The mother was 32 years old and the father was 36 years old. At the first trimester of pregnancy, the cerebellum was not seen. At 17 weeks of gestation (WG), a cyst in the posterior fossa was detected and the fetus was small for gestational age. At 22 WG, intrauterine growth restriction (IUGR) and the cyst in the cerebellar vermis were confirmed, and left multicystic dysplastic kidney was diagnosed. Further obstetrical ultrasound showed a thin corpus callosum, incomplete visualization of the cerebellar vermis, hyperechogenic sigmoid and transverse colon, angled penis and undescended testis.

The patient was born at 34 WG by cesarean section. At birth, the patient presented with severe homogeneous growth retardation. Weight at birth was 1,440 g (<<-2DS), length was 40 cm (<<-2DS) and head circumference was 27 cm (<<-2DS). He presented with perinatal asphyxia with Apgar scores at 0/0/1/9 and immediate resuscitation was necessary. He remained in the hospital until his death at 4 months.

During the entire period of hospitalization, he had severe and repeated episodes of apnea and bradycardia, which often required resuscitation. Respiratory assistance was needed with continuous positive airway pressure until the age of 2 months, and after that nasal oxygen was necessary most of the time.

He had laryngomalacia and pharyngomalacia with complete flattening of the larynx, tilting epiglottis and short ary-epiglottic folds. These laryngeal abnormalities suggested neonatal brainstem dysfunction. A bifid uvula was also noted.

There were severe feeding difficulties requiring enteral nutrition. The last measurements revealed persistent growth retardation since at 4 months the length was 50 cm (-6.6DS), weight was 3,010 g (-5DS) and head circumference was 32 cm (-8DS).

Facial dysmorphism was noted with a low frontal hair line with hypertrichosis, abnormal auricles, exophthalmia, hypertelorism, flat nose, small chin. In addition, fingers were long and thin.

Neurological examination was abnormal from birth and remained so until death. He initially had axial hypotonia, followed by axial hypertonia. Eye contact and pursuit was fluctuant. He acquired head control but had few limb movements.

He had umbilical and right inguinal hernia. Urogenital examination showed proximal hypospadias, short prepuce, and undescended testes at birth. Bilateral scrotal hydrocele appeared at 2 months.

The patient died at 4½ months of sepsis of probable abdominal cause.

Imaging investigations

The brain MRI at 3 months showed abnormal rotation of the cerebellar vermis (Figure 1A), a thin corpus callosum (<3rd percentile) (Figure 1B) and peri-cerebral space enlargement.

Facial and inner ear computerized tomography scan indicated right membranous choanal atresia, without abnormalities of the inner ear.

Cardiac ultrasounds showed an infrasystemic pulmonary arterial hypertension and a left superior vena cava.

Holter-ECG was normal. No cardiac cause was found to explain the cardio-respiratory arrests.

Abdominal investigations showed a left multicystic kidney and a complete common mesentery with malrotation of the gut.

Skeletal survey showed the absence of the 5th sacral vertebrae and of the coccyx.

Thyroid ultrasound showed a small-sized but normally placed thyroid.

Electrophysiological investigations

Several EEG were undertaken. At 6 days, a non-epileptic suppression burst pattern was found, with no abnormal movements during recording. The following days, EEGs improved and were considered normal.

At 2 months, the EEG was unstable, symmetrical, asynchronous, slow for age, with monotonous activity, and long hypoactivity periods. It was also poor in physiological figures with no spatial organization. No seizures were seen or recorded.

Laboratory findings

Hematological anomalies were also found, with persistent severe thrombocytopenia requiring platelet transfusions, and partially aregenerative persistent anemia. Myelogram revealed central hypoplasia of erythroid and megakaryocyte precursor cell lines. The patient was also found to be homozygous for sickle cell disease.

Hepatic investigations showed stable cholestasis.

Renal function was normal, but further testing revealed tubulopathy with normal glomerular function.

Endocrinal abnormalities were also revealed with congenital hypothyroidism and transient neonatal hyperglycemia, which required insulin during 72h. Further explorations did not suggest neonatal diabetes.

Autopsy findings

The autopsy confirmed most of the malformations that had been identified. A major new feature was the diagnosis of a rectosigmoid Hirschsprung disease, which probably contributed to his death, by secondary sepsis during an episode of abdominal distension. Other relevant findings were: dilation of the coronary sinus and one myocardial microcalcification, precirrhotic portal fibrosis (stage F3, Metavir score), abnormal spleen with hypoplasic white pulp.

Methods

Mutation analysis

To further explore the possible genetic cause of the phenotype, we performed whole-exome sequencing (WES) on DNA isolated from blood from the proband and his parents. Genomic DNA was extracted from peripheral blood lymphocytes using a Qiasymphony DNA Midi Kit (Qiagen). A SeqCap EZ MedExome Library kit (NimbleGen, Roche Sequencing) was used for genomic capture. A NextSeq 500 Sequencer was used for massive parallel. Raw data was analyzed with in-house annotation and analysis pipelines. For data analysis, raw reads were mapped to the human genome reference-build hg19 using the Burrows Wheeler Aligner (BWA MEM v0.717) alignment algorithm (H. [START_REF] Li | Fast and Accurate Long-Read Alignment with Burrows-Wheeler Transform[END_REF]. The resulting binary alignment/map (BAM) files were further processed by Genome Analysis Tool Kit HaplotypeCaller (GATK HC v3.8) (Van der [START_REF] Van Der Auwera | From FastQ Data to High Confidence Variant Calls: The Genome Analysis Toolkit Best Practices Pipeline[END_REF]. The VCF files are then annotated on Snpeff version 4.3T [START_REF] Cingolani | A Program for Annotating and Predicting the Effects of Single Nucleotide Polymorphisms, SnpEff: SNPs in the Genome of Drosophila Melanogaster Strain W1118; Iso-2; Iso-3[END_REF]). The variants are finally identified according to the house criteria. Only coding non synonymous and splicing variants were considered. Variant filtration was conducted according to the transmission mode (de novo, autosomal recessive and X-linked), frequency of the variant in the gnomAD database and to our in-house database of n=866 exomes. The SMS variant was then verified by Sanger sequencing. The variant has been submitted to the ClinVar database.

Functional studies

Functional studies were performed on patient lymphoblasts. Details of these methods are in the Supplementary data.

A western blot was probed with anti-spermine synthase antibody to determine the presence or absence of the SMS protein. Moreover, the levels of substrate (spermidine) and product (spermine) of the enzymatic reaction catalyzed by spermine synthase were assayed. In particular, spermidine and spermine were derivatized using phenylisothiocyanate (PITC) and then analyzed by LC-MS/MS [START_REF] Heinrikson | Amino Acid Analysis by Reverse-Phase High-Performance Liquid Chromatography: Precolumn Derivatization with Phenylisothiocyanate[END_REF]. The spermidine/spermine ratio was subsequently determined to evaluate any disturbance of polyamine metabolism. Finally, to evaluate the functionality of the enzyme, the spermine synthase activity assay was modified from a previous method [START_REF] Sowell | Diagnostic Screening for Spermine Synthase Deficiency by Liquid Chromatography Tandem Mass Spectrometry[END_REF]) in which spermine d8 generated from spermidine d8 was quantified by UPLC MS/MS. S1).

Results

WES analysis

WES

Functional studies

The spermidine/spermine ratio in lymphoblasts from the patient was difficult to accurately determine as there was a significantly low level of spermine. In fact, the spermine level was barely measurable at 0.002 (Supporting Information Methods) and significantly lower than the other SRS patients previously reported.

This was consistent with an inability to measure the activity of SMS (Supporting Information Methods).

Western blot analysis clearly indicated the total absence of spermine synthase protein (Figure 1C) which is consistent with the extremely low level of measurable spermine in lymphoblasts from the present patient.

Discussion

To date, 11 hemizygous variants in the SMS gene causing SRS have been reported in 20 males from 9 families, according to Human Genome Mutation Database missense mutations (Table 2). Until now, the variants in SMS known to cause SRS were all missense mutations, resulting, when tested, in partial LoF of spermine synthase activity. Here, we report a new SRS patient, which is the first patient with a complete

LoF variant in SMS.

The missense mutations in SMS result in reduced SMS activity and an increased spermidine/spermine ratio between 2-10 whereas normal controls have a ratio of close to 1. In fact, in these patients, the activity of the enzyme decreases due to either a lack of stability of the protein, which is degraded and therefore cannot dimerize properly, or to the dysfunction of the active domain caused by the conformational change induced by the substituted amino-acid. In all reported patients to date, the activity of the enzyme in SRS patients is reduced but not null. Thus Snyder-Robinson syndrome is thought to be caused by partial loss of function variants [START_REF] Abela | N(8)-Acetylspermidine as a Potential Plasma Biomarker for Snyder-Robinson Syndrome Identified by Clinical Metabolomics[END_REF][START_REF] Albert | Impaired Osteoblast and Osteoclast Function Characterize the Osteoporosis of Snyder -Robinson Syndrome[END_REF][START_REF] Becerra-Solano | A Missense Mutation, p.V132G, in the X-Linked Spermine Synthase Gene (SMS) Causes Snyder-Robinson Syndrome[END_REF][START_REF] Schwartz | Spermine Synthase Deficiency Resulting in X-Linked Intellectual Disability (Snyder-Robinson Syndrome)[END_REF][START_REF] Sowell | Diagnostic Screening for Spermine Synthase Deficiency by Liquid Chromatography Tandem Mass Spectrometry[END_REF][START_REF] Zhang | A Y328C Missense Mutation in Spermine Synthase Causes a Mild Form of Snyder-Robinson Syndrome[END_REF]. In addition, one intronic variant, c.329+5G>A was reported in the original SRS family [START_REF] Cason | X-Linked Spermine Synthase Gene (SMS) Defect: The First Polyamine Deficiency Syndrome[END_REF], resulting in the presence of a fraction of normal SMS protein and a fraction of SMS protein missing 22 amino acids. Functional assays for this variant showed reduced, but still measurable SMS activity and a spermidine/spermine ratio that was about twice the normal level.

Here, we describe the first patient with a frameshift variant in SMS leading to a premature stop codon with predicted nonsense-mediated mRNA decay and therefore a total absence of the protein. Functional studies confirmed this complete LoF with a complete absence of the protein by Western Blot analysis and a barely measurable spermidine/spermine ratio. Since no complete LoF variants had been previously reported, it had been hypothesized that complete LoF variants would be lethal [START_REF] Cason | X-Linked Spermine Synthase Gene (SMS) Defect: The First Polyamine Deficiency Syndrome[END_REF] . Indeed, the phenotype of the present patient is very severe with multiple malformations, extreme growth retardation, severe developmental delay, several cardio-pulmonary resuscitations, and death at 4 months with hospitalization since birth.

Animal models, which can serve as a knockout model for SMS, confirm the significant pathogenicity of totally nonfunctional or absent protein. Indeed, Gy male mice with a hemizygous extensive disruption of the SMS gene experience early death, have greatly reduced size and poorer neurological functions than heterozygous Gy females [START_REF] Pegg | Mouse Models to Investigate the Function of Spermine[END_REF]. Male Gy mice have barely detectable levels of spermine (<5% of normal) with elevated levels of spermidine in brain, kidney and testis compared to normal male littermates. This supports the pathogenicity of LoF variants in SMS. Heterozygous female Gy mice are not significantly altered in any of the polyamines studied. Spermine seems to be of critical importance for the development of the nervous system based on the neurological deficits present in the Gy mouse [START_REF] Meyer | Partial Deletion of Both the Spermine Synthase Gene and the Pex Gene in the X-Linked Hypophosphatemic, Gyro (Gy) Mouse[END_REF]. Moreover, [START_REF] Li | Spermine Synthase Deficiency Causes Lysosomal Dysfunction and Oxidative Stress in Models of Snyder-Robinson Syndrome[END_REF] have studied Drosophila SMS mutant flies which represent another animal model of spermine synthase deficiency. They generated a defective allele by inserting a transposable element in the intron between exons 3 and 4. Homozygous and heterozygous mutant flies have transcript levels of less than 0.05% and approximately 50% respectively of controls. The analysis of the SMS-deficient

Drosophila nervous system shows that altered polyamine metabolism leads to abnormal spermidine catabolism and accumulation of toxic metabolites. In this fly model, loss of spermine synthase causes retinal and synaptic degeneration and oxidative stress in the brain. Moreover, it impairs autophagy and mitochondrial function and compromises lysosome function. This study shows that a complete defect in SMS induces dysfunction of cellular metabolism that could explain the severity and the diversity of the symptoms found within the present patient. In addition, homozygous mutant flies experienced shortened lifespan and severe locomotor deficits. In fact, the function of polyamines in the nervous system has been inferred from in vitro observations, where polyamines were able to block or modulate several distinct types of cation channels, including inward-rectifier potassium channels and glutamate receptors [START_REF] Williams | Modulation and Block of Ion Channels: A New Biology of Polyamines[END_REF].

Such channel-modulation properties would necessitate a highly regulated local concentration of polyamines in the nervous system (C. [START_REF] Li | Spermine Synthase Deficiency Causes Lysosomal Dysfunction and Oxidative Stress in Models of Snyder-Robinson Syndrome[END_REF].

There is wide phenotypic variability in the 20 reported SRS patients (from 9 families), however, as yet, no genotype-phenotype correlation has been described (Supplemental Table S1). In 5 families (12 patients), the patients displayed the typical SRS phenotype with developmental delay, mild to moderate intellectual disability, facial dysmorphism, thin habitus, kyphoscolisosis and osteoporosis [START_REF] Zhang | A Y328C Missense Mutation in Spermine Synthase Causes a Mild Form of Snyder-Robinson Syndrome[END_REF][START_REF] Peron | Snyder-Robinson Syndrome: A Novel Nonsense Mutation in Spermine Synthase and Expansion of the Phenotype[END_REF][START_REF] Lemke | Targeted next Generation Sequencing as a Diagnostic Tool in Epileptic Disorders[END_REF][START_REF] Becerra-Solano | A Missense Mutation, p.V132G, in the X-Linked Spermine Synthase Gene (SMS) Causes Snyder-Robinson Syndrome[END_REF][START_REF] Cason | X-Linked Spermine Synthase Gene (SMS) Defect: The First Polyamine Deficiency Syndrome[END_REF]. Whereas in the 3 families described by Abela, de Alencastro and Albert [START_REF] Abela | N(8)-Acetylspermidine as a Potential Plasma Biomarker for Snyder-Robinson Syndrome Identified by Clinical Metabolomics[END_REF][START_REF] Alencastro | New SMS Mutation Leads to a Striking Reduction in Spermine Synthase Protein Function and a Severe Form of Snyder-Robinson X-Linked Recessive Mental Retardation Syndrome[END_REF][START_REF] Albert | Impaired Osteoblast and Osteoclast Function Characterize the Osteoporosis of Snyder -Robinson Syndrome[END_REF], the 7 patients had a more severe neurological phenotype, which is closer to the present case. In these families, ID was severe or profound and they all had epilepsy (versus 2 patients with known epilepsy in the other 12 patients) and 5 showed regression (versus none reported in the other 12 classic patients). They also displayed the characteristic features of SRS with facial characteristics and musculoskeletal features, but furthermore presented with rare features, some also shared by the present patient.

The present patient did not present with a typical SRS phenotype, and his early death did not enable us to determine if he would have displayed the classical signs. The main common sign was the developmental delay. He had not been evaluated for osteoporosis, did not have evident kyphoscolisosis and his facial features were not suggestive of SRS. Moreover, he displayed multiple anomalies, some being rare signs described in SRS, and he also had unreported new features. Interestingly, the present patient had thrombocytopenia, hyperglycemia episodes, laryngomalacia, apnea spells and renal tubulopathy, that were also seen in one or both of the brothers described by Albert et al [START_REF] Albert | Impaired Osteoblast and Osteoclast Function Characterize the Osteoporosis of Snyder -Robinson Syndrome[END_REF]). These signs have not been described in any of the other reported SRS patients. These brothers also had a severe course of the disease with severe to profound developmental delay, seizures and regression. They also share renal features common with our patient, since one of them had renal cysts. In the 12 typical SRS patients, 2 had a renal malformation: one had an ectopic kidney and another an ectopic and fused kidney [START_REF] Zhang | A Y328C Missense Mutation in Spermine Synthase Causes a Mild Form of Snyder-Robinson Syndrome[END_REF][START_REF] Peron | Snyder-Robinson Syndrome: A Novel Nonsense Mutation in Spermine Synthase and Expansion of the Phenotype[END_REF][START_REF] Lemke | Targeted next Generation Sequencing as a Diagnostic Tool in Epileptic Disorders[END_REF][START_REF] Becerra-Solano | A Missense Mutation, p.V132G, in the X-Linked Spermine Synthase Gene (SMS) Causes Snyder-Robinson Syndrome[END_REF][START_REF] Cason | X-Linked Spermine Synthase Gene (SMS) Defect: The First Polyamine Deficiency Syndrome[END_REF].

The present patient, however, displayed new clinical findings that have not yet been described (Table 1) with membranous choanal atresia, mild congenital heart defect (left superior vena cava, dilated coronary sinus), congenital hypothyroidism, aregenerative anemia, Hirschsprung disease, liver anomalies, sacral anomalies and hypospadias.

In the more severe patients described by Abela, Albert and de Alencastro, spermine synthase activity was very low, close to absent for some [START_REF] Abela | N(8)-Acetylspermidine as a Potential Plasma Biomarker for Snyder-Robinson Syndrome Identified by Clinical Metabolomics[END_REF][START_REF] Alencastro | New SMS Mutation Leads to a Striking Reduction in Spermine Synthase Protein Function and a Severe Form of Snyder-Robinson X-Linked Recessive Mental Retardation Syndrome[END_REF]. It is difficult to compare the patients as testing was carried out in different laboratories. However, it could be hypothesized that there is a genotype-phenotype correlation and that more severe patients have lower spermine synthase activity.

The patient described by Peron et al also had an almost absent enzyme activity [START_REF] Peron | Snyder-Robinson Syndrome: A Novel Nonsense Mutation in Spermine Synthase and Expansion of the Phenotype[END_REF]. He also has rare features, some of those shared with the present patient: kidney malformation, abnormal cerebellar could suggest regression. However, his developmental delay was less severe than the present patient and those described by Abela, Albert and de Alencastro, with moderate ID [START_REF] Abela | N(8)-Acetylspermidine as a Potential Plasma Biomarker for Snyder-Robinson Syndrome Identified by Clinical Metabolomics[END_REF][START_REF] Albert | Impaired Osteoblast and Osteoclast Function Characterize the Osteoporosis of Snyder -Robinson Syndrome[END_REF][START_REF] Alencastro | New SMS Mutation Leads to a Striking Reduction in Spermine Synthase Protein Function and a Severe Form of Snyder-Robinson X-Linked Recessive Mental Retardation Syndrome[END_REF]). Hence, further data is needed to conclude if there is a genotype-phenotype correlation.

Conclusion

Here we report the first patient with a hemizygous de novo frameshift variant in SMS leading to complete One affected male with X-linked mental retardation (Hu et al. 2009) One male patient with SRS [START_REF] Zhang | A Y328C Missense Mutation in Spermine Synthase Causes a Mild Form of Snyder-Robinson Syndrome[END_REF] Genotype nomenclature corresponds to cDNA SMS gene (RefSeq: NM_004595.4). 
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 1 Figure 1: A) Upwardly and rearwardly rotation of cerebellar vermis seen in a median sagittal

  

  SMS is intolerant of LoF (pLi = 0.98 in GnomAD) and functionally studied missense mutations lead to a decreased function of the protein. The variant has been deposited in ClinVar database (https://www.ncbi.nlm.nih.gov/clinvar/)[START_REF] Landrum | ClinVar: Public Archive of Relationships among Sequence Variation and Human Phenotype[END_REF]) and can be found using accession number SCV000899235. The variant was validated by conventional Sanger sequencing (Supporting Information Figure

	trio	analysis	revealed	a	de	novo	hemizygous	frameshift	in	SMS:
	(RefSeqGene)NG_009228.1:g.49463_49466del;	(RefSeqTranscript)NM_004595.4:c.908_911del;
	NP_004586.2:p.(Met303LysfsTer3) located in exon 9. According to the ACMG criteria (Richards et al.
	2015), this variant is classified as pathogenic (class 5) because of: (i) its de novo inheritance (PS2), (ii) its
	absence in general population alleles in gnomAD ascertained by august 2018 (PM2), (iii) the fact that it is
	a likely null allele in a hemizygous proband with a predicted non-sense mediated decay (PVS1). Moreover,

Table 1 : Clinical description of the present patient and of the previously reported SRS patients

 1 LoF of spermine synthase. He had a severe multiple congenital anomalies syndrome diagnosed during the antenatal period and died at 4 months of age. Missense variants in SMS are known to cause Snyder-Robinson syndrome in male patients, with partial LoF of spermine synthase activity. The complete LoF of SMS caused by the absence of the protein seems to have resulted in a more severe congenital form. Other severe SRS patients have been described, and seem to have lower spermine synthase activity compared to patients with typical SRS phenotype. The present patient, together with these other severe patients, suggests a genotypephenotype correlation, with lower levels of spermine synthase leading to more severe phenotypes. However, further data is needed to confirm this observation. (Supplemental TableS1to see the complete clinical description of these 20 reported SRS patients).

	Tables		
	Features	Present patient	Reported patients
	Sex	male	males (20/20)
	Age	4 months	20 years [29 months-42 years]
	Height < 1.88SD	+	4/10
	Weight < 1.88SD	+	6/14
	Pregnancy		
	IUGR	+	5/13
	Multiple anomalies	+	0/20
	Neurodevelopment		
	Global DD	+	20/20
	Delayed or absent walking	nd	13/16
	Language abilities	nd	11/15
	Intellectual disability	nd	17/18
	Neurological features		
	Persistent hypotonia	+	12/13
	Seizures	-	10/15
	Abnormal speech	nd	9/9
	Microcephaly	+	3/12
	Unsteady gait	nd	4/6
	Regression	nd	5/19
	Face and head		
	Facial asymmetry	-	9/13
	High nasal bridge	+	9/9

Table 2 : Summary of reported mutations in SMS causing SRS

 2 

	Genomic coordinate	cDNA SMS gene	Predicted protein effect on	ClinVar	HGMD	Clinical description cases
	Splice variants in SMS			
	g.36853G>A c.329+5G>A	p.?	Pathogenic RCV000012389	Pathogenic CS033515	Males in a family with SRS (Cason et al. 2003)
	Missense variants in SMS			
	g.31527T>G c.104T>G p.(Met35Arg)		Pathogenic CM160862	One male patient with SRS (Peng et al. 2016)
	g.31589G>A c.166G>A	p.(Gly56Ser)	Pathogenic RCV000012390, RCV000414369,	Pathogenic CM083784	Three affected males in a family with SRS (de Alencastro et al.
				RCV000210586		
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Supplemental data Supplemental Methods

Cell culture

Patient and control Lymphoblasts were grown in RPMI-1640 media (Thermo Fisher Scientific # MT10040CV) in a 10% humidified C02 incubator. The RPMI-1640 media was supplemented with 15% Fetal Bovine Sera (Atlanta Biologicals # S125450H), 1% antibiotic/antimycotic (Gibco #15240-062), and 2 mM L-glutamine (Sigma # G7513).

Lysate preparation for Western blots

Patient and control lymphocytes were centrifuged at 450xg for 3 min, suspended in PBS, and centrifuged at 450xg for 3 min. The PBS wash was repeated. The cell pellet was suspended in ice cold NP40-lysis buffer with 1x protease inhibitor cocktail and frozen at -80°C.

Fluorescent blot

Ten micrograms of lysate prepared in 1X Lamelli buffer was separated on a 4-20% SDS PAGE gel (Biorad).

The separated protein was transferred using a Trans-Blot Turbo transfer system from Biorad to a supported nitrocellulose membrane (Biorad # 162-0090). After transfer, the membrane was rinsed with TBS three times for 10 minutes before proceeding to western blotting. The membrane was blocked with 5% nonfat dry milk in TBS, probed with anti-spermine synthase antibody (Abnova catalogue number H00006611-M01, 1:2000 in 5% nonfat dry milk in TBST) overnight at 4°C, and rinsed in TBST three times for 20 minutes each. The membrane was then incubated with secondary antibody StarBright Blue 700 Goat anti-Mouse IgG (Biorad catalogue number 12004159 in block) and hFAB Rhodamine anti-Tubulin (Biorad catalogue # 12004166), rinsed in TBS, and detected using the Biorad ChemiDoc MP Imaging System and analyzed with the Biorad Image Lab software ver 6.0.1.

after 24 hours and Spermine d20 (CDN Isotopes catalogue #D-7515) was added as an ionization control. Spermine d8 levels generated in the assay were quantified using a standard curve and the UPLC MS/MS system as described above.

Titles and legends of supplemental tables and figure Supplemental Figure S1: Conventional Sanger sequencing verifying the de novo variant.

(RefSeq)NM_004595.4:c.908_911del, in our proband, his mother and his father. In comparison to reference sequence, we see the deletion of 3 bases (TGA) leading to frameshift in the proband. The mother and father sequences are wild-type. S1: Detailed clinical features of 20 SRS patients described in the literature until now.

Supplemental Table

CC: corpus callosum, IQ: intellectual quotient, M: median, m: months, nd: non-documented, y: years, +: presence, -: absence. Genotype nomenclature corresponds to cDNA SMS gene (RefSeq: NM_004595.4).