2 de novo heterozygous variants in SON gene are associate with Zhu-Tokita-Takenouchi-Kim syndrome 
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Abstract (n=116)
Zhu-Tokita-Takenouchi-Kim (ZTTK) is a rare disorder caused by heterozygous variants of SON gene (GenBank: NM_138927.2), which is an autosomal dominant genetic disease, with only 32 cases and 25 causative variants in SON have been reported to date since the first report in 2015. Herein, we reported 2 additional sporadic cases with clinical features strikingly similar to cases having been reported. Notably, through penetration of left palm print and growth hormone deficiency in our Patient #1 has not been mentioned in reported literature. Whole-exome sequencing revealed 2 novel variants, c.5297 del (p.S1766Leufs*7) and c.5230 del (p.Arg1744Valfs*29) in SON resulting in ZTTK syndrome. Our report expands the mutant spectrum of SON gene and refine the genotype-phenotype map of ZTTK syndrome. 
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INTRODUCTION

Zhu-Tokita-Takenouchi-Kim (ZTTK; MIM#617140) syndrome is caused by heterozygous variants of SON on autosomal 21q22.11, which is an autosomal dominant hereditary disease with only a few cases having been reported to date (Zhu et al., 2015; Tokita et al., 2016; Takenouchi et al., 2016; Kim et al., 2016; Yu et a., 2019; Quintana et al., 2020). It was first reported in 2015 by Zhu et al, who described a 5-year-old girl with developmental retardation, epilepsy, mild malformation, megalencephaky, white matter dysplasia, intestinal atresia, and ventricular septal defect. And a new frameshift variant c.5753_5756del was detected in SON (Zhu et al., 2015), which is a heterozygous variant with 4 bp deletion resulting in a premature termination codon. In 2016, Takenouchi et al reported the same frameshift variant at the same locus in SON in a boy with similar manifestations to the patient reported by Zhu et al. There are 32 cases of ZTTK syndrome reported to date worldwide (except the present 2 cases), and 25 causative variants in SON gene having been identified so far (Figure 1). 

Herein, we reported 2 additional sporadic cases with ZTTK syndrome, and 2 de novo heterozygous variants, c.5297del (p.S1766Leufs*7) and c.5230del (p.Arg1744Valfs*29), in the SON gene were detected in patients using diagnostic whole-exome sequencing (WES), which have not yet been reported. The clinical manifestations of the 2 patients were similar to those cases having been reported. In the present study, we describe the clinical features and 2 novel variants underpinning the condition of the patient, with relevant literature reviewed.
CLINICAL DESCRIPTION 
Patient #1 is a 11-year-and-4-month-old girl born full term through spontaneous labor, with oligohydramnios and placenta senility. The propositus was a small-for gestational age infant (SGA) with 2200g of birth weight, and her birth body length was 47cm. The pregnancy course was uneventful. Feeding difficulties occurred shortly after birth. Her psychomotor and language development are significantly delayed. The age of the patient began walking and saying ‘mummy’ and ‘daddy’ was about 2-year-old. Now, she still has severe dysarthria and was 128.2 cm(<P3) in height. The target height of the patient is 152.76 ±3 cm (The father of the patient was 165 cm in height, while the mother was 158 cm in height.). Physical examination: short stature, cleft palate with high palatal arch, irregular arrangement of teeth with malocclusion, through penetration of left palm print can be observed in the patient (Figure 2). Adjuvant examination results: The patient's chromosomes were 46, XX, and the copy-number variants (CNVs) were also normal. The levels of fasting insulin (FI) was 1.1 uIU/ml, insulin‐like growth factor‐1 (IGF‐1) was 51.8 ng/ml and IGF-1 bp3 was 2.72 g/ml, all of which were decreased. The growth hormone provocation test revealed that a peak value of 8.1 ng/ml. The Wechsler intelligence scale shows her intelligence quotient (IQ) at the age of 9 is 43, which means she has dypophrenia. Child Behavior Checklist (CBCL) revealed the proband has severe maladjusted behavior including obvious social withdrawal, schizoid personality disorder, inattention, hyperactivity, destructive behavior, maltreatment. Now, her skeletal age was 9-year-11-month old(P10-P25), which lagged behind the actual age. The results of three major routine tests, ACTH, PTC-8, blood lipid level, HbA1c, the thyroid function test, electroencephalogram (EEG), ultrasonic testing of abdomen and urinary system and brain CT were normal. The anterioposterior and lateral films of the whole spine were normal. Her parents are both healthy. She has a 24-year-old half-brother with same father and different mothers, who was diagnosed with epilepsy. The patient’s parents denied any history of inherited metabolic disease. 
Patient #2 is a 2-year-and-11-month-old boy born 33+5W with neonatal hypoxic ischemic encephalopathy (HIE) and neonatal hyperbilirubinemia. His birth weight is 1690g (P10-20), and his birth body length was 40cm (P3-5). The pregnancy course was uneventful. He also had feeding difficulties soon after birth. At age of 5 months, he still could not raise his head and the weight was 4.3 kg(<P3), the height was 54.2 cm(<P3). At age of 6 months, infant motor scale suggested 1-month-old level and intelligence scale were equal to 3-month-old level. At 1-year-3-month year old, he can only stand with support. At 2-year-old, he suffered once epileptic fit. At age of 3-year-11-month, his weight was 10.5 kg(<P3) and height was 89 cm (<P3). Growth retardation can be obviously observed in this patient as his growth curve percentile plot showed (Figure 3). Physical examination: facial dysmorphism (flat bridge of the nose, short nose, protruding ears, low set ears), short stature, and high palatal arch can be observed in the patient (Figure 4). Adjuvant examination results: At age of 4 months, his complete blood count suggested the size of peripheral mature RBC is extremely different, and the size is mainly small. Part of the hollow light dye has expanded significantly, and tears/mouth RBC can be seen. The level of HGB was normal. At 2-year-11-month year old, the patient’s hemoglobin electrophoresis revealed that the level of both HbF and HbA2 are increased (11.8%, 4.2%). Thalassemia gene detection revealed heterozygous variant of β-globin gene CD43, which is consistent with β-thalassemia gene variant. Chromosome microarray analysis (CMA) revealed chromosome numbers were normal and no pathogenic copy number variation was detected. WES revealed heterozygous nonsense variant of HBB gene, which causes the termination of amino acid coding produces truncated protein. It was the cause of β-thalassemia included in HGMD. Notably, a de novo variant, c.5230del (p.Arg1744ValfsP*29), in SON gene were detected, which was never reported to date(Figure 5). His mother was diagnosed β-thalassemia and dysgenesis of uterus (mediastinum uterus). His father was healthy.
METHODS
With approval of Ethics Committee of West China Second Hospital of Sichuan University and written informed consent of parents of patient#1, we conduct the genetic tests, while patients#2 is a retrospective case. 

MOLECULAR RESULTS

Two novel variants, c.5297del and c.5230del , were detected in SON (Figure5, 6), causing amino change p.S1766Leufs*7 and p.Arg1744ValfsP*29. Both of them were frameshift variants resulting in the protein encoded by the SON gene starting from the 1766th and the 1744th amino acid, followed by a further translation of 7 and 29 amino acids, i.e., termination, with the7 and 29 amino acids being shifted, which means the sequences are different from the original sequences. 
No variant was detected in patient #1’s parents DNA and their genotype was also normal (Figure 6). Sanger sequencing was used to verify the variant in the 2 probands and patient #1’s parents, of which results suggested that these 2 variants were de novo. According to the guidelines of ACMG (American College of Medical Genetics) in 2015, the variant of patient #1 meets the criteria to be identified as pathogenic variant: PVS1+PS2+PM2, while the SON variant in patient #2 was identified as clinical significance unknown.

DISCUSSION
The shared clinical features between the present patients and those having been reported including short stature, intellectual disability, comprehensive developmental delay, facial dysmorphism, cleft palate, high palatal arch, and irregular arrangement of teeth with malocclusion. Notably, through penetration of left palm print has been observed in our Patient #1(Figure 2), which has not yet been reported. When the Patient #1 was 7-year-3-month old, we found the level of her growth hormone was low, which also has not been mentioned in reported literature. 
In patient #1, de novo frameshift variants in SON gene, c.5297del (p. S1766Leufs*7), was found to be pathogenic. Patient #2 was diagnosed as β-thalassemia, while this cannot account for all his clinical manifestations, such as short stature, obvious motor and mental retardation, high-vaulted arch, and facial dysmorphism. All of those manifestations mentioned in patient#2 were strikingly similar to those reported ZTTK cases. The phenotypic overlap with established disorders caused by SON variants confers plausibility to the hypothesis that defects in SON cause the features seen in the proband. The co-occurrence of variants of the same genes and similar clinical manifestations in multiple unrelated patients meets the currently proposed criteria for causality of sequence variants in humans (MacArthur et al., 2014).
All of reported 32 cases of ZTTK syndrome having been reported has intellectual disability, developmental delay, and facial dysmorphism. Brain malformations (ventricular enlargement, thin corpus callosum, abnormal cerebral cortical gyration, arachnoid cyst, cerebellar dysplasia, and/or white matter abnormality) were observed in 85.5% subjects. Neurological features such as hyper-or hypotonia, epilepsy or other EEG abnormalities, and autism spectrum disorder occurred in 63.9% subjects. Musculoskeletal abnormalities (joint laxity, scoliosis or kyphosis, hemivertebrae, cubitus valgus, contractures, small hands and feet, and/or abnormal ribs) were identified in 79.7% subjects. The 68.7% cases have eye and/or vision abnormality, of which strabismus were the commonest abnormality, others including hyperopia, cortical visual impairment, and optic atrophy. Short stature occurred in 50.3% cases. Other manifestations include heart defects (ventricular/atrial septal defect and patent ductus arterious), urogenital malformations (single kidney, horsehoe kidney and kidney dysplasia), intestinal atresia, high position or cleft palate, craniosynostosis. Several subjects have feeding difficulties early after birth, some of which even required a gastrostomy feeding tube. Immunoglobulin deficiency and abnormal coagulation also occurred in several patients (Zhu et al., 2015; Tokita et al., 2016; Takenouchi et al., 2016; Kim et al., 2016; Yu et a., 2019). So far, 25 variants in SON gene have been identified causing ZTTK syndrome, 24 of which, notably, are in exon3(Figure 1). In all 32 reported subjects, c.5753_5756del in SON gene was detected in 8 subjects, and c.3852_3856del in SON gene were occurred in 2 subjects. The rest 23 causative variants were occurred once. There are 2 subjects carrying 2 de novo variants in their SON genes respectively, and there are 1 case carrying a small deletion of copy number variants, including SON and 5 other gene. 

SON consists of 12 exons, and the size of exon3 accounts for 82% of the entire coding region (Khan et al., 1994). It has been confirmed that SON plays an essential role in both constitutive and alternative splicing, especially in splicing short introns with suboptimal weak splice sites (Hickey et al., 2014; Lu et al., 2013; Ahn et al., 2011).  Residual Variation Intolerance Score of SON is 1.88, which means SON belongs to the 2% most intolerant human protein-coding genes (Petrovski et al., 2013). When SON was knockdown in HeLa cells and human embryonic stem cells, a group of genes essential to neuronal cell migration, embryonic survival, metabolism, and mitochondrial function, including TUBG1, FLNA, PNKP, WDR62, PSMD3, HDAC6, PCK2, PFKL, IDH2, ACY1 and ADA showed significantly decreased expression (Lu et al., 2013; Ahn et al., 2011; Baddoo et al., 2016). These influenced genes play essential roles in many aspects of human growth and development (Alejandro et al., 2018; Mona et al., 2019; Poirier et al., 2013; Li et al., 2020). Thus, SON variants can result in severe and extensive multi-systematic detriments. 

In conclusion, we reported 2 additional sporadic cases of ZTTK syndrome, and revealed 2 novel disease-causing variants in SON. Also, we emphasized the importance of WES for early diagnosis of ZTTK syndrome, which can spare patients from unnecessary investigations and ineffective, even harmful treatments. Our report expands the mutant spectrum of SON gene and refine the genotype-phenotype map of ZTTK syndrome.
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Figure legends:

Figure 1: Variants of the ZTTK syndrome reported in literatures to date. Red words are the variants of present report，DSRM: double-stranded RNA-binding motif. (a) Nucleotide changes caused by variants of SON gene. (b) Amino changes caused by variants of SON gene.
Figure 2: Clinical features of patient#1. (a) (b) (d) (e)High palatal arch, irregular arrangement of teeth with malocclusion. (c) Through penetration of left palm print. (f) Genetic family tree.
Figure 3: The growth curve percentile plot of patient#2. Obvious growth retardation can be observed in patient#2.
Figure 4: Clinical features of patient#2. (a) (b) (c) Flat bridge of the nose, short nose, protruding ears, low set ears. (d) (e) High palatal arch. (f) Genetic family tree.
Figure 5: Results of the SON analysis in patient#2 and his parents. (a) A heterozygous variant c.5230del in SON was detected in the child. (b) No variant in SON was detected in the father of the child. (c) No variant in SON was detected in the mother of the child.
Figure 6: Results of the SON analysis in the patient#1 and her parents. (a) A heterozygous variant c.5297del in SON was detected in the child. (b) No variant in SON was detected in the father of the child. (c) No variant in SON was detected in the mother of the child.
  











