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Editorial on the Research Topic 
Developmental Delay and Intellectual Disability

Intellectual Disability (ID) is characterised by impaired intellectual and adaptive function that starts during the developmental period (Global Research on Developmental Disabilities Collaborators, 2022). It is a lifelong condition and is among the most common neurodevelopmental disorders (Global Research on Developmental Disabilities Collaborators, 2018). Developmental Delay (DD) is a broad term that applies when one or more areas of a child’s development are delayed (Global Research on Developmental Disabilities Collaborators, 2018). A disease-causing variant is identified in about half of individuals with DD and ID. Both copy number variants (CNVs) and single nucleotide variants (SNVs) are implicated as major causes of DD and ID (de Ligt et al., 2012; Olusanya and Nair, 2019); more than 130 rare CNVs and SNVs in more than 600 genes have been reported to be associated with this disease spectrum (de Ligt et al., 2012). Previous reports have shown that DD and ID can follow autosomal dominant, autosomal recessive, or X-linked modes of inheritance, as well as making a substantial contribution from de novo variants to the molecular aetiology (de Ligt et al., 2012; Black and Lawn, 2018).
Further research into the identification of candidate causal genes will create opportunities to study the molecular mechanisms underlying the disease phenotype and will enable clinicians to make timely and accurate clinical diagnoses (American Psychiatric Association, 2013; Heslop et al., 2014; Black and Lawn, 2018). This will make it possible to group cohorts of cases with similar genetic aetiology and refine their phenotypes including the prognosis and course of the disease. Genetic diagnosis will allow mutational screening in families and make prevention possible through genetic counselling, prenatal, or pre-implantation diagnosis (Tatja et al., 2021).
According to the American Association on Intellectual and Developmental Disabilities, affected individuals with global developmental delay are characterised by a significant delay in the development of motor skills, speech, and cognition, while ID involves deficits in both intellectual function (learning, reasoning, and problem-solving skills) and adaptive function (communication, conceptual, social and practical skills) among children aged 5 years or younger. The global prevalence of DD is 1–3% among children aged 5 years or younger (de Ligt et al., 2012; Olusanya and Nair, 2019). The prevalence of ID is 2.7% and 2.17% among children and adults respectively. In addition, DD patients with de novo mutations have a prevalence rate of 1 in 213 to 1 in 448 live-births (American Psychiatric Association, 2013; Heslop et al., 2014; Black and Lawn, 2018; Tatja et al., 2021).
Advances in variant detection technology have evolved in recent years, leading to accelerated causal gene discovery and understanding of genomic lesions in ID/DD cohorts. After preliminary confirmation of the disease through clinical, laboratory and radiological examination, clinicians can order further diagnostic testing, which is influenced by initial findings and availability and access to resources. The range of potential lines of inquiry include but are not limited to: karyotyping to identify gross chromosomal abnormalities; chromosome microarray (CMA) to identify deletions, duplications, loss of heterozygosity, and aneuploidy; and genomic sequencing (target-based sequencing of a gene panel, clinical whole exome sequencing or whole genome sequencing) to identify disease-causing variants (de Ligt et al., 2012; Mefford et al., 2012).
This Research Topic features new causal genes for DD and ID, advances in the mechanistic understanding of previously reported DD and ID genes, and potential therapeutic applications. We received 40 submissions and accepted 21 papers after rigorous peer review (Cerminara et al.; Chen et al.; Deng et al.; Fan et al.; García-Ortiz et al.; Li et al.; Servetti et al.; Smetana et al.; Tao et al.; Wan et al.; Wang et al.; Xiang et al.; Zarate et al.; Zhang et al.; Ali Alghamdi et al.; Binquet et al.; Ha et al.; Li et al.; Rong et al.; Yue et al.; Zhao et al.).
Four publications are based on chromosomal aberrations associated with DD and ID. Deng et al. reported two new cases of chromosome 12q14 deletions and reviewed the published literature (Deng et al.). The authors delineate the genotype-phenotype correlation for 12q interstitial deletions and discuss likely causative genes. Wang et al. reported familial translocation t (2; 4) (q37.3; p16.3) (Wang et al.). They describe a range of complex phenotypes associated with these chromosomal abnormalities. This paper highlights the value of studying extended families for intrafamilial variation in genotypes and associated phenotypes. Smetana et al. reported a case of Xq22.3 deletion associated with Alport syndrome with intellectual disability (ATS-ID, AMME complex; OMIM #300194) with genotype phenotype correlation (Smetana et al.). The deletion is larger in size compared with previously reported cases and includes two additional genes. This may explain a broader phenotype with additional features in the proband. Fan et al. reported a case with deletion of chromosome 7q35-7q36.3, which causes congenital brain dysplasia, DD and ID (Fan et al.). Servetti et al. used an integrated framework to analyse 12 cases of neurodevelopmental disorders with complex phenotypes and suggested that those cases can be explained by multiple mechanisms, including additive effects of multiple CNVs, involving known neurodevelopmental disorder genes and novel candidate genes (Servetti et al.). One study leveraged a consanguineous family with four affected individuals to identify a likely pathogenic homozygous variant in OSGEP (Ali Alghamdi et al.). Detailed phenotyping and proteomic analysis are a valuable part of this study (Ali Alghamdi et al.).
Three studies are based on the evaluation of multiple cases. Wan et al. reported six new variants in seven cases and provided phenotype descriptions for MEF2C haploinsufficiency syndrome (MCHS) (Wan et al.). Xiang et al. used whole exome sequencing to investigate 17 patients with unexplained DD and/or ID (Xiang et al.). They used the whole exome data for analysis of CNV, SNV and indels. Seven affected individuals carried a single nucleotide variant or an indel that explained the disease, and three cases carried a disease-associated CNV. Zarate et al. reported two cases of SATB2-Associated Syndrome (Zarate et al.). The clinical symptoms overlapped with mitochondrial disease presentation. The authors recommended considering exome sequencing in suspected cases of mitochondrial disease.
Binquet et al. reported a study that compares the diagnostic yield of trio sequencing in 1,275 cases with the current strategy for fragile X diagnostics, which involves microarray and panel sequencing for 44 genes (Binquet et al.). This is an indication of new avenues in the field that are moving toward reduced costs of sequencing. Garcia-Ortiz et al. examined methylation in blood samples of patients with autism spectrum disorder (ASD) (García-Ortiz et al.). In a case report, Cerminara et al. reported an affected individual with a complex phenotype including ASD and its association with a maternally inherited X-linked missense variant in HUWE1 and a de novo stop variant in TPH2 (Cerminara et al.).
In a study by Chen et al., maternal uniparental disomy resulted in a homozygous variant in CNTN2 in an affected individual with unrelated parents (Chen et al.). The predominant phenotype was a focal epilepsy. This gene has been implicated previously in autosomal recessive focal seizures. Tao et al. reported a case of complete maternal uniparental disomy of chromosome 2 with a rare UNC80 c.5609-4G>A intronic variant in a Chinese patient with infantile hypotonia, psychomotor retardation and facial dysmorphology (Tao et al.). Disomy resulted in a homozygous mutation. These two reports reinforce the paradigm of parental disomy causing homozygous disease in outbred populations (Chen et al.; Tao et al.). Two additional papers reported compound heterozygous mutations causing recessive disorders (Yue et al. and Ha et al.) in outbred populations (Ha et al.; Yue et al.).
Li et al. described a case of mosaic Turner syndrome 45, X [56.5%]/46, X, del(Y) (q12) [43.5%] (Li et al.). They used different techniques including FISH and low pass whole genome sequencing to identify the genetic changes. Zhang et al. identified a pathogenic variant in GRIN1 in a single case and performed further experiments to study the pharmacological impact of the DNA change and rescue mechanisms (Zhang et al.). Zhao et al. described a nonsense variant in ZNF462 associated with Weiss-Kruszka syndrome-like manifestations (Zhao et al.). Li et al. identified a novel homozygous splice-site variant in a female child with Cohen syndrome (Li et al.). Rong et al. reported a milder phenotype produced by a novel mutation in SEPSECS (Rong et al.).
In conclusion, this special issue reports on both CNVs and SNVs associated with DD and ID. In the future, more refined cellular and molecular studies are required to understand the disease mechanisms (Bowling et al., 2017; Karin et al., 2019; Manickam et al., 2021). This collection emphasises the significance of genomic sequencing technology for molecular genetic diagnostics in ID/DD cohorts, thus laying the groundwork for a future Research Topic focused on studies that will identify new candidate genes and disease-causing variants, which in turn will allow us to develop novel therapeutic interventions.
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Autism Spectrum Disorder (ASD) refers to a broad range of conditions characterized by difficulties in communication, social interaction and behavior, and may be accompanied by other medical or psychiatric conditions. Patients with ASD and comorbidities are often difficult to diagnose because of the tendency to consider the multiple symptoms as the presentation of a complicated syndromic form. This view influences variant filtering which might ignore causative variants for specific clinical features shown by the patient. Here we report on a male child diagnosed with ASD, showing cognitive and motor impairments, stereotypies, hyperactivity, sleep, and gastrointestinal disturbances. The analysis of whole exome sequencing (WES) data with bioinformatic tools for oligogenic diseases helped us to identify two major previously unreported pathogenetic variants: a maternally inherited missense variant (p.R4122H) in HUWE1, an ubiquitin protein ligase associated to X-linked intellectual disability and ASD; and a de novo stop variant (p.Q259X) in TPH2, encoding the tryptophan hydroxylase 2 enzyme involved in serotonin synthesis and associated with susceptibility to attention deficit-hyperactivity disorder (ADHD). TPH2, expressed in central and peripheral nervous tissues, modulates various physiological functions, including gut motility and sleep. To the best of our knowledge, this is the first case presenting with ASD, cognitive impairment, sleep, and gastrointestinal disturbances linked to both HUWE1 and TPH2 genes. Our findings could contribute to the existing knowledge on clinical and genetic diagnosis of patients with ASD presentation with comorbidities.

Keywords: autism spectrum disorder, attention deficit disorder and hyperactivity, whole exome sequencing, sleep disturbance, oligenic disease, ORVAL, gut motility disorders


INTRODUCTION

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by etiological and clinical heterogeneity, with a frequency around 1% in the general population (Nevison et al., 2018). In the wide picture of ASD, the major clinical manifestations are communicative impairments, difficulties in social interaction, behavior abnormalities. Indeed, ASD patients frequently present with comorbidities, such as intellectual disability (ID) (Postorino et al., 2016), epilepsy (Besag, 2018), sleep or gastrointestinal disturbances (Devnani and Hegde, 2015; Bjorklund et al., 2020; Brooks et al., 2020).

The genetic basis of ASD is deeply heterogeneous implicating different genes, in turn involved in different pathways and biological processes, as those regulating synaptic plasticity, chromatin remodeling, gene transcription, and protein degradation (Bourgeron, 2015). Single nucleotide changes or larger genomic alterations, as copy number variations (CNVs), can be found in ASD cases (Sanders et al., 2015), and recent studies proved that the use of Whole Exome Sequencing (WES) together with CNVs analysis can identify a pathogenetic variant in about 30% of patients (Munnich et al., 2019).

We here report on a male child with ASD and a complex phenotype, who was analyzed by WES with a bioinformatic tool for investigating variants in oligogenic diseases. The results suggest a hypothetical scenario in which two genes (HUWE1 and TPH2) plus 4 possible modifiers could play a role in the patient's phenotype.



METHODS


Clinical Assessment

The clinical assessment of the patient comprised a neurological-behavior examination and evaluation of his sleep and gastrointestinal disturbances as detailed in Supplementary Material.



Whole Exome Sequencing

Genomic DNA extraction and subsequent WES and data analysis for affected individual and his parents were carried out by Italian Institute of Technologies (IIT) in Genoa, Italy. Briefly, the exomes were captured using the xGen® Exome Research Panel v1.0 – IDT KIT. Sequences were enriched using the Illumina Nextera Flex For Enrichment KIT. Sequencing was performed on an Illumina NovaSeq 6000 platform (Illumina Inc., CA, USA). The library preparation and its sequencing were performed simultaneously for the parents and the proband using barcode adapters. Alignment of raw paired-end reads to the reference genome (version hg19) was performed with bwa (version 0.7.17) (Li and Durbin, 2010). Duplicated reads were marked with picard (version 2.18.20). Variant discovery was then performed with the GATK4 utility HaplotypeCaller, using the appropriate file containing the coordinates of the sequences targeted by the exome sequencing. Finally all variants were annotated using annovar (databases updated to 27/05/2019) (Wang et al., 2010). The resulting file was used for a manual evaluation of the variants. The sequencing provided a 60x medium coverage.



Variant Prioritization

For the interpretation of variants pathogenicity, we integrated several tools. To unveil the contribution of multiple genes to the patient's phenotype, we used a new platform for the prediction and exploration of candidate disease-causing oligogenic variant combinations (ORVAL, Oligogenic Resource for Variant AnaLysis) following authors recommendations (Renaux et al., 2019). Briefly, we prepared two files: (i) an input file with a list of selected candidate variants and (ii) one file with genes related or possibly related to ASD to be used as “gene panel” file for variant filtering.

The list of candidate variants was obtained by considering the following filtering steps: variants with a frequency below 3% in ExAC/GnomAD v2.11/1000g2015; only exonic, splicing, non-synonymous and stopgain variants with a good coverage were considered; we discarded those variants predicted to be benign or tolerated in PolyPhen and SIFT and retained those with CADD score ≥ 20; we also discarded those variants found in more than 1% of in-house controls (i.e., not diagnosed with ASD or any neuropsychiatric disease). Filtering was also based on annotation in public databases as Mouse Genome Database (MGD), OMIM, PubMed, ClinVar. Following this procedure we obtained a list of 71 candidate variants, including both de novo and inherited, to be used as input in ORVAL.

The “gene panel” file consisted of genes selected based on three criteria: those related to ASD and present in the SFARI (Simons Foundation Autism Research Initiative) database (August 2020 release); genes with high brain expression, defined as those genes with average log2 RPKM >4.5 in the BrainSpan database (http://www.brainspan.org) (the top 18%) (Miller et al., 2014; Addis et al., 2018) and genes of the KEGG pathways (https://www.genome.jp/kegg) selected for their possible relevance with ASD.

From the output file, a list of possible 23 variants, we kept only those genes/variants characterized by pathogenicity confidence score higher than 99%. These selected genes underwent through a manual revision considering literature and available databases. Briefly, we analyzed all the selected output variants for deleterious prediction through Varsome (Kopanos et al., 2019), we considered the intolerance to loss-of-function variants (pLI) and the deviation of the observed number of missense variants from the expected number (Mis Z-score), as computed by the Exome Aggregation Consortium (ExAC) (http://exac.broadinstitute.org/) (genes with pLI scores of 0.9 or higher are extremely intolerant to heterozygous LoF variation, and thus haploinsufficient; Z-scores of 3.09 or higher indicate intolerance to missense variation) (Lek et al., 2016), we also considered haploinsufficiency on the base of an HIPred_score above 0.5 (Shihab et al., 2017). Finally, a list of 6 variants in 6 genes was obtained.

Selected variants in the candidate genes were all validated by co-segregation analysis using polymerase chain reaction (PCR), and bi-directional Sanger sequencing using the ABI 3730 automated sequencer (Applied Biosystems, Forster City, CA, USA).



Network Analysis of Candidate Genes

To unveil enrichment of annotations of identified genes and known ASD genes, we used GeneCodis4 tool (Tabas-Madrid et al., 2012), as already described (Vaccari et al., 2016). Briefly, a list enclosing all 6 candidate genes, obtained from the ORVAL analysis and that passed our manual inspection, together with all genes present in the SFARI database (August 2020 release) were used as input in GeneCodis4 (total genes = 934). Among the databases of biological knowledge available in GeneCodis4, we focused on the GO Biological Process (BP) domain. In the analysis, the hypergeometric test was applied followed by the false discovery rate correction (FDR) with a cut-off of 5% to determine which annotations were significantly enriched. All genes of the top gene ontology terms, including candidate and SFARI genes, were then projected onto the STRING network (v11) (Szklarczyk et al., 2019). Edges within the STRING network were thresholded at 0.4, according to the authors' recommendation. A graphical representation of the GeneCodis4 and STRING results was obtained by using Cytoscape tool (Shannon et al., 2003).




CASE PRESENTATION

We report on a 5-years old male patient born to non-consanguineous Italian parents. The child came to our attention at the age of 3 years for third level investigations, when he had already performed several clinical assessments and tests at the territorial structures (see the timeline, Figure 1). After a thorough medical history and after having viewed and analyzed the clinical documentation, he was diagnosed with ASD even by the help of Autism Diagnostic Observation Schedule (ADOS) and the Autism Diagnostic Interview-Revised (ADI-R). He had developmental delay, absent language, motor impairment, auto and hetero-direct aggressivity, hyperactivity, attentional lability, stereotypes.


[image: Figure 1]
FIGURE 1. Timeline with patient's relevant clinical data. In this figure main signs and symptoms (blue) shown by the patient, data from his clinical evaluations (red), results of laboratory tests (pink), and treatments (green) are reported. PWS/AS, Prader-Willi Syndrome/Angelman Syndrome; GD, gastro-intestinal disorders; SD, sleep disorders; ADOS, Autism Diagnostic Observation Schedule; ADI-R, Autism Diagnostic Interview-Revised; ASD, Autism Spectrum Disorder; PRIST, Paper Radio Immuno Sorbent Test; RAST, Radio Allergo Sorbent Test; MRI, Magnetic Resonance Imaging; nv, normal value.


In the past, metabolic defects and the main syndromes in differential diagnosis were excluded, Fragile X Syndrome and Prader-Willi/Angelman Syndromes (see timeline, Figure 1).

More in details, the clinical assessment of the patient through specific tests showed a low adaptive level for chronological age, prevailing on communication and socialization domains, a deficit on ability of inhibit and self-control inhibition, metacognition, working memory, and ability of organization/planning, problems in the area of withdrawal and isolation, anxiety and depression, somatic complaints, and attentional disturbances, marked impairments on language understanding and production.

By using specific tests (Sleep-CGI-S, Sleep-CGI-I, SDSC) the patient was diagnosed with a moderate sleep disorder. Sleep-CGI-S showed a moderate sleep disorder with marked bedtime resistance, moderate sleep onset delay, moderate difficult to fall asleep, multiple night wakings and family functioning moderately affected. Instead Sleep-CGI-I reported minimal improving in ability to fall asleep, a major improving in bedtime resistance, sleep onset delay, night wakings, and family functioning. At SDSC the results confirmed the mentioned sleep disorders. In particular, the patient has been treated with clonazepam for 2 months and then, until now, with melatonin, that slightly improved his condition (see timeline, Figure 1).

Using the Criteria of Rome IV, functional constipation (3 criteria) and functional aerophagia (4 criteria) were diagnosed.

Results obtained from neurological-behavior tests and of sleep evaluation are reported in Supplementary Table 1.



RESULTS


Identification of Candidate Genetic Variants

Given the complexity of the patient's phenotype, we suspected a possible genetic basis involving multiple genes. Accordingly, for the identification of candidate variants, we used a bioinformatic tool for the study of oligogenic diseases.

After the bioinformatic analysis of WES data an unreported maternally inherited missense variant affecting the E3 ubiquitin ligase (HECT) domain of HUWE1 (NM_031407:exon79: c.12365G>A:p.R4122H), and a de novo unreported stop variant in TPH2 (NM_173353:exon6: c.775C>T:p.Q259X) (see Figure 2A, Table 1) were identified.


[image: Figure 2]
FIGURE 2. (A) Family's pedigree. Implicated genes and their variants, indicated as amino acid changes, are shown. (B) Network analysis. The network depicts the protein-protein interactions (gray lines) revealed by STRING analysis (visualized by Cytoscape tool) on the basis of the enrichment obtained with GeneCodis4 tool. The Figure shows the enriched BP terms clustering the six candidate genes (octagon shape) and the SFARI genes (circle shape). Three candidate genes are also in the SFARI database (HUWE1, ALDH5A1, DIP2C). The network has a clear distinction into 6 clusters representing the top six GO-BPs (large ovals).



Table 1. Overview of the variants found in the patient.
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HUWE1 encodes an ubiquitin protein ligase involved in various cellular processes, including synaptogenesis, associated to the Turner type X-linked syndromic cognitive disability (OMIM:309590) and ASD (Moortgat et al., 2018). The TPH2 gene encodes the tryptophan hydroxylase 2 enzyme involved in serotonin synthesis in central and peripheral nervous tissues. Serotonin modulates various physiological functions, including regulation of gut motility and sleep (Jones et al., 2020). TPH2 variants are associated to susceptibility to attention deficit-hyperactivity disorder (OMIM:613003) and unipolar depression (OMIM:608516).

The analysis unveiled the presence of additional variants in the following genes, ALDH5A1, ATG7, ITPR3, and DIP2C.

The ALDH5A1 variant is a rare, maternally inherited stop variant (NM_170740:exon4: c.612G>A:p.Trp204X). ALDH5A1 encodes the succinic semialdehyde dehydrogenase, implicated in the neurotransmitter GABA catabolism (Chambliss et al., 1995). Homozygous or compound heterozygous mutations in ALDH5A1 cause the succinic semialdehyde dehydrogenase deficiency (OMIM:271980), a rare complex neurologic disorder mainly characterized by mental retardation and sleep disturbances. By further investigating WES data, we unveiled an additional, paternally inherited, variant in ALDH5A1 (NM_170740:exon3:c.538C>T:p.His180Tyr). This last variant, present in the general population with a frequency of 0.3154, was considered a hypomorphic variant, leading to a reduction of ALDH5A1 enzymatic activity of about 20% (Blasi et al., 2002).

The ITPR3 variant is a paternally inherited, rare missense variant (NM_002224:exon36: c.4862T>C:p.Leu1621Pro). ITPR3 encodes for the inositol 1,4,5-trisphosphate receptor that transduces many hormonal signals regulating Ca(2+)-dependent processes. To note, the mouse carrying the tf spontaneous mutation of the Itpr3 gene (BTBR T+ Itpr3tf /J strain) has been used as a model of ASD (McFarlane et al., 2008).

The patient showed a maternally inherited unreported missense variant of DIP2C (NM_014974:exon7: c.757C>T:p.Arg253Trp). DIP2C encodes a member of the disco-interacting protein homolog 2 family, known to regulate several genes and pathways important in neurological functions (Oo et al., 2020). To note, in ASD cases de novo loss of function variants were found in DIP2C, which is reported in SFARI database as candidate ASD gene (Yuen et al., 2017).

The maternally inherited ATG7 variant is a rare missense variant (NM_006395:exon12: c.1277C>T:pPro426Leu). ATG7 encodes an ubiquitin-activating enzyme E1-like protein that mediates membrane fusion in autophagy (Tanida et al., 2001). Autophagy deficiency induced by conditional Atg7 deletion leads to a similar autistic-like behavioral abnormalities in mice (Hui and Tanaka, 2019). ATG7 plays a role in modulation of dendritic arborization, and synapses elimination during development, mechanisms relevant to the etiology of neurodevelopmental disorders as ASD (Kim et al., 2017).

We investigated the role of the 6 candidate genes in already known ASD-associated biological processes and their possible connection among each other and with other ASD-associated genes reported in SFARI database.

The results indicated that each of the analyzed genes, except DIP2C, takes part to at least one process in which other SFARI genes are involved, namely “long term synaptic potentiation,” “neurotransmitter catabolic process,” “circadian rhythm,” “regulation of circadian rhythm,” “cell differentiation” (Figure 2B, Table 2).


Table 2. Biological processes associated with genes implicated in the present case and genes reported in the SFARI database.
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DISCUSSION AND CONCLUSION

ASD is a complex and heterogeneous condition characterized by impaired communication and social interaction, repetitive behaviors, and restricted interests and associated with a range of comorbid conditions. Intellectual disabilities can affect around 50% of ASD cases (Postorino et al., 2016), ADHD is present in about 11% of children and even higher in adult ASD patients (Lugo et al., 2020), and sleep and gastrointestinal disturbances have elevated prevalence in ASD cases compared to controls (Devnani and Hegde, 2015; Bjorklund et al., 2020). The genetic base of ASD is also heterogeneous, involving at least 102 risk genes (Satterstrom et al., 2020). ASD-associated variants can be rare or more common in the general population. Finally, compensatory mechanisms can tune the major or the minor effect of the variations determining the phenotype present in each subject (Bourgeron, 2015).

In our case, the patient presented ASD associated with intellectual disability, ADHD, sleep, and gastrointestinal disorder. By a deep bioinformatic analysis of WES data we identified de novo and inherited variants in six different genes that globally could explain the complex phenotype shown by this patient.

The HUWE1 p.R4122H variant lies in the HECT domain, known to present an overrepresentation of deleterious variants in patients with X-linked ID (Moortgat et al., 2018). In vitro experiments demonstrated that mutations in the HECT domain are likely to impair the gene function (Giles and Grill, 2020). Indeed, certain HUWE1 variants are present in patients with autism in addition to ID, suggesting HUWE1 variants could be risk factors for ASD (Giles and Grill, 2020). In the present case, the HUWE1 variant could account for ID and contribute to ASD together with the other gene candidates. TPH2 is involved in the synthesis of serotonin, a neurotransmitter with a role in the control of mood, anxiety, sleep-wake regulation and, peripherally, in the modulation of gastrointestinal motility. It has been reported that behavioral symptoms can be associated with gastrointestinal abnormalities in ASD patients, and, in particular, that ASD patients with sleep problems are more likely to have gastrointestinal abnormalities (Maenner et al., 2012; Bjorklund et al., 2020). In this line, we suggest that the TPH2 de novo stop variant could account for the hyperactivity, attentional lability, sleep and gastrointestinal disturbances present in this patient.

For function and pattern of inheritance, HUWE1 and TPH2 could play a major role in the patient's phenotype.

Variants were also identified in ALDH5A1, whose absence of activity has been associated to a recessive severe phenotype. In the present case, we could speculate that the stop and the hypomorphic variants leave a quantity of expressed enzyme lower than that expressed by a heterozygous carrier, in this way contributing to the patient's phenotype (Oikonomou et al., 2019; Jones et al., 2020).

Three additional deleterious variants were found, inherited from either patient's healthy mother (ATG7, DIP2C) or his healthy father (ITPR3) suggesting that taken individually, in heterozygosis, these variants do not lead to altered neurodevelopment. Since gene enrichment analysis highlighted they take part to functions notably impaired in ASD, we are unable to exclude they play a role in the patient's phenotype. Rather, they could contribute to the patient's complex phenotype as modifier genes.

To note, increasing findings support an oligogenic model of inheritance for ASD, and combination of inherited and/or de novo variants were predicted to range from 2 to 10 (Pickles et al., 1995). However, genetic variants, their connections and how they can act in every single patient, are aspects still largely to be elucidated.

In conclusion, by using an oligogenic approach to the analysis of WES data, we identified a de novo stop variant in TPH2 and one deleterious missense variant in HUWE1 that could act in a permissive genetic background characterized by deleterious variants in additional four genes. All variants collectively could have a role in the biological processes involved in the pathogenesis of ASD thus contributing to the different features of the patient's phenotype. As this hypothesis is based on the study of a single patient and on variants predicted to be deleterious by bioinformatic analyses, future functional studies are needed to elucidate specific roles of identified genes and variants in the patient's complex phenotype.
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Background: Cohen syndrome (CS) is a clinically heterogeneous disorder characterized by extensive phenotypic variation with autosomal recessive inheritance. VPS13B was identified to be the disease-causing gene for CS. The objectives of the present study were to screen likely pathogenic mutations of the patient with developmental delay and mental retardation, and to determinate the effect of this splice-site mutation by reverse transcription analysis.

Methods: Whole exome sequencing (WES) in combination with Sanger sequencing were performed to identify the causative mutations of this CS family. Subsequently, the impact of the intronic variant on splicing was analyzed by reverse transcription and the construction of expression vector.

Results: A novel homozygous splice-site mutation (c.6940+1G>T) in the VPS13B gene was identified in this proband. Sanger sequencing analysis of the cDNA demonstrated that the c.6940+1G>T variant could cause the skipping of entire exon 38, resulting in the loss of 208 nucleotides and further give rise to the generation of a premature in-frame stop codon at code 2,247.

Conclusions: The homozygous VPS13B splicing variant c.6940+1G>T was co-segregated with the CS phenotypes in this family and was identified to be the cause of CS after comprehensive consideration of the clinical manifestations, genetic analysis and cDNA sequencing result.

Keywords: cohen syndrome, VPS13B, splice-site mutation, mRNA analysis, exon skipping


INTRODUCTION

Cohen syndrome (CS) (OMIM 216550), initially described in three patients by Cohen et al., is an uncommon autosomal recessive neurodevelopmental disorder with more than 200 causative mutations in ~1,000 CS-affected individuals reported to date worldwide (1–3). CS can affect multiple organs and systems including the face, head, eyes, blood system, cardiovascular system, nervous system, and endocrine system (4). CS is relatively common among Finnish population in spite of the low prevalence worldwide (5). Apart from this, CS has also been reported in Indian, Jordanian, Chinese, Saudi, Tunisian, Iranian, German, Syrian, Lebanese, and Pakistani (6–14).

To date, clear phenotype–genotype correlations of CS have not been established yet. Although CS-affected individuals from outside Finland present with variable phenotypes (15), the typical clinical characteristics usually include intellectual disability, short stature, a cheerful disposition, retinal dystrophy, hypotonia, scoliosis, joint laxity, intermittent neutropenia, slender fingers, hyperlinear palms, midchildhood onset truncal obesity and craniofacial dysmorphisms such as microcephaly, thick hair, low hairline, short philtrum, wave-shaped eyes and prominent upper central incisors (1, 16, 17).

Vacuolar protein sorting 13 homolog B (VPS13B), also known as COH1, was identified to be the disease-causing gene for CS by Kolehmainen et al. (15) and since then, a large number of variants have been detected in CS patients. In addition, VPS13B is also responsible for autism spectrum disorders (ASDs) (18). VPS13B is localized on chromosome 8 (8q22.2) with 62 exons and encodes a 4022-amino acid transmembrane protein (14). The encoded protein is a Golgi-associated peripheral membrane protein that plays an important role in Golgi integrity and homeostasis, and membrane transport (17, 19), and it belongs to the VPS13 protein family, which are highly conserved in eukaryotic cells (20, 21). Loss-of-function mutations in other VPS13 family members such as VPS13A, VPS13C, and VPS13D could result in chorea-acanthocytosis (OMIM 200150), rapidly progressive, early-onset autosomal recessive Parkinson's disease (OMIM 616840) and spinocerebellar ataxia, recessive type 4 (OMIM 607317), respectively (22–24).

With the rapid development of high-throughput sequencing technology, next-generation sequencing (NGS) for molecular analysis has enabled patients with inconspicuous clinical symptoms to get timely and accurate diagnosis, which could contribute to improving the quality of life of the patients and facilitating genetic counseling. NGS technology has been routinely available in clinical practice and research due to significant advantages including high efficiency, low cost, and high accuracy (25). Furthermore, it is also worth noting that NGS technology as a powerful tool is increasingly widely used in the identification of pathogenic mutations of rare monogenic disorders and the discovery of novel causative genes of certain diseases.

In the present study, we investigated a pedgree with CS from Shandong province, China and identified a novel homozygous splicing mutation in the VPS13B gene by performing trio-based whole-exome sequencing (WES). In addition, we further determined that the intronic mutation could lead to aberrant mRNA splicing by reverse transcription analysis.



MATERIALS AND METHODS


Patient

The 4-year-old female proband (III1, Figure 1) was the first child of the family born at 40 weeks gestation with a birth weight of 2,600 g from non-consanguineous, healthy parents. There was no significant family history. Other family members including her younger brother (III2, Figure 1) did not show any obvious symptoms or signs. This study was approved by the Ethics Committee of the Affiliated Hospital of Qingdao University. Blood samples were collected from the proband and her family members after written informed consent was obtained from the parents.


[image: Figure 1]
FIGURE 1. Pedigree of the family with CS. The black arrow denotes the proband.




WES for Mutation Screening

The genomic DNA was isolated from peripheral blood leukocytes of the proband using a DNA extraction kit (TIANGEN, Beijing, China) following the manufacturer's protocol. The DNA was quantified with Nanodrop 2000. The qualified genomic DNA sample was randomly fragmented into 180–250 bp by Covaris S220 sonicator. DNA fragments were end repaired, A-tailed and ligated to adapters on both ends for the preparation of DNA libraries. Adapter-ligated libraries were enriched by polymerase chain reaction (PCR) amplification. A Agilent 64 M liquid phase chip capture system was used to efficiently enrich the whole-exome regions. Exome libraries were enriched in a PCR reaction followed by library quality assessment. Only qualified libraries were sequenced on Illumina NovaSeq platform for paired-end 150 bp reads. The target area coverage was 99.73%, the average sequencing depth was 189.58 × and the proportion of average depth of target area >20 × was 98.97%.



Sequencing Data Analysis

For raw data, filter reads with adapter contamination, reads with more than 10% of uncertain bases and low quality reads to obtain clean data. Burrows-Wheeler Aligner (BWA) software was used to compare clean reads with reference genome (GRCh37/hg19). Samtools and picard tool were utilized to sort the comparison results and mark duplicate reads, respectively. Single nucleotide polymorphisms (SNPs) and insertions or deletions (InDels) were determined by the Genome Analysis Toolkit (GATK) software. Subsequently, the SNPs and InDels were annotated by ANNOVAR. Remove synonymous variants and variants with minor allele frequency (MAF) > 1% in at least one of the three available frequency databases 1000 Genomes Project, Exome Aggregation Consortium (ExAC) and esp6500si_all. Finally, the pathogenicity of the variants were predicted by SIFT (https://sift.bii.a-star.edu.sg/), PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/), MutationTaster (http://www.mutationtaster.org/) and CADD (https://cadd.gs.washington.edu/score).



Sanger Sequencing Validation

The identified variant by WES analysis was confirmed by Sanger sequencing. The genomic DNA was extracted from peripheral blood samples of the proband, her parents, paternal grandparents and maternal grandparents with a DNA extraction kit (TIANGEN, Beijing, China). The partial DNA sequences involving the splicing mutation site were amplified by PCR using primers: forward (5′-TTAATGAGGAGGGAAATTTTGAAGTAC-3′) and reverse (5′-TGGGCAATCTTCAGTTTCATTATAAA-3′). PCR products were analyzed by 1% agarose gel electrophoresis and then were purified and sequenced on an ABI 3730 analyzer (Applied Biosystem). The obtained DNA sequences were compared with the reference sequence on National Center Biotechnology Information (NCBI) website to discover the mutation site.



mRNA Analysis by the Construction of Recombinant Plasmid

Total RNA was extracted from peripheral venous blood of the proband using a Blood RNA Extraction Kit (Takara) according to the manufacturer's instructions. cDNA was prepared from 2 μg total RNA using HiScript® II 1st Strand cDNA Synthesis Kit (+gDNA wiper) (Vazyme). PCR for amplification of the cDNA covering exons 37–41 and partial sequences of exons 36 and 42 of the VPS13B gene was performed with 2× TransStart® FastPfu PCR SuperMix (TransGen Biotech) following primers: forward (5′-CAAGAAAACATGTGGAGAGCTGTT-3′) and reverse (5′-CACTGTCGAAGATACATGTGTGGTT-3′). PCR product was identified by 1% agarose gel electrophoresis followed by the extraction of target cDNA with an agarose gel DNA recovery kit (Solarbio). Subsequently, the recovered PCR product was connected with pEASY®-Blunt E2 Expression Vector. The recombinant plasmid was confirmed by bidirectional sequencing with universal primers: forward (5′-TAATACGACTCACTATAGGG-3′) and reverse (5′-TAGTTATTGCTCAGCGGTGG-3′).




RESULTS


Clinical Phenotypes

On October 30, 2017, when the proband was 1 year and 3 months old, she was admitted to hospital because she was unable to stand or walk independently. Physical examination showed good eye contact, decreased muscle tone in all limbs, active patellar tendon reflex, ankle clonus (–), hyperextended knee and talipes valgus (Table 1). Preliminary diagnoses were growth retardation and hypotonia. She could speak “ba” and “ma” at the age of 2 years and was able to walk with an unsteady gait at age 3 years.


Table 1. Summary of clinical findings of the proband.

[image: Table 1]

She was readmitted to hospital due to growth and development retardation, and short stature on May 20, 2020 when she was 3.8 years old. Physical examination: weight 13.4 kg, length 94.7 cm (3rd−10th centile), normal stature, micrognathia, normal limbs and spine, left coherent palm, bipedal varus, unlimited joint movements, no edema in both lower limbs, decreased muscle strength and muscle tension of the limbs, normal bilateral patellar tendon reflexs and bilateral Babinski signs (–) (Figure 2; Table 1). Laboratory tests: neutrophil count 1.16 × 109/L (Reference value: 1.7–7.7 × 109/L), urine occult blood (±), urine leukocyte (±), cortisol 213.35 nmol/L (Reference value: 118.6–618 nmol/L), adrenocorticotropic hormone (ACTH) 18.00 pg/mL (Reference value: 0–46 pg/mL), free triiodothyronine (FT3) 5.36 pmol/L (Reference value: 3.5–6.5 pmol/L uIU/mL), free thyroxine (FT4) 13.92 pmol/L (Reference value: 11.5–22.7 pmol/L), thyroid stimulating hormone (TSH) 1.722 μIU/mL (Reference value: 0.64–6.27 uIU/mL), insulin-like growth factor 1 (IGF1) 116 μg/L (Reference value: 49–289 μg/L), 25-hydroxyvitamin D 14.31 ng/mL (Reference value: 20–100 μg/L), estradiol 26.66 pmol/L (Reference value: 22–99.1 pmol/L), luteinizing hormone <0.10 mIU/mL (Reference value: 0.2–1.4 mIU/mL), follicle-stimulating hormone 0.52 mIU/mL (Reference value: 0.2–3.8 mIU/mL). The measured growth hormone (GH) values were 0.16, 6.9, 3.0, and 0.16ng/mL, 2.4, 1.9, respectively, at 0, 60, and 90 min on the GH provocation test by oral clonidine and insulin injection with GH peak <10 ng/mL. Blood glucose levels were 5.6 mmol/L, 5.4 mmol/L, 5.5 mmol/L at 0, 60, and 90 min. Plain magnetic resonance imaging (MRI) scan of the pituitary showed no obvious abnormality. Orthotopic radiograph of the left hand revealed that the bone age was equivalent to about 3.5 years of age. No abnormalities were found in hepatobiliary, pancreatic and splenic ultrasound. Abdominal gynecologic ultrasound revealed uterus 15*4 cm, left ovary 11*5 cm, and right ovary 14*4cm.


[image: Figure 2]
FIGURE 2. Clinical features of the proband. (A) The proband presented with micrognathia, wave-shaped eyes, short philtrum, thick eyelashes and thick hair. (B) Left coherent palm with hyperlinearity. (C) Hyperlinear right palm.


The patient had a normal 46, XX chromosome karyotype and a normal arr (1–22, X)×2 chromosomal microarray. She suffered from intermittent neutropenia with data in different periods shown in Table 2. Furthermore, she exhibited mental retardation, wave-shaped eyes, short philtrum, thick hair, thick eyelashes, high myopia (OD −2.10DS −1.19DC*84, OS −3.18DS −2.90DC*74), hyperlinear palms (Figure 2; Table 1). Genetic testing on this proband was performed for further diagnosis.


Table 2. Neutrophil counts in different periods.
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Genetic Analysis

WES analysis revealed a novel homozygous splice-site VPS13B mutation (c.6940+1G>T, rs202046738) (NM_017890.5) in this proband (III1, Figures 1, 3A), which resulted in the first base of intron 38 changed from G to T. Several bioinformatics analysis tools were used to predict the deleteriousness of this splice donor site mutation. MaxEntScan (http://hollywood.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq.html) showed Maximum Entropy Model (MAXENT) 2.14, Maximum Dependence Decomposition Model (MDD) 7.37, First-order Markov Model (MM) 1.73, Weight Matrix Model (WMM) 2.53, with scores of 10.65, 15.88, 10.24, and 11.04, respectively, in wild type. Spliceman (http://fairbrother.biomed.brown.edu/spliceman/index.cgi) revealed a ranking of 59% and Alternative Splice Site Predictor (ASSP) (http://wangcomputing.com/assp/index.html) revealed a score of 5.600 (Donor site cutoff: 4.5). The pathogenicity of the splicing variant was classified as “likely pathogenic” (PVS+PM) according to the American College of Medical Genetics and Genomics (ACMG) guidelines (26) and the frequencies of this mutation were 0.019968% in 1,000 g2015aug_all, 0.01% in gnomAD_exome_EAS, 0.0008% in gnomAD_exome_ALL. Molecular analysis indicated that the homozygous variant was inherited from the unaffected parents (Figure 3B). Her maternal grandfather (I1, Figure 1) and paternal grandfather (I3, Figure 1) were heterozygotes for this variant (Figure 3B). However, the maternal grandmother (I2, Figure 1) and paternal grandmother (I4, Figure 1) did not carry the mutation (Figure 3C). In addition, the mutation site was not found in 100 unrelated healthy controls in Shandong, China, either (Figure 3C). Therefore, the homozygous genotype was co-segregated with the CS phenotypes in this family.


[image: Figure 3]
FIGURE 3. Partial sequence chromatograms of VPS13B. The red arrows represent the mutation site. (A) Homozygous c.6940+1G>T splice-site mutation. (B) Heterozygous c.6940+1G>T splice-site mutation. (C) Normal DNA sequence.




mRNA Analysis for the VPS13B Splicing Variant

cDNA sequence analysis confirmed that the c.6940+1G>T variant could result in aberrant splicing which caused the skipping of entire exon 38 and abnormal direct joining of exon 37 and exon 39 (Figure 4). The skipping of exon 38 led to loss of 208 nucleotides and further gave rise to the generation of a premature in-frame stop codon at code 2247. Presumably, the c.6940+1G>T variant in VPS13B is responsible for functional defect of the truncated protein.


[image: Figure 4]
FIGURE 4. Partial cDNA sequence chromatograms of VPS13B. The aberrant splicing resulted in the skipping of entire exon 38 and abnormal direct joining of exon 37 and exon 39, which further gave rise to the generation of a premature in-frame stop codon at code 2,247.





DISCUSSION

In this study, we identified a novel homozygous splicing VPS13B variant c.6940+1G>T in this proband by high-throughput sequencing analysis, which was inherited from both parents who were non-consanguineous. Furthermore, the mutation frequency was extremely low in different databases, we therefore speculated that the homozygous VPS13B variant in this proband may be explained by the founder effect. Although this mutation locus in heterozygous status has been described (27), we reported here a homozygous c.6940+1G>T mutation for the first time to our knowledge. In 2020, Lou et al. also described two CS sisters with heterozygous c.6940+1G>T variant and demonstrated that the splice donor site mutation could result in the entire skipping of exon 38, the clinical features slightly differed from those of our patient (2). The proband in our study also presented with coherent palm with hyperlinearity, which has only been reported in Chinese population to date. The c.6940+1G>T variant was evaluated as “likely pathogenic” according to the ACMG guideline classification. Genetic analysis showed that her maternal grandfather and paternal grandfather were heterozygous carriers for this mutation, while it was absent in the maternal grandmother and paternal grandmother as well as 100 unrelated, healthy individuals of Chinese origin. Co-segregation analysis suggested that this splice-site mutation was likely responsible for the CS phenotypes in this family. To determine the effect of this VPS13B splicing variant, total RNA isolated from venous blood sample was reverse transcribed for the construction of expression vector. Sanger sequencing analysis of the cDNA covering exons 36–42 of VPS13B showed that the homozygous c.6940+1G>T variant could cause the skipping of entire exon 38, which resulted in a premature stop codon producing a truncated VPS13B protein. The homozygous c.6940+1G>T variant in VPS13B was identified to be the cause of CS after comprehensive consideration of the clinical manifestations, genetic analysis and cDNA sequencing result.

As a rare autosomal recessive developmental disorder with a broad phenotypic spectrum, CS has been reported in different populations (28). It is characterized by stunted growth, intellectual disability, short philtrum, hypotonia, truncal obesity, overly sociable behavior, early onset and severe myopia, microcephaly, intermittent neutropenia (neutrophil count <1.5 × 109/L in children and <1.8 × 109/L in adults) (29, 30). The clinical features of the proband in our study were consistent with typical characteristics of CS. The early clinical diagnosis of CS remains challenging and the diagnostic criteria are controversial due to the overlapping features with other disorders and the clinical heterogeneity of CS. The incidence rate of CS may be higher than 1:105,000 because certain clinical symptoms are insignificant during early childhood, which results in CS patients not being diagnosed in a timely manner (31).

CS has been attributed to loss-of-function biallelic mutations in the VPS13B gene. Since the founder mutation c.3348_3349delCT was found in Finnish patients, more than 200 causative mutations have been reported so far in ~1,000 CS-affected individuals worldwide including non-sense, duplication, missense, splicing, insertion/deletion mutations (7, 15, 17). VPS13B maps to chromosome 8q22.2 and encodes six protein isoforms generated by alternative splicing (https://www.uniprot.org/). VPS13B is a transmembrane protein that is associated with vesicle-Mediated sorting, intracellular protein transport, Golgi glycosylation and morphology, and lysosomal–endosomal pathway maintenance (15, 32). VPS13B is widely expressed in brain, blood, small intestine, muscles, placenta, heart, retina, kidney and lung (13, 30).

Rejeb et al. described two cases affected by CS from a non-consanguineous family for the first time in the Tunisian population in 2017 with the clinical features of neutropenia, mental retardation, tapering fingers, thick hair eyebrows and lashes (13). Novel compound heterozygous VPS13B mutations c.3582delT/p.A1149fs and c.6295_6296delAT/p.M2124fs were found in the two siblings, which were inherited from the father and the mother, respectively. In 2007, Katzaki et al. identified a deletion variant c.11125delC/p.T3708 fsX61 and a non-sense variant c.11314C>T/p.Q3772X in a male Italian patient with CS who presented with truncal obesity with BMI of 32.2, severe intellectual disability, typical facial gestalt, retinopathy, myopia, joints hyper extensibility, neutropenia and tapering fingers (33). In 2006, six CS cases carrying the same homozygous c.4471G>T/p.Glu1491X in VPS13B were reported by Murphy and her colleagues. The patients manifested microcephaly, short philtrum, truncal obesity, developmental delay and prominent central incisors, which were consistent with typical phenotypes of CS (34).

CS is less frequent among Chinese population with only several cases reported to date. In 2019, two CS siblings from Chinese healthy, non-consanguineous parents exhibited mental retardation, speech delay, microcephaly, generalized joint hyper extensibility, hypotonia, thick hair, thick eyebrows, prominent upper central incisors, and hyperlinear palms (14). Hyperlinear palms is an additional phenotypic characteristic of CS only described in Chinese population and the clinical features of our patient have confirmed this. In addition, novel splicing maternal mutation c.3666+1G>T and novel non-sense paternal mutation c.9844A>T/p.K3282X in VPS13B were identified in the two siblings by performing WES.

In summary, we identified a novel homozygous splice-site mutation c.6940+1G>T in VPS13B by performing WES in a proband with CS. The effect of this splicing variant was confirmed by Sanger sequencing of the cDNA combined with in silico analysis that the aberrant splicing led to the skipping of entire exon 38. Family study has revealed that the VPS13B variant was co-segregated with the CS phenotypes in this family. Our research demonstrated the pathogenicity of this c.6940+1G>T mutation and made great contributions to the establishment of the genotype–phenotype correlations of CS.
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Aim: MEF2C haploinsufficiency syndrome (MCHS) is a severe neurodevelopmental disorder. We describe the clinical phenotypes and genotypes of seven patients with MCHS to enhance the understanding of clinical manifestations and genetic alterations associated with MCHS.

Method: Seven patients (6 females and 1 male, aged between 2 years 5 months and 6 years) who had MEF2C mutations, and their parents underwent trio-based whole-exome sequencing; subsequently, their clinical features were assessed. A literature review of patients with MCHS was performed by searching the PubMed and Online Mendelian Inheritance in Man databases.

Results: Seven mutations were identified, of which six were unreported in the past; of the reported cases, five patients had de novo mutations but two had an undefined inheritance pattern. All patients presented delays in developmental milestones, severe intellectual disabilities and lack of speech. Six patients exhibited infantile hypotonia, five patients experienced stereotypic movements and were unable to walk, four patients exhibited poor eye contact indicative of autism and two showed poor performance. While six patients experienced seizure, five among them became seizure free after receiving anti-seizure medicine. Three patients showed a regression in their development, whereas the mothers of two patients exhibited mosaicism but were healthy without any abovementioned symptoms.

Interpretation: Regression was not a common phenomenon but occurred in MCHS. The prognosis of MCHS patients with epilepsy was good, but most patients can achieve a seizure-free status. Healthy people may have low-level mosaicism and carry a pathogenic MEF2C mutation.

Keywords: MEF2C haploinsufficiency syndrome, trio-based whole-exome sequencing, regression, MOSAIC, MEF2C gene mutations


INTRODUCTION

Myocyte enhancer factor 2C (MEF2C) haploinsufficiency syndrome (MCHS) has been attributed to 5q14.3 microdeletions (MIM# 613443, developmental delay, stereotypic movements, epilepsy and/or cerebral malformations) (1) and was defined as any microdeletions of chromosome 5q14.3-5q15 that involved multiple genes (www.omim.org). After identifying similar clinical manifestations in patients with 5q14.3 microdeletion syndrome, the smallest common deletion regions were found to only contain the MEF2C gene (2). The MEF2C gene located in the 5q14.3 region is a member of the MEF2 transcription factor family; it regulates the number of excitatory synapses, dendrite morphology, and post-synaptic dendrite differentiation (3–5).

Haploinsufficiency of MEF2C was recognized as the pathogenic mechanism, in that patients with deletion, truncation, or missense mutation of this gene present with similar yet distinct phenotypes (6). To date, 23 patients have been reported to have pathogenic and likely pathogenic MEF2C variants or microdeletions without an involvement of other contiguous or distant genes (1, 6–14). Typical clinical characteristics include severe global developmental delay accompanied by absent speech, limited walking, seizures, and stereotypic movements (15). Here we have described a new cohort of seven patients with MEF2C point mutations, discussed their clinical features and reported six novel mutations as well as reviewed previous data of patients having pathogenic or likely pathogenic MEF2C variants or MEF2C microdeletions without the involvement of other contiguous or distant genes, which facilitated us to further clarify MCHS genotypes and phenotypes.



METHOD

Seven patients with confirmed MEF2C mutations who also had developmental delay, stereotypic movements or epilepsy were enrolled from the First Medical Center of PLA General Hospital, Fujian Provincial Hospital, and Children's Hospital of Shanxi. Detailed clinical information was collected including clinical manifestations, history of epilepsy, previous development status, family history, physical examination, treatments, and findings from electroencephalogram (EEG) and magnetic resonance imaging (MRI). Genomic DNA was extracted from peripheral blood leukocytes of the patients and their parents for trio-based whole-exome sequencing (Trio-WES). In accordance with the requirements of Research Ethics Board at First Medical Center of PLA General Hospital, informed consent was obtained from the patients' parents.

Trio-WES was performed for patients and their parents. One microgram of genomic DNA extracted from blood leukocytes was used for targeted exon enrichment on a NovaSeq 6000 instrument (Illumina, San Diego, CA, USA) according to the manufacturer's recommendations for paired-end 150-bp reads. Raw data were processed as previously described. Sequence Alignment/Map format files were aligned to a human genome reference sequence (GRCh38/hg18) using BWA (Burrows–Wheeler Aligner; v0.6.7), and potential duplicate paired-end reads were removed using Picard 1.109. Indel realignment and base quality score recalibration were performed using the Genome Analysis Toolkit (GATK; v3.3-0). Variants with a quality score of >30 and an alignment quality score of >20 were annotated with SeattleSeq SNP Annotation (http://snp.gs.washington.edu/ SeattleSeqAnnotation141/). Rare variants present at a frequency of >1% in dbSNP 138 and the NHLBI GO Exome Sequencing Project or those present in local exomes of unaffected individuals were excluded. Variant prioritization focused on de novo heterozygous mutations and compound heterozygotes or hemizygotes affecting the coding sequence (missense, non-sense, and splice-site variants and coding indels). Candidate variants were inspected with the Integrative Genomics Viewer (https://www.broadinstitute.org/igv/) and confirmed by performing Sanger sequencing. Sequence variants were numbered starting from the first base of the ATG codon based on the numbering pattern of reference sequences. Variants were named using the Alamut 2.6.1 software (Interactive Biosoftware, Rouen, France) by following the Human Genome Variation Society nomenclature. The variation was searched across the Human Gene Mutation Database (http://www.hgmd.cf.ac.uk/ac/index.php), Genome Aggregation Database (http://gnomad.broadinstitute.org/about), NCBI Clinvar (https://www.ncbi.nlm.nih.gov/clinvar/) and Gene4Denovo (http://www.genemed.tech/gene4denovo/). SIFT, Polyphen-2, CADD, M-CAP, FATHMM, MutationTaster, Mutation Assessor and dbscSNV were used to predict mutations. On the basis of the results obtained from the abovementioned experiments, the pathogenicity of these mutations was determined in accordance with the American College of Medical Genetics (ACMG) clinical variant interpretation guidelines.



RESULTS


Clinical Profiles

All the seven patients were born to unrelated Han Chinese parents through normal pregnancies.

Patient 1 is a 5-year-old girl, who was observed to have severe hypotonia in her infancy and developmental delay. She was incapable of lifting her head when she was 7-month-old as well as was incapable of sitting by herself and had trouble imitating speech or actions when she was 1-year-old. By the age of 14 months, she was found to lack the ability to maintain eye contact and displayed head-shaking, hand-clapping and hand-wringing as well as bruxism. While she exhibited purposeful hand use, she presented recurrent, febrile or non-febrile, generalized tonic-clonic seizures at the age of 18 months. After receiving treatment with Levetiracetam (LEV) at 20 months, she achieved seizure-free status at the age of 2 years. At the age of 18 months and 2 years, the findings of her EEG tests revealed spike-and-slow waves with bilateral temporal involvement. Her MRI findings at the age of 14 months indicated a widened subarachnoid space (Table 1).


Table 1. Clinical phenotype of patients with MEF2C gene mutation.
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Patient 2 is a female who is currently 5 years 9 months old. She exhibited a delay in achieving some developmental milestones, such as head lifting at 4 months, independent sitting at 1 year and independent walking at 2 years. She could say “baba,” or “mama” at the age of 1 year but exhibited regression in development with subsequent instances of only unconscious articulation. Nevertheless, she possessed non-verbal communication skills. Hand clapping was observed at 8 months. She displayed good eye contact as well as a purposeful hand use. She presented recurrent, febrile or non-febrile, generalized tonic-clonic seizures at 10 months; after being treated with LEV at the age of 15 months, she achieved a seizure-free status. Her seizure, which was characterized as a generalized tonic seizure without fever, relapsed at the age of 3 years and was treated with valproate (VPA) and LEV. She achieved a seizure-free status when she was 3.5 years old. EEG (15 months) findings revealed spike-and-slow waves with bilateral temporal and occipital involvement. MRI findings at the age of 10 months were normal (Table 1).

Patient 3 is a female who is currently 4 years 4 months old. She showed some signs of developmental delay, such as lifting her head at the age of 5 months, sitting independently at the age of 9 months, and walking at the age of 2 years; she also did not exhibit any non-verbal communication skills and could not imitate actions or babble. Poor eye contact was observed at the age of 8 months. Hand clapping and hand wringing were observed when she was 1 year 6 months old. She demonstrated purposeful hand use, and at the age of 8 months, she experienced recurrent, febrile or non-febrile, generalized tonic-clonic seizures. She presented with status epilepticus, which later became absence status epilepticus at the age of 3 years 2 months. At this time, she was started on LEV medication but showed no response to it; subsequently, VPA was added to the treatment strategy at the age of 3 years 6 months, and the patient finally achieved a seizure-free status at the age of 4 years. Her EEG tests at the age of 15 months demonstrated sharp-slow synthetical waves at the left central and left parietal-frontal regions. EEG showed generalized sharp-slow waves and MRI findings indicated delayed myelination in the periventricular area at the age of 3 years 2 months (Table 1).

Patient 4 is a female who is currently 2 years 10 months old. Developmental delay was observed with regard to lifting of her head only at the age of 7 months and the ability to sit independently only at the age of 1 year; she also did not have the ability to walk independently and did not display any non-verbal communication skills. Although she could say the words “baba” or “mama” at the age of 2 years, she displayed a regression in development and only showed signs of unconscious articulation subsequently. Poor eye contact, head shaking, hand clapping, hand wringing, and bruxism were observed at the age of 1 year 3 months. Purposeful hand use was presented and retained. She experienced recurrent, febrile or non-febrile, generalized tonic-clonic seizures at the age of 11 months. Dystonic seizure occurred at 14 months. LEV was administered at the age of 16 months and the patient achieved seizure-free status at the age of 2.5 years. Her EEG (15 months and 2.5 years) and MRI (3 year) findings revealed normal findings (Table 1).

Patient 5 is a female who is currently aged 6 years; she was observed to have severe hypotonia at infancy and exhibited developmental delay. She could lift her head at 4 months but has not been able to sit or walk independently; she also did not display any non-verbal communication skills and was unable to imitate or babble. Poor eye contact was observed at 5 months. She did not exhibit purposeful hand usage. She presented generalized tonic-clonic seizure at the age of 6 months, which was treated with VPA; the patient responded positively to this treatment at the age of 7 months. However, seizure, which was characterized as spasms and of the tonic-clonic type, recurred at 1 year and 7 months; adrenocorticotropic hormone was used to treat this did not produce a positive outcome. Subsequently, vigabatrin, LEV and VPA were used for treatment; this treatment had a positive effect, and the patient achieved seizure-free status at the age of 2 years 7 months. Her EEG test revealed spike-slow waves with bilateral occipital involvement at the age of 6 months and hypsarrhythmia at 2 years of age. MRI scans taken at the age of 2 years showed delayed myelination in the periventricular region (Table 1).

Patient 6 is a male who is currently 2 years 7 months old. He was observed to have severe hypotonia in his infancy and developmental delay. He was incapable of lifting his head at the age of 5 months but could sit independently at 9 months; however, he exhibited a regression in development and was unable to walk independently. He also did not show any non-verbal communication skills and was unable to imitate or babble. Poor eye contact, head shaking, hand clapping and hand wringing were observed at the age of 1 year and 6 months. The patient displayed purposeful hand usage. He also presented recurrent, febrile or non-febrile, generalized tonic-clonic seizures at the age of 9 months. Topiramate, VPA and LEV were used but none of them showed a positive effect; this treatment was withdrawn at the age of 2 years. At present, the patient's daily seizures have been characterized as myoclonic. EEG findings obtained at the age of 10 months revealed spike-slow waves with bilateral-central-frontal involvement. MRI scans taken at the age of 15 months showed developmental malformation of the corpus callosum (Table 1).

Patient 7 is a female who is currently 2 years 5 months old. She experienced severe hypotonia at infancy and was observed to have developmental delay. She was incapable of both lifting her head at the age of 7 months and sitting independently at the age of 2 years; she was also unable to walk independently, demonstrated no non-verbal communication skills, and was unable to imitate or babble. Poor eye contact as well as head-shaking and hand-clapping behavior were observed at the age of 1 year. She did not display purposeful hand usage. She did not experience seizure. EEG test conducted at the age of 2 years revealed 2–3 Hz sharp-slow waves at the left parietal-occipital region. MRI scans taken at the age of 14 months showed malformation of the corpus callosum, delayed myelination and leukomalacia in the periventricular region (Table 1).


Sequencing Analysis of Trio-WES Tests

Trio-WES revealed two ambiguously inherited (P1, c.9A>T, p.Arg3Ser, P1's mother, c.9A>T, mosaic, 10/119; P7, c.3G>A, p.Met1, P7's mother, c.9A>T, mosaic, 8/113) and five de novo [P2, c.78delT, p.Phe26Leufs*3; P3, c.833_834insTT, p.Leu278 Phefs*1; P4, c.55-2 (1VS2) A>G; P5, c.44G>C, p.Arg15Pro; P6, c.1A>G, p.Met1Val] heterozygous mutations in the MEF2C gene. All these mutations were searched across the databases mentioned in the section Methods; because P2 and P3 mutations lead to the formation of a truncated protein, the other five mutations were assessed using the mutation prediction tools mentioned previously. Subsequently, the clinical implications and considerations for evaluating in silico algorithms that can be used along with the clinical variant interpretation guidelines established by the American College of Medical Genetics were investigated; five mutations were classified as pathogenetic, two mutations were considered to be likely pathogenic (more details see Supplementary Table 1).





DISCUSSION

In cases where the gene is abnormally expressed owing to mutation or deletion and a lower level of protein is produced; therefore, insufficient material for maintaining normal cellular physiological functions leads to MCHS (1). Patients with MCHS often exhibit delayed developmental milestones, severe intellectual disabilities, limited or absent speech, seizures, hypotonia, limited walking abilities, and stereotypic movements (12).

All seven patients in our cohort presented delays in developmental milestones, severe intellectual disabilities, and absent speech. Six patients exhibited infantile hypotonia and five cases showed stereotypic movements; these symptoms were also common in the 23 patients reported previously (100, 100, 95.7, 78.2, and 73.9%) (1, 6–14). Four cases in our cohort had poor eye contact, indicative of autism, while two cases showed poor hand skills. Of the 23 patients in the previous study (1, 6–14), 18 were evaluated for autism-related manifestations and 13 of these patients reported autism-like manifestation; furthermore, 14 of the 23 patients were evaluated for hand function of whom 5 were reported to have poor hand skills. The results of our study are consistent with the proportion of these two manifestations reported in previous studies. Brain MRI scans revealed abnormalities in five cases, similar to those reported previously (12); however, the manifestations were varied and included delayed myelination, frontal subarachnoid space enlargement, and corpus callosum dysgenesis. Wang et al. (13) noted that MCHS was more common in females than in males, but the same pattern was observed in our cohort. It is worth noting that in our study, five patients were unable to work, which is significantly higher than the proportion reported in the literature. However, at present, we cannot comment on whether the children in our cohort may acquire the ability to work in the future.

Six patients experienced seizure, including five with onset at infancy, which was consistent with the proportion reported in previous studies; 18 patients of the 23 patients analyzed were found to experience seizures, and 12 of those patients showed onset when they were <1-year-old (8, 12). Febrile seizures were very common in our cohort (5/7); similarly, three out of five patients described by Wang et al. had febrile convulsions (13). Previous descriptions of seizure outcome in such patients are limited as only seven patients had described the response to antiseizure medicine (ASM). Six achieved seizure-free status, and one patient showed partial response (1, 8, 11, 13, 14). At present in our cohort, six patients received ASM and only one patient experienced refractory epilepsy. Seizures experienced by the other five patients were effectively controlled, including the case with infantile spasm, which is a severe form of epilepsy. Most patients with epilepsy and MCHS exhibited good responses to ASM and achieved a seizure-free status. There does not seem to be a significant difference between the choice of ASM and treatment outcome.

Regression has only been described in two patients with MCHS (1, 13). Contrary to the reports found in the literature, three patients (P2, P4, and P6) in our cohort also showed clinical regression. Zweier et al. concluded that the loss of MEF2C function in humans can significantly reduce the gene expressions levels of MeCP2 and CDKL5, and MEF2C mutations reduce synergistic reactivation of the E-box promoter of MeCP2 and CDKL5 (15). MeCP2 is the pathogenic gene responsible for Rett syndrome (16), and the stereotypical loss of motor and language skills and developmental delay encountered in autism were also observed in patients with Rett syndrome; this result overlaps with MCHS and causes some difficulties in MCHS diagnosis. However, delayed early life development may help distinguish between the two conditions.

Sixteen MEF2C point mutations were previously described (1, 7–9, 11–14). Seven patients in our cohort had MEF2C point mutations, including six novel mutations. Specifically, two variants (c.3G>A, p.Met1?; c.1A>G, p.Met1Val) affecting the translation initiation site had not been described in previous studies. On reviewing previous studies as well as our cohort, we found an interesting phenomenon: patients with intragenic deletions seemed more likely to be ambulatory than the patients with point mutations in MEF2C (6/7 vs. 9/23). This contradicts with the observations reported by Wang et al.; however, we need to investigate more cases to support our hypothesis. Variants affecting the translation initiation site have not yet been reported. Patients 6 and 7 in our study were affected by this type of point mutation, but they exhibited different clinical phenotypes. P6 showed persistent drug-resistant epilepsy and developmental regression, whereas P7 did not.

The human MEF2C protein consists of six core structural domains, including MADS (MCM1, agamous, deficiens, serum response factor), myocyte enhancer factor 2 (MEF2), HJURP-C (Holliday junction recognition protein C-terminal), transcriptional activation domain 1 (TAD1), transcriptional activation domain 2 (TAD2) and a nuclear localization signal (NLS). The MADS domain contains 56 amino acids, while the MEF2 domain spans amino acids 57–86. The HJURP-C domain consisting of 29 amino acids was adjacent to the MEF2 domain and followed by two transcriptional activation domains (TAD1 and TAD2), which are responsible for activating transcription. The NLS domain (nuclear localization signal) is located at the C-terminus of MEF2C, which controls nuclear translocation of the protein. The MADS and MEF2C domains mediate dimerization and DNA binding, and the other domains act as transcriptional activators (17). The reported mutation sites (including those in our study) do not have a specific distribution within the structural domains, and there are no obvious phenotypes indicating mutation sites in hot spots (Figure 1). Among our small cohort, there was no obvious correlation between clinical phenotype and mutation sites across different domains.


[image: Figure 1]
FIGURE 1. Sites of mutations in the MEF2C protein. Red and green indicate reported mutations and novel mutations detected in this study, respectively. C, C-terminus; N, N-terminus; MADS, MCM1, agamous, deficiens, serum response factor; MEF2, myocyte enhancer factor 2; HJURP-C, Holliday junction recognition protein C-terminal; NLS, nuclear location signal; TAD, transcriptional activation domain.


To date, only 30 patients with MEF2C point mutations, including the 7 cases described here, have been identified (1, 6, 7, 9, 11–14), which limited our ability to analyze correlations. There was no obvious genotype–phenotype correlation after classification, suggesting that more clinical cases are needed for conducting further analyses. All mutations reported in the published papers were de novo, and two of the seven patients (P1 and P7) in our cohort had mutations whose inheritance pattern remains unclear, with their mothers having low-level mosaicism (mother of P1: 10/119; mother of P7: 8/113). MCHS was previously considered to be an autosomal dominant disease, and healthy mosaicism has not yet been reported. To our knowledge, this is the first description of such a phenomenon, which leads us to speculate that a low-level mosaicism does not cause MCHS.

This was a small cohort study, so we cannot draw firm conclusions about the phenotypic–genotypic associations. Similarly, owing to technical reasons and the subjects' refusal to undergo further studies, we could not further analyze the genetic patterns of the two cases; however, we suspect that the patients inherited the mutated gene from the mother in both instances as their mothers carried the same mutation.



CONCLUSION

We described six novel MEF2C gene mutations. Although the clinical manifestations of MCHS are diverse, common features include global developmental delay, impaired language function, seizure, stereotyped behavior, infantile hypothermia, and abnormal brain MRI findings. Although regression was not a common phenomenon, it was reported to occur occasionally. Currently, it has been difficult to establish a clear genotype-phenotype relationship in MCHS, which should be the focus of future research. Although patients with MCHS often experience seizures during the early stages of their life, most patients eventually achieve a seizure-free status. People without any MCHS symptoms may also have low-level mosaicism and carry the pathogenic MEF2C mutation that can be passed on to their offspring.
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SATB2-associated syndrome (SAS) is an autosomal dominant neurogenetic multisystemic disorder. We describe two individuals with global developmental delay and hypotonia who underwent an extensive evaluation to rule out an underlying mitochondrial disorder before their eventual diagnosis of SAS. Although the strict application of the clinical mitochondrial disease score only led to the designation of “possible” mitochondrial disorder for these two individuals, other documented abnormalities included nonspecific neuroimaging findings on magnetic resonance imaging and magnetic resonance spectroscopy, decreased complex I activity on muscle biopsy for patient 2, and variation in the size and relative proportion of types of muscle fibers in the muscle biopsies that were aligned with mitochondrial diseases. SAS should be in the differential diagnoses of mitochondrial disorders, and broad-spectrum diagnostic tests such as exome sequencing need to be considered early in the evaluation process of undiagnosed neurodevelopmental disorders.

Keywords: SATB2, glass syndrome, mitochondrial disease, muscle biopsy, SATB2-Associated syndrome


INTRODUCTION

Mitochondrial diseases are a heterogeneous group of clinical disorders due to deficiency of the respiratory chain. While primary mitochondrial disease (PMD) refers to disorders whose underlying genetic cause directly impairs the composition or function of the electron respiratory chain, secondary mitochondrial dysfunction (SMD), by contrast, refers to any abnormal mitochondrial function other than PMD (Falk, 2010). A broad variety of disorders and pathologic processes can result in SMD including myopathies and muscular dystrophies, other genetic disorders, chromosomal abnormalities, neurodegenerative disorders, inborn errors of metabolism, and autism spectrum disorders (ASDs), among others (Falk, 2010; Niyazov et al., 2016; Frye, 2020).

Phenotypically, whether PMD or SMD, mitochondrial disorders are typically characterized by a broad clinical spectrum often involving multiple organs such as skeletal muscles, brain, heart, liver, kidney, or endocrine glands (Bianchi et al., 2003). With overlapping clinical phenotypes being caused by alterations in several different genes and mutations in the same mitochondrial disease gene leading to different phenotypes, the diagnosis of mitochondrial disease is often challenging. Most diagnostic algorithms include a combination of clinical, biochemical, neuroradiologic, and genetic data (Parikh et al., 2015; Witters et al., 2018).

SATB2-associated syndrome (SAS; Glass syndrome, OMIM 612313) is an autosomal dominant neurogenetic multisystemic disorder caused by variants in SATB2 at 2q33.1 (Zarate et al., 2019). Clinical features of SAS include developmental delay with severe speech delay, hypotonia, palate and dental abnormalities, behavioral difficulties, seizures, and skeletal anomalies (Zarate and Fish, 2017). Individuals with SAS are also often found to have nonspecific abnormalities on neuroimaging such as delayed myelination or abnormal white matter hyperintensities [T2/fluid-attenuated inversion recovery (FLAIR)] (Lewis et al., 2020). Here, we report two individuals with SAS who were extensively examined for a possible mitochondrial disorder before their molecular testing that confirmed an alteration in SATB2. Given the described overlapping clinical phenotypes between mitochondrial diseases and SAS, particularly early in life, we conclude that SAS should be considered in the differential diagnosis of individuals undergoing evaluation for mitochondrial dysfunction.



MATERIALS AND METHODS

Participants were recruited into the SAS clinical registry through a referral by a treating clinician, a facilitated inquiry by the testing laboratory, direct contact by a caregiver, or via the SAS support group. Individuals with a molecularly confirmed diagnosis of SAS were eligible for the study. Medical records including laboratory results were reviewed.


Molecular Investigations
 
Patient 1

Initially, targeted exome sequencing (ES) was performed using next-generation sequencing on the isolated DNA sample. The fragmentation and enrichment of the isolated DNA sample were performed according to the protocol Illumina TruSight One, with subsequent sequencing on Illumina MiSeq (Illumina Inc., San Diego, CA). After duplicates were removed, the alignment of reads to UCSC hg19 reference assembly was done using BWA algorithm (v0.6.3), and variant calling was done using GATK framework (v2.8). Proband whole ES was performed as previously described (Bergant et al., 2018). The pathogenic variant was confirmed by Sanger sequencing in the proband. Parental testing was performed on blood-derived DNA by Sanger sequencing. Reanalysis of the initial clinical ES data revealed that the SATB2 variant was missed because of low coverage. The analysis of the mitochondrial genome was performed using next-generation sequencing of the source DNA sample. Variant calling was performed using HaplotypeCaller in GATK v 2.8. The analysis of variants detected in the mitochondrial genome was performed using MITOMASTER tool [with Cambridge Reference Sequence (rCRS)] and MitoSeek.



Patient 2

Trio ES was performed according to standard procedures (Retterer et al., 2016). The entire mitochondrial genome was amplified and sequenced using solid-state sequencing by synthesis process. DNA sequence was assembled and analyzed in comparison to rCRS.




Biochemical and Histological Investigations

Muscle biopsies were processed by a standard battery of histological, histochemical, and immunohistochemical investigations (Dubowitz and Sewry, 2007). For both individuals, oxidative phosphorylation enzymology activities (complex I, II, III, and IV) were tested in a mitochondrial preparation that was immediately isolated from skeletal muscle with enzymatic activities normalized for citrate synthase activity (Bugiani et al., 2004). For patient 1, analysis for the expression of myosin heavy-chain isoforms with quantitative analysis of muscle fiber diameters and an immunohistochemical analysis for the expression of laminin α2 (antibodies reacting with fragments 80 and 300 kDa of laminin) was also conducted (Sewry, 2000).




CASE PRESENTATIONS


Patient 1 (SATB2-214)

The patient was born at 39 weeks' gestation with birth weight of 3.55 kg (66th centile), length of 53 cm (95th centile), and head circumference of 35 cm (66th centile). Prenatally, his mother received escitalopram during the first 8 weeks of gestation. Family history was significant for a maternal uncle with epilepsy. At 2 months, he was noted to have decreased eye contact, and an ophthalmology evaluation showed strabismus with horizontal nystagmus. At 8 months, he was noted to have hypotonia. He walked at 27 months, and by 36 months of age, he displayed global developmental delay and was receiving all therapies. He said his first word at 6 years of age. Psychological testing at 6 years 10 months of age (Bayley scales of infant development III) revealed cognitive development equal to age appropriate achievements of 23 months.

At 8 months, his initial metabolic laboratories were largely unremarkable (Table 1). Brain magnetic resonance imaging (MRI) at 14 months showed patchy areas of higher intensity signal on T2 and FLAIR sequences in the deep white matter bilaterally. Magnetic resonance spectroscopy (MRS) showed various regions with high choline with normal N-acetylaspartate (NAA)/creatinine ratio. At 21 months of age, muscle biopsy revealed no morphological abnormalities of the mitochondria and normal respiratory enzyme activity (Supplementary Figure 1). Morphometry showed slight hypotrophy of both types 1 and 2 myofibers, but normal variability coefficients of muscle fiber diameters. Repeat brain MRI at 49 months showed abnormal high signal in the deep white matter temporally, parietally, and occipitally (Figures 1A,B) with a largely unremarkable MRS (reported as subtle peak of lipids and α-glutamate, Figure 1C). At 4 years of age, targeted ES was normal. Sequencing of the mitochondrial genome from muscle- and blood-derived DNA was normal. At 7 years, whole ES revealed a pathogenic variant in SATB2 (NM_001172509.1), c.1165C>T, and p.(Arg389Cys). The variant was not found in DNA derived from parental lymphocytes.


Table 1. Clinical characteristics of two individuals with SATB2-associated syndrome.
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FIGURE 1. Brain MRI/MRS from patient 1 (A–C) and patient 2 (D–F). (A) Axial FLAIR sequence at the level of the lateral ventricle and centrum semiovale at 4 years of age showing bilateral symmetric areas of amorphous hyperintensity (curved arrows) within the periventricular white matter. Notice the hyperintensity is seen extending up to the ventricular margin (arrowhead). (B) Apparent diffusion coefficient map of the brain through the lateral ventricles showing areas of hyperintensity suggestive of facilitated diffusion (absent diffusion restriction/curved arrows). (C) Single-voxel MRI spectroscopy with the voxel placed over the white matter showed slightly elevated lipid peak (arrow). (D–F) Axial FLAIR and axial T2 images through the centrum semiovale and ventricles performed at 1, 2, and 4 years of age, respectively. Arrows indicate bilateral periventricular white matter thinning and hyperintensity, predominantly in the periatrial region.




Patient 2 (SATB2-79)

This individual was previously reported as part of a large cohort study with no detailed clinical information provided (Zarate et al., 2019). He was born at 36 weeks' gestation weighing 2.94 kg (70th centile) and 53.3 cm long (98th centile). Pregnancy was complicated by preterm labor at 28 weeks of age, and family history was noncontributory. He had a significant delay in his motor milestones, sitting by 11 months and walking at 21 months. Speech delay was noticeable during the second year of life but with little progression over time. From early infancy, he was a poor feeder and was diagnosed with failure to thrive necessitating a gastrostomy feeding tube (G-tube), which was placed at 2 years of age. He had a single febrile seizure at 3 years of age. Starting in childhood, the patient exhibited behavioral problems including self-stimulatory behaviors, hoarding, and other obsessive–compulsive behaviors. He was diagnosed with ASD. On his most recent evaluation at 19 years of age, he had severe intellectual disability and intermittent aggressive behaviors. Dysmorphic features included widely spaced incisors, retrognathia, a high-arched palate, bilateral fifth finger clinodactyly, and a left-sided supernumerary nipple. His parents reported limited oral intake, and most nutrition was obtained from G-tube feedings. At 21 years of age, treatment with antipsychotic medication was initiated for aggressive behavior.

The patient underwent an extensive genetic and metabolic evaluation during childhood (Table 1). Brain MRI scans obtained during childhood showed delayed myelination with increased T2 signal in the periatrial white matter, mild ventricular dilation, and anterior thinning of the corpus callosum (Figures 1D–F). MRS showed a slight decrease in NAA. The patient had a quadriceps muscle biopsy at 4 years 10 months of age, which showed occasional atrophic-appearing type I myofibers (Figure 2A) and occasional neural cell adhesion molecule (NCAM)–positive muscle fibers (Figure 2B). Oxidative phosphorylation enzymology revealed decreased complex I activity, decreased complex I + III activity, and decreased complex II + III activity. Individual testing of complex III and IV showed normal activity. Based on these results, he was diagnosed with oxidative phosphorylation disease with complex I defect. He was treated with various vitamin supplements including coenzyme Q10 and levocarnitine for a few years with no significant improvements noted. Genetic testing at 19 years of age included a normal single-nucleotide polymorphism array, normal transferrin electrophoresis, and normal Angelman/Prader-Willi syndrome methylation testing. Clinical trio-ES revealed a de novo pathogenic variant in SATB2 (NM_015265.3):c.1515delT, p.(Phe505Leufs*41). No pathogenic variants were identified in the blood- or muscle-derived mitochondrial DNA. Hearing evaluation, ophthalmologic examination, echocardiogram, and electroencephalogram were normal.


[image: Figure 2]
FIGURE 2. Patient 2 muscle biopsy. ATPase reaction at pH 4.3 shows a few, but not all, type 1 myofibers to be atrophic (arrows) without angulated contours. Neural cell adhesion molecule (NCAM) is weakly positive in a rare myofiber (chevron) without evidence of myopathic or neurogenic changes.





DISCUSSION AND CONCLUSION

Mitochondrial diseases with respiratory chain dysfunction are characterized by a broad phenotype. While skeletal muscles and brain are the most commonly affected tissues, other organs and tissues such as heart, liver, kidney, and endocrine glands may also be involved (Falk, 2010). Clinical manifestations can include hypotonia, gross and/or fine motor delay, seizures, growth retardation, and behavioral difficulties in the autism-spectrum range that may present at any age (Witters et al., 2018). Similarly, SAS can present with any of these overlapping neurodevelopmental features early in life (Zarate et al., 2018). Indeed, according to a recent review of the SAS phenotype, besides the universal presence of developmental delay, hypotonia, growth retardation, and seizures are present in 59, 31, and 20% of individuals, respectively (Zarate et al., 2019). We here describe two unrelated individuals with SAS who, because of the clinical phenotypic overlap, were investigated for a presumed mitochondrial disease before their final diagnosis was made. Patient 1 had the most commonly reported single-nucleotide variant in SAS (Arg389Cys), whereas patient 2 had a unique truncating variant (Phe505Leufs*41). In retrospect, both cases had an overall phenotype that was consistent with SAS. To our knowledge, this is the first report of individuals with SAS that describes detailed muscle histology and enzymology, as well as brain MRS.

The strict application of the mitochondrial disease score (clinical, metabolic, and imaging) led to the designation of “possible” mitochondrial disorder (Witters et al., 2018) for the individuals described in this report. While one individual had documented abnormal respiratory chain complex activity, the other had nonspecific abnormalities with no clear evidence of mitochondrial disease. Some overlapping phenotypic features with mitochondrial disorders are worth mentioning. First, on neuroimaging, as seen in the two individuals from this report, individuals with SAS have nonspecific abnormalities such as delayed myelination (62%) or abnormal white matter hyperintensities (T2/FLAIR) (48%) (Lewis et al., 2020). In mitochondrial disorders, signal abnormalities and hyperintensities are often seen but tend to be bilateral, symmetrical, and with predominant involvement of the basal ganglia and brainstem (Falk, 2010; de Beaurepaire et al., 2018). Second, while neither of the individuals described in this report had a lactate peak, patient 2 did have a slight decrease in NAA on MRS. The most common metabolic brain abnormalities identified in mitochondrial diseases on MRS include a variable decrease in NAA and accumulation of lactate in brain (Bianchi et al., 2003). Third, muscle respiratory chain studies for patient 2 revealed decreased complex I activity. Isolated deficiency of complex I is the most commonly identified biochemical defect in childhood-onset mitochondrial disease (Fassone and Rahman, 2012). Lastly, variation in the size and relative proportion of the type of muscle fibers (along with NCAM expression), as seen in the muscle biopsies of the individuals described here, have been reported in patients with various mitochondrial respiratory chain dysfunctions (Enns et al., 2005).

Accounting for ~0.3% of individuals with unexplained developmental delay/intellectual disability, pathogenic variants in SATB2 are one of the most common causes of syndromic intellectual disability (Deciphering Developmental Disorders, 2017; Zarate et al., 2017). Mitochondrial diseases, on the other hand, are the most frequent neurometabolic disease with an estimated incidence of ~1/5,000 births (Witters et al., 2018). Therefore, it is possible that an individual with SAS could also have a mitochondrial disease. For the two individuals here described, pathogenic variants in mitochondrial (from muscle and blood) or nuclear (from blood) encoded respiratory chain proteins were ruled out. The subtle phenotypic overlap including the abnormal respiratory chain finding in patient 2 could be an indication of an SMD. It is known that individuals with nonsyndromic ASD or with genetic disorders associated with ASD but not classically associated with mitochondrial disease (such as Down syndrome, Rett syndrome, or Phelan-McDermid syndrome) can have mitochondrial dysfunction and respond to mitochondrial interventions (Niyazov et al., 2016; Frye, 2020). The lack of documented improvement to such treatment in patient 2 could be reflective of the well-known variable response to these interventions, the predominant SAS phenotype, or the absence of a mitochondrial dysfunction amenable to correction.

In summary, we present two individuals with SAS with early-onset neurodevelopmental phenotypes. In addition to some overlapping signs and symptoms also seen in mitochondrial diseases, both individuals had nonspecific findings on neuroimaging and muscle histology that are sometimes seen in mitochondrial disorders. While both individuals were only in the “possible” mitochondrial disorder category, other more distinctive findings such as lactate abnormalities on plasma, cerebrospinal fluid, or MRS could have been missed because of episodic nature of those findings. The possibility of an SMD in SAS would need a larger cohort of individuals evaluated systematically who would undergo dedicated testing to be confirmed. In the interim, we propose that SAS should be in the differential diagnoses of mitochondrial disorders, and broad-spectrum diagnostic tests such as ES should be considered early in the evaluation process of undiagnosed neurodevelopmental disorders.
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N-Methyl-D-aspartate receptors (NMDARs) are highly expressed in brain and play important roles in neurodevelopment and various neuropathologic conditions. Here, we describe a new phenotype in an individual associated with a novel de novo deleterious variant in GRIN1 (c.1595C>A, p.Pro532His). The clinical phenotype is characterized with developmental encephalopathy, striking stimulus-sensitive myoclonus, and frontal lobe and frontal white matter hypoplasia, with no apparent seizures detected. NMDARs that contained the P532H within the glycine-binding domain of GluN1 with either the GluN2A or GluN2B subunits were evaluated for changes in their pharmacological and biophysical properties, which surprisingly revealed only modest changes in glycine potency but a significant decrease in glutamate potency, an increase in sensitivity to endogenous zinc inhibition, a decrease in response to maximally effective concentrations of agonists, a shortened synaptic-like response time course, a decreased channel open probability, and a reduced receptor cell surface expression. Molecule dynamics simulations suggested that the variant can lead to additional interactions across the dimer interface in the agonist-binding domains, resulting in a more open GluN2 agonist-binding domain cleft, which was also confirmed by single-molecule fluorescence resonance energy transfer measurements. Based on the functional deficits identified, several positive modulators were evaluated to explore potential rescue pharmacology.

Keywords: NMDAR, GluN1, channelopathy, intellectual disability, movement disorder, positive modulators, molecular dynamics, translational study


INTRODUCTION

N-Methyl-D-aspartate receptors are ligand-gated ionotropic glutamatergic receptors that mediate excitatory synaptic transmission in the central nervous system and play an important role in brain development. NMDARs are a multimeric complex of two GluN1 subunits (encoded by the GRIN1 gene) and two GluN2 subunits (encoded by GRIN2A-D) (Traynelis et al., 2010; Hansen et al., 2021). GluN1 is expressed in virtually all brain regions throughout development (Akazawa et al., 1994). All NMDAR GluN subunits share a similar architecture that includes an extracellular amino terminal domain (NTD, also known as ATD), a bi-lobed extracellular agonist binding domain (ABD), a transmembrane domain (TMD containing M1, M2, M3, and M4), and an intracellular carboxyl terminal domain (CTD). Activation of NMDARs requires both glycine binding to the GluN1 subunit and glutamate binding to the GluN2 subunit. NMDARs play critical roles in normal brain function, such as neural development, synaptic plasticity, learning, memory, and motor function.

N-Methyl-D-aspartate receptors have been implicated in various neurological disorders including Parkinson’s, Alzheimer’s, Huntington’s diseases, as well as in epilepsy and schizophrenia (Traynelis et al., 2010; Paoletti et al., 2013; Hansen et al., 2021). Furthermore, genetic variation in the genes (GRIN) encoding the GluN subunits have been associated with a wide range of neurologic and neuropsychiatric disorders (Burnashev and Szepetowski, 2015; Yuan et al., 2015; Hu et al., 2016; XiangWei et al., 2018; Myers et al., 2019; Camp and Yuan, 2020). In addition, heterozygous pathogenic variants in the GRIN1 gene have been identified in patients with autosomal dominant encephalopathy, seizures, microcephaly, movement disorders, and severe intellectual disability (Hamdan et al., 2011; Tarabeux et al., 2011; Epi4K Consortium et al., 2013; Iossifov et al., 2014; Redin et al., 2014; Farwell et al., 2015; Ohba et al., 2015; Zhu et al., 2015; Bosch et al., 2016; Halvardson et al., 2016; Helbig et al., 2016; Lelieveld et al., 2016; Lemke et al., 2016; Retterer et al., 2016; Vanderver et al., 2016; Chen et al., 2017a; Rossi et al., 2017; Zehavi et al., 2017; Fry et al., 2018; Li et al., 2019).

Here, we describe the clinical phenotype of a patient with a novel de novo GRIN1 variant, evaluate the functional and structural influence of the variant, and explore potential rescue pharmacology to rectify the altered function. We show that this GluN1 variant produces changes in GluN2 conformation and function that result in a loss of function. These actions likely reflect the location of Pro532 at the interface of the GluN1 and GluN2 ABDs as confirmed by MD simulations and single-molecule fluorescence resonance energy transfer (smFRET) measurements.



MATERIALS AND METHODS


Ethics, Consent, and Permissions

Written informed consent was obtained from the parent of the patient reported. This study was approved by the Medical Ethics Committee and the Institutional Review Boards of Seattle Children’s Hospital, University of Washington (IRB: #13291). All clinical data of this study were analyzed anonymously. All functional studies were performed according to the guidelines of Emory University and The University of Texas Health Science Center.



Patient and Diagnostic Workup

We evaluated a female patient with a new clinical phenotype with a novel de novo deleterious variant in GRIN1 (c.1595C>A, p.Pro532His), who is from a large Caucasian family. A three generation pedigree was taken including proband and two full siblings of proband, biological parents and six uncles and aunts, four grandparents and nine grand uncles and aunts, and eight great grandparents. Her parents are nonconsanguineous. One younger sister and three brothers are healthy. One of her brothers has healthy children. There is a distant maternal relative with Down syndrome who died. There is a maternal family history of hemochromatosis. The patient’s father is 44 years old and in good health. He is 6 ft 1 in. tall. He has a healthy brother and sister, and his brother has a daughter with some hearing loss and minor anomalies but otherwise normal cognitive function. A brother of her father died in infancy of unknown cause. Clinical data was collected via electronic medical record review. Diagnostic workup, including karyotype, a chromosome microarray, metabolic testing (plasma amino and urine organic acids, serum lactate, serum pyruvate, oligosaccharides, acylcarnitine profile, and glycosylation), and a skin biopsy study for electron microscopy, were performed. Trio-whole exome sequencing (proband and biological parents) was performed at GeneDx. The Web resource gnomAD was used to search for GRIN1gene variants.



Molecular Biology and Xenopus laevis Oocyte Injections

We utilized cDNA for wild-type human NMDA receptor GluN1-1a (hereafter GluN1; NCBI NM_007327/NP_015566), GluN2A (NCBI NM_000833/NP_000824), and GluN2B (NCBI NM_000834/NP_000825) subunits subcloned into the plasmid vector pCI-neo (Promega, Madison, WI, United States). The mutant GluN1 cDNA was generated by site-directed mutagenesis using the QuikChange protocol (Stratagene, La Jolla, CA, United States) and cRNA was synthesized in vitro from a linearized cDNA template according to manufacturer instructions (mMessage mMachine; Ambion, Austin, TX, United States) (Chen et al., 2017b). Xenopus laevis oocytes were prepared (XiangWei et al., 2019) from commercially available ovaries (Xenopus One Inc., Dexter, MI, United States); 5–10 ng of total cRNA in 50 nl of RNase-free water was injected into each oocyte using a microinjector (Drummond Nanoject II) with a ratio of 1:2 for GluN1:GluN2. Injected oocytes were stored at 15–17°C in Barth’s solution as previously described (Chen et al., 2017b).



Two-Electrode Voltage-Clamp Current Recordings From Xenopus Oocytes

Two-electrode voltage-clamp (TEVC) recordings from Xenopus oocytes were performed as previously described (Chen et al., 2017b). The recording solution contained 90 mM NaCl, 1 mM KCl, 10 mM HEPES, 0.5 mM BaCl2, and 0.01 mM EDTA (23°C, pH 7.4 unless otherwise stated). The membrane potential was held at −40 or −60 mV. The amplitudes at each agonist concentration were fitted with

[image: image]

where EC50 is the concentration that produces a half maximal response, [agonist] is the concentration of glutamate, glycine, or other agonists, and N is the Hill slope. Concentration–response curves were recorded for NMDAR current response as activated by maximally effective concentrations of glutamate and glycine, with coapplication of variable concentrations of negative allosteric modulators Mg2+ or Zn2+ (Zn2+ buffered with tricine) (Traynelis et al., 1998). The current response amplitudes were fitted with:
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where minimum is the residual response in saturating concentration of the negative modulator (Mg2+ or Zn2+), IC50 is the concentration of the modulator that produces a half-maximal inhibition, and N is the Hill slope.

The channel open probability (POPEN) was calculated from the degree of potentiation produced when maximally effective glutamate and glycine are coapplied with 200 μM MTSEA (Toronto Research Chemicals) (Yuan et al., 2005) according to
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where γ is the channel chord conductance for GluN1/GluN2A before and after MTSEA modification (Yuan et al., 2005) and potentiation is the ratio of current after MTSEA to that observed before MTSEA.

All recording solutions for 24(S)-hydroxycholesterol, pregnenolone sulfate, and tobramycin were supplemented with 0.02% cremophor.



Whole-Cell Voltage-Clamp Current Recordings From Mammalian Cells

HEK293 cells (ATCC CRL-1573) were transiently cotransfected as previously described (Chen et al., 2017b) with plasmid cDNAs encoding wild-type human GluN1/GluN2A/GFP, GluN1/GluN2B/GFP, or the variant GluN1-P532H/GluN2A/GFP, or GluN1-P532H/GluN2B/GFP. The ratio of transfected cDNAs was 1:1:5 when co-expressed with GluN2A and 1:1:1 when co-expressed with GluN2B. Following an 18–24-h transfection, whole-cell voltage-clamp current recordings were made (Chen et al., 2017b; Ogden et al., 2017) with an extracellular solution containing 150 mM NaCl, 3 mM KCl, 10 mM HEPES, 0.01 mM EDTA, 0.5 mM CaCl2, and 11 mM D-mannitol, with the pH adjusted to 7.4 by addition of NaOH (23°C). The recording electrodes were filled with an internal solution that contained 110 mM D-gluconic acid, 110 mM CsOH, 30 mM CsCl, 5 mM HEPES, 4 mM NaCl, 0.5 mM CaCl2, 2 mM MgCl2, 5 mM BAPTA, 2 mM Na-ATP, and 0.3 mM Na-GTP adjusted to pH 7.35 with CsOH; the osmolality was adjusted to 300–310 mOsmol kg–1 using CsCl or water. The current responses to external application of glutamate (1,000 μM) and glycine (1 to 100 μM) were recorded using an Axopatch 200B patch-clamp amplifier (Molecular Devices) with the holding potential of −60 mV. The current responses were filtered at 8 kHz (−3 dB, 8 pole Bessel filter, frequency devices) and digitized at 20 kHz using a Digidata 1440A and Axon Instruments software (Molecular Devices, Sunnyvale, CA, United States).



Beta-Lactamase (β-Lactamase) Reporter Assay From Mammalian Cells

HEK293 cells were plated in 96-well plates and transiently transfected with cDNA encoding WT β-lactamase (β-lac)-GluN1 or β-lac-GluN1-P532H with either WT GluN2A or WT GluN2B using Fugene6 (Promega) (Swanger et al., 2016). The background absorbance was determined by the cells treated with Fugene6 only. A negative control for surface β-lac activity was determined in cells that were not transfected with GluN2A and GluN2B cDNA. Eight wells were transfected for each condition, and the levels of surface and total β-lactamase were measured in four wells each. After 24 h transfection, the cells were washed with Hank’s balanced salt solution (HBSS) supplemented with 10 mM HEPES, and then 100 μl of a 100-μM nitrocefin (Millipore, Burlington, MA, United States) solution in HBSS with HEPES was added to each well to allow the measurement of surface activity (Swanger et al., 2016). In separate wells, the cells were lysed by a 30-min incubation in 50 μl H2O prior to the addition of 50 μl of 200 μM nitrocefin to determine total activity. The absorbance was read on a microplate reader (SpectraMax M2) at 486 nm once every minute for 30 min (30°C). The rate of increase in absorbance was determined from the slope of the linear regression.



MD Simulation Methods

The dimer structure of GluN1/GluN2A bound to glycine and glutamate (PBD ID 5H8Q) was taken from the Protein Data Bank for MD simulation. Two simulation systems (wild-type and P532H variant) were prepared. The PSFGEN module of the Visual Molecular Dynamics Simulation software (VMD) was used for building missing residues and hydrogen atoms to the protein structure followed by protein solvation and ionization (Humphrey et al., 1996; Gullingsrud et al., 2006). First, the protein was placed in the water box of size 97 × 90 × 105 Å, with around 24,372 TIP3P water molecules and six chloride ions for charge neutralization (Humphrey et al., 1996; Gullingsrud et al., 2006). Total atoms in the simulation box ranged from 82,006 to 82,009. Each system was subjected to conjugate gradient energy minimization for 5,000 steps by applying restraint force of spring constant 4 kcal/mol/Å2 on the heavy atoms of protein and on the residues interacting with the ligands glutamate and glycine. The system was then equilibrated for 5 ns using 1 fs time step and gradually the restraint force constant was decreased to zero. Following system equilibration, 300 ns production was performed using 2 fs time step under constant NTP ensemble. NTP ensemble refers to constant number of particles (N), constant pressure of 1 bar controlled by Nose-Hoover Langevin piston and constant temperature at 310 K controlled by the Langevin thermostat. Particle mesh Ewald (PME) (York et al., 1993) method was applied for calculating long-range electrostatic interactions and SHAKE restraint was used on covalent bonds involving hydrogen atoms. Smooth switching of small-range nonbonded interaction was done between 10 and 12 Å with pair list cut-off updates on 14 Å. NAMD 2.12 (Phillips et al., 2005) program was used for performing the simulation. CHARMM36 force field (Best et al., 2012), with cMAP dihedral correction was used for the protein. The CHARMM general force field (CGENFF) was used for ligands (Vanommeslaeghe et al., 2010). Simulations were submitted at Stampede2 cluster of Texas Advancing Computing Center (TACC). MD trajectories were analyzed using TCL scripts, VMD software and python Matplotlib (Hunter, 2007).



smFRET Methods

Cysteine-light constructs of human GluN1 wild type, GluN1-P532H variant, and GluN2 were generated by mutating nondisulphide-bonded extracellular cysteines (Cys15, Cys22 in GluN1 and Cys231, Cys399, and Cys460 in GluN2) to serines, and cysteines were introduced at positions 502 and 701 in the GluN2A cysteine-light construct to measure conformational changes across ABD of GluN2. All the mutations were confirmed by Sanger sequencing (Genewiz). HEK293 cells were transiently cotransfected with the plasmids harboring cDNAs encoding GluN1/GluN2A (1:3; 10 μg of total cDNA per 10 cm dish) or the variant GluN1-P532H/GluN2A with the FRET mutations mentioned above. Transfections were performed the day before the smFRET experiment using JetPRIME transfection reagent (polyplus). On the day of experiment, i.e., 24 h post-transfection, the cells were labeled with donor and acceptor fluorophore and the sample was prepared as described previously (Dolino et al., 2017; Litwin et al., 2019; Durham et al., 2020).

For smFRET slide preparation, we used the same protocol as described previously (Durham et al., 2020). To selectively pull down the NMDA receptors onto the slide, we used biotinylated anti-mouse antibody bound to the streptavidin-coated slide followed by anti-NMDAR1 antibody (ab64572, Abcam). After antibody treatment, the slide was treated with bovine serum albumin and then with lysate of HEK293 cells expressing the modified NMDA FRET construct. The slide was then flushed with oxygen scavenging buffer containing (3.3% (w/w) glucose, 3 units/ml pyranose oxidase, 0.001% (w/w) catalase, 1 mM ascorbic acid, and 1 mM methyl viologen, in 1× imaging buffer (Durham et al., 2020), containing 1 mM glutamate and 1 mM glycine. smFRET data was acquired using a custom-built Pico-Quant MicroTime 200 Fluorescence Lifetime Microscope (Picoquant). Pulsed interleaved excitation was used and donor excitation was at 532 nm (LDH-D-TA-530) and acceptor at 637 nm (LDH-D-C-640, Picoquant). SPAD photodiodes (SPCM CD3516H; Excelitas Technologies) were used to detect the photons emitted from the sample and emission filters [550 nm (FF01-582/64; AHF) and 650 nm (2XH690/70; AHF)] were also used. For data analysis, we used molecules showing single acceptor and donor photobleaching step in addition to anticorrelation between acceptor and donor to ensure that the data was from a single-molecule showing FRET. FRET efficiencies were calculated using donor and acceptor intensities using the Forster equation (detailed description provided in Cooper et al., 2015; Litwin et al., 2019; Durham et al., 2020). Numbers of conformational states were estimated using step transition and state identification (STaSI).



Assessment of Synaptic and Nonsynaptic Charge Transfer

The relative change in synaptic and non-synaptic charge transfer was evaluated as a ratio to the WT receptors by the following equations (Swanger et al., 2016; Li et al., 2019):
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where [glutamate] is 1 × 10–3 M for RGLU, Synaptic and 1 × 10–7 M for RGLU, Non–synaptic, [glycine] is 3 × 10–6 M, and N is the Hill slope. tw is the weighted constant for deactivation time course, P is the channel open probability, Surf is cell surface protein levels, Mg is percentage inhibition by 1 mM Mg2+ (VHOLD −60 mV), RGLY and RGLU are relative response to a given concentration of glutamate or glycine. The τw, P, Surf, and Mg for the variant were calculated as a ratio to the WT receptors.

All data are given as mean with the 95% confidence intervals. Statistical significance was set to p < 0.05 and assessed by an unpaired Student’s t-test. The number of independent experiments was represented by n. Samples sizes were determined a priori from power analysis for an effect size of 1–2 (Gpower) and were 6–17 to ensure at least 0.8 power with α = 0.05. All compounds and agents were purchased from Sigma-Aldrich (St. Louis, MO, United States) unless stated otherwise.



RESULTS


Clinical Phenotypes

The patient was born at full term by C-section due to breech presentation with maternal age of 26 years and paternal age of 34 years. The pregnancy was complicated by decreased fetal movement at 6 months of gestation. Parents are nonconsanguineous Caucasian. Birth weight was 7 lbs, and length was 20 in. Birth occipital frontal circumference (OFC) was not available but was 52.7 cm at the age of 10 years (65 percentile). There is no family history of developmental impairment in the three-generation pedigree. The patient had some tongue thrusting at birth but was able to breast feed, fix, and follow. She had head lag which was noted when she was 3 months old. However, by the age of 3 months, the patient lost these previously acquired skills, developed difficulties with feeding, increased irritability in infancy, and required G-tube placement at the age of 4 years. She could hold her head up at age 12 years in sitting position. Her weight ranged from 25% to 32% from age 3 months to 4 years, then increased after the G-tube placement to 50% from age 6 to 8 years, then gradually decreased to less than 3% at the age of 13 years. Her height ranged from 50% to 80% from age 3 months to 8 years, then gradually drop to less than 3% by the age of 13 years.

The patient had severe gastroesophageal reflux and scoliosis, as well as progressive contractures, mostly of her legs. She has mild to moderate equinus contractures of the feet. Knee contractures were at 45° to 90°. Her gross motor function was classified as (GMFCS) V. She has a left thoracolumbar scoliosis at 80° from T8 to L4. The patient had spasticity in all extremities. The patient has not had confirmed seizures. EEG at the age of 5 years showed diffuse slowing. The ophthalmological evaluation at 3 months of age showed normal visual evoked potential and normal dilated fundi examination. The patient has profound developmental delay and intellectual disability. She is nonverbal, does not make eye contact, and has no sign or other forms of language. She has remained non-mobile and her gross motor function classification system (GMFCS) Level V. She is G-tube dependent at the age of 16–18 years. The patient has marked brachycephaly, midface (maxillary) hypoplasia, and mildly protuberant ears. The patient has low normal muscle bulk and mildly increased tone in the arms and moderate to severe increased tone in the legs. The patient has very frequent stimulus-sensitive myoclonic jerks. The patient did not have a muscle biopsy. The EEG monitoring captured the myoclonus with no EEG correlation, suggesting subcortical origin. Brain MRI at 3 months and about 5 years of age showed enlarged extra axial space, best seen over the frontal lobes with some mildly enlarged sulci (Figure 1A). Her corpus callosum was mildly thin. The brainstem, cerebellum, and posterior fossa appeared normal, and there was no polymicrogyria detected (Figure 1A).
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FIGURE 1. Patient and variant information. (A) Brain MRI (left panel: coronal T2; right panel: sagittal T1) at 5 years old showed thin corpus callosum, diffuse volume loss, enlarged lateral and third ventricles, and enlarged extra axial space, best seen over the frontal lobes with mild enlarged sulci. The brainstem, cerebellum, and posterior fossa appeared normal (right panel). (B) Pedigree and genotypes of a de novo GRIN1 (NM_007327) variant c.1595C>A (p.Pro532His). (C–E) The variation is located in the agonist-binding domain S1 highlighted in RED in a space-filled homology model of human GluN1/GluN2B receptor (Li et al., 2016; Chen et al., 2017b) built from the rat GluN1/GluN2B crystallographic data (PDB: 4PE5) (Karakas and Furukawa, 2014; Lee et al., 2014). (C) Schematic topology of a GluN1 subunit, where the position of the Pro532His is marked with a box and expanded below. NTD (also known as ATD) denotes the amino terminal domain, S1 and S2 interact to form the agonist-binding domain (ABD), M1–4 are the transmembrane domains, and CTD is the carboxyl terminal domain. (D) The proline residue at position 532 is highly conserved across vertebrate species and all GluN2 subunits. (E) The location in the agonist-binding domain S1 is expanded to show the position of the proline (in green) and variant histidine (in red). The left panel provides a side view, and the right panel provides a top view.




Diagnostic Workup

Karyotype and a chromosome microarray were normal. Metabolic testing was normal, including plasma amino and urine organic acids, serum lactate, serum pyruvate, oligosaccharides, acylcarnitine profile, and glycosylation. The patient had a skin biopsy study for electron microscopy with normal results. The whole-exome sequencing was performed by GeneDx, which identified a de novo, heterozygous variant p.Pro532His, c.1595C>A, in exon 11 in the GRIN1 gene (NM_007327) (Figure 1B). The GluN1-P532H variant has not been reported previously. This variant was interpreted as likely pathogenic by GeneDx. The variant was not observed in healthy populations in the gnomAD database1 (evaluated on March 3, 2021) and in about 6,400 individuals of European and African American ancestry in the NHLBI Exome Sequencing Project.



Pharmacological Properties of GluN1-P532H Receptor Complex

The residue Pro532 is located in the S1 region of the ABD (Figures 1C–E), which harbors the binding pocket for the coagonist glycine. This proline is conserved in GluN1 through all vertebral species and across all human GluN2 subunits (Figure 1D), suggesting a potential important role in channel function. NMDAR complexes with wild-type (WT) GluN1 subunit or variant GluN1-Pro532His were coexpressed with either wild-type GluN2A or GluN2B subunits. The electrophysiological properties of these receptor complexes were compared by determining the potency of endogenous agonists and modulators. Since the residue at which this missense variation occurred is located in the GluN1 ABD, which fully encodes the glycine-binding pocket, we first assessed the effects on glycine potency. The concentration of agonist that produces a half-maximal current response (EC50) was determined by measuring the response to a range of glycine concentrations coapplied with a maximally effective concentration of glutamate (1,000 μM) onto NMDARs expressed in oocyte using TEVC (VHOLD: −40 mV). The GluN1-P532H receptors showed only minimal effects on glycine potency, with an EC50 value for GluN1-P532H/GluN2A of 2.0 μM compared with 1.8 μM for WT GluN1/GluN2A. The EC50 value for GluN1-P532H/GluN2B was 0.34 μM, slightly lower than 0.45 μM found for WT GluN1/GluN2B (Figures 2A,B and Table 1), indicating this variant may have a modest effect on glycine potency. We subsequently evaluated glutamate potency on GluN1-P532H-containing NMDARs in the presence of maximally effective concentration of glycine (100 μM). Unexpectedly, GluN1-P532H-containing receptors significantly decreased glutamate potency, increasing EC50 values by 16-fold for GluN1-P532H/GluN2A (EC50: 105 μM) compared with GluN1/GluN2A (6.4 μM) and 43-fold for GluN1-P532H/GluN2B (EC50: 82 μM) compared with WT GluN1/GluN2B) (1.9 μM; p < 0.01, unpaired t-test; Figures 2C,D and Table 1). These data suggest that activation of variant receptors requires higher concentrations of glutamate.
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FIGURE 2. Effects of GluN1-P532H variant on agonist potency and sensitivity to negative endogenous modulators. (A–D) Composite concentration–response curves determined by TEVC recordings from Xenopus oocytes are shown for WT GluN1 or GluN1-P532H coexpressed with GluN2A (left panels) or GluN2B (right panels). Glycine (in the presence of 1,000 μM glutamate; A,B) and glutamate (in the presence of 100 μM glycine; C,D) concentration-effect curves showed that the GluN1-P532H variant has reduced glutamate potency (increased EC50 values; see Table 1) with a mild or no change in glycine potency. (E,F) Concentration–response curves for WT GluN1 and GluN1-P532H coexpressed with GluN2A (E) and GluN2B (F) receptors at a holding potential of –60 mV revealed no change in inhibition by extracellular Mg2+. (G) Composite inhibitory concentration–response curves for Zn2+ at a holding potential of –20 mV showed enhanced inhibition by Zn2+ (decreased IC50 values, see Table 1). (H) Percentage of current at pH 6.8 compared with pH 7.6 in the GluN1-P532H/GluN2A receptors (left panel) and GluN1-P532H/GluN2B receptors (right panel) indicated the variant has no effect on proton sensitivity.



TABLE 1. Summary of functional properties of GluN1-P532H-containing receptors.
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It is well known that NMDAR function can be regulated by a set of endogenous negative allosteric modulators, including Mg2+, protons, and Zn2+ (Traynelis et al., 2010). We therefore evaluated the effects of GluN1-P532H on the sensitivity of the NMDAR to these modulators. The concentration–response curves for Mg2+ inhibition at −60 mV showed a comparable potency for GluN1-P532H/GluN2A with an IC50 value of 22 μM compared with 19 μM of WT GluN1/GluN2A. The IC50 value for GluN1-P532H/GluN2B was 35 μM, which was similar to 38 μM for WT GluN1/GluN2B (p = 0.99 and 0.88, unpaired t-test; Figures 2E,F and Table 1). Determination of the concentration–response relationship of Zn2+ revealed a modest increase in Zn2+ sensitivity in GluN1-P532H/GluN2A by almost twofold, with IC50 values decreasing from 8.5 nM for WT GluN1/GluN2A to 4.1 nM for GluN1-P532H/GluN2A (p < 0.05, unpaired t-test; Figure 2G and Table 1). The GluN1-P532H receptor showed no change in proton sensitivity, assessed by comparison of NMDAR-mediated current amplitude recorded at pH 6.8 with that recorded at pH 7.6 when coexpressed with either GluN2A or GluN2B (Figure 2H and Table 1).

Taken together, these data suggested that GluN1-P532H may reduce excitatory drive as a result of the decreased activation of glutamate (reduced potency) and the enhanced inhibition by endogenous zinc. They also reveal the unexpected effect of a variant located in the GluN1 glycine-binding domain on glutamate EC50, the binding site for which resides in the GluN2 subunit.



Biophysical Properties and Cell Expression of GluN1-Pro532His Receptor Complex

The deactivation response time course following rapid removal of agonist (e.g., glutamate) from NMDARs has been proposed to determine the time-course of the NMDAR component of the excitatory postsynaptic current (EPSC) (Lester et al., 1990). To evaluate the influence of GluN1-P532H on the deactivation time course, we measured the current response time course following glutamate removal using a rapid solution exchange system. Current responses to prolonged application of glutamate (1.5 s, 1,000 μM) were recorded under whole-cell voltage clamp from transiently transfected HEK293 cells expressing WT GluN1/GluN2A, GluN1-P532H/GluN2A, WT GluN1/GluN2B, or GluN1-P532H/GluN2B. GluN1-P532H significantly decreased glutamate deactivation time course, which could be described by two exponential components with a weighted time constant (τw) of 26 ms for GluN1-P532H/GluN2A compared with 66 ms for WT GluN1/GluN2A. Weighted time constant for deactivation was 37 ms for GluN1-P532H compared with 821 ms for WT GluN1/GluN2B (p < 0.01, unpaired t-test; Figures 3A,B left panels and Table 1). To mimic synaptic events, we also recorded the current response time course while briefly moving the transfected HEK cell into the agonist solution for 5 ms (brief application). Similar to the prolonged (1.5 s) application of glutamate, GluN1-P532H/GluN2A had a faster deactivation time course with a τW of 18 ms compared with 61 ms for WT GluN1/GluN2A. Similarly, GluN1-P532H/GluN2B had a faster deactivation time course with τW of 28 ms compared with 704 ms for WT GluN1/GluN2B (Figures 3A,B right panels). These data suggest that the variant GluN1-P532H-containing NMDARs have a faster deactivation response time course, and therefore will likely produce brief synaptic currents.
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FIGURE 3. Effects of GluN1-P532H variant on receptor biophysical properties and cell surface trafficking. (A,B) The current response was obtained from whole cell voltage clamp recordings at a holding potential of –60 mV from HEK293 cells that were transiently transfected with GluN1-P532H/GluN2A (A) or GluN1-P532H/GluN2B (B). The current amplitude generated by a prolonged application (1.5 s; left panels) and a brief application (5 ms; right panels) of 1,000 μM glutamate in the presence of 100 μM glycine was normalized to that for wild-type receptors to compare response time course, and indicated a shortened synaptic-like response time course for variant NMDARs. (C) The current response generated from HEK cells that were transfected with WT GluN1/GluN2A (left panel) and GluN1-P532H/GluN2A (right panel) by a prolonged application (1.5 s) of two concentrations of glycine (1 μM in gray; 30 μM in black) in the presence of 1,000 μM glutamate was normalized to compare response time course and desensitization. (D) The channel open probability was evaluated by measuring the degree of MTSEA (200 μM; closed bar) potentiation using TEVC recordings from Xenopus oocytes expressing the WT GluN1 (black) or the variant GluN1-P532H (gray) coexpressed with GluN2A-A650C at a holding potential of –40 mV and activated by 1,000 μM glutamate and 100 μM of glycine (GG, open bar). The GluN1-P532H-containing receptors showed an increased potentiation compared with the WT, reflecting a reduced channel open probability (see Table 1). (E) Representative plots of nitrocefin absorbance (optical density, OD) as a function of time are shown for HEK293 cells expressing WT β-lac-GluN1 or β-lac-GluN1-P532H coexpressed with GluN2A. (F) The slopes of OD versus time course in minutes were averaged (n = 5–7 independent experiments) and presented as percentages of WT for the ratio of surface/total. Data are expressed as mean ± SEM and were analyzed by unpaired Student’s t-test (*p < 0.05, compared with the corresponding WT surface/total ratio).


There is a negative allosteric coupling between glycine and glutamate binding such that when glutamate first binds to the receptor, there is a decrease in affinity for glycine. If glycine is present at subsaturating levels, glutamate binding can produce a slowly decreasing current because glycine unbinds as the system relaxes to a new equilibrium. This glycine-dependent relaxation in current has been referred to as glycine-dependent desensitization (Mayer et al., 1989; Benveniste et al., 1990). To evaluate whether the variant influences glycine-dependent desensitization, we recorded current responses to prolonged application of two concentrations of glycine (1 and 30 μM; 1.5 s) in the presence of 1,000 μM glutamate under whole-cell voltage clamp from HEK cells transfected with WT GluN1/GluN2A and GluN1-P532H/GluN2A. GluN1-P532H variant-containing NMDA receptors showed a diminished desensitization to high concentration of glycine (p < 0.01, unpaired t-test; Figure 3C and Table 1), while the fast component to desensitization in a subsaturating concentration of glycine appears to be retained in the variant receptors. These data suggest that GluN1-P532H does not eliminate glycine-dependent desensitization.

To assess the effects of the GluN1-P532H variant on single-channel open probability, we measured the degree by which covalent modification of an M3 residue by MTSEA potentiates NMDARs with a cysteine mutation in GluN2A M3 SYTANLAAF gating region (GluN2A-A650C); covalent modification by MTSEA of this residue locks the channels open (Jones et al., 2002; Yuan et al., 2005). We calculated the channel open probability based on the degree of MTSEA potentiation of the NMDAR response to maximally effective agonists (1,000 μM glutamate and 100 μM glycine) in TEVC oocytes recordings (VHOLD: −40 mV; Figure 3D). The MTSEA-mediated current increase is reciprocally related to the channel open probability prior to MTSEA application (see the section “Materials and Methods”). These MTSEA-derived estimations indicated that channel open probability for GluN1-P532H/GluN2A decreased by 2.6-fold from 0.26 (n = 41) for WT GluN1/GluN2A to 0.11 (n = 34) (p < 0.01, unpaired t-test; Figure 3D and Table 1).

To evaluate whether the variant influences receptor cell surface expression, we measured the cell surface protein level and total protein level using a reporter assay in which β-lac was fused to the extracellular NTD of WT GluN1 (β-lac-GluN1) and the variant (β-lac-GluN1-P532H). The β-lac-GluN1 fusion protein was coexpressed with WT GluN2A or WT GluN2B in HEK293 cells. The level of surface receptor expression was determined by the β-lac cleavage of the cell-impermeable chromogenic substrate nitrocefin in the extracellular solution (Lam et al., 2013; Swanger et al., 2016). When coexpressed with WT GluN2A or WT GluN2B, the GluN1-P532H variant showed a significant decrease of surface-to-total protein level, compared with WT GluN1 receptors (GluN1-P532H/GluN2A: 64% of WT, GluN1-P532H/GluN2B: 67% of WT; p < 0.05; Figures 3E,F and Table 1). However, the variant when coexpressed with GluN2B showed a tendency to have higher total protein levels (total: 193% of WT; p = 0.06; Figure 3F and Table 1). These data suggest that the GluN1-P532H variant has a significant influence on surface expression. This may involve alterations in receptor assembly, as have been noted for mutations at other interdomain GluN1 residues (Farina et al., 2011).

To evaluate the net impact of GluN1-P532H variant on receptor function, we estimated the functional consequence of all measured changes of multiple parameters that resulted from this variant on synaptic and nonsynaptic charge transfer to wild-type receptors (Swanger et al., 2016; Li et al., 2019). This calculation indicated that the GluN1-P532H variant reduces synaptic and nonsynaptic charge transfer by 4.5- and 250-fold, respectively (Table 1). Overall, these data suggested that GluN1-P532H is a LoF variant and may induce NMDAR hypofunction as a result of a shortened synaptic response time course, a decreased channel open probability, and a reduced receptor cell surface expression levels.



Effects of GluN1-P532H Variant on Agonist-Binding Domain Cleft Distance

To investigate the structural effects of GluN1-P532H mutation, we performed MD simulation using the structure of the dimeric glycine and glutamate-binding domains of human NMDA (GluN1/GluN2A) receptor (PDB ID 5H8Q) (Figure 4A). Snap shots of the wild-type and mutant protein structure in the MD simulation trajectories are shown in Figure 4B. The structures show that the histidine in the mutant protein at site 532 in GluN1 is within 2.6 Å of the hydroxyl group of threonine 748 on the lower lobe of GluN2A. Consistent with the interaction across the dimer, there is a motion of the lower lobe of GluN2A ABD toward the GluN1 ABD and an opening of GluN2 ABD cleft as seen in the distance between the Cα atoms of sites Q503 and M701 (Figure 4C). No significant changes are observed in the glycine-binding cleft between wild-type and GluN1-P532H mutant, as seen in the Cα atom distance between sites Ser507 and Thr701 (Figure 4D). The changes in the ABD clefts are consistent with the functional measurements that show reduced glutamate potency but only slight changes in the glycine potency between the mutant and wild-type GluN1/GluN2A receptors.
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FIGURE 4. Effects of GluN1-P532H variant on agonist-binding domain cleft distance. (A) Agonist-binding domain (ABD) dimer, GluN1 (green) and GluN2A (rose), used for MD simulation showing sites for measuring distances. (B) Structures from MD trajectory taken from 150 to 300 ns of simulations for wild-type (green) and GluN1-P532H variant (blue). Each frame in the figure represents the conformation of every 7.5 ns simulation time. (C,D) Histogram of distance measurement between the Cα atoms of sites Gln503 and Met701 in GluN2A (C) and Ser507 and Thr701 in GluN1 (D), as seen in the MD simulation. (E,F) Normalized cumulative single-molecule FRET efficiency histograms depicting changes across the cleft (between sites 503 and 731) of glutamate-binding domain of GluN2A subunit in wild-type (E) and GluN1-P532H (F) bound to glutamate and glycine. The FRET efficiency states estimated by Gaussian fitting are listed and are shown in FRET efficiency traces in Supplementary Figures 1–5.


To confirm the results from the MD simulations showing a more open GluN2 glutamate-binding domain cleft in the GluN1-P532H mutant, we investigated the distance across the ABD cleft in the GluN2 subunit using smFRET. Figures 4E,F depicts the normalized cumulative histograms generated from efficiency traces of 25–30 molecules for the wild-type and GluN1-P532H bound to glutamate and glycine. Concatenated FRET efficiency traces showing the population of the different FRET states shown in the smFRET histograms are provided in the Supplementary Figures 1–5. The smFRET histograms show a shift in the population to lower FRET states in the GluN1-P532H mutant as compared with wild-type receptor. The low FRET states correspond to longer distances across the agonist-binding cleft, and hence more open cleft states, confirming the MD simulations. The more open cleft state is consistent with the decrease in glutamate potency observed in receptors containing the GluN1-P532H mutant relative to the wild-type protein.



Positive Allosteric Modulators Enhance Response of GluN1-Pro532His NMDARs

We tested whether the NMDAR hypofunction caused by GluN1-P532H variants can be rectified by a set of positive allosteric modulators (PAMs) and coagonists (Tang et al., 2020). 24(S)-Hydroxycholesterol [24(S)HC], an endogenous cholesterol metabolite in the brain, can enhance the current response of NMDARs (Linsenbardt et al., 2014; Wilding et al., 2016). Pregnenolone sulfate (PS) can enhance neuronal NMDAR with selectivity for GluN2A- and GluN2B (Wu et al., 1991; Ceccon et al., 2001; Malayev et al., 2002; Horak et al., 2004). Tobramycin, an aminoglycoside antibiotic, can selectively potentiate GluN2B-containing NMDAR function (Swanger et al., 2016). Figures 5A–C shows that all three PAMs significantly potentiate the current response to maximally effective agonists (1 mM glutamate and 100 μM glycine) for both wild-type and GluN1-P532H-containing NMDARs (Table 2). We evaluated the potentiation by these three PAMs over a range of holding potentials (−90 to 40 mV) in the absence of extracellular Mg2+. Figures 5D,E shows the current-voltage relationships for NMDAR current responses to a maximally effective concentration of agonists coapplied with the indicated concentrations of each PAMs. We observed similar potentiating effects for coapplication of these PAMs for NMDARs that contained either WT or GluN1-P532H at both negative and positive holding potentials (Figures 5D,E and Table 2). In addition, three coagonists at glycine site, D-serine, L-serine, and D-cycloserine, were evaluated. These three coagonists showed a similar potency for WT and variant GluN1-P532H-containing NMDARs, with the exception of L-serine at GluN1-P532H/GluN2B (Figures 5F–H and Table 2). This result suggests that these PAMs and coagonists might enhance the current response caused by the LoF variant.
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FIGURE 5. Effects of positive allosteric modulators on loss-of-function GluN1-P532H variant. (A–C) Representative traces of current recordings using two electrode voltage clamp (TEVC) recordings (VHOLD: –40 mV) from Xenopus oocytes showing effects of 10 μM 24(S)-hydroxycholesterol [24(S)HC], 100 μM pregnenolone sulfate (PS), and 300 μM tobramycin on WT GluN1(upper panels) and GluN1-P532H variant (lower panels) when coexpressed with GluN2A or GluN2B. G/G: 1,000 μM glutamate/100 μM glycine. (D,E) Current-voltage relationships for WT GluN1 (left panels) and GluN1-P532H variant (right panels) when coexpressed with GluN2A are shown for the current response to maximally effective concentrations of the agonists (Glu/Gly: 1,000 μM glutamate and 100 μM glycine; open circle) and in the agonists supplemented with 10 μM 24(S)-hydroxycholesterol (filled circle; D) and 100 μM pregnenolone sulfate (PS) (filled circle; E). Data are the mean ± SEM. All data points were normalized to the current response by agonists (Glu/Gly) at –90 mV. The measured voltage at –60 and +30 mV is given in Table 2. (F–H) Concentration–response curves for coagonists D-serine (F), L-serine (G), and D-cycloserine (H) on WT and GluN1-P532H variant when coexpressed with GluN2A (upper panels) or GluN2B (lower panels) in the presence of 1 mM glutamate were determined from TEVC (VHOLD: –40 mV).



TABLE 2. Summary of rescue pharmacology.
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DISCUSSION

In this study, we report one patient who presented with early onset severe encephalopathy, and striking stimulus-induced myoclonus due to a de novo pathogenic variant in the GRIN1 gene. Recent studies have reported over 20 patients and 26 pathogenic variants in the GRIN1 gene (Hamdan et al., 2011; Tarabeux et al., 2011; Epi4K Consortium et al., 2013; Iossifov et al., 2014; Redin et al., 2014; Farwell et al., 2015; Ohba et al., 2015; Zhu et al., 2015; Bosch et al., 2016; Halvardson et al., 2016; Helbig et al., 2016; Lelieveld et al., 2016; Lemke et al., 2016; Retterer et al., 2016; Vanderver et al., 2016; Chen et al., 2017a; Rossi et al., 2017; Zehavi et al., 2017; Fry et al., 2018; Li et al., 2019). Phenotypes associated with de novo GRIN1 pathogenic variants include severe early onset psychomotor delay in all reported patients and epilepsies in up to 70% of these patients (Hansen et al., 2021). Dyskinetic movement disorders were reported in some of the patients including chorea, dystonia, oculogyric crisis, and nonspecific stereotypic movements (Lemke et al., 2016). Fry et al. (2018) recently reported de novo pathogenic variants in the GRIN1 gene in 11 patients with extensive bilateral polymicrogyria. The patient described here has striking stimulus-induced myoclonus, which was not previously reported. Brain MRI in this patient showed mild volume loss with enlarged extra axial space, best seen over the frontal lobes, mildly enlarged sulci, and thinned corpus callosum, which is similar with some reported cases with GRIN1 variants (Lemke et al., 2016). This patient has de novo GRIN1 missense variant (c.1595C>A, p.Pro532His) that changes a proline residue at 532, which is conserved through all vertebrate species and across all other GluN subunits. Furthermore, this position is also invariant in the healthy population for GRIN1, GRIN2A, and GRIN2B, indicating it plays a potentially important role in channel function. This analysis is consistent with the functional variation likely being deleterious. The Pro residue at which the variant is located is in the ABD for glycine in the GluN1 subunit. Surprisingly, instead of altering the glycine potency, our functional evaluation indicated that NMDARs containing GluN1-P532H showed a significant and marked decrease in glutamate potency, even though the glutamate-binding pocket resides in the GluN2 subunit.

The ABD is formed by two discontinuous protein segments (S1 and S2), which together form an upper (D1) and a lower (D2) lobe of a bilobed clamshell-like domain (Traynelis et al., 2010). The GluN1 and GluN2 ABDs form a heterodimeric complex in full-length proteins, and multiple crystallographic studies have identified interactions between the GluN1-glycine-binding domain and GluN2-glutamate-binding domain. There are three sites of interaction (Furukawa et al., 2005), several of which appear to play a role in controlling the rate of receptor deactivation. Interestingly, the residue Pro532 is located in Site-II (Furukawa et al., 2005), suggesting the variant-induced reduction in glutamate potency may be mediated by the heterodimer interaction between GluN1 and GluN2 subunits. MD simulations performed on the mutant protein showed that the mutation leads to histidine on GluN1 residing within hydrogen bonding distance with Thr748 on lower lobe of GluN2 and an opening of the GluN2 ABD cleft. This opening was also confirmed by smFRET measurements. Consistent with the stabilization of a more open glutamate-binding domain cleft, activation of the variant receptors requires 15-fold higher concentrations of glutamate when coexpressed with GluN2A and 43-fold higher concentrations of glutamate when coexpressed with GluN2B. In addition, the variant-containing NMDAR complexes also showed an increase in sensitivity to endogenous Zn2+ inhibition (more inhibition), a reduction of current responses to maximally effective concentrations of coagonists, a decreased channel open probability, a shortened synaptic-like response time course, and a reduced cell surface expression levels, suggesting a shortened time course of the NMDAR component of the EPSC at synapses that utilize GluN1/GluN2A or GluN1/GluN2B. Therefore, GluN1-P532H is a LoF variant and may underlie certain features of the patient’s clinical phenotypes, raising the possibility that mitigation of the functional deficits by a set of NMDAR-positive allosteric modulators might rescue the variant’s consequences.

In summary, our study suggests that the novel de novo GRIN1 variant (Pro532His) decreases NMDAR function and is associated with profound psychomotor impairment and striking stimulus-induced myoclonus without epilepsy. Evaluation of positive allosteric modulators raises the possibility to use these compounds as a strategy to partially rectify some functional deficits of the LoF variant, which might be clinically beneficial.
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Interstitial deletions on the long arm of chromosome 12 (12q deletions) are rare, and are associated with intellectual disability, developmental delay, failure to thrive and congenital anomalies. The precise genotype-phenotype correlations of different deletions has not been completely resolved. Ascertaining individuals with overlapping deletions and complex phenotypes may help to identify causative genes and improve understanding of 12q deletion syndromes. We here describe two individuals with non-overlapping 12q14 deletions encountered at our clinical genetics outpatient clinic and perform a review of all previously published interstitial 12q deletions to further delineate genotype-phenotype correlations. Both individuals presented with a neurodevelopmental disorder with various degrees of intellectual disability, failure to thrive and dysmorphic features. Previously, larger deletions overlapping large parts of the deletions encountered in both individuals have been described. Whereas, individual 1 seems to fit into the previously described phenotypic spectrum of the 12q14 microdeletion syndrome, individual 2 displays more severe neurological symptoms, which are likely caused by haploinsufficiency of the BAF complex member SMARCC2, which is included in the deletion. We furthermore perform a review of all previously published interstitial 12q deletions which we found to cluster amongst 5 regions on chromosome 12, to further delineate genotype-phenotype correlations, and we discuss likely disease relevant genes for each of these deletion clusters. Together, this expands knowledge on deletions on chromosome 12q which might facilitate patient counseling. Also, it illustrates that re-analysis of previously described microdeletions syndromes in the next generation sequencing era can be useful to delineate genotype-phenotype correlations and identify disease relevant genes in individuals with neurodevelopmental disorders.
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INTRODUCTION

Interstitial deletions of chromosome 12q are rare, often de novo occuring, chromosome abnormalities. Various studies described phenotypes of different 12q deletions, including developmental delay, intellectual disability, growth retardation and dysmorphic features (Rauen et al., 2002; Miyake et al., 2004; James et al., 2005; Menten et al., 2007; Niyazov et al., 2007; Adam et al., 2010; Lynch et al., 2011; Vergult et al., 2011; Al-Maawali et al., 2014; Carlsen et al., 2015; De Crescenzo et al., 2015; Cano et al., 2016; Labonne et al., 2016; Alesi et al., 2019; Uehara et al., 2019), but an in-depth overview of all published cases to determine genotype-phenotype correlations and to identify candidate disease-causing genes for most of these microdeletion syndromes is lacking.

We here describe two new cases encountered in our clinic presenting with different, non-overlapping interstitial deletions of chromosome 12q14. The combined deleted region of both cases largely overlaps with previously reported larger deletions (Buysse et al., 2009; Lynch et al., 2011; Nso-Roca et al., 2014; Mc Cormack et al., 2015). The major phenotypical differences identified in both affected individuals triggered us to perform a review of all previously published cases of chromosome 12q14 deletions and 12q deletion in general, with the goal to delineate a phenotype-genotype correlation that would allow improved prediction of clinical phenotypes.

A total of 69 individuals, with various overlapping 12q deletions, were identified in literature, with deletions located across five clusters, with one or several small region of overlap (SROs). Of these, 27 individuals were found with deletions in 12q14. We discuss their phenotypes and the likely disease causing genes of these deletions in the context of the deletions encountered in the two individuals that we describe.



METHODS


Patient Recruitment

Patients were recruited during their routine visits of the outpatient clinic of the Clinical Genetics Department of the Erasmus MC, Rotterdam, The Netherlands. Written informed consent was obtained from the legal guardians for publication of anonymized medical data and clinical photographs.



Review Strategy

We searched Pubmed (last assessed: May 2021) for papers describing patients with chromosome 12q deletions, focusing on reports in English and available to the library of the Erasmus MC, and extended our search to papers mentioned in the reference lists of identified papers. We excluded papers that only focused on somatic deletions (e.g., in tumor cells) or papers reporting complex rearrangements and translocations. Identified patients from literature were grouped according to the cytogenetic location of their deletions, and reported symptoms were collected and counted for each group. All genetic coordinates are given in genome build hg19.



Gene Expression and Probability of Loss-Of-Function Intolerance Analysis

Publically available RNA-seq data from different brain regions and other fetal tissues were collected from the ENCODE project (Consortium, 2012), accession numbers and details are given in Supplementary Table 8. Gene expression levels were normalized based on fragments per kilobase of transcript per million mapped reads (FPKM). pLI scores were downloaded from the gnomAD website (https://gnomad.broadinstitute.org/downloads). Gene expression levels and pLI score were plotted using R packages.




RESULTS


Individual 1

Individual 1 is a 7-year-old male, presenting with developmental delay, moderate intellectual disability and growth retardation (Figure 1). He was the third child of non-consanguineous Dutch parents, born at 36 weeks of gestation, with a birth weight of 1,945 gram (<p3), head circumference of 31.5 cm (p42) and a good start (APGAR 9 and 9 at 1 and 5 min, respectively). Family history was negative for developmental delay or congenital anomalies. Pregnancy was conceived through in vitro fertilization (IVF) (his older brother was the product of a fertilized egg conceived during the same IVF cycle and is healthy) and was complicated with recurrent vaginal bleeding and placental insufficiency, with IUGR noticed at 20 weeks of gestation. Screening for TORCHES and routine karyotyping were normal. Frequent airway infections complicated the first year but improved over time, after which psychomotor delay, failure to thrive and dysmorphic features were noticed. He started independent walking at the age of 3 years, with a pronounced exorotation of the legs, requiring orthopedic shoes. First words started around 4 years of age, and at the last investigation at 7 years of age, speech development is severely delayed although progressive with only a few understandable words, requiring special education. His language perception and non-verbal skills are more developed. His tested IQ was 50 (SON-IQ). He reacts very sensitive to sounds, and cannot tolerate crowded places or sudden changes of regularities in his daily activities, indicative of an autism spectrum disorder. Other behavioral issues include occasional temper tantrums when unable to express himself, hyperphagia and incontinence. Physical examination at age of 7 years showed a short stature [110 cm (−3.44 SD)], with normal weight [31 kg (+1.6 SD)] and head circumference of 52.5 cm (+0.15 SD). Outer and inner canthal distance were increased [OCD: 10 cm (>p97); ICD: 3.5 cm (>p97)] with interpupillary distance in the normal range [IPD: 5.5 cm (>p50)]. Neurological examination was normal except a low muscular tone and clumpsy gait. Other findings included upslanting palpebral fissures, a broad nasal bridge, with midfacial hypoplasia, an open mouth posture, with small irregular implanted teeth, a single café-aut-lait spot on the back and a large naevus on the left upper leg which was present since birth (Figure 1A). Previous ultrasound studies of heart and kidneys were normal. Imaging studies of the hips showed coxae valgea antetorta, without signs of osteopoikilosis. A SNP-array identified a de novo 4.4 Mb deletion on chromosome 12q14.2-q15 [arr 12q14.2q15 (64,899,031–69,328,844)1×]. This deletion includes 24 protein coding genes including the genes LEMD3 and HMGA2, and overlaps with a region previously linked to a chromosome 12q14 deletion syndrome (Menten et al., 2007).


[image: Figure 1]
FIGURE 1. Clinical photographs of individual 1 (A) and individual 2 (B). See text for details.




Individual 2

Individual 2 is a 7-year-old male with pronounced psychomotor retardation, severe intellectual disability and failure to thrive (Figure 1). He was born after an uneventful pregnancy as the second child to non-consanguineous Dutch parents at 35 + 6 weeks of gestation, with a birth weight of 2,380 gram (p10) and an uncomplicated start of life directly after birth. Family history was negative for developmental delay or congenital anomalies. Feeding difficulties required hospital admission for the first week of life. At 3 months of age developmental delay was first noticed, and at the age of 9 month hypotonia and dysmorphic features were observed. Recurrent airway infections required continuous cotrimoxazol treatment. Independent sitting skills were acquired at 3 years of age, but ambulation, speech, or toilet training never developed. A number of surgical interventions were required due to recurrent hip and knee luxation and flexion contractures. Currently he is wheel chair bound, has no signs of regression and requires PEG feeding. Communication occurs via a language computer aid and pictograms. There is a social smiling with occasional temper tantrums, and more recently involuntary movements. Physical examination at the age of 7 years showed a length of 118 cm (−2.27 SD), weight of 23 kg (−0.99 SD) and head circumference of 52 cm (−0.21 SD); Inner and outer canthal distance were 3 cm (<p75) and 9.5 cm (>p97), respectively. Neurological examination showed pyramidal and extrapyramidal signs, including involuntary movements of the head, trunk and upper extremities. He makes sounds and seems to understand simple instructions to a certain degree. Other findings included a coarse facial appearance with upslanting palpebral fissures, epicanthal folds, a broad nasal bridge, upturned nose, an open mouth posture with widely spaced teeth in the lower jaw and high-arched palate, bilateral simian crease, bilateral 2–3 toe syndactyly and retractile testis. An initial ventricular septum defect closed spontaneously. Brain MRI imaging showed widened central and peripheral liquor spaces. Cerebrospinal fluid analysis and EEG were normal. SNP-array identified a de novo 7.3 Mb deletion of chromosome 12q13.2q14.2 [arr 12q13.2q14.2 (56,554,154–63,870,277)×1]. This deletion includes 73 genes, including SMARCC2, and is partially overlapping with previously described deletions in 12q13.3q14.2 (Buysse et al., 2009; Lynch et al., 2011; Nso-Roca et al., 2014; Mc Cormack et al., 2015).




LITERATURE REVIEW OF CHROMOSOME 12Q DELETIONS

Both patients differ in their clinical phenotype. Whereas, individual 1 is more mildly affected and is able to walk and has a limited ability to speak, individual 2 is more severely affected, with lack of independent ambulation and speech. Both individuals have a short stature, failure to thrive and a few shared dysmorphic features (Figure 1), but clear differences in their phenotype manifest. As both deletions encountered in these individuals were non-overlapping but having breakpoints in proximity (e.g., within ~1 Mb), and previously a number of deletions were described that encompass large parts of both deletions (Buysse et al., 2009; Lynch et al., 2011; Nso-Roca et al., 2014; Mc Cormack et al., 2015), we set out to review the literature to identify likely genes involved in the phenotypic differences and to further delineate the genotype-phenotype correlation associated with chromosome 12q deletions in general. We found 69 published individuals with 12q deletions and their clinical phenotypes (Supplementary Table 1). Overlapping deletions clustered in 5 regions at 12q11q13.1, 12q13q15, 12q13.3q23.1, 12q21.1q23.2, and 12q22q24.33 (Figure 2). We here focus on the cluster at 12q13q15, which includes the two deletions encountered in individual 1 and 2, and discuss the other clusters in more detail in the Supplemental Material and Supplementary Tables 4–7.


[image: Figure 2]
FIGURE 2. Schematic overview of all previously reported deletions along chromosome 12q, with chromosome ideograms and bands indicated. Horizontal bars represent identified deletions that cluster amongst 5 regions, with names and years referring to the first author and year of publication from the studies in which these deletions were described. Also indicated are topological associated domains (Won et al., 2016) identified from chromatin conformation capture analysis of the germinal zone (GZ) and cortical plate (CP) from human fetal brain. Vertical bars represent small regions of overlaps shared between the different deletions. Genes discussed in the main text or in the Supplemental Materials are indicated.



Individual 1 Fits the Spectrum of 12q13q15 Deletions Encompassing the 12q14 Microdeletion Syndrome

Twenty-seven individuals (14 females, and 13 males) with overlapping deletions located within 12q13q15 have been previously reported with varying degrees of global developmental delay/intellectual disability, growth retardation and short stature as the main phenotype (Menten et al., 2007; Buysse et al., 2009; Mari et al., 2009; Spengler et al., 2010; Lynch et al., 2011; Alyaqoub et al., 2012; Bibb et al., 2012; Takenouchi et al., 2012; Fischetto et al., 2017; Heldt et al., 2018; Mercadante et al., 2020; Figure 3, Supplementary Table 2).


[image: Figure 3]
FIGURE 3. As Figure 2, but now zoomed-in at cluster 2 at 12q14.


The deletion encountered in individual 1 overlaps with 22 reported deletions which have been associated with a 12q14 microdeletion syndrome (Menten et al., 2007; Buysse et al., 2009; Mari et al., 2009; Spengler et al., 2010; Lynch et al., 2011; Alyaqoub et al., 2012; Bibb et al., 2012; Takenouchi et al., 2012; Nso-Roca et al., 2014; Mc Cormack et al., 2015; Fischetto et al., 2017; Heldt et al., 2018; Mercadante et al., 2020), and the boundaries largely overlap with seven of these previously published deletions (Menten et al., 2007; Buysse et al., 2009; Bibb et al., 2012; Takenouchi et al., 2012), with an SRO located in 12q14.3. Menten et al. described three individuals, with a core phenotype of mild intellectual disability, low birth weight with failure to thrive in early infancy, proportionate short stature and osteopoikilosis (the latter is in combination with multiple subcutaneous nevi or nodules also known as Buschke-Ollendorf syndrome) (Hellemans et al., 2004). Dysmorphic features between the three individuals were not consistent, and included synophrys, mild hypertelorism, broad and high nasal bridge, micrognathia, maxillary overbite, round face with deep-set eyes, bushy eyebrows, thin lips, and a triangular face with widely spaced eyes. In a follow-up study, two additional individuals with overlapping deletions were described (Buysse et al., 2009), that presented with a similar phenotype. Interestingly, in that report, also an intragenic deletion of HMGA2 was found in a boy with proportionate short stature, and this deletion segregated with this phenotype in this family, indicating that HMGA2 is responsible for the short stature seen in individuals with 12q14 deletions. His neurodevelopment was normal (Buysse et al., 2009). Bibb et al. reported a mother and a daughter sharing a deletion in this region (Bibb et al., 2012). The daughter presented with failure to thrive, hypertelorism, upturned nose, mild micronathia, and clinodactyly, and was suspected of Silver-Russel syndrome. She also had physical and language delays, mild intellectual disability, behavioral problems, and sleep disturbance. The mother also presented early in life with failure to thrive, a short stature, mild language delay, microcephaly, a café aut lait spot, mild clinodactyly, upslanting palpebral fissures, and osteopoikilosis. The individual described by Takenouchi et al. showed failure to thrive, short stature, no relative macrocephaly, and surprisingly an appropriate psychomotor development at 29 month of age without autism (Takenouchi et al., 2012). Lynch et al. described 6 additional cases with 12q14 deletions, of whom only two shared the SRO in 12q14.3 (Lynch et al., 2011). Both deletions were larger than the one found in individual 1 in this report. Both individuals had failure to thrive, one individual displayed moderate developmental delay and expressive speech delay, whereas the second individual had severe developmental delay, with autism and absence of speech.

Taken together, the phenotype of moderate developmental delay and failure to thrive of individual 1 seems to fit well to the spectrum previously described for similar range deletions, although osteopoikilosis has not yet been noticed in this individual. The key features of failure to thrive, short stature and osteopoikilosis found in 12q14 deletions seem by current day's knowledge to be explained by haploinsufficiency of HMGA2 and LEMD3, respectively.

HMGA2, located at band 12q14.3, encodes an architectural transcription factor, and is a critical component of the enhanceosome. Based on studies performed after the reports on the various 12q14 deletions, HMGA2 has now been implicated as one of the causes of Silver-Russel syndrome (OMIM #618908), which is characterized by intrauterine growth retardation, postnatal feeding difficulties and growth failure, with dysmorphic features including a relative macrocephaly at birth and a triangular face with prominent forehead. Support for HMGA2 being implicated in growth originally came from GWAS studies (Weedon et al., 2007) and mouse models (Zhou et al., 1995). In the 12q14 deletions discussed above HMGA2 was hypothesized to be causal for failure to thrive and short statures (Menten et al., 2007; Buysse et al., 2009; Bibb et al., 2012; Takenouchi et al., 2012). Mari et al. (2009), Heldt et al. (2018), and Mercadante et al. (2020) described individuals with a clinical phenotype reminiscent to Silver-Russel syndrome, with deletions that included HMGA2 and a limited number of additional genes (Mari et al., 2009; Heldt et al., 2018; Mercadante et al., 2020). Smaller genetic alterations, solely affecting HMGA2, including a 7bp deletion that affects splicing (De Crescenzo et al., 2015), a 7.3Kb deletion of exon 1 and 2 (Leszinski et al., 2018), other small deletions (Buysse et al., 2009), and missense and truncating variants have subsequently been found in Silver-Russel syndrome like cases (Abi Habib et al., 2018; Hübner et al., 2020), pinpointing HMGA2 as the causative gene. In agreement with this, all cases with a deletion encompassing this gene have a short stature (Zhou et al., 1995; Weedon et al., 2007; Buysse et al., 2009; Alyaqoub et al., 2012; Supplementary Table 2).

Osteopoikilosis is linked to loss-of-function of LEMD3 (Hellemans et al., 2004; Mumm et al., 2007; Zhang et al., 2009), a gene encoding a LEM-domain containing protein that functions to antagonize BMP and transforming growth factor-beta signaling (Hellemans et al., 2004). Six of the twenty-seven individuals from literature with deletions in this cluster had osteopoikilosis and in all 6 cases LEMD3 was deleted. However, LEMD3 was deleted in 16 out of the 27 cases, and in the remaining cases with LEMD3 deletion, including the case described herein, no osteopoikilosis was reported at the moment of investigation (Supplementary Table 2). It is unknown whether those cases later on developed this condition.

Interestingly, the neurodevelopmental phenotypes associated with deletions of 12q14 cannot be explained by haploinsufficiency of either HMGA2 or LEMD3 alone, as individuals that only have gene specific alterations either showed normal development (Buysse et al., 2009; Leszinski et al., 2018; Hübner et al., 2020), or only mild delay (Mercadante et al., 2020). Psychomotor retardation is also rarely encountered in Silver-Russel syndrome. This indicates that neurodevelopmental delay, observed in most cases of 12q14 deletions, might be caused by other genes in or outside the SRO. The minimal SRO overlapping with the deletion found in individual 1 is 281,741 bp, and next to HMGA2 contains the genes LLPH and TMBIM4. Both have not yet been associated with human disease. LLPH encodes an intrinsically disordered protein predicted to function in the nucleolus, possibly as a molecular hub for protein-protein interactions (Yu et al., 2016). TMBIM4 is a highly conserved Golgi membrane protein that inhibits apoptosis and promotes Ca(2+) release from intracellular stores (Saraiva et al., 2013). Both genes however have a low pLI score (Karczewski et al., 2020), making it unlikely that haploinsufficiency of these genes causes a human disorder.

A frequently discussed candidate gene for the neurodevelopmental phenotypes, outside of the SRO is GRIP1. GRIP1, encodes a Glutamate-receptor interacting protein 1 that is widely expressed in brain and involved in glutamergic synapse transmission. It has been reported to function in modulating long-term synaptic depression in the cerebellum (Takamiya et al., 2008; Alyaqoub et al., 2012). Bi-allelic variants in GRIP1 were found to segregate with Fraser syndrome which is characterized by cryptophthalmos, syndactyly, and abnormalities of the respiratory and urogenital tract (Van Haelst et al., 2008; Vogel et al., 2012). GRIP1 has been suggested as a candidate gene for developmental delay and learning difficulties observed in 12q14 deletions (Menten et al., 2007; Dória et al., 2020). However, as GRIP1 is not deleted in all individuals (18 out of 27 in this cluster) with neurodevelopmental delay in this cluster (Supplementary Table 2), the individual described by Takenouchi et al. did not display psychomotor retardation despite GRIP1 deletion and multiple heterozygous loss-of-function variants are found in healthy controls from gnomAD (pLI = 0.50828) (Karczewski et al., 2020), it seems unlikely that GRIP1 is implicated in neurodevelopmental delay in 12q14 deletions.

The precise genetic cause of neurodevelopmental delay in 12q14 deletion thus remains to be determined. Within the genes covered by the deletion of individual 1, CAND1 and DYRK2 have a high pLI score (pLI = 1.0 and pLI = 0.99751, respectively), indicating that they could be susceptible to haploinsufficiency. Both genes are expressed in brain, and are each deleted in 11 and 5 cases, respectively, making them interesting candidate genes to explore further in future studies.



The More Severe Clinical Phenotype of Individual 2 Is Likely Explained by Haploinsufficiency of SMARCC2

Whereas, individual 1 is well-explained by the deletion and the spectrum of phenotypes associated with the 12q14 microdeletion syndrome, individual 2 is more severely affected than what has been described for individuals with other large deletions in this region (Buysse et al., 2009; Lynch et al., 2011; Nso-Roca et al., 2014; Mc Cormack et al., 2015). As mentioned above, the individuals with the largest deletions described by Lynch et al. (2011) that overlap with the SRO in 12q14, presented with moderate to severe developmental delay, but both individuals achieved independent walking. Individual 4 of Lynch et al. (2011) which harbors a deletion that overlaps large parts of the deleted region in individual 2 from this report, displayed more severe delay and autism, but developed the use of single words and was reported to be extremely active. Also the other three cases of Lynch et al. (2011) were reported to be moderately delayed, with speech delay and absence of speech in one individual, but also acquired independent ambulation. Similar, the largest deletions described by Buysse et al. (2009) is milder affected and able to use many words. The individual described by Nso-Roca had learning problems, besides failure to thrive, and the individual described by Mc Cormack in which the deletion did not contain HMGA2, had relative macrocephaly and autism, wild mild delayed gross and fine motor skills and language delay showing encouraging improvements in all aspects of development over time. The 6 cases described by Lynch et al. (2011) possibly point to another SRO at 12q13.3q14.1, containing 34 genes (Supplementary Table 3), which overlaps with the deletion found in individual 2, which covers 73 genes.

To further understand the more severe phenotype of individual 2, we manually assessed all 73 genes included in the deletion searching for known phenotypes, determined their pLI scores and assessed whether there was evidence of expression of these genes in fetal human tissues including brain (Figure 4). We found 19 genes with a pLI > 0.9, indicating that they are intolerant for loss-of-function and could thus be involved in causing a phenotype, when deleted on a single allele. These genes included protein coding genes previously not associated with human disorders or with unclear associations, including LRP1, R3HDM2, ANKRD52, BAZ2A, R3HDM2, USP15, MBD6, AGAP2, DCTN2, and the two OMIM genes KIF5A and SMARCC2. KIF5A (OMIM #604187) is associated with a autosomal dominant form of hereditary spastic paraplegia, with lower limb spasticity, and hyperreflexia, and variable involvement of the upper limbs beginning in childhood or young adulthood. A complicated phenotype with other neurological symptoms can also be observed in individuals with KIF5A variants, and genotype-phenotype correlations seem to depend on the KIF5A domain in which a variant is found (De Boer et al., 2021). Most of the variants encountered are missense variants, possibly pointing to a dominant-negative mechanism. Although KIF5A could possibly explain spasticity in individual 2, the fact that this gene is also deleted in other more mildly affected cases with deletions of the SRO at 12q13.3q14.1, make it less likely that KIF5A could explain the more severe phenotype of individual 2.


[image: Figure 4]
FIGURE 4. Heat map showing publically available gene expression data (in log2 FPKM) amongst 8 human fetal tissues from ENCODE for the 73 genes that are included in the deletion found in individual 2. Genes are ranked according to their pLI score from gnomAD (Karczewski et al., 2020).


In contrast, based on this analysis, SMARCC2 appeared as a likely disease implicated gene. SMARCC2 is a member of the BRG1-associated factor (BAF) chromatin-remodeling complex that plays an essential role in the regulation of gene expression and higher-order chromatin organization by modulating the nucleosome and changing chromatin accessibility (Alfert et al., 2019). Aberrations of complex members result in BAFopathies, that present with syndromic neurodevelopmental disorder, including Coffin-Siris syndrome and Nicolaides-Baraitser syndrome. Recently de novo variants in SMARCC2 were found to cause a syndrome with intellectual disability and developmental delay (Machol et al., 2019) (OMIM #618362). Machol et al. (2019 described 15 unrelated individuals with mild to severe intellectual disability, developmental delay with pronounced speech delay with 7 individuals lacking language, behavioral abnormalities, growth retardation in 6 individuals, feeding difficulties in 8 individuals, muscle tone abnormalities including hypotonia and spasticity in 13 individuals, and movement disorders found in two individuals. Behavioral problems included aggression and self-injurious behavior, hyperactivity, hypersensitivity to touch, sleep disturbances, and obsessive and rigid behavior. Dysmorphic features included hypertrichosis, thick eyebrows/prominent supra-orbital ridges, thin upper or thick lower vermillion and upturned nose, suggesting overlap with Coffin-Siris and Nicolaides-Baraitser syndromes. Encountered SMARCC2 variants included both missense variants and protein truncating alterations, including splice site alterations. To our knowledge, no whole gene deletion of SMARCC2 has previously been described, but given the overlap in phenotypes (including severe intellectual disability, absence of speech, muscle tone abnormalities, movement disorders and overlap in dysmorphic features) and the loss-of-function mechanism for some of the variants reported by Machol et al., we propose that SMARCC2 is the most likely disease causing gene in individual 2. Additional genes contained in the deletion and with impact on the phenotype which have not been identified yet cannot be ruled out.




DISCUSSION

We report two individuals with previously undescribed interstitial deletions at 12q14. In their diverse phenotype they triggered a review of all previously described chromosome 12q deletion. Whereas, we find that the phenotype of individual 1 is compatible to what has previously been described for the 12q14 microdeletion syndrome (Menten et al., 2007), individual 2 is more severely affected. This difference in phenotype seems to be caused by haploinsufficiency of the BAF chromatin remodeling complex member SMARCC2, which has recently been implicated in a neurodevelopmental disorder with overlaps to Coffin-Siris syndrome (Machol et al., 2019) (OMIM #618362). To our knowledge, individual 2 is the first case of a whole gene deletion of SMARCC2, thereby expanding the disease causing molecular spectrum of this recently identified syndrome. As other BAFopathies are characterized by complex specific DNA-methylation signatures (Aref-Eshghi et al., 2018), it will be interesting to investigate whether such an epi-signature can also be determined for pathogenic SMARCC2 variants, and whether an identical signature would be obtained in individual 2, which would further support the diagnosis. The case of individual 2, and also the review of the other deletion clusters amongst chromosome 12q, illustrate that a regular re-interpretation of previously diagnosed microdeletions can be useful to gain new insights in the mechanisms leading to disease phenotypes in the affected individuals. In the case of individual 2, the initial diagnosis of a 12q13.2q14.2 deletion was made years before SMARCC2 was identified as a disease gene. Similarly, re-interpretation and additional fine mapping of previously suggested microdeletion syndromes at 12q15 and 12q24.31 has now led to the conclusions that most of the phenotypes associated with these microdeletion syndromes are caused by alterations of the genes CNOT2 (Alesi et al., 2017) and SETD1B (Weerts et al., 2021), respectively. It is expected that further progress in genetics, cell biology and personalized medicine will advance options to influence the phenotypes by gene-specific or pathway driven therapeutics. It is thus remains crucial to identify disease causing genes in previously diagnosed microdeletion cases. We suggest that a long term follow-up of patients with microdeletions can be helpful for this and can also improve the genetic counseling in these cases.
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Background: Infantile hypotonia with psychomotor retardation and characteristic facies 2 (IHPRF2) is a rare autosomal recessive neurodevelopmental disorder caused by mutations in the UNC80 gene. It is characterized by severe global developmental delay, poor or absent speech and absent or limited walking abilities. The current study explored a case of a Chinese patient with IHPRF2 caused by a novel splicing variant of UNC80.
Case Report: The proband is a 8-year-old Chinese male manifested with global developmental delay, severe truncal hypotonia, absent speech and intellectual disability. SNP array analysis revealed a uniparental isodisomy of the entire chromosome 2 [UPD(2)] in the proband. Whole exome sequencing (WES) subsequently identified a novel mutation c.5609-4G>A in the UNC80 gene, which was inherited from his mother and was confirmed by Sanger sequencing, indicating that UPD(2) was of maternal origin.
Conclusion: A novel UNC80 homozygous splicing variant c.5609-4G>A associated with maternal UPD(2) was identified. These findings indicate that UPD poses a high risk of autosomal recessive diseases, and provides information on the variant spectrum for UNC80. Our findings elucidate on understanding of the genotype-phenotype associations that occur in IHPRF2 patients.
Keywords: maternal uniparental disomy, chromosome 2, UNC80 gene, SNP array, whole exome sequencing
INTRODUCTION
Infantile hypotonia with psychomotor retardation and characteristic facies 2 (IHPRF2, MIM 616801) is a rare autosomal recessive neurodevelopmental disorder with onset at birth or in early infancy (Shamseldin et al., 2016). It is a phenotypically heterogeneous disease characterized by severe global developmental delay, hypotonia, facial dysmorphism, intellectual disability, poor or absent speech and lack of or limited walking abilities (Perez et al., 2016; Shamseldin et al., 2016; He et al., 2018). The first case of IHPRF2 was reported in Bedouin families in 2016 (Perez et al., 2016). It has previously been reported that IHPRF2 is caused by homozygous or compound heterozygous mutation in UNC80 gene (MIM 612636) (Lu et al., 2010).
The UNC80 gene is located on chromosome 2 and comprises of 64 exons. UNC80 gene encodes a subunit of the non-selective sodium leak channel (NALCN) complex, consisting of 3,258 amino acids (Lu et al., 2010). This channel complex is a voltage-insensitive and nonselective sodium-leak channel, which is predominantly expressed in the brain and plays an important role in the establishment and maintenance of resting membrane potentials in neuron (Lu et al., 2007; Zhang et al., 2021). Proteins expressed from the UNC80 gene interacts with NALCN and acts as a scaffold protein for UNC79 (Lu et al., 2010; Wie et al., 2020). Recessive loss-of-function biallelic pathogenic variants of UNC80 cause UNC80 deficiency, which can result in dysfunctional NALCN complex leading to severe pathological phenotypes (Valkanas et al., 2016; Wie et al., 2020).
Uniparental disomy (UPD), a rare case that was first reported in 1980, occurs when a chromosome pair is derived from the same parent in a disomic cell with a balanced karyotype (Engel 1980). The prevalence of UPD ranges from 1 in 2000 to 1 in 5,000 people (Robinson, 2000; Liehr, 2010; Nakka et al., 2019). UPDs can cause clinical abnormalities, resulting in an aberrant dosage of imprinting genes or homozygosity of variants for recessive phenotypes (Yamazawa et al., 2010). Maternal and paternal UPDs have been reported in almost every human chromosome (Nakka et al., 2019). However, maternal UPD of chromosome 2 [UPD(2)mat] with a homozygous pathogenic variant in UNC80 has not been previously reported.
We report a case of IHPRF2 with a novel homozygous splicing variant c.5609-4G>A of UNC80 gene arising from UPD(2)mat, which expands on the disease spectrum associated with UNC80 mutations. In addition, previous genotypes and phenotypes of patients with IHPRF2 were reviewed, to help in understanding the genotype-phenotype relationship of UNC80.
MATERIALS AND METHODS
Case Report
The proband is an 8-year-old male born as the sole child of healthy and non-consanguineous Chinese parents. The mother did not report any history of exposure to teratogenic pathogens or drugs during gestation. Birth weight of the child was 3,150 g (25th percentile), birth length was 51 cm (75th percentile), and occipitofrontal circumference (OFC) was 36 cm (>95th percentile) on week 39 of gestation. He has been suffering from severe hypotonia and feeding difficulty since birth. The proband was able to grasp at 6 months and could sit at 9 months. At 13 months of age, the patient was admitted to Beijing Children’s Hospital affiliated to Capital Medical University for astasia, development delay and failure to thrive with feeding difficulty. He manifested dystonia in the extremities, with complete inability to stand up and walk. He could not speak, even simple words such as “baba” and “mama”. Electroencephalograph (EEG) analysis did not reveal any abnormalities, whereas brain magnetic resonance imaging (MRI) showed bilateral dilation of lateral ventricles, periventricular leukomalacia and delayed myelination. No definite diagnosis existed to that time, and he did not undergo any adjuvant therapy. At the age of five, he presented to our hospital for severe psychomotor development. On examination, he had severe intellectual disability, hypotonia, strabismus and esotropia. He was unable to speak or communicate. He was able to walk with some aid but exhibited poor balance and he could not jump on one foot. In addition, the subject suffered from constipation. Facial dysmorphisms included a triangular face, microcephaly, low-set posterior rotated ears, and a thin and tented upper lip. He had long and slender fingers. His height, weight and head circumference were 107 cm (14th percentile), 15.5 kg (4th percentile) and 47.1 cm (<1st percentile), respectively.
In this family, we identified only one patient (proband) and proband’s father and mother is normal. We therefore used SNP array analysis and whole genome sequencing to search for any evidence of the disease.
SNP Array Analysis
A DNA sample (250 ng) was extracted from the peripheral blood of the patient and was hybridized using an Affymetrix CytoScan® 750K array kit (Affymetrix, Inc., Santa Clara, CA, United States) according to the manufacturer’s protocol. The SNP array data was analyzed for the presence of copy number variations (CNVs) using Affymetrix Chromosome Analysis Suite (ChAS) Software version 3.3. Pathogenicity of CNVs was evaluated based on published literature and public databases, including DGV (http://dgv.tcag.ca/dgv/app/home), Clingen (https://www.clinicalgenome.org/), DECIPHER (https://decipher.sanger.ac.uk/) and OMIM (https://www.omim.org/). This analysis was performed in accordance with the American College of Medical Genetics and Genomics (ACMG) and the Clinical Genome Resource (ClinGen) 2020 guidelines (Riggs et al., 2020).
Whole-Exome Sequencing
Peripheral blood sample of the patient was collected. Genomic DNA was extracted using a QIAamp DNA Mini Kit (Qiagen, China), according to the manufacturer’s instructions. DNA library preparation was performed following Illumina protocols, which included end repair, adapter ligation and PCR enrichment. The amplified DNA was then captured using Whole Exome Capture Kit (MyGenostics Inc, Beijing, China). Biotinylated capture probes were designed to tile all exons without repeated regions. The enriched libraries were sequenced for paired-end reads of 150 bp using the Illumina HiSeq X Ten platform.
The bioinformatics analyses were carried out utilizing established methods with some modifications (Zheng et al., 2018; Dai et al., 2019; Han et al., 2020; Zhang et al., 2020). After sequencing, clean reads were aligned to the UCSC hg19 human reference genome using the Burrows-Wheeler Alignment tool. Duplicated reads were removed using the Picard tool (http://broadinstitute.github.io/picard). The variants of SNP and small insertions or deletions (InDel) were detected by GATK HaplotypeCaller, then using GATK VariantFiltration to filter variant. The identified variants were then annotated using ANNOVAR. The variants with frequencies less than 0.05 in the normal population database were screened out, including the 1,000 Genomes, Exome Aggregation Consortium (ExAC), GnomAD and Inhouse database (MyGenostics Inc, Beijing, China). In addition, the identified variants were predicted using Mutation Taster (MT), Sorting Intolerant From Tolerant (SIFT), PolyPhen-2 (PP2) and Genomic Evolutionary Rate Profiling (GERP++), dbscSNV, SPIDEX, SPliceAI. Classification of variants (pathogenic, likely pathogenic, VUS and likely benign and benign) has been done according to the variant interpretation guidelines of American College of Medical Genetics and Genomics (Richards et al., 2015). Finally, we compared the variants found in patient and his parents. The function of the variant and their correlation with the disease phenotype was done by previously published articles and OMIM database.
Sanger Sequencing
Candidate variable sites were confirmed by Sanger sequencing for the patient and his parents. The primers are as follows: F 5′- CAA​CGA​AGA​GAA​CAA​ACA​CCT​ACG -3′, R 5′- TAT​TGG​AGG​GCA​TTG​AGT​TGC-3. The reference sequence NM_032,504 of UNC80 was used. Target sequences were sequenced on an ABI 3730 genetic analyzer (Applied Biosystems, Foster City Carlsbad, CA, United States) and identified using Chromas 2.6.5 (Technelysium Pty Ltd, Australia).
RESULTS
Genome-wide SNP array analysis did not reveal any clinically significant copy number variations. However, it revealed an absence of heterozygosity (AOH) across the entire chromosome 2 (Figure 1A). There was no disease-related imprinting gene located on chromosome 2, therefore, whole exome sequencing (WES) of the patient was subsequently performed. A novel homozygous variant c.5609-4G> A in UNC80 was detected in the proband, which was only present in his mother as a heterozygous trait and was absent in the father (Figure 1B). This contradiction to Mendelian inheritance indicates that the AOH originated from maternal UPD. The variant c.5609-4G> A was located on intron 35, -4 bp to exon 36 splice acceptor site of the UNC80 gene. This variant has not been previously reported and was absent on the 1,000 Genome Project, the ExAC, the gnomAD database or our inhouse database. Furthermore, it has not been reported in HGMD. In silico analysis by MutationTaster and regSNP-intron showed that the variant may have an impact on pre-mRNA splicing (the score was 0.96 and 0.37), whereas SPliceAI indicated a prediction that is in total disagreement. Samples were not available for reanalysis, therefore, RT-PCR was not performed to explore the effect of splicing. Based on ACMG guidelines, the c.5609-4G>A variant was classified as variant of uncertain clinical significance (PM2). The diagnosis of IHPRF2 was confirmed by molecular and clinical findings.
[image: Figure 1]FIGURE 1 | (A) Single nucleotide polymorphism microarray (SNP array, Affymetrix Cytoscan 750k) profiles of chromosome 2 in the patient. The dark purple block indicates complete UPD in chromosome 2, with two allele difference tracks where the plot has a line at + 1 and −1. (B) Sequence electropherogram of the c.5609-4G> A variation showing (arrow) the homozygous mutation in the patient, the heterozygous genotype in his mother, and wild-type in his father.
DISCUSSION
The current study reports a case of an IHPRF2 patient with global developmental delay, truncal hypotonia, intellectual disability, and absent speech. A novel UNC80 homozygous splicing variant c.5609-4G> A originating from UPD(2)mat was identified, which has not been previously reported, and was absent in the general population. Bioinformatics analysis showed that the variant might be involved in splicing modulation. Similar variants, which lead to protein truncation have been previously reported (Anna and Monika, 2018; Li et al., 2019; Śmigiel et al., 2020). And in vitro cytology experiments have demonstrated that loss-of-function mutations in UNC80 are associated with IHPRF2 (Valkanas et al., 2016; Wie et al., 2020). Clinical presentation of the patient showed that he had IHPRF2. These findings indicate that the variant c.5609-4G> A is associated with pathogenesis of IHPRF2. However, further functional studies are needed to validate the pathogenicity of this variant.
The potential harmful effects of UPD include imprinted gene diseases, or activation of recessive pathogenic genes. Maternal and paternal UPD2, with normal phenotypes, have been reported previously, indicating the absence of genomic imprinting effects in UPD2 (Keller et al., 2009; Ou et al., 2013; Zhou et al., 2017; Zhang et al., 2019). Single conventional SNP-array analysis did not provide a conclusive diagnosis for the patient, therefore, an integrated approach is needed to determine the underlying genetic cause. This limitation has hindered genetic counseling for the family. Homozygosity of the UNC80 c.5609-4G>A variant resulted from UPD, thus the recurrence risk for IHPRF2 in this family is significantly reduced compared to a 25% risk expected when both parents are carriers of a UNC80 pathogenic variant. These findings indicate that UPD is a possible cause of autosomal recessive diseases and should be noticed, especially when patients have large chromosome segments of AOH or a rare homozygous pathogenic variant.
Comprehensive clinical and genetic analysis of 39 reported cases of IHPRF2 (including the present case) from 23 families are summarized in Supplementary Table S1. A total of 29 distinct UNC80 variants were identified from these patients (Supplementary Table S2). These variants included thirteen nonsense, eight missense, four frameshifts, three splice-site and one deletion. Approximately 65.5% (19/29) of the variants were nonsense, frameshift or splicing variants, indicating that loss of function is the mechanism behind the cause of IHPRF2 by UNC80 variants. Variants were unevenly distributed throughout the UNC80 gene (Figure 2), but were mainly concentrated in the exons (26/29, 89.66%). Twenty-three variants were observed once or twice, indicating high genetic heterogeneity among IHPRF2 patients. However, approximately 50% of the alleles in IHPRF2 patients were contributed by only 6 variants including p. Arg51*, p. Arg174*, p. Val189Met, c.601-1G>A, p. Thr561Arg fs*33 and p. Arg1265*. Almost all of the 6 variants were identified in the homozygous state in pedigrees with at least 2 patients. Only three genetically diagnosed IHPRF2 patients with compound heterozygous variants were reported from the Chinese population, and they possessed six variants including c.1447C>A, c.3719G>A, c.4926_4937del, c.4963C>T, c.8818C>T, and 8385C>G (Yang et al., 2017; He et al., 2018). These findings did not show a specific hotspot variant, indicating that most IHPRF2 patients in China do not undergo genetic testing.
[image: Figure 2]FIGURE 2 | Reported variants in the UNC80 gene. Structure of UNC80 gene is shown, along with the 29 previously reported variants. The variant found in the current study is indicated by a red arrow.
Genotypes among the 23 genetically diagnosed families were highly heterogeneous, with each family presenting with a unique genotype. Only one variant, c.520C>T (p.Arg174*), was observed in 2 different families. This finding can be attributed to complex phenotypic heterogeneity of IHPRF2. Among the 39 genetically diagnosed patients, 29 (74.36%) presented with homozygous genotypes. Most patients were associated with consanguineous marriages (27/29, 93.10%), which explains why IHPRF2 is highly prevalent in Mediterranean and Arabic populations.
The 39 patients presented with intellectual disability, global developmental delay, absent or very poor speech and dyskinesias. Most patients had facial dysmorphisms including triangular face (31/35), strabismus (24/31), microcephaly (24/35), thin upper lip (16/22), prominent nasal bridge (10/14), short and smooth philtrum (9/13), frontal bossing (9/13), low set posterior rotated ears (9/13) and high forehead (8/9). Other common phenotypes included hypotonia (35/37), tapering fingers (21/24), birth length less than 3rd percentile (20/25), feeding difficulties (17/23), constipation (15/20), and esotropia (11/13). In addition, other neurodevelopmental abnormalities including seizures, abnormal EEG, abnormal brain MRI, and inability to walk independently were observed in 43.24% (16/37), 64.52% (20/31), 43.33% (13/30), and 83.33% (15/18) of IHPRF2 patients, respectively.
In this study, null UNC80 alleles were defined as those containing frameshift, splice-site, and/or nonsense mutations. Patients were split into two groups with different genotypes including: (i) N/N (null/null) (n = 30) and (ii) M/M (missense/missense) (n = 8). One individual with genotype of M/N (missense/null) was excluded. Incidences of most phenotypes of the individuals with genotype “N/N” werelarger compared to that of the “M/M” group (Table 1), indicating a relatively poor survival in patients with null variants. However, there was no significant difference observed between the two groups which can be attributed to the small sample size, challenges in phenotypic assessment, and other modifying factors that influence IHPRF2 phenotypes. In this study, the patient exhibited a homozygous splice site variant and was grouped in the “N/N” genotype class. He had been unwell since birth, and presented with severe congenital nervous system anomalies as well as global developmental delay. Seizures were not observed, and there was no way to verify that seizures may have actually ever occurred and were not captured. The patient presented with typical clinical manifestations of IHPRF2 and relatively poor prognosis, which can be associated with the null variant.
TABLE 1 | Clinical features of IHPRF2 patients.
[image: Table 1]In summary, a novel splicing variant, c.5609-4G>A in UNC80 was identified in the current study. This finding elucidatesn on genetic variants that cause IHPRF2. The review section describes all known UNC80 variants, thus provides a basis for exploring genotype-phenotype correlations of IHPRF2. The findings of this current study indicate the importance of genetic testing in identifying the underlying molecular cause of the IHPRF2 disease and in providing adequate genetic counseling on possible recurrence risks.
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Neurodevelopmental disorders (NDDs) are a heterogeneous class of brain diseases, with a complex genetic basis estimated to account for up to 50% of cases. Nevertheless, genetic diagnostic yield is about 20%. Array-comparative genomic hybridization (array-CGH) is an established first-level diagnostic test able to detect pathogenic copy number variants (CNVs), however, most identified variants remain of uncertain significance (VUS). Failure of interpretation of VUSs may depend on various factors, including complexity of clinical phenotypes and inconsistency of genotype-phenotype correlations. Indeed, although most NDD-associated CNVs are de novo, transmission from unaffected parents to affected children of CNVs with high risk for NDDs has been observed. Moreover, variability of genetic components overlapped by CNVs, such as long non-coding genes, genomic regions with long-range effects, and additive effects of multiple CNVs can make CNV interpretation challenging. We report on 12 patients with complex phenotypes possibly explained by complex genetic mechanisms, including involvement of antisense genes and boundaries of topologically associating domains. Eight among the 12 patients carried two CNVs, either de novo or inherited, respectively, by each of their healthy parents, that could additively contribute to the patients’ phenotype. CNVs overlapped either known NDD-associated or novel candidate genes (PTPRD, BUD13, GLRA3, MIR4465, ABHD4, and WSCD2). Bioinformatic enrichment analyses showed that genes overlapped by the co-occurring CNVs have synergistic roles in biological processes fundamental in neurodevelopment. Double CNVs could concur in producing deleterious effects, according to a two-hit model, thus explaining the patients’ phenotypes and the incomplete penetrance, and variable expressivity, associated with the single variants. Overall, our findings could contribute to the knowledge on clinical and genetic diagnosis of complex forms of NDD.
Keywords: variants of uncertain significance, long non-coding genes, antisense gene, oligogenic disease, array-CGH, additive effect, microdeletion, microduplication
INTRODUCTION
Neurodevelopmental disorders (NDDs) are a heterogeneous class of conditions involving the brain, including intellectual disability and autism spectrum disorder (ASD), that affect about 1–3% of children (Miller et al., 2010). The genetics of NDDs is complex and include copy number variants (CNVs) and deleterious variants in single genes (Coe et al., 2019).
Nowadays new technologies, such as whole exome (WES) and whole genome sequencing (WGS), have become more efficient and inexpensive such that it is ongoing a debate for choosing the proper first-tier diagnostic test (Srivastava et al., 2019; Alvarez-Mora et al., 2021; Arteche-Lopez et al., 2021).
Despite of that, the detection of CNVs by the array comparative genomic hybridization (array-CGH) continues to be widely used as a first-tier test, resulting in an average diagnostic yield between 15 and 20% (Miller et al., 2010). Interpretation of CNVs is complex and, despite the use of standard classification guides (Riggs et al., 2020), most identified variants remain of uncertain significance (VUS).
Failure of interpretation of VUSs may depend on different factors, including poor annotation of protein-coding genes, lack of functional information for untranslated expressed genes or for genomic intergenic regions overlapped by the CNVs. The observation of inconsistent genotype-phenotype correlations also complicates CNV interpretation. Although most NDD causative CNVs are de novo, increasing evidence indicates that CNVs with high risk for NDDs show incomplete penetrance since transmission from unaffected parents to affected children has been observed. Possible explanation for the observed inconsistency of genotype-phenotype correlation may involve complex interactions of potentially pathogenic CNVs with additional/secondary CNVs, or single nucleotide variants, that could act together to determine a disease state (Velinov, 2019). According to this hypothesis, additive effects of CNVs were for instance reported in probands carrying 16p11.2 deletions and secondary CNVs that disrupt genes associated with autism and/or intellectual disability (Girirajan et al., 2010; Duyzend et al., 2016).
The goal of this study was to clarify the contribution of microdeletions and microduplications identified, by array-CGH diagnostic test, in 12 patients with complex NDD phenotype using multiple bioinformatics resources and the synergistic effort of a team of neuropsychiatrists and geneticists.
We found potential pathogenic variants in novel candidate genes for neurodevelopmental disorders. Furthermore, CNV-mediated double-hit mechanisms seem to play a relevant role in the complex forms of neurodevelopmental disorders affecting our patients. Indeed, these co-occurring hits involved already known NDD-associated genes or hypothetical novel NDD candidate genes enriched for pathways or biological processes known to be implicated in neurodevelopment.
METHODS
Clinical Assessment
The clinical assessment of the patients comprised a thorough medical history also attentive to investigating systemic symptoms and sleep, neurological-behaviour examination, developmental/cognitive assessment, and basic metabolic screening. Prior to array-CGH analysis, all patients were first evaluated by using different genetic tests for the common genetic causes of NDDs, including karyotype analysis, and tests for Fragile X syndrome. Written informed consent was obtained from the patient’s parents or legal representative. This study was reviewed and approved by the Ethics Committee of the Italian Regione Liguria (R. P. 001/2019).
CNV Detection and Annotation
Array-CGH analysis was performed on DNA samples, extracted from peripheral blood, using a whole-genome 180 K Agilent array with ∼13 Kb overall median probe spacing (Human Genome CGH Microarray, Agilent Technologies, Santa Clara, CA, USA). Data were analyzed using Agilent CytoGenomics and genomic positions reported according to the human genome assembly (GRCh37/hg19). All detected CNVs were tested for inheritance by hybridization of the parental DNA with the same array platform. De novo CNVs were confirmed either by FISH analysis or by quantitative real-time PCR as already reported (Vaccari et al., 2014; Tassano et al., 2015). To assess the clinical significance of the detected CNVs, we used several tools. Aberration segments were reviewed using GRCh37 hg19 of UCSC Genome Browser (http://genome.ucsc.edu/index.html). We annotated all detected CNVs and CNV-encompassed genes across public databases: Genomic Variants Database (DGV) (http://dgv.tcag.ca/dgv/app/home), DECIPHER (https://decipher.sanger.ac.uk/), Clinical Genome Resource (ClinGen) (https://clinicalgenome.org/), the Online Mendelian Inheritance in Man (OMIM) (http://www.omim.org), Simons Foundation Autism Research Initiative (SFARI) database (https://gene.sfari.org/), databases of mouse models (Mouse Genome Informatics, MGI) (http://www.informatics.jax.org). Literature mining was also performed. We considered only variants present in <0.1% of control individuals. We checked CNVs for the presence of dosage-sensitive genes (haploinsufficiency/triple sensitivity score) by using Clinical Genome Resource (ClinGen) consortium resource (https://dosage.clinicalgenome.org/). We also considered probability of intolerance to loss-of-function (LoF) variants (pLI) as reported in the Genome Aggregation Database (gnomAD, (https://gnomad.broadinstitute.org/). Genes with pLI scores of 0.9 or higher are extremely intolerant to heterozygous LoF variation, and thus haploinsufficient (Lek et al., 2016).
We then investigated deleted/duplicated regions for encompassing topologically associating domains (TADs), or their boundaries (TDBs), using Hi-C (http://3dgenome.fsm.northwestern.edu/). Indeed, TADs data from genome-wide higher order chromatin interaction data in human embryonic stem cells (h-ESC), h-ESC derived neural progenitor cells (H1NPC) (Dixon et al., 2015), and brain cortex (Schmitt et al., 2016), were downloaded (http://chromosome.sdsc.edu/mouse/download.html) (see Supplementary file) and mapped to hg19 coordinates using the UCSC browser. We then investigated identified CNV-genes, not previously associated with genetic diseases, for relevance to NDDs by considering different criteria: expression in the brain; reported mutations in the mouse associated with a neurodevelopmental phenotype; interaction with genes known to be associated with a neurodevelopmental disorder. To identify CNV disrupted genes with high brain expression, we used the BrainSpan database (http://www.brainspan.org/static/download.html) (Huckins et al., 2019) and extracted the list of genes with average log2 RPKM >4.5 (the top 18%), as also reported (Addis et al., 2018; Cerminara et al., 2021). We further investigated brain expression of genes at single gene isoforms using GTEx data (https://www.gtexportal.org/home/). We searched for gene-specific mouse models presenting a neurodevelopmental phenotype using MGI database. CNV-genes coding for microRNAs (miRNAs) were further investigated to detect the presence, among their possible targets, of any genes known to be associated with NDDs (Supplementary file) or to be involved in brain development and/or function by using miRDB (http://mirdb.org/), Target Scan (http://www.targetscan.org/vert_72/) and DIANA TOOLS (http://diana.imis.athena-innovation.gr/DianaTools/index.php).
Network Analysis of Candidate Genes
We used GeneCodis4 (Tabas-Madrid et al., 2012) to unveil enrichment of annotations, as already reported (Cerminara et al., 2021). Briefly, all the genes obtained from either duplicated or deleted regions were used as input in GeneCodis4 together with known NDD-associated genes, as those related to ASD and reported in SFARI database and those reported in OMIM as associated with intellectual disability (see Supplementary file). This tool allows the classification of genes according to their putative biological function by screening the Gene Ontology (GO), OMIM, Panther, and KEGG Pathways. In the analysis, the hypergeometric test was applied followed by the false discovery rate correction (FDR) with a cut-off of 5% to determine which annotations were significantly enriched. For GO analysis, various hierarchical levels of the annotation data structure were used. All genes of the top gene ontology terms, including candidate and known NDD genes, were then projected onto the STRING network (v11) (Szklarczyk et al., 2019). Edges within the STRING network were thresholded at 0.4, according to the authors’ recommendation. A graphical representation of the GeneCodis4 and STRING results was obtained by using Cytoscape tool (Shannon et al., 2003).
Pathogenicity Evaluation and Graphical Representation of CNVs
To evaluate the pathogenicity of variants we focused on the following criteria: 1) patients with multiple CNVs, enclosing NDD genes, which could have additive effects on the patients’ phenotype on the basis of results from gene enrichment and protein-protein interactions analyses; 2) patients with CNVs encompassing regions that control the expression of known NDD genes, including those with potential long-range effects; 3) patients whose CNVs encompass genes not yet reported as NDD-associated, but whose expression profile and function suggest a possible involvement in the disease, when at least another patient is reported with a similar CNV and phenotype in publically available databases. Results of this analysis were graphically reported using UCSC and specific Custom Tracks. In particular we used RefSeq Curated for gene representation and OMIM genes to underline genes already associated with disease. Decipher track was manually modified; we selected patients with CNVs similar to those of our patients, that is either deletions or duplications according to those found in our patients and overlapping approximately the same region and genes. We selected Decipher CNVs only if their related patients had a NDD phenotype (we kept out patients for whom we had no information about their phenotype). The CNVs thus selected were further investigated for being present in the same patient with other secondary CNVs overlapping additional NDD genes, and in this case reported in figures (marked with letters). Developmental Delay case track includes manually selected CNVs similar in size and gene content to those of our cases; we proceeded analogously also for Developmental Delay Control CNVs. A track reporting SFARI genes was added to underline the presence of a known ASD associated gene in the genomic region shown in figures. Brain-expressed gene track represents genes with a prevalent expression in the brain according to the BrainSpan data processed as detailed above, useful to highlight possible new NDD candidate genes.
RESULTS
Clinical Presentation of Patients
The 12 patients we report were all born to non-consanguineous parents. After clinical evaluation and follow up, the employment of specific tests and instruments, all subjects showed a complex phenotype, each of them characterized by different neurological features and other associated impairments and comorbidities. The main clinical features were represented by a variable degree of intellectual disability, in three cases associated with a diagnosed ASD, and epilepsy. Language disorder, self-aggressive behaviours and sleep disturbances could be also observed (see Table 1).
TABLE 1 | Clinical features.
[image: Table 1]Additive Effects of CNVs Involving Known NDD Genes
Four patients presented with two CNVs, overlapping known NDD genes, and inherited, respectively, by each of their healthy parents. We thought that in these cases, CNVs could additively contribute to the patient’s phenotype (Table 2).
TABLE 2 | Overview of the CNVs found in the patients.
[image: Table 2]The first case, IGGAC13, is a male patient with a maternal deletion of chromosome 7 involving CNTNAP2 and a paternal deletion of chromosome 11 involving LRRC4C (Figures 1A,B). Both genes are present in the SFARI database. Few CNVs are reported to overlap these two genes in control individuals and in NDD patients according to Developmental Cases and Decipher databases. Of note, NDD patients reported in Decipher and represented in Figure 1 carried one additional CNV involving other NDD-associated genes. Indeed, a case has been previously reported with two deleterious variants, one of which disrupting LRRC4C and one affecting another SFARI-reported gene DPP6 (Maussion et al., 2017). The two variants, as in our case, were inherited one from the mother and one from the father, both unaffected.
[image: Figure 1]FIGURE 1 | Additive effects between CNTNAP2 and LRRC4C in patient IGGAC13. (A) Screenshots of chromosome 11 region overlapping the deletion of patient IGGAC13 (red bar IGGAC13, chr11:40,303,114-40,694,847). Decipher CNVs (a: deletion in patient 282991; b: deletion in patient 276911). (B) Screenshots of chromosome 7 region overlapping the deletion of patient IGGAC13 (red bar IGGAC13, chr7:146,464,283-146,532,437). Decipher CNVs (a: deletion in patient 319381; b: intragenic duplication in patient 255117; c: deletion in patient 250646). Only Decipher patients with additional CNVs that overlap neurodevelopmental genes were selected and reported in the figure. (C) The network depicts the protein-protein interactions (grey lines), experimentally determined interaction (red lines) and co-expression (bold black lines) of the KEGG pathway “Cell adhesion molecule,” revealed by STRING analysis on the basis of enrichment obtained with GeneCodis4, and visualized by Cytoscape tool. The Figure shows the clustering of the candidate genes with other known NDD genes. In yellow the interacting molecules directly linking the two candidate genes to each other. 
CNTNAP2 encodes a member of the neurexin family which functions in the nervous system as cell adhesion molecule. LRRC4C (NGL1) is a specific binding partner for netrin G1, which is a member of the netrin family of axon guidance molecules. In fact, both molecules, CNTNAP2 and LRRC4C, are implicated in synapse formation (Um and Ko, 2017). We hypothesized that, while half dosage of each of these two molecules is compatible with a normal development, half dosage of both genes can impair synapse correct development and function. In fact, gene enrichment and String analysis showed that both genes are members of the KEGG cell adhesion molecule pathway and interact with other known NDD genes (Figure 1C; Supplementary Table S1).
The second case is a male patient (IGGAC14) that inherited from his healthy father a deletion of chromosome 17 encompassing a SFARI gene, DNAH17, and its antisense gene DNAH17-AS1. DNAH17 encodes a heavy chain associated with axonemal dynein, a member of microtubule-associated motor protein complexes. From his healthy mother, the patient inherited a duplication involving SHOX on chromosome X (Figure 2), also reported in the SFARI database.SHOX belongs to the paired homeobox family and is located in the pseudoautosomal region 1 (PAR1) of X and Y chromosomes. Enrichment of SHOX microduplications in NDD cases, particularly in those with ASD, has been described (Tropeano et al., 2016). Gene enrichment evidenced a function of SHOX in the regulation of transcription by RNA polymerase II, and of DNAH17 in microtubule-based movement, two important biological processes in neurodevelopment disorder (Figure 2; Supplementary Table S1). As shown in Figure 2A, other patients with NDD phenotype are reported in Decipher database to have duplications of SHOX and a secondary CNV involving neurodevelopmental genes. Indeed, a chromosome 17 deletion similar to that of our patient was reported in Decipher database in a case with NDD phenotype having a secondary CNV also overlapping developmental genes (Figure 2B).
[image: Figure 2]FIGURE 2 | Additive effects between SHOX and DNAH17 in patient IGGAC14. (A) Screenshot of chromosome X region overlapping the duplication of patient IGGAC14 (blue bar, chrX:561,527-908,212). Duplications in Decipher database (a: patient 259967; b: patient 367079; c: patient 380394; d: patient 284815; e: patient 289670; f: patient 322776; g: patient 367150; h: patient 279033; i: patient 353723). (B) Screenshot of chromosome 17 region encompassing the deletion of patient IGGAC14 (red bar, chr17:76,419,867-76,548,866). Deletions in Decipher database (a: patient 289758).
We observed a family with two affected siblings, a male (IGGAC15) and a female (IGGAC16), showing discordant phenotypes. They inherited from their unaffected mother a deletion encompassing a syndromic region at 15q11.2 (Figure 3A). The siblings also shared a duplication involving the SFARI gene SYNGAP1 (Figure 3B). Of note, the SYNGAP1 duplication was not observed in parents, at least in their blood-extracted DNA, thus leading to suppose mosaicism in either father or mother. Patient IGGAC16 also inherited a paternal, recurrent deletion involving the SFARI gene RBFOX1 (Figure 3C). Interestingly, loss of function variants of SYNGAP1 have been identified in patients with ASD and intellectual disability with or without epilepsy. However, to the best of our knowledge, no cases with duplication or gain of function variants have been reported so far. Overexpression of SynGAP was reported to block neurite outgrowth by a mechanism that involves Ras-like GTPase cascade (Tomoda et al., 2004), to produce a depression of AMPAR-mediated excitatory postsynaptic currents in neurons (Rumbaugh et al., 2006), and to regulate decreasing and increasing miniature excitatory synaptic currents in hippocampal neurons (McMahon et al., 2012). In fact, some phenotypic differences between the two siblings were observed. The male patient showed a mild phenotype characterized by a borderline cognitive functioning associated with atypical behaviours and psychomotor delay in early infancy, his sister had a more complex phenotype with mild cognitive impairment, irregular sleep rhythms, hyperactivity, coordination, and language disorders. We could speculate that the two CNVs shared by the two siblings can explain the phenotypic features shared by both of them, while the third CNV could have worsened the phenotype of the female patient.
[image: Figure 3]FIGURE 3 | Additive effects in a familial case, siblings IGGAC15 and IGGAC16. (A) Screenshot of chromosome 15 region encompassing the deletion shared by the two siblings (red bars, chr15:22,765,628-23,208,901). (B) Screenshot of chromosome 6 region encompassing the duplication shared by the two siblings (blue bars, chr6:33,337,684-33,669,083). (C) Screenshot of chromosome 16 region encompassing the deletion of patient IGGAC16 (red bar, chr16:6,371,455-6,568,176). Deletions reported in Decipher patients (a: patient 283262; b: patient 327250; c: patient 403649).
Addictive Effects of CNVs Involving Potential Novel Candidate Genes and New Pathogenic Mechanisms
Four patients reported double CNVs involving genes or genomic regions not yet described as NDD-associated but that could act in concert, similarly to the four cases described above, with a potential impact on the patients’ phenotype (Table 2).
The first case (IGGAC06) carried a maternal deletion of chromosome 9 and a non-maternal deletion of chromosome 11; as genetic analysis of the patient’s father was not available, we cannot determine if the chromosome 11 deletion was de novo or paternally inherited (Figures 4A,C). The chromosome 9 deletion encompassed PTPRD, which encodes a protein-tyrosine phosphatase receptor, and PTPRD-AS2, a long non-coding RNA (lncRNA) gene known as PTPRD antisense RNA 2 (head-to-head) predicted to make expression of mRNA more stable and thus enhancing PTPRD protein production. Thus, a reduced expression of PTPRD can be hypothesized because of the deletion of the first two untranslated exons of the gene and of PTPRD-AS2. A total of 7 deletions encompassing exonic regions of PTPRD are reported in controls, while several CNVs and, in particular, 16 deletions and one intragenic duplication involving coding regions of the gene are present among cases in Developmental Delay and Decipher databases with NDD phenotypes. Five among Decipher cases have an additional CNV involving brain expressed genes that, analogously to those reported in patient IGGAC06, could have an additive effect in causing patient’s phenotype. Interestingly, PTPRD is predicted to be intolerant to loss of function variants (pLI = 1) and to haploinsufficiency mechanisms (score = 0.75; value above 0.5 are predicted to be haploinsufficient) (Shihab et al., 2017). PTPRD has a role in synaptic adhesion and synapse organization and can bidirectionally induce pre- and postsynaptic differentiation of neurons by trans-synaptically binding to interleukin-1 receptor accessory protein (IL1RAP) (Yoshida et al., 2012; Yamagata et al., 2015). In the mouse, PTPRD was shown to regulate neurogenesis (Tomita et al., 2020) and mice lacking PTPRD showed impaired learning with enhanced hippocampal long-term potentiation (Uetani et al., 2000), thus suggesting a role for PTPRD in neurodevelopmental disorders. In OMIM database, PTPRD is not associated with a disorder, and its implication in human disease is still to be completely clarified. Homozygous deletions of PTPRD were observed in a patient with intellectual disability and trigonocephaly (Choucair et al., 2015) and his family members carrying the same deletions were reported to be unaffected. Instead, a heterozygous de novo splicing variant of the gene was reported in a girl with moderate nonsyndromic developmental delay (Yan et al., 2019). Furthermore, genetic studies showed an oligogenic association of PTPRD variants with obsessive-compulsive disorder (Mattheisen et al., 2015) and with restless leg syndrome (Schormair et al., 2008). Overall, results from various genetic studies are consistent with both major/oligogenic and modest/polygenic contributions of common and rare PTPRD variations in neurological, behavioural, and neurodevelopmental disorders (Uhl and Martinez, 2019). Gene enrichment and String analysis showed PTPRD interacting with many NDD genes playing a role in synaptic membrane adhesion and neuronal development (Figure 4B; Supplementary Table S1).
[image: Figure 4]FIGURE 4 | Additive effects between PTPRD and BUD13 in patient IGGAC06. (A) Screenshot of chromosome 9 region overlapping the deletion of patient IGGAC06 (red bar, chr9:10,286,927-11,086,155). Decipher CNVs (a: intragenic duplication in patient 333436; b: deletion in patient 412118; c: deletion in patient 337260; d: intragenic duplication in patient 260089 and e: deletion in patient 279686). (B) The network depicts the protein-protein interactions (grey lines) revealed by STRING analysis (visualized by Cytoscape tool) on the basis of the enrichment obtained with GeneCodis4 tool. The Figure shows the enriched GO terms clustering the candidate gene PTPRD and known NDD genes. (C) Screenshot of chromosome 11 region overlapping the deletion of patient IGGAC06 (red bar, chr11:116,182,875-116,677,043). (D) The network depicts the protein-protein interactions (grey lines) and experimentally determined interaction with a SFARI gene (red line) revealed by STRING analysis (visualized by Cytoscape tool) on the basis of the GO term “mRNA splicing via spliceosome”. The network indicates a direct interaction of BUD13 with the known NDD gene SF3B1.
The chromosome 11 deletion encompassed BUD13, which encodes a component of the retention and splicing (RES) complex of the spliceosomal complex. In zebrafish, the lack of BUD13 caused defects in intron splicing specifically in genes with neurodevelopmental regulatory functions, thus resulting in a decrease of differentiated neurons and brain developmental defects (Fernandez et al., 2018). GeneCodis analysis showed an enrichment of BUD13 with various NDD genes in the GeneOntology category of mRNA splicing, via spliceosome, a biological process with an important role in neurodevelopment (Figure 4D, Supplementary Table S1).
Patient IGGAC08 has a complex phenotype mainly characterized by language disorder, hyperactivity, learning difficulties, borderline cognitive level, motor skill impairment, and short stature (Table 1). His mother also had school difficulties and showed dyslexia in childhood. Mother and son share a deletion of chromosome 4q34.1 encompassing GLRA3 which encodes the alpha-3 subunit of the neuronal glycine receptor, a ligand-gated ion channel. In addition, patient IGGAC08 had a de novo deletion involving hsa-mir-4465 and a de novo duplication including INPP5A (Table 2 and Figures 5A–C). GLRA3 receptors are expressed in spinal cord, brainstem, hippocampus, amygdala, striatum, and cortex. The glycine receptor is a glycoprotein composed of 5 subunits, three α and two β subunits. The alpha subunits bind the glycine ligand while the beta subunits bind to gephyrin, a cytosolic protein required for a regulated synaptic aggregation and clustering of these receptors.
[image: Figure 5]FIGURE 5 | Additive effects of INPP5A, MIR4465 and GLRA3 in patient IGGAC08. (A) Screenshot of chromosome 10 region encompassing the duplication of patient IGGAC08 (blue bar, chr10:134,289,353-134,917,702). (B) Screenshot of chromosome 6 region encompassing the deletion of patient IGGAC08 (red bar, chr6:140,767,462-141,008,265). (C) Screenshot of chromosome 4 region encompassing the deletion of patient IGGAC08 (red bar, chr4:175,734,964-175,934,265).
Gephyrin has functional links with several synaptic proteins, mutations of which have been reported in various neurodevelopmental disorders (Choii and Ko, 2015; Kim et al., 2021). Half dosage of GLRA3 may contribute to impair gephyrin-mediated aggregation and post-synaptic clustering.
Loss of PTEN, a SFARI gene, can cause postsynaptic and presynaptic changes in excitatory and inhibitory connectivity. In vitro analyses have recently demonstrated that a miRNA (microRNA-301a) can downregulate PTEN after glycine receptor activation (Chen et al., 2016). Tao et al. (2019) showed that miR-4465 significantly inhibited the expression of PTEN, upregulated phosphorylated AKT and ultimately inhibited autophagy by activating mTOR in HEK293, HeLa, and SH-SY5Y cells (Tao et al., 2019). Half dosage of hsa-mir-4465 in our patient is expected to cause upregulation of PTEN, contributing to postsynaptic impairment. MiRNAs are important regulators of brain development and neuronal function, and have been associated with a variety of nervous system diseases, including ASD (Cheng et al., 2018; Wu et al., 2020).
In mice, the deletion of Inpp5a causes perinatal lethality in 90% of the homozygous mutants, early onset ataxia and relatively small stature in surviving mutants. Heterozygotes do not exhibit obvious motor coordination impairment unless challenged in motor skill test (Yang et al., 2015). Inpp5a is a downstream effector of signalling from mGlu1 receptor, one of the two members of group I metabotropic glutamate receptors, that regulates synaptic plasticity, particularly in cerebellar Purkinje cells. The mGlu1 receptor activity needs to be fine-tuned and balanced for normal motor coordination. Alteration of expression, either enhancement or decrease, of group 1 mGlu metabotropic receptors in mice is known to alter their activity, which results in defects of motor coordination (Rossi et al., 2013; Bossi et al., 2018). The deletion of INPP5A in this patient may be in part responsible for his impairment in motor skills.
IGGAC10 patient showed a complex phenotype mainly characterized by intellectual disability and epilepsy (Table 1). He carried a maternal deletion encompassing SYNCRIP and a paternal duplication involving the upstream regulatory genomic region of ADCY5. Both CNVs overlap a TDB between two flanking TADs described in different tissues, including brain cortex, which could also contribute to dysregulating the expression of implicated genes (Figures 6A,B).
[image: Figure 6]FIGURE 6 | Additive effects between SYNCRIP and ADCY5 in patient IGGAC10. (A) Screenshot of chromosome 6 region encompassing the deletion of patient IGGAC10 (red bar, chr6:86,338,564-86,413,285). TADs from Cortex, H1NPC and h-ESC cells. (B) Screenshot of chromosome 3 region encompassing the duplication of patient IGGAC10 (blue bar, chr3:123,113,523-123,997,093). TADs from Cortex, H1NPC and h-ESC cells.
SYNCRIP encodes the synaptotagmin-binding cytoplasmic RNA-interacting protein, a member of the cellular heterogeneous nuclear ribonucleoprotein (hnRNP) family that plays a role in multiple aspects of mRNA maturation. Missense and truncating variants of SYNCRIP were found in ASD patients with more severe phenotypes (Guo et al., 2019) and in patients with severe non-syndromic sporadic intellectual disability (Rauch et al., 2012), respectively. ADCY5 encodes a member of the membrane-bound adenylyl cyclase enzymes which mediate G-protein-coupled receptor signalling through the synthesis of the second messenger cAMP. According to SFARI database, missense and frameshift variants of ADCY5 have been reported in ASD patients. Gain of function variants of ADCY5 have been associated with a broad range of movement disorders, most notably chorea, dystonia and myoclonus (Vijiaratnam et al., 2019).
Thus, the two CNVs could cause, by a mechanism also implicating a modification of chromatin conformation, a dysregulation of both SYNCRIP and ADCY5 contributing to the complex phenotype observed in this patient.
IGGAC07 patient carried a de novo duplication of chromosome 14, and two maternally inherited duplications of chromosome 12 and chromosome 22, respectively (Table 2; Figures 7 A–C).
[image: Figure 7]FIGURE 7 | Additive effects of ABHD4, GNAZ and WSCD2 in patient IGGAC07. (A) Screenshot of chromosome 14 region encompassing the duplication of patient IGGAC07 (blue bar, chr14:22,360,671-23,120,435). Brain-expressed genes (see Methods). (B) Screenshot of chromosome 22 overlapping the duplication of patient IGGAC07 (blue bar, chr22:22,998,284-23,643,223). Duplications in Decipher database (a: patient 251352; b: patient 286708; c: patient 301091; d: patient 288064). Brain-expressed genes (see Methods). (C) Screenshot of chromosome 12 overlapping the duplication of patient IGGAC07 (blue bar, chr12:108,487,109-108,896,252). Brain-expressed genes (see Methods).
Interestingly, chromosome 14 duplication encompassed ABHD4, a gene recently shown to be involved in developmental anoikis, a mechanism of cell death in the prenatal brain preventing from survival of misplaced cells (Laszlo et al., 2020). Indeed, ABHD4 is involved in N-acylethanolamine biosynthesis, including the endocannabinoid molecule anandamide which has various physiological functions such as the regulation of synaptic plasticity and apoptosis. ABHD4 expression is tightly controlled spatially and temporally in the developing brain and a misregulation of its expression due to the duplication could contribute to the patient’s phenotype. Duplications encompassing ABHD4 were annotated in only one control individual, while various cases were reported both in Decipher and in Developmental Delay databases with duplications larger than that observed in our patient and a smaller one sharing with our patient ABHD4 duplication.
The maternal duplication on chromosome 22 involved a region with triplosensitivity including GNAZ, the Guanine Nucleotide-binding protein (G protein) Alpha Z polypeptide encoding gene. In this region, many duplications are reported in both Decipher and Developmental Delay databases, most of them extending over the short region containing GNAZ. Only a total of 4 control individuals are reported in either Developmental Delay Control or in DGV databases with duplications overlapping the GNAZ gene. GNAZ is a member of the Gαi subfamily of heterotrimeric G proteins, and couples to G-protein-coupled receptors triggering important pathways in neuronal development (Hultman et al., 2014). The duplication of chromosome 12 entirely encompassed WSCD2, which encodes a WSC Domain-containing protein with a still unclear function. Interestingly, genome wide association analyses found significant results for variants in WSCD2 in patients with psychiatric disorders (Lo et al., 2017). Finally, we could hypothesise that all the de novo and the inherited duplications could have jointly contributed to the NDD phenotype of patient IGGCA07.
CNV-Mediated Complex Pathogenic Mechanisms
We found 4 patients with CNVs that could affect expression of NDD genes throughout an indirect and/or long-range effect (Table 1 and Table 2).
One case (IGGAC04) presented with very severe psychomotor delay, hypotonia, and epilepsy (Table 1), carrying a de novo heterozygous deletion of chromosome 5 (Figure 8A). This deletion encompasses 6 genes, two of them expressed in the nervous system: MEF2C-AS1, which encodes a lncRNA annotated as antisense RNA of MEF2C, and ADGRV1, which encodes a member of the G-protein-coupled receptor superfamily associated with familial febrile seizures and Usher syndrome 2 (OMIM 602851). MEF2C (myocyte enhancer factor-2, OMIM 600662) is a transcription factor playing a role during development, mostly in myogenesis and neurogenesis. MEF2C haploinsufficiency has been shown to be responsible for severe cognitive deficit with stereotyped movements, epilepsy, and/or cerebral malformations (Le Meur et al., 2010). It has been recently demonstrated that, during myogenic differentiation a lncRNA, the OIP5-AS1, through its complementarity with MEF2C 3′UTR, enhances MEF2C mRNA stability thus promoting MEF2C expression and ultimately enhancing myogenesis (Yang et al., 2020). We hypothesized that during neurogenesis, analogously to OIP5-AS1, MEF2C-AS1 could enhance MEF2C mRNA stability and promote MEF2C expression and neurogenesis. In this view, the heterozygous deletion observed in patient IGGAC04 could reduce the expression of MEF2C-AS1 causing a decrease of MEF2C, thus interfering with neuronal differentiation and contributing to the patient’s phenotype. Although as a consequence of MEF2C-AS1 deletion a gene loss-of-function is likely, functional experiments would be required to exclude some compensatory mechanisms, as up-regulation of the healthy allele. The deletion of ADGRV1 could be responsible for the epilepsy phenotype. Of note, we found one patient in the Decipher database (Patient 251716) carrying a deletion overlapping the one of our patient and having similar clinical features characterized by intellectual disability, muscular hypotonia, and seizures. No deletions overlapping the same region were present among controls (Developmental Delay and DGV Controls). The chromosome 5 region deleted in these patients overlaps a TDB described in different tissues, including those relevant for neurodevelopment (e.g., Cortex), according to their relative Hi-C maps (Figure 8A), which could further complicate the fine regulation of expression of the overlapped genes, including MEF2C-AS.
[image: Figure 8]FIGURE 8 | Potential candidate genes and pathogenetic mechanisms in patient IGGAC04 and IGGAC01. (A) Screenshot of chromosome 5 region overlapping the deletion of patient IGGAC4 (red bar, chr5:88,232,587-90,181,774). Decipher CNVs (a: deletion in patient 251716). TADs from Cortex, H1NPC and h-ESC cells. (B) Screenshot of chromosome 16 region overlapping the duplication of patient IGGAC01 (blue bar, chr16:8,969,984-10,078,802). Decipher CNVs (a: duplication in patient 382832).
One case (IGGAC01) showed a complex phenotype mostly characterized by psychomotor delay, autistic features, hypotonia, epilepsy, gastrointestinal and sleep disturbances (Table 1), and carried a de novo heterozygous duplication of chromosome 16 (Figure 8B). The duplication involved, in particular, two OMIM reported genes, USP7, encoding the Ubiquitin Specific Peptidase 7, and GRIN2A, encoding the NR2 subunit of the N-methyl-D-aspartate (NMDA) glutamate receptor. USP7 has been shown to regulate the ubiquitination of a variety of proteins with functions in different biological processes as oxidative stress response, histone modification and regulation of chromatin remodelling (Khoronenkova et al., 2011). Deletions, truncating and missense variants of USP7 have been associated with the Hao-Fountain syndrome (OMIM 616863), characterized by speech delay, autistic spectrum disorder, attention-deficit hyperactivity disorder, sleep disturbances and gastroesophageal reflux disease (Fountain et al., 2019). All these clinical features are present in our case who has the complete duplication of USP7. Notably, in syndromic forms of ASD, duplications in addition to deletions of USP7 have been reported (Sanders et al., 2011), thus supporting the idea of dosage sensitivity, with both low and high USP7 expression causing imbalances of neuronal homeostasis. The duplication present in patient IGGAC01 partially overlapped GRIN2A. Truncating as well as missense, activating variants of GRIN2A have been associated with an idiopathic form of focal epilepsy, EEG continuous spike-and-wave during sleep (CSWS), and speech disorder (OMIM 245570) (Lemke et al., 2013) whose clinical aspects are present in our patient. Different molecular alterations of NMDA receptor subunits seem to result in a deleterious dysregulation of NMDA receptor function (Balu and Coyle, 2011). Although the effect of partial duplications on gene function are not easily predictable, some clinical features of the IGGAC01 patient suggested the occurrence of a dysregulation of GRIN2A that could have contributed to the patient’s phenotype. Of note, a patient with phenotype resembling that of patient IGGAC01 was reported in Decipher database with a similar duplication, including both USP7 and GRIN2A (Figure 8B). We thus hypothesised that the phenotype of these two patients could result from the impairment of both USP7 and GRIN2A.
IGGAC24 had a de novo duplication of chromosome 19 that encompasses various genes, 11 of which are expressed in the brain. The duplication also overlaps a TDB described in the brain cortex and other different tissues, which could contribute to dysregulating gene expression of implicated genes (Figure 9A and Table 1). Attempting to prioritize enclosed genes and define possible candidate genes, we performed a gene enrichment analysis as described above (see Methods). Two genes emerged for their functions known to play a role in neurodevelopmental disorders, namely SHISA7 and U2AF2. Indeed, in Decipher at least one NDD case with a duplication that partially overlaps the TDB and the SHISA7 gene (Patient 338729) was reported while no similar duplications, implicating brain-expressed genes, were reported among controls. We focused on SHISA7, a transmembrane protein that interacts with GABAA receptors (Han et al., 2019) and, by acting as auxiliary protein for the trafficking of AMPA receptors, regulates synaptic plasticity (Schmitz et al., 2017). Notably, spine loss has been observed in SHISA7 knockout mice and in wild type mice with SHISA7 overexpression (Schmitz et al., 2017; von Engelhardt, 2019). Thus, we hypothesised that the duplication could cause a dysregulation of SHISA7 expression, possibly also by altering chromatin conformation, and ultimately causing a dysregulation of synaptic plasticity.
[image: Figure 9]FIGURE 9 | Duplications of topological domain boundaries (TDBs) potentially involved in the phenotype of patient IGGAC24 and patient IGGAC23. (A) Screenshot of chromosome 19 region encompassing the duplication of patient IGGAC24 (blue bar, chr19:55,948,706-56,471,996). TADs from Cortex, H1NPC and h-ESC cells. Brain-expressed genes (see Methods). Decipher patient with reported duplication (a. patient 338729) (B) Screenshot of chromosome 10 region encompassing the duplication of patient IGGAC23 (blue bar, chr10:125,121,038-127,119,447). Brain-expressed genes (see Methods). Decipher patients with reported duplications (a: patient 283429, b: patient 378968).
Patient IGGAC23 showed a de novo duplication of chromosome 10 overlapping 7 brain-expressed genes and a TDB described in the brain cortex and other tissues (Figure 9B and Table 1). After gene enrichment analysis of these 7 genes with known NDD genes, one emerged as the most interesting, CTBP2. This gene produces two alternative transcripts for two different proteins, one of them is a component of specialized synapses (ribbon synapses) and the other one is a negative regulator of transcription. CTBP2 knock-out mice present a neurological phenotype characterized by abnormalities of brain development. A recent study reported that the overexpression of CTBP2 inhibits neuronal differentiation (Zhang et al., 2020). Of note, while no duplications similar to that of this patient were reported among controls, in Decipher a patient with autistic behaviour and a duplication shorter than the one of patient IGGC23, but still enclosing CTBP2, was reported. Thus, the duplication present in patient IGGAC23 could have caused overexpression and/or dysregulated expression of overlapped genes, among which CTBP2, whose overexpression has already been associated with impaired neuronal defects.
DISCUSSION AND CONCLUSION
In the frame of identifying the most likely genes and genetic mechanisms underlying complex phenotypes in neurodevelopmental disorders, and to better interpret CNV causal effects in complex cases, we performed a detailed analysis of both clinical features and CNVs of 12 patients.
In particular, we analyzed patients’ CNVs in the light of information on gene expression, gene function, and chromatin organization features of involved genomic regions. Then we assessed the presence of potential deleterious CNVs acting in concert in the same patients, according to a two-hit model emerging from the recent literature as a possible pathogenetic mechanism with important roles in neurodevelopmental disorders.
Four patients reported with a complex phenotype, i.e. not referable to a known syndromic neurodevelopmental disorder, carried a CNV that can possibly have indirect deleterious effects on neuronal expressed genes and finally on their phenotype. In one case, a deletion encompassed MEF2C-AS1, the antisense gene of a known NDD-associated gene, MEF2C. Involvement of antisense genes in NDDs has been rarely reported so far. One example is represented by PTCHD1-AS, the antisense-gene of the NDD-associated gene PTCHD1. In fact, although the molecular function of PTCHD1-AS is still to be clearly elucidated, it has been demonstrated that its disruption diminished miniature excitatory postsynaptic current frequency in iPSC-derived neurons from subjects with ASD, thus supporting a role for this long noncoding RNA in the etiology of ASD (Ross et al., 2020). Interest on regulatory elements of gene expressions, like lncRNA and regulatory enhancer elements, and their involvement in brain disorders has been recently increased and new tools have been applicated for their detection, as those implicated in ASD and Schizofrenia (Piluso et al., 2019; Alinejad-Rokny et al., 2020).
Deletions and duplications may overlap TDBs between two flanking topological associated domains causing a dysregulation of chromatin organization and, in turn, a dysregulation of implicated genes which ultimately affects the patient’s phenotype. So far, implication of CNVs in TAD boundaries have been rarely investigated in NDDs (Di Gregorio et al., 2017; Melo et al., 2020). Chromatin conformation domains can be different in various cells and tissues, and we were aware that effects of deletions and duplications deduced on the basis of TDBs data reported in databases have to be considered hypothetical, deserving further experimental validation. To tentatively achieve a more reliable data analysis of our patients, we considered only TDBs reported in more than one tissue, assuming that they could possibly represent a chromatin feature common to many tissues, including brain areas involved by NDDs. All our four cases have a CNV encompassing a TDB between two flanking topologically associated domains described in at least three tissues which could have played a role in NDD phenotype, such as brain cortex (Schmitt et al., 2016) and human embryonic stem cell-derived neurons (Dixon et al., 2015).
One important finding emerging from this evaluation of diagnostic array-CGH results is the presence of co-occurring CNVs that, according to the two-hit model, could have contributed to the patients’ phenotype.
In eight patients, we found two CNVs overlapping either known NDD genes and/or genes with potential roles in neurodevelopment. In three patients, we found one de novo and one variant inherited from unaffected parents, the remaining five patients inherited one CNV from each of their unaffected parents. In three out of eight cases, namely IGGAC06, IGGAC07, and IGGAC08, involved genes have not yet been associated with disease and we presented data in favor of their implication in neurodevelopmental disorders. Indeed, we searched the Decipher database for cases with one CNV corresponding to that presented by our patients and a secondary CNV, involving genes with a role in neurodevelopment. We found some cases, reported in the figures, that further support the hypothesis that identified co-occurring CNVs in our patients act additively causing deleterious phenotypes according to a two-hit model.
In order to gain insight into possible interaction among genes implicated in the CNVs co-occurring in the same patient and to evaluate whether these genes share molecular functions or biological processes, we performed gene enrichment and protein-protein interaction analyses (Figure 10; Supplementary Table S1). We also tested interaction with other known NDD associated genes, which helped to better define the role of new candidate genes in important neurodevelopmental pathways and biological processes. In one case, IGGAC13, the two major implicated genes, i.e., CNTNAP2 and LRRC4C, interact with each other through NRXN1 and with other NDD-associated genes and have a common function in the KEGG cell adhesion molecule pathway (Figure 1). In all the other cases, genes affected by co-occurring CNVs do not seem to directly interact, but they have a role in important, although distinct, biological processes that together contribute to proper brain development (Figure 10). We thus hypothesized that, in all these cases, the double-hit mechanism by affecting two pathways/biological processes finally determines an impairment of neurological development.
[image: Figure 10]FIGURE 10 | Overview of biological processes and pathways involved in patients with CNV-genes acting according to double-hit model. The network depicts the protein-protein interactions (grey lines) revealed by STRING analysis (visualized by Cytoscape tool) on the basis of the enrichment obtained with GeneCodis4 tool. The Figure shows the enriched BP terms and KEGG pathways clustering the CNV-genes of the eight patients with known NDD genes (SFARI reported genes with score 1/2 and OMIM genes correlated to NDDs). The analysis shows that all eight patients have CNV-overlapped genes involved in two known NDD-associated biological processes, except patient IGGAC13, for whom the two implicated genes appeared in the same KEGG pathway. GO terms “neuron projection development”, “synaptic membrane adhesion”, “ion trasport”, “G-protein-coupled receptor signalling pathway” and “mRNA splicing” are shared by at least two different patients.
As observable in Figure 10, couple of patients have genes involved in the same pathway/biological process and one additional gene dealing with another biological process. As an example, both IGGAC06 and IGGAC10 have one CNV each involving a different gene but with a common function in mRNA splicing, and each of the two patients has an additional CNV involving one gene with a role, respectively, in synaptic membrane adhesion and in G-coupled receptor signaling, two fundamental functions of synapse.
Of note, co-occurring secondary CNVs overlapping NDD genes were also found in patients with syndromic or recurrent gene-specific CNVs, which could modulate penetrance and/or severity of the disease. This phenomenon is well exemplified by the case of two siblings, IGGAC15 and IGGAC16, who shared two CNVs overlapping known NDD genes, including an already described deletion of chromosome 15 with reduced penetrance (Cox and Butler, 2015). In addition to these two CNVs, patient IGGAC16 also carried a deletion of chromosome 16 implicating RBFOX1, a known NDD gene, also described with reduced penetrance (Lal et al., 2013). Patient IGGAC16, the one of the two siblings who carried a total of three CNVs, exhibited a more complex phenotype compared to her brother.
Overall, our genetic analysis allowed to unveil candidate genes and to infer some synergistic and complex mechanisms that could origin the neurodevelopmental disorder in these patients. However, novel candidate genes and genes affected by co-occurring CNVs although individually associated with NDD biological processes, require further functional analyses to understand their potential interactions and ultimately to clarify their contribution to patient phenotypes.
Variability and complexity of genetic components make the functional validation of NDD genes and pathogenic mechanisms a challenge. Validation of hypothesised mechanisms in one patient can represent a research project by itself. Concerning the present cases, we could consider different levels of validation starting from verifying the effect of a CNV on expression of the implicated genes in induced neurons (iN) that could be obtained from patients’ fibroblasts. With this approach we could evaluate the effects of deletions of antisense or miRNA genes on the expression of their specific targets (as for patient IGGAC4 and IGGAC8) or of CNV involving TDB boundaries on implicated genes (as for patient IGGAC10). A further level of investigation is represented by the analysis of morphology and connections of iNs, usefull to investigate impairment of cell adhesion molecules, as for the case IGGAC13. Patient-derived iN could be used to evaluate defects on RNA splicing as in the case of IGGAC6 patient. To evaluate the effects of more complex genetic mechanisms on brain development and on behaviour, a further level of validation can be represented by studies with animal models, as mice. Indeed, as mice with double/multiple heterozygous variants can be obtained (Bossi et al., 2018), the synergistic effects of multiple variants could be also evaluated. In this view, and as mouse models for both LRRC4C and CNTNAP2 genes are available, it could be interesting to obtain a mouse strain carrying heterozygous, loss of function mutations in both genes, thus mimicking the genotype of patient IGGAC13.
Our findings further support the hypothesis that double-hit mechanisms, involving inherited and de novo CNVs, could synergistically cause, or modulate, the neurodevelopmental phenotype. Indeed, the co-occurrence of pathogenic variants has also been observed after analysing the CNVs together with the results of whole exome sequencing, underlining the importance of the genetic background for the penetrance of a deleterious variant (Pizzo et al., 2019).
Recently reported data indicate that, in NDDs, WES analyses have diagnostic yields of about 36% while chromosomal microarray analysis of less than 20% (Srivastava et al., 2019; Savatt and Myers, 2021). As variants causing NDDs can be CNVs or single nucleotide variants (SNVs), isolated or even combined, the genetic diagnostic approach has to take into consideration methods able to detect both type of variants. Indeed, several clinical laboratories are now incorporating CNV calling into WES and are able to detect multi-exon deletions and duplications (Savatt and Myers, 2021).
WGS, by definition, detects more comprehensively all classes of genetic variants and, as cost decreases, will eventually supersede WES and chromosomal array analyses in clinical testing algorithms over time.
Finally, our work describes a possible integrated framework of investigation of CNVs based on publically available resources of genomic annotations and bioinformatic analyses to prioritize candidate genes and infer pathogenic mechanisms. This approach could be used for interpretation of those CNVs that, after a first level analysis, remains of uncertain significance.
Indeed, it would be interesting to test these patients by WES to check for single nucleotide variants which, according to multi-hit model, could further contribute to their phenotype.
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The goal of this investigation was to determine whether there are alterations in DNA methylation patterns in children with autism spectrum disorder (ASD).

Material and Methods: Controlled prospective observational case-control study. Within the ASD group, children were sub-classified based on the presence (AMR subgroup) or absence (ANMR subgroup) of neurodevelopmental regression during the first 2 years of life. We analyzed the global levels of DNA methylation, reflected in LINE-1, and the local DNA methylation pattern in two candidate genes, Neural Cell Adhesion Molecule (NCAM1) and Nerve Growth Factor (NGF) that, according to our previous studies, might be associated to an increased risk for ASD. For this purpose, we utilized blood samples from pediatric patients with ASD (n = 53) and their corresponding controls (n = 45).

Results: We observed a slight decrease in methylation levels of LINE-1 in the ASD group, compared to the control group. One of the CpG in LINE-1 (GenBank accession no.X58075, nucleotide position 329) was the main responsible for such reduction, highly significant in the ASD subgroup of children with AMR (p < 0.05). Furthermore, we detected higher NCAM1 methylation levels in ASD children, compared to healthy children (p < 0.001). The data, moreover, showed higher NGF methylation levels in the AMR subgroup, compared to the control group and the ANMR subgroup. These results are consistent with our prior study, in which lower plasma levels of NCAM1 and higher levels of NGF were found in the ANMR subgroup, compared to the subgroup that comprised neurotypically developing children.

Conclusions: We have provided new clues about the epigenetic changes that occur in ASD, and suggest two potential epigenetic biomarkers that would facilitate the diagnosis of the disorder. We similarly present with evidence of a clear differentiation in DNA methylation between the ASD subgroups, with or without mental regression.

Keywords: autism spectrum disorder, neurodevelopmental regression, DNA methylation patterns, NCAM, NGF


INTRODUCTION

Autism spectrum disorder (ASD) is a severe neurodevelopmental disorder featuring variable but pronounced deficits in communication and social interaction, and is associated to multiple genetic risk factors (1, 2). Environmental (viral infection, parental age, diet) and epigenetic factors (DNA methylation, histone modification and microRNA) would act on some predisposing genetic factors (3). However, although epigenetic mechanisms, transcriptome profiles, and environmental factors have been suggested to be implicated, no clear pathogenesis mechanisms have been yet identified in ASD (4–12).

One of the best-known epigenetic marks is the 5-methylcytosine (5-mC), generated by the methylation at C5 of cytosine in symmetric CG contexts. A high proportion of regulatory regions, such as promoters and enhancers, contains areas with high density of CpG dinucleotides (called “CpG islands”) that are usually unmethylated, and whose methylation is generally associated to transcriptional silencing (13). Extensive experimental evidence supports that DNA methylation is a crucial step during brain development, and plays a key role in processes including synaptic plasticity, learning, memory, or cognitive decline (14).

Unlike mutations, epigenetic changes are potentially reversible, which has opened new pathways in the study of some diseases. Nowadays, it is accepted that ASD has a strong epigenetic component (14–19). Several genome-wide studies revealed multiple alterations in DNA methylation patterns in the brains of ASD individuals (20, 21). The largest meta-analysis study using peripheral blood samples from about 800 autistic individuals revealed that 55 of examined CpG sites were associated to ASD (22). Nevertheless, the main regions analyzed in these studies are the CpG islands of the protein coding regions, whereas DNA methylation in the genomic non-coding regions, which are often implicated in genetic regulation pathways, has not yet been examined. On the other hand, a significant fraction of the mutations associated to an increased risk of ASD affects transcriptional factors or chromatin-modifying proteins (23). Genetic mutations of the MECP2 gene related to autism spectrum disorders have been recently identified (4). MECP2 is a master epigenetic regulator that exhibits high levels of expression in the brain. However, a reduced expression of MECP2, associated to hypermethylation of its promoter, has been described in the frontal cortex of patients with ASD (8). Understanding the epigenetic changes involved in ASD can also help to identify subgroups of patients, allowing a better stratification for the implementation of pharmacological and/or behavioral therapies.

Long interspersed element-1 (LINE-1) is an autonomous transposable element that makes up roughly 17% of the human genome where it remains active (24). It is possible for retrotransposition of LINE-1 into a new position of the genome to cause duplication, deletion, or insertion at the target site, triggering genomic instability and changes in gene expression (25). Although the process by which LINE-1 transcription and retrotransposition is regulated remains indeterminate, mounting evidence propose that epigenetic pathways, such as DNA methylation and histone modifications, are implicated in the retrotransposition of LINE-1 and could have an impact on the target genes expression (26). There have been reports of altered DNA methylation levels and patterns of CpG residues in LINE-1 promoter regions in many diseases, including ASD (22, 26).

Other authors have posited that both a proinflammatory condition and an alteration in adhesion molecules in the early stages of neurodevelopment may play a role in the pathophysiology of ASD. Our group has recently published a study on the plasma levels of particular adhesion molecules and growth factors in patients with ASD compared to healthy children. When sub-classifying according to the presence or absence of neurodevelopmental regression in children with ASD, lower plasma levels of the Neural Cell Adhesion Molecule (NCAM1) and higher levels of Nerve Growth Factor (NGF) were observed in the subgroup of autistic children without mental regression, compared to the levels obtained in the mental regression subgroup and the control group (27).

Based on evidence of close implication of loci-specific DNA methylation in the pathophysiology of neurological disorders including ASD (20, 21), and previous demonstration of an association between the epigenetic regulation of LINE-1 and its effects in ASD pathobiology (26), the present study aims to compare global methylation levels in blood samples of pediatric patients with ASD and healthy children, and to examine the DNA methylation status of NCAM1 and NGF, two genes that we have previously shown to be deregulated in autistic spectrum disorder. Here, we report the results of a global and local DNA methylation analysis from a pediatric sample with ASD compared to normally developing children.



MATERIALS AND METHODS


Subjects

This was a controlled prospective observational case-control study. The patients with ASD were recruited from the Department of Child and Adolescent Clinical Psychiatry and Psychology at the Reina Sofia University Hospital. Some of the patients (those aged 2–3) were assimilated into the study at the time of their ASD diagnosis, while the older patients (those aged 3–6) were selected from among children who had already been given diagnoses at the same unit. The diagnosis of ASD was based on the clinical judgment of professionals specializing in identifying the unique developmental profile associated with subjects with ASD. The diagnoses were based on the information obtained from semi-structured clinical development interviews, and psychological and behavioral tests that have been internationally acknowledged to be reliable and valid for this purpose. Two clinical psychologists, a psychiatrist and an occupational therapist with extensive clinical experience and training in diagnostic tests for research in ASD performed the diagnoses, employing the criteria established in DSM-5 (28). In addition, two pediatricians reviewed the subjects' medical histories and conducted an examination of all the children.

Children with ASD presenting with other known neurological, metabolic or genetic diagnoses were excluded from the study, and the same applied to children undergoing medical treatments for autism-related behavioral comorbidities that might interfere with the results, such as sedatives, muscle relaxants or similar. In addition, a control group of normally developing children was recruited, matched to the ASD group in terms of gender and age.

Within the ASD group, children were sub-classified based on the presence or absence of neurodevelopmental regression occurring during the first 2 years of life. This was assessed by means of a five-item questionnaire in accordance with the guide used by the ADI-R clinical interview for the evaluation of this process (29). Children with ASD who obtained a score equal to or greater than three were included in the mental regression subgroup (AMR: Autism Mental Regression), while those with a score inferior to this cut-off value were included in the non-mental regression subgroup (ANMR: Autism Non-Mental Regression) (27).

The study was approved by the Clinical Research and Bioethics Committee at the Reina Sofia University Hospital, conforming to the fundamental principles established in the Declaration of Helsinki (latest version 2013), supplemented by the Declaration of Taipei (2016).



Standardized Diagnostic Measurements and Assessment of ASD Severity

All the cases of ASD were selected after carrying out the Checklist for Autism in Toddlers (M-CHAT). Subsequently, a comprehensive clinical history of each child was taken. The Autism Diagnostic Observation Schedule, Second Edition (ADOS-2), was used in cases of suspected ASD. Each of the following tests was also administered: the Autism Diagnostic Interview-revised (ADI-R), the Pervasive Developmental Disorders Behavior Inventory™ (PDDBI), the Childhood Autism Rating Scale test (CARS), the Battelle Developmental test, and the Strengths and Difficulties Questionnaire (SDQ). These tests enabled the clinical team to diagnose ASD with more certainty.

None of the ASD cases selected for the present study exhibited any other associated pathology (seizures, or other neurological, metabolic or genetic diseases). Each patient was clinically assessed with complementary explorations. The children also underwent a genetic study (karyotype and microarrays) to detect secondary or syndromic ASD. None of the patients required medication to treat behavioral disorders or aggression.



Sample Collection, DNA Extraction and Bisulfite Treatment of the DNA

After overnight fasting, peripheral whole blood samples were collected from participants via antecubital vein into 6-ml blood collection tubes containing EDTA. After centrifugation at 3,500 g for 10 min, plasma was divided into aliquots and processed within 2 h from sampling, and then frozen at −80°C until analysis. Blood count and a general biochemical analysis were performed to confirm the absence of other diseases.

Genomic DNA was extracted from 2 mL of plasma with the QIAamp DNA Blood kit (QIAGEN), following the manufacture's protocol, and quantified in a NanoDrop ND-1,000 spectrophotometer (Nano-Drop Technologies). Bisulfite conversion of isolated DNA (500 ng) was performed with the EZ DNA Methylation Gold Kit (Zymo Research), according to the manufacturer's instructions.



PCR and Pyrosequencing

Utilizing the Immolase DNA Polymerase (Bioline) 50 ng of bisulfite, converted DNA were added to the PCR reaction, following the manufacturer's recommendations. Table 1 shows the forward and reverse primer sequences for each gene. The PCR product was subjected to agarose gel electrophoresis to test for the presence of a single PCR product. 15 μL of the verified biotinylated PCR product was used for each sequencing assay. DNA pyrosequencing was performed in a PyroMark Q24 instrument (Qiagen), following the manufacturer's guidelines, and subsequent methylation analysis was determined with the PyroMark Q24 Software (Qiagen). Sequencing primers for each gene are listed in Table 1. In the light of the literature (30–33) and recent results from this group of children (27), two loci previously linked to ASD (NCAM1 and NGF) were selected for methylation analysis. Primers for NCAM1 were designed to amplify a 3′UTR region (UCSC region chr11:112,965,249–112,965,403) that included CpG positions for which changes in methylation levels have been previously described (34). Primers for NGF were obtained from Qiagen to amplify a region at the 5′UTR, near the non-transcribed first exon of the gene (UCSC region chr1:115,880,563–115,880,774) (Table 1).


Table 1. List of primers used for pyrosequencing.
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Statistical Analysis

The sample size for this study was determined based on the most relevant genome-wide and local DNA methylation studies on ASD using published data results (18, 24, 26). GraphPad Prism 6 Software was used to perform the statistical analyses. The data are expressed as mean ± SD (95% confidence intervals), median (IQR) or absolute (relative frequencies). For data that fit a normal distribution (Shapiro-Wilk normality test) t-tests were used. For data not normally distributed, the non-parametric Mann-Whitney test were applied. Categorical variables were evaluated using the χ2-test or the Fisher exact test. To assess the methylation differences between healthy control group and ASD subgroups, in CpG positions together or individually, unpaired t-test and two-way ANOVA model with Tukey's HSD post-hoc tests were used Correlations between methylation levels and the scores obtained from the various tests performed were carried out using the Spearman's p (rho). Receiver operating characteristics (ROC) analysis was conducted to calculate the area under the curve (AUC). All the tests were two-tailed, and a p < 0.05 was considered statistically significant.




RESULTS


Global Methylation Analysis in Autism Spectrum Disorder

Fifty-four children with ASD and 45 healthy children were included in the study. The principal demographic and test results for the diagnosis are shown in Table 2. Within the ASD group, there were 20 children with AMR and 33 with ANMR; one child could not be classified in these subgroups because he was adopted and there was no previous clinical information.


Table 2. Demographic and anthropometric data in children with autism spectrum disorders compared to controls.
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Because LINE-1 retrotransposon represents a considerable portion of the human genome, the methylation level of LINE-1 reflects the global DNA methylation status (24). To determine whether global methylation levels were altered in ASD, 53 blood samples from children with ASD and 45 from the control group were drawn to isolate to gDNA. Bisulfite pyrosequencing was performed analyzing 5 CpG positions of the repetitive element LINE-1. Three samples from ASD patients gave inconclusive results, so they were removed from the LINE-1 methylation analysis. Methylation of LINE-1 was slightly reduced in the group of children with ASD compared to the control group (73.45 ± 0.43 vs. 74.56 ± 0.45) (Figures 1A,C). When each studied CpG of the LINE-1 fragment was analyzed separately, position 2 (GenBank accession no.X58075, nucleotide position 329, complementary strand) was the main responsible for the observed decrease in LINE-1 methylation levels in the ASD group (Figure 1B and Table 3). Moreover, when analysis was performed with patients with AMR and AMNR, methylation levels of CpG 2 from LINE-1 in the AMR subgroup was significantly lower (71.16 ± 0.60), compared to the healthy control group (72.98 ± 0.52) (Figure 1D and Table 3). Although methylation levels at position 2 of LINE-1 in the ANMR subgroup were also lower than in the control group, this difference was not statistically significant.


[image: Figure 1]
FIGURE 1. Scatter plot showing comparisons of methylation status of LINE-1 in children with autism spectrum disorders (ASD) compared to controls. (A,B) Methylation levels and differentially methylated sites (CpG1–CpG5) in the LINE-1 sequence in ASD group and healthy control group. (C,D) Methylation levels and differentially methylated sites in the LINE-1 sequence in ASD group subdivided as follows: ANMR (non-mental regression group), AMR (mental regression group), and a healthy control group. The dark bars represent the mean values of each group. Asterisks indicate statistically significant differences (*P ≤ 0.05) compared to control group.



Table 3. Pyrosequencing results of LINE-1 showing percent change in methylation in ASD group, ANMR and AMR subgroups compared to healthy control group.
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As expected from slight changes in LINE-1 methylation levels, no clinical correlations were observed between the methylation status of LINE-1 and any of the tests performed to evaluate the diagnosis, severity, and the regressive aspects of the disorder (Supplementary Table 4).



Methylation Status Analysis of NCAM1 and NGF in ASD

DNA methylation status was analyzed for each gene (Figures 2A, 3A), both in the ASD group and in the subgroups ANMR and AMR separately. Pyrosequencing results showed a significant increase in NCAM1 methylation levels in the ASD children and in each subgroup, ANMR and AMR, compared to healthy children (Figures 2B,D and Table 4). Specifically, 70% of ASD individuals presented NCAM1 methylation levels above the mean, with no distinction between AMR and ANMR. In the control group of healthy individuals, only 42% had higher-than-mean NCAM1 methylation levels. In addition, CpG 1 in NCAM1 (UCSC location chr11:112,965,292) was the position that suffered this notable increase in methylation, especially in the AMR subgroup (Figures 2C,E).
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FIGURE 2. Scatter plot showing comparisons of methylation status of NCAM1 in children with autism spectrum disorders (ASD) compared to controls. (A) Schematic diagram of analyzed gene. Each circle represents a CpG dinucleotide. Position of ATG and TGA codon are indicated. Arrows show the location of pyrosequencing primers. (B,C) Methylation levels and differentially methylated sites (CpG1 and CpG2) in the NCAM1 gene in ASD group and healthy control group. (D,E) Methylation levels and differentially methylated sites in the NCAM1 gene in ASD group subdivided as follows: ANMR (non-mental regression group), AMR (mental regression group), and a healthy control group. The dark bars represent the mean values of each group. Asterisks indicate statistically significant differences (*P < 0.05; **P < 0.01; ***P < 0.001) compared to control group.
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FIGURE 3. Scatter plot showing comparisons of methylation status of NGF in children with autism spectrum disorders (ASD) compared to controls. (A) Schematic diagram of analyzed gene. Each circle represents a CpG dinucleotide. Position of ATG codon is indicated. Arrows show the location of pyrosequencing primers. (B,C) Methylation levels and differentially methylated sites (CpG 1, 2, and 3) in the NGF gene in ASD group and healthy control group. (D,E) Methylation levels and differentially methylated sites in the NGF gene in ASD group subdivided as follows: ANMR (non-mental regression group), AMR (mental regression group), and a healthy control group. The dark bars represent the mean values of each group. Asterisks indicate statistically significant differences (*P < 0.05; **P < 0.01; ***P < 0.001) compared to control group.



Table 4. Pyrosequencing results of NCAM1 showing percent change in methylation in ASD group, ANMR and AMR subgroups compared to healthy control group.
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On the other hand, no differences were observed in the levels of NGF methylation between the ASD group and the healthy group (Figure 3B). Concretely, lower-than-mean levels of NGF methylation were detected in 47% of children diagnosed with ASD and in 53% of neurotypically developing children. Within the ASD group, the AMR subgroup had higher-than-mean NGF methylation levels than both the ANMR subgroup and the normally developing children (Figure 3D). Methylation analysis of each CpG revealed that the CpG at position 3 of the analyzed region (UCSC location chr1: 115,880,705) showed a higher level of methylation in children diagnosed with ASD, with or without mental regression (Figures 3C,E and Table 5).


Table 5. Pyrosequencing results of NGF showing percent change in methylation in ASD group, ANMR and AMR subgroups compared to healthy control group.
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In the ROC curve, the AUC was calculated to explore differences in LINE-1, NCAM1 and/or NGF methylation between ASD and healthy status (Figure 4). The AUC for NCAM1 was 0.67 (p = 0.02). However, for LINE-1 and NGF, the values resulted not optimal to discriminate between ASD and healthy conditions.
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FIGURE 4. Receiver operator characteristic curves (ROC) and area under the curve (AUC) values to differentiate ASD from healthy condition according to the methylation status of each target.





DISCUSSION

In the present work we report results from a global and local DNA methylation analysis of a pediatric sample with ASD compared to a normally developing children subgroup. ASD is a neurodevelopmental disorder that presumably affects multiple areas of the brain, including the frontal, temporal, and occipital cortex, as well as the cerebellum. Since brain tissue cannot be collected from live individuals, a more accessible tissue sample has been suggested, such as peripheral blood. High correlations have been found between methylation levels of specific genes in the blood and brain regions in children with neurodevelopmental disorders and controls (6, 35, 36).

DNA methylation in non-coding regions, including LINE-1 retrotransposons, which constitutes a substantial portion of the human genome, has been very little investigated in the context of ASD. The first report of an increase in LINE-1 expression in the autism cerebellum was published by Shpyleva et al. (34). These authors carried out a methylated DNA immunoprecipitation (MeDIP) analysis of cytosine-5 methylation in LINE-1, obtaining a downward trend of LINE-1 methylation in ASD, although this difference was not statistically significant, possibly due to heterogeneity within the ASD population. However, they also observed significantly less binding of repressive MeCP2 and histone H3K9me3 to LINE-1 sequences in the autistic cerebellum, suggesting that relaxation of epigenetic repression may have aided in increased expression. Moreover, since the results were obtained from postmortem brain samples, it could not be determined whether these observations were functionally related to the etiology or pathophysiology of autism.

A recent study with 36 ASD subjects and 20 unaffected individuals showed that the LINE-1 methylation levels were significantly reduced in ASD individuals with severe language impairment and were inversely correlated with the transcript level (37). Nevertheless, this study was carried out using lymphoblastoid cell lines derived from peripheral mononuclear cells. Here, we report an analysis of LINE-1 methylation status using blood samples from 50 ASD patients and 45 control individuals. Our results show a slight decrease in the levels of LINE-1 methylation in the ASD group, compared to the normal neurodevelopmental healthy group, with the following mean values: 73.5% in ASD and 74.2% in controls. Although these differences in the pattern of LINE-1 methylation between the ASD group and the control group are not statistically significant, they are higher than those observed in relevant studies also carried out by pyrosequencing in other neurodegenerative diseases. In this regard, Bollati et al. (38) evaluated methylation of ALU, LINE-1 (same CpGs fragment than in the present study), and SAT-α sequences in blood samples from 43 patients with Alzheimer's disease (AD) and 38 healthy donors. LINE-1 methylation increased in AD patients, compared to healthy volunteers, obtaining the following mean methylation values: AD 83.6% and volunteers 83.1% (p-value: 0.05).

Furthermore, our study focused on a LINE-1 fragment containing 5 CpG positions for analysis. Remarkably, we observed a statistically significant decrease in methylation levels at position 2 of the LINE-1 analyzed fragment, which is then reflected in the subgroup of children with mental regression. Thus, while the mean CpG 2 methylation value of LINE-1 in healthy controls is 72.97%, it falls to 71.15% in the subgroup of AMR children (p-value: 0.047). This result should be interpreted as a strong indicator for expanding the LINE-1 study region. Therefore, a more in-depth future study of LINE-1 methylation patterns in patients with ASD and healthy controls with an enlarged analyzed region is needed.

Quantification of DNA methylation in candidate gene promoters using different samples (blood, specific regions in post-mortem brain) from patients with ASD has identified differentially methylated regions (DMR) in OXTR, SHANK3, UBE3A, and MECP2 at CpG sites of specific promoters (5–9). Increasing evidence suggests that growth factors modulate motor, emotional and cognitive functions, which may account for the clinical manifestations of several disorders (39). NGF belongs to the neurotrophin family and is considered a key regulator of the development, differentiation, survival and regeneration of nerve cells. NGF is present mainly in highly functional brain regions. Previous studies from our group of the same cohort of ASD children as this study, as well as other groups of children with this disorder, have shown increased levels of NGF in children with ASD (27). Moreover, in this disorder, different subgroups considering the presence or absence of neurodevelopmental regression have been reported (40, 41). Our results seem to support these notions, since we found different NGF methylation patterns in both subgroups, AMR and ANMR. In this regard, approximately half of both children diagnosed with ASD (47%) and typically developing children (53%) have lower-than-mean levels of NGF methylation.

These results are consistent with those previously observed by our group, in which NGF was detected in < 50% of the children with ASD and typically developing children (27). More specifically, while only 39% of the ANMR subgroup showed increased levels of NGF methylation, this value rose to more than 60% in the AMR subgroup, suggesting a possible higher expression of NGF in the first subgroup. This is precisely what we showed in our previously published results, using samples from the same individuals, where the ANMR subgroup exhibited higher NGF levels than the typically developing children (27), making even more plausible the suggestion that these observations might indicate a disturbance in neuronal development, and pointing to NGF as a possible biomarker in autism disorder.

NCAM1 is a glycoprotein mainly expressed on the surface of nerve cells, in the central and peripheral nervous tissue of vertebrates, and acts as an adhesion molecule between cells and their extracellular environment (14, 41). It plays a critical role in the developmental and plasticity pathways of the nervous system (8). NCAM1 may accumulate in presynaptic and postsynaptic membranes and it has been associated with behavioral phenotypes in ASD children (42). Changes in DNA methylation have not yet been described at the NCAM1 level. In the present study, we reported that when compared to the typically developing children subgroup, higher levels of NCAM1 methylation were observed in children with ASD, without differentiation between the AMR and the ANMR subgroups. Interestingly, and in agreement with these data, our previous studies found lower plasma levels of NCAM1 in the same subgroup of ASD children without neurodevelopmental regression, compared to the levels in the subgroup of typically developing children (27). NCAM1 could be suggested as a possible biomarker, capable of contributing to the diagnostic process of the autistic disorder.

In conclusion, given the high heterogeneity in ASD, it is essential to know the biological factors that trigger this disorder to understand the behavioral variability of the patients. Identification of epigenetic biomarkers based on changes in DNA methylation could help to clarify the pathophysiology of autism, facilitating its diagnosis and prognosis. To date, a consensus has not yet been generated on the gene's specific methylation signature for autism. In this study, we provide new clues about the epigenetic changes that occur in the autistic disorders as well as a clear differentiation in DNA methylation between the ASD subgroups, according to the presence or absence of mental regression. Thus, we have reported a differentially methylated CpG position in the LINE-1 retrotransposon between healthy children and children with ASD. In addition, we have pointed two candidate genes, NGF and NCAM1, as potential epigenetic biomarkers that would facilitate the diagnosis of the disorder. Finally, the findings of this study are in line with previous research and reinforce our understanding of this disorder. However, we consider that further investigation is necessary in this line of research.
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Case Report: A Case of Epileptic Disorder Associated With a Novel CNTN2 Frameshift Variant in Homozygosity due to Maternal Uniparental Disomy
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Background: Contactin 2, encoded by CNTN2 on chromosome 1q32.1, is a neural-specific glycoprotein and plays important roles in neurodevelopment. A deleterious homozygous variant in the CNTN2 gene was previously reported to cause autosomal recessive cortical myoclonic tremor and epilepsy. Since then, there has been no further report confirming the association of CNTN2 and epilepsy. Here, we reported one new case, who presented with epilepsy, carrying a novel homozygous frameshift variant in CNTN2. The clinical and genetic features of the patient were reviewed.
Case presentation: The male patient presented with preschool age-of-onset neurodevelopmental impairment and focal seizures of temporal origin, and responded to valproate. A trio-whole exome sequencing revealed a novel homozygous frameshift variant in CNTN2 (c.2873_c.2874delCT, p.Thr958Thrfs). The patient’s mother was a heterozygous carrier while his father was wild-type; they were both unaffected and non-consanguineous. Further study revealed that maternal uniparental disomy (1q32.1) unmasked the heterozygous variant of CNTN2 in the proband.
Conclusions: This case enhanced the gene–disease relationship between CNTN2 and epilepsy, which will help to further understand this emerging disorder.
Keywords: CNTN2, epilepsy, uniparental disomy (UPD), neurodevelopmental disorder (NDD), genotype-phenotype correlation
BACKGROUND
One deleterious homozygous mutation in the contactin two gene (CNTN2) was previously reported to be associated with epilepsy, familial adult myoclonic, 5 (FAME5, OMIM 615400) (Stogmann et al., 2013). The reported patients were from a consanguineous Egyptian family. He presented with early adolescence onset focal epilepsy which responded well to carbamazepine treatment. Myoclonus developed soon after seizure; he also presented with neuropsychiatric symptoms and borderline cognitive level. However, controversy exists about the diagnosis of “familial cortical myoclonic tremor with epilepsy” (FCMTE) that Stogmann et al. established in the report (Striano et al., 2013). Striano et al. have challenged about the nature of tremors that Stogmann et al. described as cortical origin. In addition, Striano et al. also inquired the difference of inheritance pattern presenting in the family compared with the previous patients with FCMTE (Striano et al., 2013).
Given the small number of mutations and lack of phenotypic information, the relationship between CNTN2 and epileptic disorder is of limited support at this time. Reporting of additional case can further enhance the causal relationship and better understand the genotypic and phenotypic spectra. Herein, we presented a Chinese patient with cognitive and behavior deficit, neuropsychiatric disorders, and pediatric epilepsy of temporal origin, who carried a novel homozygous frameshift variant p.Thr958Thrfs in CNTN2 gene. Moreover, we also reported an unusual inheritance of the CNTN2 variant involving maternal uniparental disomy (UPD).
CASE PRESENTATION
The 7-year-old boy was born at full term by cesarean section; his parents were healthy and non-consanguineous Chinese Han. The parents denied any family history of neurologic disease. The boy had his first attack of generalized tonic-clonic seizure at the age of 5 years. Seizures lasted for 4–5 min and 2–3 times per month at initiation.
Levetiracetam (LEV) was given 4 months later after the first seizure and seizure was free. However, 3 months later, seizure was recurrent and was refractory to control even with the highest dose of LEV (50 mg/kg/day). Since then, seizure became frequent and focal seizure types evolved including 1) attacks with presentation of fear or panic followed by a scared scream, hand holding and scratching, foot pedaling, then loss of awareness, followed by swallow and eye blink that lasted for 30–90 s, which occurred up to 6–7 attacks per day; and 2) pause in activity, gazing, then loss of awareness, followed by swallow or jerking of left facial muscle that lasted for 10 s to 1 min, several times a day. Oxcarbazepine (OXC, 30 mg/kg/day) was added 6 months later, yet it was still ineffective.
He had a history of development delay before seizure onset, mainly presenting in learning ability, and seizures had been exacerbating his poor academic performance based on the description of his parents. On examination at the age of 7 years, his cognitive function was impaired at mild-moderate level, including learning difficulties, memory deficits, hyperactivity, and attention deficit, and could not handle well with schoolwork. In addition, he also behaved aggressively and impulsively. The previous VEEG showed left temporal-PG1-frontal interictal epileptiform discharges, ictal suggesting temporal and frontal lobe origin. Brain MRI revealed no abnormality. We prescript valproate (VPA) to the patient and ordered a trio-exome sequencing.
SEQUENCING METHODS
Genomic DNA was extracted from peripheral blood samples of the proband and his parents. We planned a proband–parent trio approach. Exome data processing, variant calling, and variant annotation were performed by the Chigene Translational Medicine Research Center (Beijing, China) as a clinical service. For whole-exome sequencing (WES), sequencing library was created by Agilent SureSelect Human All Exon V6 Kit (Agilent Technologies, Santa Clara, CA) in accordance with the manufacturer’s protocol. The prepared libraries were sequenced with a HiSeq2500 (Illumina, San Diego, CA). The Genome Analysis Toolkit (GATK) was used for variant calling (GATK HaplotypeCaller) (McKenna et al., 2010). A total of >99% of reads were mapped to genomic targets, with 20× coverage for >95% of bases. In the proband, a total of 118,818 variants were identified in exonic and splice site regions. “Rare deleterious” mutations were defined as those that met the following criteria: 1) their alternative allele frequencies were ≤0.5% in gnomAD database and our local database; 2) the severity of the impact on the protein should be high, such as a stop-gain, stop-loss, nonsense, frameshift, or splice-site mutation. The standard of missense mutation is REVEL ≥0.75 or all the prediction tools score as Damaging; 3) the clinical manifestations of the patient should closely associate with the disease phenotype. All of the mutations were classified following the ACMG/AMP guidelines to define (Richards et al., 2015). We comprehensively evaluated the pathogenicity, frequency, and clinical manifestations of the mutation. Sanger sequencing was used to verify the authenticity of the mutations.
SEQUENCING RESULTS
We identified 11,287 variants existing in genes that matched with known phenotypes. Variants from 1,683 genes associated with epilepsy were subsequently extracted, leading to the identification of a novel homozygous frameshift variant (c.2873_c.2874delCT, p.Thr958Thrfs*17) in the CNTN2 gene (RefSeq NM_005076) (Supplementary Table 1). Parental WES data and Sanger analysis of the mutation revealed that one copy of the variant was inherited from his unaffected mother; the other variant was not detected in the father’s genome. He has a healthy little brother who carried no variant at this locus (Figure 1).
[image: Figure 1]FIGURE 1 | Sequence analysis of CNTN2 gene from the family. Chromatograms showing that the mother is heterozygous for c.2873_c.2874delCT (p.Thr958Thrfs*17). The proband shows a homozygosity of the mutation; his father and little brother have wild-type sequence.
This variant is not in gnomAD. It is located in the second last exon but not within the last 50aa; this frameshift variant is expected to result in a null product due to nonsense-mediated decay. On investigation, only one loss-of-function variant of CNTN2 has been reported in an individual with a similar presentation as our patient (Stogmann et al., 2013). Five loss-of-function variants (c.1241-1G>C; c.2432-2A>G; g. (?205034083_205035624del; c.2587C>T; c.2731 + 1G > A) are reported in ClinVar as pathogenic or likely pathogenic (Figure 2A). In the HGMD database, six heterozygous variants including four missense, one splice, and one nonsense variant are recorded. The nonsense variant (p.Tyr585Ter) was reported to be associated with autosomal recessive intellectual disability (Harripaul et al., 2018). All other variants were not reported to be associated with a specific phenotype.
[image: Figure 2]FIGURE 2 | (A) Protein structure of CNTN2 and localization of variants reported in the present study, previous literature (red), and ClinVar database (gray). This present variant (red: c.2873_c.2874delCT, p.T958Tfs*17) is in the second last exon but within the last 50aa. There is only one publication (NM_005076.5: c.504del, p.Trp168fs) reported with FAME5. Another five reported loss-of-function variants in ClinVar lack detailed clinical information. The origin graph of protein domain is cited from DECIPHER (https://www.deciphergenomics.org/). (B) SNP analysis reveals the altered regions on chromosome 1, including maternal heterodisomy at chr1: 1-26488019, chr1:79411951-150123132, and chr1:206230986-249250621; and maternal isodisomy at chr1: 26488019-49511248, chr1: 50957509-79411951, and chr1: 150123132-206230986 (C) Based on the results of SNP analysis, the possible mechanism that results in the mixture pattern of uniparental disomy (UPD) is recombination of maternal homologs (MH) before Meiosis I, then LEFT: chromosome segregation error at Meiosis I (MI), or RIGHT: chromosome segregation error at Meiosis II (MII), and then a rescuing segregation error in the zygote. For simplicity, we only show the chromatid of chromosome pair for UPD with partial hetero/isodisomy. Paternal homologs (PH).
The frameshift variant detected in our patient can be classified as pathogenic following the ACMG/AMG guideline (PVS1, PM2_P, PM3_P). Given the atypical inheritance pattern in this case, possibilities including maternal UPD or a paternal deletion including the CNTN2 locus (at least exon 22) were examined. WES-based copy number analysis of the father’s genomic DNA yielded normal results and a further qPCR detecting genomic copy number abnormalities of exon 22 in CNTN2 from his father.
As expected, SNP mutation ratio of Chr1 based on trios-WES showed the maternal UPD of chromosome 1 [UPD (1)mat] in the proband. It revealed the altered regions on chromosome one; maternal heterodisomy at chr1:1-26488019, chr1:79411951-150123132, and chr1:206230986-249250621; and maternal isodisomy at chr1: 26488019-49511248, chr1: 50957509-79411951, and chr1: 150123132-206230986 (Figure 2B). CNTN2 is located on chromosome 1q32.1, from chr1: 205042937 to 205078289, exactly where the isodisomy of chr1: 150123132-206230986 occurred.
FOLLOW-UP
At the follow-up of 9 years old, he had been seizure free for 26 months since add-on therapy of VPA (9.3 mg/kg/day) with OXC remaining at 16.7 mg/kg/day, and LEV had been withdrawn 18 months earlier. The parents of the patient complained that the attack of behavior arrest occurred occasionally, which lasted for less than 10 s. However, EEG failed to monitor the ictal epileptiform discharges. By the last visit, the boy was 10 years 8 months; he had seizure relapse when his parents were trying to withdraw VPA and OXC. The seizure type and ictal EEG were similar as before (Figure 3), and a recurrent brain MRI did not show any abnormality. His seizure was under control with sufficient dose of VPA and OXC. He remained to have cognitive and behavioral deficits, as well as emotional regulation problem. He has normal growth.
[image: Figure 3]FIGURE 3 | VEEG after drug withdrawal at 10 years 8 months. Interictal (A,B): bilateral frontal–temporal epileptiform discharges, (B) was the background a few seconds before the onset. Ictal (C,D) recorded a focal seizure (fear, closed eyes, vocalization, forward and backward movements of the hips, pedaling movements of lower limbs) in awake period.
DISCUSSION
We reported a non-consanguineous Han male with homozygous c.2873_c.2874delCT, p.T958Tfs*17 mutation in CNTN2, onset with generalized seizure and evolved into focal seizure (Table 1). At present, there was only one family reported worldwide with mutations in CNTN2 and similar clinical presentation (Stogmann et al., 2013). According to the evidence accumulated from public databases such as HGMD, gnomAD, and ClinVar (Figure 2A), all the variants classified as pathogenic/likely pathogenic belong to loss-of-function.
TABLE 1 | Summary of CNTN2 mutations and main clinical features.
[image: Table 1]This is a potentially important case for upgrading the gene–disorder relationship for this emerging seizure disorder. Similar to those patients reported by Stogmann et al. (2013), the patient showed focal seizures, which was indicative of a temporal origin in EEG, and cranial MRI revealing no abnormality. In addition, almost all patients demonstrated a non-progressive course on anti-epileptic therapy.
However, unlike previous patients with familial cortical myoclonic tremor with epilepsy (FCMTE) (Striano and Zara, 2016), the manifestation of myoclonus was not observed in our patient throughout the course of disease. It is unclear whether this symptom was an aspect of CNTN2-associated disorder or not.
Furthermore, by summarizing the clinical manifestation of the patients with homozygous mutation in CNTN2, we found that focal epilepsy is the main clinical feature, in conjunction with other neuropsychiatric symptoms, whereas our patient displayed more apparent cognitive impairment and emotional regulation problem than previous patients with FCMTE.
Evidence from Harripaul et al.’s study provide a suggestion that loss-of-function variants in CNTN2 might be responsible for the neuropsychiatric symptoms. In that study, a nonsense variant (p.Tyr585Ter) of CNTN2 was detected, although it was only supplemented as a candidate gene of autosomal recessive intellectual disability (Harripaul et al., 2018).
Rather than the only explanation of FCMTE, this spectrum of symptoms is more likely to be a consequence of clinical or genetic heterogeneity of CNTN2-associated disorder. Due to the limited number of such a rare disease, more cases will help to better understand the phenotype–genotype correlation.
The special autosomal recessive (AR) inheritance presenting in our case was finally confirmed to be a UPD (1)mat of CNTN2 on 1q32.1. UPD is the presence of a chromosome pair derived only from one parent in a disomic cell line. So far, three types of UPD including isodisomy (UPiD, both copies of a single chromosome homolog are inherited from one parent), heterodisomy (UPhD, a pair of homologous chromosomes are inherited from one parent), and partial heterodisomy/partial isodisomy (segments of both isodisomy and heterodisomy are identified across the chromosome) have been reported (Benn, 2021).
UPD is rare in health populations. In fact, it could become a pathogenic event, when UPD involves imprinted chromosomal region or gene (chromosomes 6, 7, 11, 14, 15, or 20) (Eggermann, 2020), or results in the homozygosity of recessive mutation (Yamazawa et al., 2010). This occurs as a consequence of isodisomy, when one of the parents is a carrier for recessive disorder (Yamazawa et al., 2010).
Just in the case of our study, a mixture of partial heterodisomy and partial isodisomy was identified across the maternal chromosome one from the patient (Figure 2B). The homozygous state of CNTN2 mutation was the result of maternal UPiD (1q32.1).
There are many possible mechanisms leading to UPD including meiotic non-disjunction with mitotic correction, gametic complementation, mitotic segregation error, or micronuclei (Conlin et al., 2010; Kearney et al., 2011; Benn P, 2020).
Mechanism for the formation of UPD in our case is supposed to be the initial chromosome segregation error during meiosis and a rescuing segregation error in the zygote (Figure 2C).
The occurrence of UPD in the inheritance of autosomal recessive disorder is not very rare (yet at least uncommon), and related studies have been reported since 1988 (Spence et al., 1988; Yamazawa et al., 2010; Soler-Palacín et al., 2018).
Based on the ChromosOmics Database (Liehr T., 2021), 32 records of maternal UPD (1) have been reported (clinical significance of seven cases are unavailable, one is irrelevant). Of the 24 cases with clinical findings, 20 have relevant phenotype with responsible genes located on the UPD, and almost of them are AR (19/20). The remaining four cases are neurodevelopmental disorders without associated pathogenic genes. Yet similar case of maternal UPD (1) of CNTN2 has not been reported.
In brief, UPD (1) can cause disease not only through imprinting defects but also through homozygous exposure of recessive genes. For fetus with UPD (1) during pregnancy examinations, the recessive genes mapped on the chromosome should be analyzed with caution, and combined with other important clinical features, appropriate management for the genetic diagnosis and counseling should be made.
In recent years, SNP array is recommended in the detection of UPD; it was proven to play an important role in disclosing the mechanisms of UPD (Conlin et al., 2010; Kearney et al., 2011). With the advance of next-generation sequencing, a late work demonstrated that WES-based copy number analysis could also reveal UPD (Soler-Palacín et al., 2018).
Collectively, our study suggested that loss-of-function variants in CNTN2 may be responsible for temporal epilepsy accompanied with neurodevelopmental impairment. Reporting of this new case will help to upgrade the gene–disease relationship for this emerging CNTN2-related disorder. We also provided clinical experience for additional choice of appropriate AEDs for CNTN2-related epilepsy. This case revealed a rare a mixture of maternal isodisomy and heterodisomy of chromosome one that unmasked a heterozygous variant.
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Case Report: Contiguous Xq22.3 Deletion Associated with ATS-ID Syndrome: From Genotype to Further Delineation of the Phenotype
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Alport syndrome with intellectual disability (ATS-ID, AMME complex; OMIM #300194) is an X-linked contiguous gene deletion syndrome associated with an Xq22.3 locus mainly characterized by hematuria, renal failure, hearing loss/deafness, neurodevelopmental disorder (NDD), midface retrusion, and elliptocytosis. It is thought that ATS-ID is caused by the loss of function of COL4A5 (ATS) and FACL4 (ACSL4) genes through the interstitial (micro)deletion of chromosomal band Xq22.3. We report detailed phenotypic description and results from genome-wide screening of a Czech family with diagnosis ATS-ID (proband, maternal uncle, and two female carriers). Female carriers showed mild clinical features of microscopic hematuria only, while affected males displayed several novel clinical features associated with ATS-ID. Utilization of whole-exome sequencing discovered the presence of approximately 3 Mb of deletion in the Xq23 area, which affected 19 genes from TSC22D3 to CHRDL1. We compared the clinical phenotype with previously reported three ATS-ID families worldwide and correlated their clinical manifestations with the incidence of genes in both telomeric and centromeric regions of the deleted chromosomal area. In addition to previously described phenotypes associated with aberrations in AMMECR1 and FACL4, we identified two genes, members of tripartite motif family MID2 and subunit of the proteasome PA700/19S complex (PSMD10), respectively, as prime candidate genes responsible for additional clinical features observed in our patients with ATS-ID. Overall, our findings further improve the knowledge about the clinical impact of Xq23 deletions and bring novel information about phenotype/genotype association of this chromosomal aberration.
Keywords: ATS-MR syndrome, trio-based whole exome sequencing, genotype-phenotype analysis, neurodevelopmental disorders, Xq22.3q23 deletions
INTRODUCTION
Alport syndrome with intellectual disability (ATS-ID, AMME complex; OMIM #300194) is classified as an X-linked contiguous gene deletion syndrome associated with an Xq22.3 locus. This syndrome is characterized by hematuria, progressive renal failure, progressive sensorineural hearing loss, ocular changes, intellectual disability (ID), midface hypoplasia, and elliptocytosis (Nozu et al., 2017). Genetic basis of the disease is traditionally associated with incidence of mutation and intragenic deletion of COL4A5 gene (Lee et al., 2019). Several other studies showed that Xq22.3 locus contains more genes associated with ID and identified two additional genes AMMECR1 and FACL4 as important genetic markers of the disease (Lane et al., 1994; Jonsson et al., 1998; Meloni et al., 2002b; Bhat et al., 2006; Rodriguez et al., 2010; Gazou et al., 2013). In addition, FACL4 (ACSL4) was identified as the candidate gene for nonspecific ID for ATS-ID patients (Meloni et al., 2002a).
The utilization of whole-exome sequencing (WES) approach was recently used for the detection of pathological genetic variants of various clinical syndromes and diseases (Zheng et al., 2018; Dai et al., 2019; Han et al., 2020; Zhang et al., 2020). In case of ATS-ID, exome sequencing analyses provided data connecting missense and nonsense pathogenic variants in AMMECR1 with occurrence of elliptocytosis, cardiac and bone defects, ID, and midface hypoplasia (Andreoletti et al., 2017; Basel-Vanagaite et al., 2017; Moyses-Oliveira et al., 2018). Recently, Poreau et al. described unrelated patients with 70- and 146-kbp microdeletions in Xq22.3 affecting TMEM164 and AMMECR1, providing novel evidence for involvement of AMMECR1 in the ATS-ID phenotype (Poreau et al., 2019).
In this study, we report the clinical and genome-wide characterization of a Czech family with ATS-ID (proband, maternal uncle, and two female carriers). While karyotype assessed by conventional G-banding was normal in all four patients, oligonucleotide array-based comparative genome hybridization (array-CGH) and whole-exome sequencing in this family revealed a 3-Mb deletion including TSC22D3 at the proximal breakpoint and CHRDL1 at the distal breakpoint site. We compared the extent of the deleted region with previously published studies and performed a genotype/phenotype correlation study to further clarify the other associated clinical features within this contiguous deletion syndrome. In addition, based on our genome-wide approach, we speculate on potential candidate genes involved in the deleted chromosomal region.
CASE DESCRIPTION
A Caucasian Czech family with affected proband and maternal uncle (Figure 1: IV-1 and III-5) with ATS-ID syndrome and carrier mother and maternal grandmother (Figure 1: III-4 and II-4) were referred by the pediatrician to genetic counseling and diagnosis because of suspected neurodevelopmental disorder (NDD).
[image: Figure 1]FIGURE 1 |  Pedigree of the Czech family with ATS-ID syndrome. Proband (IV-1) and his maternal uncle (III-5) have hemizygous deletion in Xq22.3; the mother (III-4) and grandmother (II-4) are heterozygous for deletion Xq22.3.
Proband
The proband (Figure 1: IV-1) was born at 37 weeks of gestation with birth weight of 3,200 g and length of 48 cm. He was conceived as the first child from uncomplicated gravidity to a 24-year-old mother with a 30-year-old father, both healthy and nonconsanguineous. Shortly after birth, intubation was needed because of respiration failure. The infant was born with sepsis, hypotonia, neonatal hepatitis of undefined etiology, duplicated left renal pelvis, hyperechogenic kidneys, diffuse axonal injury, pulmonary hypertension, valvular insufficiency, aortopulmonary collaterals, micropenis, and cryptorchidism. Dysmorphic features included brachycephaly and macrocephaly, midface retrusion, hypertelorism, antimongoloid eye slants, epicanthus, synophrys, anteverted nares, dysplastic low-set ears, downturned corners of mouth, and palmar crease on his hands (Figures 2A,B).
[image: Figure 2]FIGURE 2 | Proband: (A) Short after birth. (B) At 2 years of age with mother. Maternal uncle: (C) At 10 months of age. (D) At 17 years of age. (E) At 20 years of age.
Examination at the age of 13 years confirmed most dysmorphic features (epicanthus, hypertelorism, synophrys, microcephaly, dysplastic low-set ears, downturned corners of mouth, palmar crease on both hands, widely spaced teeth, and caries) and showed severe NDD. There is no speech at all (his own few words and crooning); he is better receptive than expressive, and he is able to do simple tasks, but must be fed, spoon-food only. He is not able to keep cleanliness requirements and has fits of laughter. Also, attention deficit, instability, and mild aggressiveness were observed. He started to walk at 3 years; his walk is tentative with ataxic gait. At 13 years, the proband is approximately 140 cm in height with beginning puberty (pubic hair). Testes are in situ with normal male genitalia.
The proband has partial deafness (40%). He underwent cataract surgery (both lens implantation at 8 and 9 years of age). He is monitored at the cardiology (he underwent closing of arterial duct), neurology, and nephrology with no problems of the kidneys so far.
Maternal uncle
The maternal uncle (III-5) was born at 39 weeks of gestation (weight = 2,900 g, length = 49 cm) from second uncomplicated gravidity to a 25-year-old mother and a 28-year-old father, both healthy and nonconsanguineous. He was born with glucosuria, hyperbilirubinemia, pulmonary hypertension, and dysmorphic features, including flat midface, hypertelorism, antimongoloid slants, deep-set eyes, synophrys, anteverted nares, hypoplastic nasal bones, downturned corners of mouth, sparse hair, palmar crease, cutaneous syndactyly of two to three fingers, micropenis, cryptorchidism, cutis marmorata, and hypertrichosis (Figures 2C–E). In a later age, hepatopathy, decreased function of left kidney, hereditary glomerulopathy, short stature (150 cm in adultness), and severe developmental delay were described. He did not speak at all, and his walk was tentative. There also was attention deficit, instability, and mild aggressiveness, but no fits of laughter were noticed. He died at the age of 27 because of kidney failure.
The mother and maternal grandmother were heterozygous with manifested microscopic hematuria, but both were of normal intelligence.
Whole-Exome Sequencing
The proband and his parents were then examined by trio-based WES approach using commercially available Human Core Exome kit (Twist Bioscience) on Illumina NovaSeq 6000. Using our WES pipeline, we acquired a total of 226,580 genetic variants, of which we identified overall 151 filtered SNPs and indel variants, and all were classified as benign/likely begin or uncertain significance (see List 1 of Supplementary Table S1). In addition, two different segmentation algorithms for copy number variation (CNV) evaluation identified a Xq22.3q23 deletion of size approximately 2.91 Mb in the proband and his asymptomatic mother (Figure 3).
[image: Figure 3]FIGURE 3 | Chromosomal deletion del(X) (q22.3q23) detected by whole-exome sequencing and array-comparative genome hybridization (CGH). Upper panel shows genomic profiles of the proband, father, and mother. Log2 ratio (L2R) track represents the copy-number profile indicating a maternally inherited hemizygous deletion in the male proband. Gray dots mark sequencing targets without any copy number abnormality. Red and green dots indicate the presence of losses and gains, respectively. Areas with light blue background show loss of heterozygosity regions predicted by zygosity status as shown in the allele frequency (AF) plot. In the AF track, black dots represent SNPs with a single allele detected in the sequencing reads, and green and red dots highlight SNPs with two alleles found in approximately 1:1 and another ratio, respectively. Lower panel contains the Database of Genomic Variants (DGV) and RefSeq gene annotation database. Color intensity within the DGV track corresponds to the level of population variability, green for losses, red for gains, and purple for complex regions.
In order to confirm the WES results, we performed array-CGH in four family members (proband, mother, maternal grandmother, maternal uncle). The results showed loss of genetic material in the Xq22.3 locus [arr (hg19) Xq22.3q23 (107001860_110026871)x0] of size over 3.03 Mb, which affected the area comprised of 19 genes from TSC22D3 to CHRDL1. Data from WES and array-CGH can be found in The European Genome-phenome Archive (EGA) (Lappalainen et al., 2015) under datasets IDs EGAD00001007740 and EGAD00001007743, respectively.
Cytogenetic and qPCR Analysis
Cultured metaphase chromosomes from peripheral blood lymphocytes were used for examination by standard G-banding karyotyping with normal results in the proband (IV-1) and his parents (III-1, III-4), maternal uncle (III-5), and grandmother (II-4).
FISH analysis using a probe RP1-31B8 (108,414,862–108,517,413), which spans the proximal region of GUCY2F gene, confirmed the deletion in the proband and in the affected maternal uncle (IIII-5) (Figure 4B). The mother (III-4) and grandmother (II-4) were shown to be the carriers of the Xq22.3 deletion (Figure 4A), and the sister of the grandmother (II-5) was negative.
[image: Figure 4]FIGURE 4 | FISH evaluations of the delXq22.3 region. (A) Metaphase chromosomes from the mother (III-4) showed FISH signal for the Xq22.3 region obtained using probe RP1-31B8 (green) on only one X chromosome. Probe for X chromosome centromeric region (RP13-34C21—red) showed FISH signals in both chromosomes. (B) Metaphase chromosomes from the proband (IV-I) showed no FISH signal for the Xq22.3 region and only one signal for the X chromosome centromeric region.
Deletion breakpoints were analyzed by qPCR together with a combination of WES and array-CGH results. Those breakpoints were detected between exon 1 and exon 2 of the TSC22D3 gene (NM_198057.3) for the centromeric and between exon 2 and exon 3 of the CHRDL1 gene (NM_001367204.1) for the telomeric one (see Supplementary Methods).
DISCUSSION
Alport syndrome with intellectual disability (ATS-ID, AMME complex; OMIM #300194) is an X-linked syndrome associated with the Xq22.3 loci. ATS-ID is a rare hereditary disorder with prevalence of about 1 in 50,000 live births (Kashtan et al., 2013). We reported the first Czech family affected with this congenital syndrome.
Comparison With Previously Reported ATS-ID Cases
A comparison of the deleted Xq22.3 area and clinical features in the reported family and three previously reported families with ATS-ID syndrome are shown in List 2 of Supplementary Table S1.
The 2.91-Mb region of loss of genetic material in our reported family is so far the largest of all described deletions in this region; it extended more telomerically and spans additional genes in comparison with the other previously described Xq22.3 deletions including MID2, VSIG1, TEX13B, ATG4A, PSMD10, TDGF3, CHRDL1. These findings could clarify the minor clinical differences observed in affected members of the Czech family and affected members of previously published families and bring novel information about the potential of candidate genes involved in the deleted segment. The clinical symptoms observed in our family, and not previously described in other families, included neonatal hepatitis, duplicated renal pelvis, aortopulmonary collaterals, palmar crease, growth retardation, micropenis, and cryptorchidism. We speculate that one or more of the genes found in our additional deleted region may be the causal gene for the symptoms, which were not described in previous families.
At present, the most interesting candidate gene is MID2, which encodes the protein midline 2 isoform 2, a member of the tripartite motif (TRIM) family. MID2 is a member of E3 ubiquitin ligase subclass with a role in the microtubule stabilization in the cytoplasm (Short and Cox, 2006). MID2 is closely related to the MID1 with sequence similarity; MID1 and MID2 also share the same subcellular localization, but they have a different expression pattern during development (Buchner et al., 1999). To the best of our knowledge, there are no conclusive data connecting deregulation of MID1 and MID2 genes to the ATS-ID phenotype. However, MID1 is the gene responsible for the Xp22-linked form of Opitz syndrome (OMIM 145410). This syndrome is a genetically and phenotypically complex disorder. It is defined by characteristic facial anomalies (hypertelorism, variably labiopalatine, laryngotracheo-esophageal clefting), structural heart defects, and anal and genital anomalies (Quaderi et al., 1997). Opitz syndrome also shares many anomalies with another X-linked disorder, FG syndrome (OMIM #305450), especially of midline structures. FG syndrome is characterized by multiple congenital anomalies (cleft palate, heart defects) and a broad range of central nervous system (CNS) dysfunctions (such as hypotonia, delay in motor development, speech delay) (Graham and Schwartz, 2013).
The clinical similarity between Opitz and FG syndromes, together with the sequencing homology between MID1 and MID2, is probably the main reasons for considering MID2 as a positional and functional candidate gene for FG syndrome (Jehee et al., 2005).
Both described syndromes are associated with congenital heart malformation, in case of Opitz syndrome additionally with genital anomalies. We speculate that MID2 may play a role in the development and could be responsible for the heart defect (aortopulmonary collaterals) or genital anomalies (micropenis, cryptorchidism) or kidney defect (duplicated renal pelvis) and facial dysmorphism, including hypertelorism, in our family. This hypothesis must be verified by additional detailed analysis confirming the exact role of the MID2 gene.
Until now, there is little information about the other genes, which were deleted in our case. The VSIG1 gene is expressed in the normal testis and stomach, as well as in esophageal, ovarian, and gastric cancers (Oidovsambuu et al., 2011; Inoue et al., 2017), the TEX13B that is expressed in the testis during spermatogonia (Wang et al., 2001). PSMD10 encodes 26S proteasome non-ATPase regulatory subunit (Gankyrin), which is essential for ubiquitin-dependent protein degradation (Hori et al., 1998). In addition, overexpression of PSMD10 has been implicated in the development of many cancer types (Chattopadhyay et al., 2016). With the pivotal role in the ubiquitin–proteasome system (UPS), accumulation of this protein may be associated with the pathogenesis and phenotypic expression in several malignancies (Ermolaeva et al., 2015), cardiovascular, autoimmune, and neurodegenerative diseases including Alzheimer’s disease, muscular dystrophies, and rare forms of neurodegenerative diseases associated with the development of dementia (Checler et al., 2000; Mathews and Moore, 2003; Mayer, 2003). While there are no conclusive data about degradation of synaptic proteins due to CNVs affecting PSMD10 (Piton et al., 2011), we hypothesize that deregulation of PSMD10 expression through loss of the genetic material in the locus could contribute to severe MR and developmental delay in our proband and maternal uncle. The effects of CNVs in ATG4A, TDGF3, and in the pathogenesis of MR have not been yet described.
A detailed comparison showed that patients in our study were similar in terms of clinical presentation. They shared similar major clinical characteristics with the previously reported ATS-MR phenotype. The difference in the phenotypes could be explained most probably due to deregulated expression of MID2 and PSMD10. While evidence obtained from the literature indicate craniofacial abnormalities corresponding to midface retrusion seen in affected males, further functional, e.g., expression analysis of MID2 and PSMD10 need to be performed in order to verify the effect of deregulated expression on the phenotype. In addition, our detailed description of phenotype of the 20-year-old uncle might also be useful for future prediction of the development of the symptoms in other patients. Finally, the identification of CNVs in the Xq22.3 locus could be essential for genetic counseling strategies for other younger patients.
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Background: Whole-exome sequencing (WES) has been recommended as a first-tier clinical diagnostic test for individuals with neurodevelopmental disorders (NDDs). We aimed to identify the genetic causes of 17 children with developmental delay (DD) and/or intellectual disability (ID).
Methods: WES and exome-based copy number variation (CNV) analysis were performed for 17 patients with unexplained DD/ID.
Results: Single-nucleotide variant (SNV)/small insertion or deletion (Indel) analysis and exome-based CNV calling yielded an overall diagnostic rate of 58.8% (10/17), of which diagnostic SNVs/Indels accounted for 41.2% (7/17) and diagnostic CNVs accounted for 17.6% (3/17).
Conclusion: Our findings expand the known mutation spectrum of genes related to DD/ID and indicate that exome-based CNV analysis could improve the diagnostic yield of patients with DD/ID.
Keywords: whole-exome sequencing, developmental delay, intellectual disability, exome-based CNV analysis, variants
BACKGROUND
Developmental delay (DD) and intellectual disability (ID) are major manifestations of neurodevelopmental disorders (NDDs) with a global prevalence of 1%–3% (Thapar et al., 2017; Ismail and Shapiro, 2019). DD/ID shows phenotypic pleiotropy, and the underlying cause of DD/ID is heterogeneous, in which genetic factors such as copy number variations (CNVs) and variants in single genes have been recognized as major reasons (Savatt and Myers, 2021). With the advent of next-generation sequencing (NGS), the field of genetics was transformed; and the number of genes known to be associated with DD/ID has increased significantly. For example, over 700 genes have been identified in X-linked, autosomal-dominant, and autosomal-recessive ID until 2015 (Vissers et al., 2016).
Chromosomal microarray has been recommended as a first-tier clinical test to identify chromosomal CNVs and regions of homozygosity in individuals with DD/ID, autism spectrum disorders (ASDs), or multiple congenital anomalies with a diagnostic yield of 15%–20% (Manning et al., 2010; Miller et al., 2010). Whole-exome sequencing (WES) could detect single-nucleotide variants (SNVs) and small insertions or deletions (Indels) by whole-exome capture and massively parallel DNA sequencing, which has a diagnostic advantage in situations of genetic heterogeneity or unknown causal genes compared with conventional tests of single gene or gene panels (Monroe et al., 2016). WES is also recommended as a first-tier clinical diagnostic test for individuals with NDDs with an overall diagnostic yield of 36%, including 31% for isolated NDD, and 53% for NDD plus associated conditions, which is greater than the diagnostic yield of CMA (15%–20%) (Srivastava et al., 2019). Recently, CNV calling has been performed by depth-of-sequence coverage analysis of WES data, which enables the detection of deletions and duplications at the exon level (Marchuk et al., 2018).
In this study, WES and exome-based CNV analysis were performed for 17 children with unexplained DD/ID, and a variety of diagnostic variants including SNVs/Indels and CNVs were identified, indicating that WES could help to identify their molecular etiology and the incorporation of CNV calling could improve the diagnostic rate.
METHODS
Patients
This study was approved by the institutional ethics committee of the Affiliated Suzhou Hospital of Nanjing Medical University. Written informed consent was obtained from each patient’s parents. This study included 17 children with unexplained DD/ID referred to our center for reproduction and genetics, the affiliated Suzhou Hospital of Nanjing Medical University, Suzhou, Jiangsu, China, from January 2018 to March 2021. The characteristics of each patient including age, gender, and main phenotypes are listed in Table 1, and their clinical details are listed in Supplementary Table S1. Global DD is defined as a delay in two or more developmental domains of cognition, speech/language, gross/fine motor, social/personal, and activities of daily living (Mithyantha et al., 2017). Severity of ID was determined based on the intelligence quotient (IQ): severe ID (IQ < 40), moderate ID (IQ range 40–60), and mild ID (IQ range 60–70). In the absence of IQ, ID was diagnosed by the pediatric neurologist or geneticist.
TABLE 1 | Summary of patients’ clinical manifestations and molecular diagnoses.
[image: Table 1]Whole-Exome Sequencing and Data Analysis
Genomic DNA was extracted from the whole blood of the patients and their parents. WES was performed using the SureSelect Human All Exon Kit (Agilent, Santa Clara, CA, USA) and Illumina NovaSeq 6,000 platform (Illumina, San Diego, CA, USA). The sequencing reads were aligned to the human reference genome (hg19/GRCh37) using Burrows-Wheeler Aligner tool, and PCR duplicates were removed by Picard v1.57 (http://picard.sourceforge.net/). The fraction of target bases covered at least 20× should be over 96%, with an average sequencing depth on target bases of over 100×. GATK (https://software.broadinstitute.org/gatk/) was employed for identifying the SNVs and Indels. Variant annotation and interpretation were conducted by ANNOVAR (Wang et al., 2010). The variants were searched in the dbSNP (http://www.ncbi.nlm.nih.gov/SNP/), 1000 Genomes Project database (http://www.1000genomes.org/), Exome Aggregation Consortium (ExAC) (http://exac.broadinstitute.org/), and the Genome Aggregation database (gnomAD) (http://gnomad.broadinstitute.org/). The pathogenicity of mutations was predicted by PROVEAN (http://provean.jcvi.org), PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/), and MutationTaster (http://www.mutationtaster.org/). Disease and phenotype databases and published literature, such as OMIM (http://www.omim.org), ClinVar (http://www.ncbi.nlm.nih.gov/clinvar), HGMD (http://www.hgmd.org), and PubMed (http://www.ncbi.nlm.nih.gov/pubmed), were also searched. The variants were classified according to the Standards and Guidelines for the Interpretation of Sequence Variants released by the American College of Medical Genetics and Genomics (ACMG) and the Association for Molecular Pathology (Richards et al., 2015). Finally, the variants with minor allele frequency <0.05 were selected for further interpretation considering ACMG category, evidence of pathogenicity, clinical synopsis, and inheritance mode of associated disease.
Sanger Sequencing
To validate the WES results, the identified candidate variants were amplified by PCR using genomic DNA from the patients and their parents. The primers used for PCR are listed in Supplementary Table S2. The PCR products were purified and sequenced in two orientations using an ABI 3500 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA). The mutation sites were analyzed by comparison with the GenBank reference sequences of each candidate gene.
Exome-Based CNV Detection and Validation
A comprehensive tool was used for CNV calling. It included XHMM (http://atgu.mgh.harvard.edu/xhmm) and PCA method to remove sequencing noise and CNVKit (https://github.com/etal/cnvkit) fix module to perform GC and bias correction; and then copy number calculation and CNV identification were performed in exons and long segment areas. The identified CNVs were interpreted according to the standards and guidelines for interpretation and reporting of postnatal constitutional CNVs released by the ACMG and the technical standards for the interpretation and reporting of constitutional copy-number variants recommended by the ACMG and the Clinical Genome Resource (ClinGen) (Kearney et al., 2011; Riggs et al., 2020). CNVs were further validated by multiplex ligation-dependent probe amplification (MLPA) or quantitative PCR (qPCR) or CNV sequencing (CNV-seq).
RESULTS
A total of 17 children with DD/ID were enrolled and analyzed by WES. As shown in Table 1, the age of 17 probands in this study ranged from 2 to 9 years, with a mean age of 5.6 years. Male-to-female ratio was 15:2. The clinical characteristics of 17 probands include global DD (14/17) and ID (13/17) (Table 1, Supplementary Table S1).
Diagnostic Yields
Among the 17 probands, WES in family trios (Trio-WES) was performed for 14 patients (patients 1–11 and 15–17). Patient 12 and his father underwent WES as a father–proband duo, for the sample of the patient’s mother was unavailable. And patients 13 and 14 had singleton WES. Analysis of WES data revealed that the coverage for over 97% of the targeted bases were over 20×, with an average sequencing depth of over 100×. An overall diagnostic rate of 58.8% (10/17) was achieved after analysis of SNV/Indel and CNV, of which diagnostic SNVs/Indels accounted for 41.2% (7/17) and diagnostic CNVs accounted for 17.6% (3/17) (Table 1).
A total of eight variants in seven genes were identified in seven probands by SNV/Indel analysis and confirmed by Sanger sequencing, including six variants in six genes associated with autosomal dominant disorders and two compound heterozygous variants in CNPY3 gene related to an autosomal recessive disorder early infantile epileptic encephalopathy 60 (EIEE60). In autosomal dominant disorders, four variants detected in patients 1, 7, 8, and 14 occurred de novo (Figure 1); the origin of a variant in SETBP1 gene of patient 12 is unknown, for his mother’s sample is unavailable; and a variant in PRRT2 gene of patient 9 was inherited from his unaffected mother. The two compound heterozygous variants in CNPY3 gene of patient 5 were inherited from his mother and father (Table 1).
[image: Figure 1]FIGURE 1 | Confirmation of de novo variants by Sanger sequencing. (A) Sanger sequencing of ARID1B in patient 8 and his parents. (B) Sanger sequencing of GRIN2B in patient 14 and his parents. Variants were indicated by red boxes.
Exome-based CNV analysis revealed three de novo pathogenic CNVs. A 1.54-Mb duplication on chromosome 7q11.23 related to chromosome 7q11.23 duplication syndrome (MIM #609757) was identified in patient 10 and confirmed by MLPA (Figure 2). In patient 15, a 6.46-Mb deletion on chromosome 8p21.2p12 was detected and validated by CNV-seq (Figure 3). A 183.3-kb deletion on chromosome 19p13.2 was found in patient 16 and verified by qPCR (Figure 4).
[image: Figure 2]FIGURE 2 | MLPA results of patient 10 and her parents. MLPA was performed using SALSA MLPA Probemix P029 WBS kit, and the red bracket indicates the duplication region in patient 10.
[image: Figure 3]FIGURE 3 | CNV-seq results of patient 15 and his parents. A 6.46-Mb deletion on chromosome 8 of patient 15 is indicated by the red arrow.
[image: Figure 4]FIGURE 4 | qPCR results of patient 16 and his parents. To confirm the 183.3-kb deletion on chromosome 19p13.2, two pairs of primers for CALR_E2 and TRMT1_E10 were selected and used in the qPCR. Three replicates were performed, and the relative copy number was estimated by the comparative 2−ΔΔCT method using ALB gene as the internal control. The numbers in the Y-axis indicate the 2−ΔΔCT value. 2−ΔΔCT < 0.1 is considered to be a homozygous deletion, 0.3 < 2−ΔΔCT < 0.7 is considered to be a heterozygous deletion, 0.7 < 2−ΔΔCT < 1.3 is considered to be normal, and 2−ΔΔCT > 1.3 is considered to be a duplication.
Case Example
Patient 5 is a 6-year-old boy whose parents are healthy and non-consanguineous. He was born full term by natural delivery without abnormalities, weighing 2,900 g. He was bed ridden and presented with global DD, spastic quadriplegia, ID, and intractable seizure. He had multiple admissions for pneumonia and seizure. His first seizure started at age 6 months, and his electroencephalography (EEG) at 2 years of age showed diffuse sharp waves, spike waves, and multiple spike and slow wave complex. MRI of his brain at 6 years old revealed enlargement of the lateral ventricles and cerebral atrophy (Figure 5A).
[image: Figure 5]FIGURE 5 | Clinical information and genetic analysis of patient 5. (A) Brain MRI of the patient. The left panel shows enlarged lateral ventricles, and the right panel shows bilateral hippocampus. (B) Genetic analysis of the family. Left panel: the pedigree of the patient’s family. Right panel: Sanger sequencing of CNPY3 in family members demonstrated mutations in the proband and his parents. Mutations are indicated by black arrows. (C) Multiple sequence alignment of CNPY3 protein and its orthologs in different species. The arginine residue in position 95 is indicated by a black box. The protein and its orthologs were aligned using Clustal Omega (http://www.clustal.org/omega/). (D) Predicted structures of wild-type and mutated CNPY3 proteins using PyMOL (http://www.pymol.org). ARG-95 of wild-type protein may form hydrogen bonds with PHE-63, THR-66, THR-90, SER-92, VAL-99, and TYR-181, while GLY-95 of mutant protein may only form hydrogen bonds with SER-92 and VAL-99, which may affect the protein structure and function.
WES in family trios (Trio-WES) was performed with DNA from patient 5 and his parents. For patient 5, the coverage for 97.87% of the targeted bases was over 20×. Ultimately, two compound heterozygous variants in CNPY3 gene (c.283C > G and c.834del) were detected. Sanger sequencing validated the two compound heterozygous variants in the patient. His mother was heterozygous for the c.283C > G variant in exon 3 of CNPY3 gene, and his father was heterozygous for the c.834del variant in exon six of CNPY3 gene (Figure 5B). These two variants were not recorded in the dbSNP, 1000 Genomes Project database, ExAC, or gnomAD. The c.283C > G variant was a novel missense mutation causing a substitution from arginine to glycine of CNPY3 protein (p.Arg95Gly), which is predicted to be deleterious by PROVEAN with a score of −6.62, probably damaging by PolyPhen-2 with a score of 1.0, and disease causing by MutationTaster with a probability value of 0.999. Furthermore, sequence alignment of human CNPY3 protein and its othologs in different species revealed that the R95 residue is highly conserved among species (Figure 5C). And protein structural analysis revealed that substitution from arginine to glycine of CNPY3 protein at position 95 may reduce the formation of hydrogen bonds, thus affecting the protein structure and function (Figure 5D). The c.834del variant is a novel frameshift deletion mutation, which results in a prolonged protein with the addition of eight amino acid residues (EPTQHPLS) to the C-terminal of CNPY3 protein (p.Ter279Gluext*8). According to the ACMG variant classification guideline (Richards et al., 2015), the c.283C > G variant could be classified as uncertain significance with two supporting (PM2_Supporting and PP3) evidences, and the c.834del variant could be classified as uncertain significance with one moderate (PM4) and one supporting (PM2_Supporting) evidences.
DISCUSSION
In this study, WES was performed for 17 probands with DD/ID with an overall diagnostic yield of 58.8% (10/17), which is consistent with a recent study that WES identified pathogenic variants in 53.5% (54/101) of patients with DD/ID (Hiraide et al., 2021). A total of eight de novo variants were detected, including five SNVs/Indels and three CNVs, corroborating the burden of de novo variants in DD/ID (Brunet et al., 2021). And further functional studies are needed to elucidate the effect of the identified variants at the transcriptional or translational level. In addition, exome-based CNV analysis revealed three pathogenic CNVs, increasing the diagnostic yield by 17.6% (3/17), which is consistent with a recent study that incorporation of exome-based CNV calling improved the diagnostic rate of trio-WES by 18.92% (14/74) in patients with NDDs (Zhai et al., 2021). However, WES analysis yielded negative results for seven patients in this study, possibly due to technical limitations of WES (e.g., deep intron mutations and structural variants).
SNV/Indel analysis identified eight variants of seven genes, including five novel heterozygous variants in patients 1, 7, 8, 12, and 14; one reported heterozygous variant in patient 9; and two compound heterozygous variants in patient 5. A novel de novo heterozygous variant c.1284_1285insTTTAAGCTTTT of MED13L gene was detected in patient 1, resulting in a frameshift and a premature stop codon (p.Lys429Phefs*7). The mediator complex subunit 13-like (MED13L) gene encodes a subunit of the mediator complex that functions as transcriptional regulation by physically linking DNA-binding transcription factors and RNA polymerase II in early development of the heart and brain (Utami et al., 2014). MED13L haploinsufficiency is involved in DD and distinctive facial features with or without cardiac defects (MIM #616789). In addition to DD/ID, patient 1 had mild dysmorphic facial features, but cardiac malformations were not observed, which is consistent with previous reports on variable penetrance of cardiac malformations (Adegbola et al., 2015; Cafiero et al., 2015).
For patient 7, a novel de novo heterozygous variant c.1117del of SCN2A gene was identified, leading to a frameshift and a premature termination (p.Ala373Profs*9). SCN2A encodes the voltage-gated sodium channel Nav1.2, which plays a role in the initiation and conduction of action potentials (Wolff et al., 2017). Mutations in SCN2A were related to a spectrum of epilepsies and NDDs with phenotypic heterogeneity, including developmental and epileptic encephalopathy 11 (MIM #613721); episodic ataxia type 9 (MIM #618924); and benign familial infantile seizures 3 (MIM #607745). Patient 7 is 3 years old with DD and ID, but he is seizure-free until now. He may have later-onset epilepsy, or he may show ID and/or autism without epilepsy as 16% (32/201) of previously reported cases with SCN2A mutations (Wolff et al., 2017).
WES identified a novel de novo heterozygous nonsense mutation (c.4194T > G, p. Tyr1398*) of ARID1B gene in patient 8. To date, nine genes have been reported to be related to Coffin-Siris syndrome, and mutations of ARID1B gene were the most common reason for Coffin-Siris syndrome. ARID1B encodes a small subset of SWI/SNF (SWItch/Sucrose Non-Fermentable) complexes that play an important role in chromatin remodeling (Sekiguchi et al., 2019). Agenesis of corpus callosum was detected prenatally and confirmed after birth in patient 8, but hypoplasia of the fifth digits/nails was not observed, which is consistent with a previous report that most patients with corpus callosum anomalies and ARID1B mutations (n = 8/11) had normal fingers and toes (Mignot et al., 2016).
For patient 9, a heterozygous variant (c.649dup, p. Arg217Profs*8) of PRRT2 gene was identified, which was inherited from his mother. PRRT2 encodes the proline-rich transmembrane protein 2 (PRRT2) and is highly expressed in the brain and spinal cord (Chen et al., 2011). PRRT2 is associated with familial infantile convulsions with paroxysmal choreoathetosis (MIM #602066), episodic kinesigenic dyskinesia 1 (MIM #128200), and benign familial infantile seizures 2 (MIM #605751); and the penetrance of episodic kinesigenic dyskinesia 1 is estimated to be 60%–90% (van Vliet et al., 2012). The c.649dup variant was a mutation hotspot in families of different origins (Wang et al., 2011; Ono et al., 2012; Schubert et al., 2012), and a homozygous c.649dup mutation was detected in five individuals of an Iranian family with severe non-syndromic ID (Najmabadi et al., 2011). However, it was reported that only 0.6% (8/1,423) of individuals with heterozygous PRRT2 mutations present ID (Ebrahimi-Fakhari et al., 2015), and PRRT2 mutations are not related to increased susceptibility to ASD (Huguet et al., 2014), suggesting that the maternally inherited c.649dup variant of PRRT2 may not completely explain the phenotypes of ID and autism observed in patient 9.
A novel heterozygous variant c.2311dup of SETBP1 gene was detected in patient 12, resulting in a frameshift and a premature termination (p.Ser771Phefs*26). SETBP1 encodes the SET binding protein 1 expressed ubiquitously, but little is known about the function of SETBP1 (Hoischen et al., 2010). De novo gain-of-function variants of SETBP1 are associated with Schinzel-Giedion midface retraction syndrome (MIM #269150), while haploinsufficiency of SETBP1 caused by loss-of-function (LoF) variant or a heterozygous gene deletion is related to DD, autosomal dominant 29 (MIM #616078). Patient 12 exhibited mild ID (IQ 65–70), consistent with a recent study that ID of various levels was observed in 77% (23/30) of patients with SETBP1 haploinsufficiency disorder (Jansen et al., 2021). In addition, another study indicated that aberrant speech and language development are central to SETBP1 haploinsufficiency disorder (Morgan et al., 2021), and patient 12 also showed impaired speech and language development.
For patient 14, a novel heterozygous variant c.1711del of GRIN2B gene was identified, leading to a frameshift and a premature stop codon (p.Ala571Profs*80). GRIN2B encodes the subunit NR2B of N-methyl-d-aspartate (NMDA) receptors, which are neurotransmitter-gated ion channels involved in the regulation of synaptic function in the central nervous system (Endele et al., 2010). GRIN2B is related to intellectual developmental disorder, autosomal dominant 6, with or without seizures (MIM #613970), and developmental and epileptic encephalopathy 27 (MIM #616139). A previous study of 58 individuals with GRIN2B encephalopathy revealed that 52% (30/58) of the patients have had seizures with a variable age of onset (0–9 years) (Platzer et al., 2017). Patient 14 is 7 years old, and he is seizure-free until now.
EIEE is a group of neurological disorders characterized by frequent epileptic seizures and development delay beginning in infancy (McTague et al., 2016). In 2018, biallelic variants in CNPY3 gene (MIM *610774) have been identified to cause EIEE60 (MIM #617929) (Mutoh et al., 2018). CNPY3 gene is located on chromosome 6p21.1, comprises six exons and five introns, and encodes a co-chaperone of 278 amino acid residues in the endoplasmic reticulum. In this study, two compound heterozygous variants of CNPY3 gene were identified in patient 5. To date, three individuals with biallelic CNPY3 variants have been reported, and their MRI showed diffuse brain atrophy and hippocampal malrotation (Mutoh et al., 2018). Brain MRI of patient 5 also showed cerebral atrophy, but hippocampal malrotation was not observed. And the other phenotypes of patient 5 were consistent with the three reported patients in the literature.
Three pathogenic CNVs were detected by exome-based CNV analysis in patients 10, 15, and 16. A 1.54-Mb heterozygous duplication on chromosome 7q11.23 was identified in patient 10; hence, he was diagnosed with chromosome 7q11.23 duplication syndrome (MIM #609757). 7q11.23 duplication syndrome is characterized by DD, speech delay, and congenital anomalies (Morris et al., 2015). To date, more than 150 individuals with 7q11.23 duplication syndrome have been reported (Mervis et al., 2015). Patient 10 was diagnosed with tetralogy of Fallot after birth and underwent surgical repair. And he showed delayed motor, speech, and autistic features at 3 years old, which are similar to the characteristics of 7q11.23 duplication patients reported in the literature.
For patient 15, a 6.46-Mb heterozygous deletion on chromosome 8p21.2p12 was detected, which overlaps with the deletion region of four cases recorded in the DECIPHER database (https://www.deciphergenomics.org). DECIPHER patient #390234 had attention deficit hyperactivity disorder, depressivity, expressive language delay, and mild ID. Patient #1557 had abnormality of the skin, blepharophimosis, fine hair, hearing impairment, hypothyroidism, ID, microtia, obesity, and short palm. Patient #415150 had mild ID, seizure. And patient #372147 had delayed speech and language development, generalized hypotonia, hypermetropia, short stature, and strabismus. A previous study reviewed 21 patients with deletions overlapping 8p21p12 region; and growth retardation, psychomotor retardation, and postnatal microcephaly were characteristics of most patients (Willemsen et al., 2009). Patient 15 also showed mild ID and DD, and he had hydrocephalus diagnosed prenatally, which was not reported in patients with deletion on 8p21.2p12. He underwent neurosurgical cerebrospinal fluid diversion after birth; afterwards, his follow-up CT scan was normal.
A 183.3-kb deletion on chromosome 19p13.2 encompassing NFIX gene was identified in patient 16. Haploinsufficiency of NFIX causes Sotos syndrome 2 (MIM #614753), which is characterized by postnatal overgrowth, macrocephaly, DD, and intellectual impairment (Malan et al., 2010). Patients with Sotos syndrome 2 will develop marfanoid habitus with age. The birth weight of patient 16 is 3.45 kg, and he had neonatal feeding difficulties. Now he is 6 years old with a weight of 21 kg (normal range) and height of 128 cm (+2 SD), consistent with a previous report that the median height of patients with Sotos syndrome 2 is 2.0 SD above the mean (range −0.5 to +3.8 SD) (Klaassens et al., 2015). He also had strabismus, DD, and moderate ID, similar to reported patients with 19p13.2 deletion encompassing NFIX gene (Klaassens et al., 2015; Jezela-Stanek et al., 2016).
In conclusion, WES could identify the underlying genetic causes for patients with unexplained DD/ID, and exome-based CNV analysis could detect clinically significant submicroscopic CNVs, thus improving the diagnostic yield. Our findings not only broaden the known mutation spectrum of genes associated with DD/ID but also indicate the potential of WES and exome-based CNV analysis in clinical diagnosis and discovery of disease-causing mutations and CNVs.
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Background: Wolf-Hirschhorn syndrome, a well-known contiguous microdeletion syndrome, is caused by deletions on chromosome 4p. While the clinical symptoms and the critical region for this disorder have been identified based on genotype-phenotype correlations, duplications in this region have been infrequently reported.
Conclusion: Our case report shows that both deletions and duplications of the Wolf-Hirshhorn critical region cause intellectual disability/developmental delay and multiple congenital anomalies.
Keywords: balanced translocation of chromosomes, 4p16.3, wolf-hirschhorn syndrome, 4p16.3 microduplication syndrome, ID/DD
Case presentation: We report on a family presenting with a set of dysmorphic facial features, attention deficit hyperactivity disorders, learning difficulties, speech and cognitive delays, overgrowth/developmental delay, and musculoskeletal anomalies. Through karyotyping, chromosomal microarray, and PCR analyses, it was found that patients in this family had translocations on chromosomes 2q37 and 4p16. Patients with 2q duplications and 4p deletions showed clinical phenotypes typical of WHS syndrome. Family members with 2q deletions and 4p duplications similarly manifested distinct clinical phenotypes.
BACKGROUND
Intellectual disability/developmental delay (ID/DD) is a common neuropsychiatric disorder with a complex etiology that includes external environmental factors and inherent genetic factors (Schalock et al., 2007). About 66.7% of ID is due to genetic factors. These can include mono- or polygenic diseases, abnormal gene copy numbers or chromosome counts, or structural abnormalities (Moeschler, 2008). Copy number variation (CNV) refers to the insertion, deletion, or amplification of DNA fragments from 1 kb to several Mb in size with resultant complex chromosomal structural variations when compared to reference sequences in the genome. Studies have shown that CNVs are found in 10–15% of patients with ID accompanied by congenital abnormalities (Kirov, 2015).
Wolf-Hirschhorn syndrome (WHS) syndrome is a classic example of a CNV-associated genetic condition. WHS is caused by differently sized deletions of the 4p chromosomal region. Notably, the deletion of the WHSC1 gene is considered to be the cause of the facial appearance in WHS patients (Andersen et al., 2014). The core characteristics of WHS include delayed prenatal and postnatal growth, craniofacial hypoplasia, delayed development, and epilepsy (Bergemann et al., 2005; Engbers et al., 2009; Nevado et al., 2020). Typical craniofacial features include prominent glabellas, microcephaly, a “Greek warrior helmet appearance” of the nose, widely spaced and prominent eyes, a short philtrum, a broad nasal tip, and downturned corners of the mouth (Titomanlio et al., 2004). Identification of this condition strongly depends on recognition of the facial gestalt.
In this study, we report on a family in which several members have CNVs occurring on chromosomes two and 4. Their clinical phenotypes include ID, abnormal development, slow reactions, and abnormal skeletal development. Some patients presented with poor suction after birth. Therefore, a detailed survey of the family members was conducted, with karyotype analysis and CNV testing confirming the diagnoses.
MATERIALS AND METHODS
Patients
A detailed survey was conducted of all family members. The data were recorded and sorted according to the phenotypes of each member. Representative photos of the phenotype were obtained from some family members. Peripheral venous blood for DNA extraction was collected into evacuated EDTA tubes from most members of the family. Genomic DNA was prepared from peripheral blood leukocytes. This study was approved by the Zhujiang Hospital Ethics Committee, an affiliate of the Southern Medical University (Guangdong, China).
Karyotyping
Karyotyping was performed on phytohemagglutinin-stimulated peripheral blood lymphocytes according to standard clinical procedures. Karyotypes of the family members were analyzed using G-banding chromosome analysis (Zhang et al., 2020). The karyotypes were described according to the International System for Human Cytogenomic Nomenclature standards (ISCN 2016). Partial cell suspensions were stored at −20°C.
Chromosomal Microarray Analysis
To further understand if minor deletions were present on the chromosomes, comparative genomic hybridization experiments (array CGH) were performed on five samples using the Affymetrix Cytoscan® 750 k (Affymetrix, Santa Clara, CA, United States). This platform includes 200,000 SNP markers and 500,000 copy number variation (CNV) markers that are distributed across the human genome at an average density of about 1 marker/4 kb (Zhang et al., 2020). The arrays were strictly run according to the manufacturer’s protocol and the data were visualized and analyzed using the Chromosome Analysis Suite software package (Affymetrix). The February 2009 human reference sequence (GRCh37/Hg19, http://genome.ucsc.edu/) was used as the reference sequence.
PCR Amplification
Primers were designed and the duplication or deletion of chromosome fragments was verified in different patients through PCR. To verify the balanced translocation through PCR analysis, two sets of primers were designed for the chromosome where the translocation occurred. PCR was performed with specific oligonucleotide primers as follows: chromosome 4 binding primer F: 5′- GTC​CCG​GTC​CAT​AAC​GCT​TGC -3′ and R: 5′- GGA​AGT​TAT​GTG​TAC​CGG​AT -3’ (amplified fragment length of 420bp); chromosome two binding primer F: 5′- GAT​CAT​TAC​CGA​GTC​TTT​CTG -3′ and R: 5′- CGT​CTG​GGT​TGC​CAC​AGA​CGA -3’ (amplified fragment length of 550 bp). The PCR products were analyzed by electrophoresis in 2% agarose gel, followed by ethidium-bromide staining.
RESULTS
Case Presentation
The proband was a 25-year-old woman who went to the hospital for medical examination due to ID. No abnormalities were found on electroencephalogram tests. It was learned through interviews that this phenomenon also existed in some of the family members of this woman’s family. Among the family members, three had similar physical characteristics as the proband. These included tall, overweight, signs of dementia on the face, duck steps, and ID. In contrast, seven other family members had short, underweight statures, stunted growth, and were unable to restrict their behavior. The pedigree of this family is shown in Figure 1, while the detailed phenotypic records of family members are shown in Table 1. The differences among healthy, deletion, duplication, and translocation patients are shown in Table 2.
[image: Figure 1]FIGURE 1 | Pedigree of the patient’s family. Squares represent male family members, while circles represent female family members. The diamond symbol indicates unknown gender. Slash indicates that the family member is deceased. Black symbols represent individuals with ID/DD, and blank symbols represent unaffected family members. The gray filled symbols indicates balanced translocation carriers.
TABLE 1 | Details of the family members.
[image: Table 1]TABLE 2 | Differences among healthy, deletion, duplication, and translocation patients.
[image: Table 2]Among the surviving family members, the clinical details of the patients with more obvious symptoms are as follows:
IV-10: This 25-year-old female measured 163 cm in height, weighed 90 kg (overweight), and presented with small eyes, a drooping upper left eyelid, a full moon face, wide palms, lack of joints between the ring finger and metacarpal, a short ring finger, and large feet (wearing size 44 shoes on the European scale). Born at full term (40 weeks), she weighed 5 kg at birth with good post-natal feeding. Facial reaction dementia was noted 6–7 months after birth, but no abnormalities were found in the hospital following an EEG examination and other tests. Her intelligence test value was low. While she can take care of herself and communicate with people, she often gives irrelevant answers to questions. She was illiterate and lacked numeracy skills. She walks like a duck (Figure 2A).
[image: Figure 2]FIGURE 2 | Facial features, hand and foot characteristics of patients with more obvious symptoms in the family.
IV-14: This 24-year-old female measured 157 cm in height and weighed between 90 and 95 kg. She weighed 3.2 kg at birth. She is married and was currently pregnant in utero for 7 + months (V-6). Except for typical hand bones and joints, the remaining clinical manifestations were the same as IV-10 (Figure 2B).
IV-15: This 17-year-old male measured 130 cm in height and weighed 25 kg (underweight). Born at full-term (40 weeks), he weighed 4 kg at birth. His suction was diminished, he ate less, and he developed slowly. The hospital diagnosed the patient with congenital malnutrition. While this patient is active, he is not good at communicating with others, is unable to pronounce words clearly, and cannot restrict his behavior. He was illiterate and had no numeracy skills (Figure 2C).
IV-18: This 13-year-old male measured 110 cm in height, was underweight, had big eyes and double eyelids, and a pointed chin. He weighed 2 kg at birth, had poor suction, ate less frequently when compared to the norm, and was stunted in growth. No abnormalities were seen during the hospitalization. While this patient is active, he cannot restrain his own behavior, is unable to pronounce words clearly, is not good at communicating with others, and often provides irrelevant answers to questions. He had no literacy or numeracy skills. His body posture and clinical manifestations were the same as for patient IV-15 (Figure 2D).
Karyotyping
In order to determine whether the patients of this family had intellectual disabilities due to chromosomal abnormalities, blood samples of some of the family members (patients and healthy control samples) were subjected to chromosome analysis. The results showed that the karyotypes of III-3, III-4, III-6, III-7, III-8, III-9, III-12, IV-7, IV-10, IV-11, IV-14, IV-15, IV-18, and IV-19 were normal.
Chromosomal Microarray Analysis
To further understand if there were minor deletions on the chromosomes, comparative genomic hybridization experiments (array CGH) were performed on five samples. The proband (IV-10) and IV-14 were found to harbor the same CNVs, with a 2.2 Mb 2q terminal deletion on chromosome two and a 4.6 Mb 4p terminal duplication on chromosome 4. The latter included the entire 4p16.3 region and part of 4p16.2. However, IV-18, who has a different phenotype, was found to have the opposite CNVs with a 2.2 Mb 2q terminal duplication noted on chromosome two and a 4.6 Mb 4p terminal deletion on chromosome 4. Besides there being a difference in length of less than 10bp, the deletion and duplication positions were the same as IV-10 and IV-14. The CNVs of chromosomes two and 4 of the above-mentioned patients originated from the same balanced translocation (Figure 3A). In addition, IV-10 not only possessed a 2.2 Mb 2q terminal deletion on chromosome two and 4.6 Mb 4p terminal duplication on chromosome 4, but also a 411 kb Xp duplication on her X chromosome. Among the family members, III-6 and IV-11 are in good health without any evidence of dysplasia. Except for congenital heart disease found in IV-11, all remaining family members are healthy.
[image: Figure 3]FIGURE 3 | Primer position and agarose gel electrophoresis results. A: The breakpoint and binding position of the ectopic occurrence. Balanced translocation carriers have reciprocal and symmetric translocations, t (2; 4) (q37.1; p16.2). B: Primer position diagram. The forward and reverse primer binding positions of the first pair of primers are 2q and 4q respectively, that is, they can only bind to chromosome 4 with a 2q fragment. The second set of primers can also only bind to chromosome two and 4p fragments. C: Analysis of electrophoresis results. Bands are present in both primer pairs, indicating that the sample source represents a balanced translocation carrier. Neither band indicates that the sample source is normal. Only one pair of primers indicates that the sample source is that of a patient. D: Electrophoresis results.
Detection of Some Family Members by PCR Analysis
Based on the CGH results, it was speculated that a balanced translocation was present in the family members. To verify this, two sets of primers were designed for the chromosomes where the translocation occurred (Figure 3B). The forward and reverse primer binding positions of the first set of primers were for 2q and 4q respectively, that is, they could only bind to chromosome 4 with 2q fragments. The second set of primers were constructed in a similar way in that 4p fragments would bind to chromosome 2. The two sets of primers are used to amplify the patient’s DNA. Banding noted on gel electrophoresis confirmed the presence of the translocation, while an absence of bands indicated normal chromosomal structure. Combining the two sets of results indicated the presence or absence of the translocation of chromosomes 2 and 4 in family members (Figures 3C,D).
DISCUSSION
In this study, a large family with an inherited balanced translocation between chromosomes two and 4 is described. This translocation resulted in either a 4.6 Mb deletion at chromosomal position 4p16.3 and a 2.2 Mb duplication at chromosomal position 2q37.3, or a 4.6 Mb duplication at 4p16.3 and a 2.2 Mb deletion at 2q37.3 in the offspring. By combining the patients’ conditions, PCR amplification results, and CGH chip analysis results, a pedigree analysis could be performed for this family. Among the pedigrees developed from II-1 and II-2, it was noted that each family had an affected individual in the fourth generation, while balanced translocations were observed for family members III-3, III-12, and IV-11. It can be speculated that the offspring of II-1 and II-2 all possessed a balanced translocation. As their spouses demonstrated normal phenotypes, the fourth generation of patients and normal phenotypes appeared at the same time.
While the chromosomal phenotype of II-1 was completely normal, all offspring possessed balanced translocations. It is possible that germ cell mutations in II-2 resulted in homozygous translocations in the offspring. However, this hypothesis cannot explain the cause of the clinical presentation of III-5. As this patient had died, it was not possible to determine his chromosomal phenotype. It is therefore speculated that unknown, spontaneous changes occurred during the formation of gametes in both parents. Due to a lack of data, the family that extended from II-3 and II-4 could not be analyzed. It is theorized that it is possible that the clinical features of both III-16 and IV-20 are due to balanced translocations, and that patient V-7 harbors a dup2q + del4p variation due to having a clinical phenotype that is the same as patient IV-18. This scenario has a lower probability of being correct.
Based on the array CGH results, it is hypothesized that the cause of the disease in this family is mainly related to the deletion or duplication of 4p16.3. Microdeletions on the short arm of chromosome 4 are associated with WHS, which is a rare disease with an incidence of about 1/200 to 1/500,000. While the size of the deletion varies from person to person, studies have shown that larger deletions can lead to more severe ID and physical abnormalities (Akhtar, 2008; Dai et al., 2013; Battaglia et al., 2015). In this family, the 4p16.3 region of IV-18 was completely deleted. This included the deletion of the WHSC1 gene. As the phenotype of this patient matched the core characteristics of WHS, it is believed that IV-18 suffers from WHS. The phenotypes of other affected family members may also be associated with WHS.
Similarly, duplications on chromosome 4 are likely to be pathogenic, with three cases having been reported to date (Hannes et al., 2010; Cyr et al., 2011; Palumbo et al., 2015). All three cases presented with the following clinical features: musculoskeletal abnormalities, psychomotor and speech delays, craniofacial abnormalities (frontal lobe protrusion, high forehead, short neck, hyperopia/blepharochalasis, epicanthal folds). These common features suggest that occult 4p16.3 replication leads to a novel recognizable microreplication syndrome; one patient was diagnosed with a form of giantism, while another patient was noted to present with overgrowth. In addition, a large study on 4p16.3 microdeletions and microduplications also provides evidence for 4p16.3 microduplication syndrome (Bi et al., 2016). The phenotypes of patients with duplicated 4p regions in this family, namely IV-10 and IV-14, are similar to those characteristics associated with 4p16.3 microduplication syndrome. SNP array analysis showed a 4p16.3 duplication of a maximum size of 413 kb, from nucleotide 1,390,388 to nucleotide 1,804,276, and a minimum duplication size of 393 kb, from nucleotide 1,405,662 to nucleotide 1,798,461. The repeated region contains the complete coding sequence of the 5′ ends of the FAM53A, SLBP, TMEM129, TACC3, and FGFR3 genes. The FAM53A, TACC3, and FGFR3 genes appear to play key roles in the etiology of the clinical phenotype (Palumbo et al., 2015). The deletions and duplications on 4p in this family include the entire 16.3 region. Therefore, it is believed that the cause of the illness in patients IV-10 and IV-14 is likely related to the duplication of 4p. Family members with phenotypes like that observed for patients IV-10 and IV-14 may similarly harbor this duplication.
The position of the deletions or duplications on chromosome two were found to be part of region 2q37.3. Deletions of this region have been the focus of studies targeting 2q37.3 deletion syndrome cases. This syndrome belongs to the chromosome 2q37 deletion disorder spectrum; some of its core phenotypes also manifest in this family. As for the duplication of 2q37.3, there is no definite report about the pathogenicity of this region, so the effect of it on patients is not clear. Duplications or deletions of 2q37.3 and their effects on human health therefore need further research.
Based on the analyses conducted in this study, we believe that the deletion or duplication of fragments on chromosome 4 resulted in patients with complex phenotypes within families. Deletions and duplications in the 4p16.3 region appeared to cause two reciprocal syndromes: WHS and 4p16.3 microduplication syndrome. In this report, we provide clinical and molecular evidence supporting the existence of 4p16.3 microduplication syndrome, expand the database related to both syndromes, and provide a new basis for the prenatal diagnosis of these two conditions.
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7q terminal deletion syndrome is a rare condition presenting with multiple congenital malformations, including abnormal brain and facial structures, developmental delay, intellectual disability, abnormal limbs, and sacral anomalies. At least 40 OMIM genes located in the 7q34-7q36.3 region act as candidate genes for these phenotypes, of which SHH, EN2, KCNH2, RHEB, HLXB9, EZH2, MNX1 and LIMR1 may be the most important. In this study, we discuss the case of a 2.5-year-old male patient with multiple malformations, congenital brain dysplasia, developmental delay, and intellectual disability. A high-resolution genome-wide single nucleotide polymorphism array and real-time polymerase chain reaction were performed to detect genetic lesions. A de novo 9.4 Mb deletion in chromosome region 7q35-7q36.3 (chr7:147,493,985–156,774,460) was found. This chromosome region contains 68 genes, some of which are candidate genes for each phenotype. To the best of our knowledge, this is a rare case report of 7q terminal deletion syndrome in a Chinese patient. Our study identifies a rare phenotype in terms of brain structure abnormalities and cerebellar sulcus widening in patients with deletion in 7q35-7q36.3.
Keywords: 7q terminal deletion syndrome, 7q35-7q363 deletion, SNP array, cerebellar sulcus widening, congenital brain dysplasia, developmental delay
INTRODUCTION
The 7q deletion syndrome is a rare genetic disorder caused by the deletion of the long arm of chromosome 7 (Ayub et al., 2016). This 7q deletion was first described in patients with unusual facial structure and delayed mental and physical development, and was consequently defined as a syndrome in 1977 (Harris et al., 1977). The characteristic features of the 7q deletion include developmental delay, intellectual disability, behavioral problems, and distinctive facial features; penoscrotal transposition or ulnar ray deficiency, Kaposi sarcoma, oral malformations, mitral dysplasia, and scoliosis have also been reported (Lewis et al., 1996).
Relatively little is known regarding 7q terminal deletions in contiguous gene deletion syndrome. The typical clinical features of 7q terminal deletion syndrome include abnormal brain and facial structures, developmental delay, intellectual disability, abnormal limbs, and sacral anomalies (Rush et al., 2013; Jackson et al., 2017). At present, 7q terminal deletion syndrome has only been described in 28 patients, most of whom had 7q36 microdeletions (Jackson et al., 2017). This region contains more than 40 OMIM genes, of which SHH, EN2, KCNH2, RHEB, HLXB9, EZH2, MNX1 and LIMR1 have been nominated as candidate dosage-sensitive key genes of clinical significance associated with this disorder (Rush et al., 2013; Coutton et al., 2014; Hyohyeon and Lee, 2015; Ayub et al., 2016; Jackson et al., 2017).
Majority of previous published cases were based on traditional G-banding resolution, which is inadequate to define cryptic interstitial deletion in the terminal region. With the development of SNP array technology, which can determine the precise breakpoints instead of terminal deletion, majority of these cases are found as de novo in origin. Here, we describe the case of a 2.5-year-old boy with multiple malformations, including congenital brain dysplasia, developmental delay, and intellectual disability, carrying a 9.4 Mb microdeletion in 7q35-7q36.3 (chr7:147,493,985–156,774,460).
Case Presentation
The patient was a 2.5-year-old boy who first presented to the Department of Pediatrics of Hebei General Hospital due to developmental delay. Both his parents were healthy and were never exposed to undesirable substances, such as poisons and radiation. A family history of birth defects was absent. Pregnancy hypertension occurred at 34 weeks of pregnancy. At that time, B-mode ultrasound suggested that the fetus was 2 weeks less advanced and the head circumference was 3 weeks less advanced than the actual gestational age. Therefore, the mother underwent cesarean delivery.
The baby was bruised, and exhibited feeding difficulties after birth, with an Apgar score of 6. At six-months-old, he could sit with the help of external objects. At 9 months old, he could not crawl. The baby began to speak at 1.5 years old but could only enunciate simple words, and even now he cannot say full sentences. At present, the patient has a normal weight (11.5 kg) and height (90 cm), but a small head circumference (42 cm), eye crack, broad ears, and a pointed chin (Supplementary Figure S1). Furthermore, the patient cannot walk independently. Brain MRI revealed overt carcass dysplasia (Figure 1A), bilateral forehead subarachnoid space widening (Figure 1B), right iliac choroidal fissure cyst (Figure 1C), large cisterna magna (Figure 1D), and cerebellar sulcus widening (Figure 1E).
[image: Figure 1]FIGURE 1 | The clinical phenotypes of the patient. The MRI testing identified the overt carcass dysplasia (A), bilateral forehead subarachnoid space widening (B), right iliac choroidal fissure cyst (C), large cisterna magna (D), and cerebellar sulcus widening (E).
Banding cytogenetic results of the patient revealed a deletion of the long arm of chromosome 7, described as 46,XY,del (7)(q36). His parents’ karyotypes were normal (Supplementary Figure S2). We subsequently performed single nucleotide polymorphism (SNP) array with Human660W-Quad Chip (Illumina Inc., San Diego, United States) to analyze any genetic lesions. A total of 173 CNVs were identified in the proband. Compared with the database of Genomic Variants, a de novo 9.4 Mb deletion ranging from 7q35 to q36.3 (chr7:147,493,985–156,774,460) (hg 38) was detected (Figure 2). This chromosome region contains approximately 68 genes, including CNTNAP2, AGAP3, CDK5, CUL1, KMT2C, XRCC2, DPP6, HTR5A, EN2, SHH, LMBR1, KCNH2, PRKAG2, and EZH2. The patient’s parents did not carry this genomic lesion. Real-time quantitative polymerase chain reaction with part of the genomic DNA (SHH gene, the primers were as follows: forward: 5-GCA​AGT​GGC​AAC​TCA​CCT​A-3, reverse: 5-TTT​ATT​TAC​CTC​AGG​CCC​TAA​CC-3) of the trio (the proband and his parents) further confirmed this de novo deletion (Supplementary Figure S3).
[image: Figure 2]FIGURE 2 | The SNP array identified a 7q35-7q36.3 (chr7:147,493,985–156,774,460) deletion in the patient.
DISCUSSION
7q terminal deletion syndrome is a rare disorder worldwide. Currently, there have been very few reports in the Chinese population. In this study, we report a heterozygous 9.4 Mb microdeletion of 7q35-q36.3 (chr7:147,493,985–156,774,460) in a 2.5-year-old boy with congenital brain dysplasia, developmental delay, and intellectual disability. The findings of our study are consistent with those of previous studies and report that microdeletion in the 7q terminal may lead to abnormal brain and facial structures, developmental delay, and intellectual disability (Linhares et al., 2014; Busa et al., 2016).
There are several significant genes located in the region of 7q35-q36.3 (chr7:147,493,985–156,774,460). Previous studies have shown that mutations in CNTNAP2, KMT2C, EN2 and EZH2 can lead to intellectual disability and autism spectrum disorder (Penagarikano et al., 2011; Sundaram et al., 2014; Koemans et al., 2017; Suri and Dixit, 2017); CDK5 is required for proper development of the mammalian central nervous system (Alvarez-Periel et al., 2018), AGAP3 can regulate synaptic plasticity (Oku and Huganir, 2013), XRCC2 is required for embryonic neurogenesis (Deans et al., 2000), DPP6 mutations may explain the lateral sclerosis (van Es et al., 2008), and HTR5A is a candidate gene for schizophrenia (Guan et al., 2016). These findings may explain congenital brain dysplasia and intellectual disability phenotypes. Furthermore, DPP6 encodes a dipeptidyl-peptidase-like protein expressed predominantly in the brain, with very high expression in the cerebellum, which may explain the new phenotype of cerebellar sulcus widening (van Es et al., 2008). Finally, CUL1 can regulate the β-catenin and Wnt pathways, which play a crucial role in body development (Wei et al., 2007).
In fact, another four genes (SHH, LMBR1, KCNH2, and PRKAG2) may also affect the phenotypes of 7q terminal deletion syndrome (Hyohyeon and Lee, 2015; Jackson et al., 2017). First, SHH and LMBR1 are responsible for bone and tooth development; therefore, most 7q terminal deletion patients may show microcephaly, abnormal hand, and scoliosis (Rush et al., 2013). In our case, the head circumference was smaller than that in normal individuals, which may have been caused by the haploinsufficiency of the SHH and LMBR1 genes. In addition, two other genes of interest were KCNH2 and PRKAG2; KCNH2 is a candidate gene of Long QT syndrome (Tuveng et al., 2018) and mutations in PRKAG2 may lead to hypertrophic cardiomyopathy (Porto et al., 2016). However, most 7q terminal deletion patients show no obvious cardiovascular disorders. In our study, the patient also did not have cardiovascular disease, but we think 7q terminal deletion patients may have a high risk for the future development of cardiovascular disorders, and we will continue to follow the patient.
We summarized the 16 reported patients with 7q35-7q36 microdeletion, and found that facial deformities, growth retardation, intellectual disability, speech delay, and poor attention were the common phenotypes in 7q35-7q36 microdeletion patients (Table1; Figure 3), and the 7q36.1-7q36.3 including EZH2, MNX1 and SHH may be the critical region of the 7q deletion syndrome which is responsible for facial malformation, developmental delay and intellectual disability (Coutton et al., 2014; Hyohyeon and Lee, 2015; Suri and Dixit, 2017). However, other phenotypes, including abnormal limbs, hearing loss, seizures, short stature, heart defects, and urogenital anomalies have been rarely reported. Meanwhile, most cases with 7q35-7q36 microdeletion have been reported in the United States population (Roessler et al., 1996). Compared to reported cases with 7q35-7q36 microdeletion, we did not observe any limb abnormalities, hearing loss, seizures, short stature, heart defect, or urogenital anomalies in our case. Simultaneously, brain structure abnormalities were only reported in three cases with 7q35-7q36 microdeletions. Caselli et al. reported the hypoplasia of the corpus callosum in a 9-year-old girl with a 5.27 Mb deletion in 7q36.1-q36.2 (Caselli et al., 2008). In 2010, Petrin et al. described cerebellar atrophy in a Brazilian stuttering case with a 10 Mb deletion of chromosome region 7q33-35 (Petrin et al., 2010). Afterwards, Pelegrino et al. reported the hypoplasia of corpus callosum and white matter reduction in a child with a deletion of 7q36.1–36.3 and duplication of 9p22.3–23 (Pelegrino et al., 2013). All the reported 7q35-7q36 microdeletions cases brain structure abnormalities were shown hypoplasia of the corpus callosum. Here, in our study, the case not only presented with hypoplasia of the corpus callosum, but also showed cerebellar sulcus widening, which has not been reported in previous 7q35-7q36 microdeletion patients.
TABLE 1 | The summary of reported patients with 7q35-7q36 microdeletions.
[image: Table 1][image: Figure 3]FIGURE 3 | The sumary of reported cases with 7q35-7q36 deletion.
In conclusion, we reported a de novo 9.4 Mb deletion ranging from 7q35 to q36.3 (chr7:147,493,985–156,774,460) in a patient with congenital brain dysplasia, developmental delay, and intellectual disability identified via SNP array analysis. Our study together with literature review indicated that 7q terminal deletion can be redefined as a contiguous 7q deletion syndrome, similar to other contiguous deletion syndromes, in which different regions and breakpoints gave an overlapping phenotype.
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Case Report: A Relatively Mild Phenotype Produced by Novel Mutations in the SEPSECS Gene
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Mutations in the human O-phosphoseryl-tRNA:selenocysteinyl-tRNA synthase gene (SEPSECS) are associated with progressive cerebello-cerebral atrophy (PCCA), also known as pontocerebellar hypoplasia type 2D (PCH2D). Early-onset profound developmental delay, progressive microcephaly, and hypotonia that develops toward severe spasticity have been previously reported with SEPSECS mutations. Herein we report a case with severe global developmental delay, myogenic changes in the lower limbs, and insomnia, but without progressive microcephaly and brain atrophy during infancy and toddlerhood in a child harboring the SEPSECS missense variant c.194A>G (p. Asn65Ser) and a novel splicing mutation c.701+1G>A. With these findings we communicate the first Chinese SEPSECS mutant case, and our report indicates that SEPSECS mutations can give rise to a milder phenotype.

Keywords: SEPSECS mutation, PCCA, PCH2D, milder phenotype, developmental delay


INTRODUCTION

The SEPSECS gene encodes O-phosphoseryl-tRNA:selenocysteinyl-tRNA synthase (SepSecS), the final enzyme that catalyzes the Sep-tRNA to Sec-tRNA conversion, which is used in the synthesis of selenocysteine (1, 2). SepSecS is essential for the synthesis of selenoproteins, which are expressed unevenly and stably in the brain (3). The biallelic deletion of Trsp in mice (which impedes selenoprotein synthesis) resulted in cerebellar hypoplasia, seizure, and developmental delay (4)—phenotypes that are congruent with those described in previous clinical reports of SEPSECS mutations (5–11). Several investigators identified mutations in human SEPSECS as the cause of severe, early-onset neurological symptoms that were later characterized as causing pontocerebellar hypoplasia type 2D (PCH2D) (5–11)—with or without signs of mitochondrial deficiencies that include elevated blood lactate (7), visual impairment, and myopathy (9). Although harboring different mutant alleles, patients presented remarkably similar phenotypes typified by an autosomal recessive progressive microcephaly with profound developmental delay, progressive brain atrophy, and hypotonia (6, 7, 9). Repeated magnetic resonance imaging (MRI) of affected individuals revealed progressive cerebellar atrophy followed by cerebral atrophy involving both white and gray matter. Brain atrophy is recognized at various developmental stages, but principally within the first 18 months of life (6, 7, 9). However, SEPSECS mutations have been identified in three milder late-onset patients, with cerebellar atrophy first recognized by MRI at 9, 16, and 18 years of age (8, 10).

We hereby report on a mild phenotype without progressive microcephaly and brain atrophy up to 3 years of age in a Chinese pediatric patient who harbored biallelic SEPSECS mutations.



CASE PRESENTATION


Clinical Data and Laboratory Examinations

A 2-year-old girl was referred to the Department of Developmental and Behavioral Pediatrics due to severe global development delay and insomnia (case timeline presented in Figure 1). Clinical examination revealed left esotropia, severe muscle hypotonia, and decreased deep tendon reflexes, particularly with respect to both her lower limbs. The patient was born naturally at full-term by healthy non-consanguineous parents. Her birth weight was 3,750 g (86th percentile) and length was 52 cm (94th percentile); head circumference at birth was missing. The patient manifested low muscle tone and weak sucking upon birth, and was still unable to raise her head and turn over her body at 4 months of age. A developmental assessment at 4 months showed that the development quotients of gross motor control, fine motor control, language, reaction to objects, and reaction to people were 55, 66, 38, 28, and 28, respectively. No discomfort or malformation from heart, thorax, kidneys, genitourinary or extremities were mentioned or found. A brain MRI was performed at 5 months, which showed high signal intensities in the bilateral pallidum upon T2W1; her electroencephalography was normal. The patient was subsequently referred to the rehabilitation department for rehabilitation training.


[image: Figure 1]
FIGURE 1. Case timeline. EEG, electroencephalogram; MRI, magnetic resonance imaging; VEEG, video electroencephalogram; EMG, electromyography.


At 15 months, the patient was brought to the outpatient unit for sporadic upper extremity high muscle tone with vocalization. Repeated EEG/video electroencephalogram (VEEG) at 15, 19, and 40 months exhibited no sign of epileptic seizure. The second brain MRI at 16 months revealed that the corpus callosum was slightly thin, and the lateral ventricle was plump, and we observed high-plaque signal intensity in the left frontal lobe (Figure 2). Electromyography (EMG) at 18 months showed a slight myogenic change in the tibialis anterior muscle and the peroneal muscle. Tandem mass spectrometry of blood and urine were normal. A follow-up brain MRI at 3 years of age revealed a slight enlargement of the ventricles bilaterally and a deepening of the bilateral frontotemporal sulci. Nevertheless, no obvious atrophy was found upon MRI. Electrocardiograph (ECG) result at 3 years was normal. Available head circumference data were within the normal range (42 cm at 6 months (42nd percentile) and 47.3 cm at 3 years (21st percentile)], as well as her weight [6.9 kg at 4 months (70th percentile) and 16 kg at 3 years (73rd percentile)] and lengths [68.3 cm at 4 months (>99th percentile) and 105 cm at 3 years (96th percentile)] throughout the follow-ups.


[image: Figure 2]
FIGURE 2. Brain magnetic resonance imaging (MRI): (A) sagittal, (B) coronal, and (C) OAx planes.




Genetic Testing

Whole-exome sequencing was executed to ascertain a possible molecular cause for the patient's condition. Two variants in SEPSECS were subsequently identified: c.194A>G leading to the missense variant p.Asn65Ser, and a novel splice variant c.701+1G>A. Sanger sequencing confirmed these variants and a parental test revealed a compound heterozygous state for the pedigree. To determine the impact of the splice variant, mRNA was extracted from the patient's blood sample for reverse transcription polymerase chain reaction (RT-PCR) assay. We designed the PCR primers as follows: F, 5′-ATCACTGCAGGTTTTGAGCC-3′; R, 5′-ACGCAGACAATGACAACCAC-3′; amplification produced an abnormal cDNA fragment, proving the presence of an alternative splice product with retention of the fifth intron (Figure 3). According to the American College of Medical Genetics and Genomics (ACMG) guidelines for interpreting sequence variants, the c.701+1G>A variant was categorized as pathogenic.


[image: Figure 3]
FIGURE 3. Genetic testing of the patient and analysis of aberrant splicing. (A) Schematic diagram of primer design. (B) Schematic diagram of expected polymerase chain reaction (PCR) product. (C) Electrophoretogram of PCR product from the patient's and control's blood samples. (D) Sequence of aberrant splicing product with intron 5 retention (red arrow indicates the mutation site).





DISCUSSION

Mutations in SEPSECS have now been found in individuals of several races and ethnicities—including Iraqi, Moroccan, Finnish, Arabic, Jordanian, and Japanese (6–9). Herein we reported the first case of pathogenic SEPSECS mutations in the Chinese population, which included the pathogenic splice variant c.701+1G>A.

Unlike previously reported cases, the patient in our study did not manifest the typical characteristics of PCH2D, and brain MRI results did not support obvious atrophy. There have been three cases reported of late-onset brain atrophy, either homozygous or heterozygous, and their mutation types are shown in Table 1 (8, 10). The molecular structure of SepSecS includes three domains, two insertions, one pyridoxal phosphate-binding site, and one non-canonical N terminal (1). Van Dijk et al. reported a female patient who exhibited a mild phenotype, with cerebellar atrophy detected at 16 years of age (10). The authors argued that the late-onset phenotype might be the result of a mutation site in the last exon, and this may have allowed partial resumption of enzyme activity (10). Iwama et al. reported two patients with compound heterozygous mutations who shared the same c.356A>G mutation located in the 4th α-helix of SepSecS (8). However, our patient's mutations were located at the 1st insertion and between the 6th β-fold and 5th α-helix. Mutations related to milder phenotypes are located at various sites, and an in vitro test of enzymatic activity was not available to us due to technical reasons. Without sufficient evidence to infer prognosis, regular brain imaging and developmental evaluations are still required to determine whether cerebello-cerebral atrophy would occur in the future.


Table 1. Summary of SEPSECS mutations and related phenotypes.

[image: Table 1]

Epilepsy is a common comorbidity of encephalopathy, and evidence shows that it could exacerbate neurocognitive dysfunction (16). As a result, early diagnosis and treatment of epilepsy are required. Myoclonic or generalized tonic-clonic seizures were previously reported in most SEPSECS cases, primarily occurring during the first or second year of life (5, 7, 17). Absence of epilepsy or seizures has also been reported (8–11), especially for milder phenotypes where cerebello-cerebral atrophy was detected in children older than 9 years of age (8, 10). Our patient exhibited seizure-like symptoms at 15 months, as she occasionally manifested upper-extremity high muscle tone together with monotone vocalizations; however, repeated EEG/VEEGs showed no epileptiform discharges at 15, 19, and 40 months. Ruling out epilepsy in our patient was congruent with her milder phenotype. However, with the potential of progressive encephalopathy, additional repeated measurements are essential once symptoms of epilepsy, such as focal or generalized seizures emerge.

Heterogeneous manifestations have been reported in cases with mutations of tRNA synthetase. For example, mutations in HARS2 (which encodes the histidyl-tRNA synthetase) result in deafness in both genders and infertility in females (18); while mutations in WARS (which encodes the tryptophanyl-tRNA synthetase) result in distal hereditary motor neuropathy (19). The heterogeneity in different gene mutations is attributed to the complicated catalytic processes inherent to each tRNA, and the diverse functions of and mechanisms underlying the gene-encoded proteins. SEPSECS is essential for selenoprotein synthesis (1); most selenoproteins are oxidoreductases and participate in cellular redox regulation and antioxidant activities (20). Elevated blood lactate levels and visual impairment have been previously reported, suggesting potential mitochondrial impairment due to SEPSECS mutations (7–9). Our patient did manifest hypotonia and the EMG showed a slight myogenic change in the lower limbs, although metabolic products in blood and urine remained normal. Muscle biopsy is still an option if further diagnosis is needed.

In conclusion, we have identified a novel pathogenic mutation in the SEPSECS gene, which is the first case reported in China, and it is associated with a mild phenotype that encompasses developmental delay, myogenic changes in the lower limbs, and sleep disorder but without progressive microcephaly and brain atrophy. According to other reported cases, disease progression in the future is not precluded, and thus a targeted and detailed follow-up is needed.
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Introduction: Intellectual Disability (ID) is the most common cause of referral to pediatric genetic centers, as it affects around 1–3% of the general population and is characterized by a wide genetic heterogeneity. The Genome Sequencing (GS) approach is expected to achieve a higher diagnostic yield than exome sequencing given its wider and more homogenous coverage, and, since theoretically, it can more accurately detect variations in regions traditionally not well captured and identify structural variants, or intergenic/deep intronic putatively pathological events. The decreasing cost of sequencing, the progress in data-management and bioinformatics, prompted us to assess GS efficiency as the first line procedure to identify the molecular diagnosis in patients without obvious ID etiology. This work is being carried out in the framework of the national French initiative for genomic medicine (Plan France Médecine Génomique 2025).
Methods and Analysis: This multidisciplinary, prospective diagnostic study will compare the diagnostic yield of GS trio analysis (index case, father, mother) with the French core minimal reference strategy (Fragile-X testing, chromosomal microarray analysis and Gene Panel Strategy of 44 selected ID genes). Both strategies are applied in a blinded fashion, in parallel, in the same population of 1275 ID index cases with no obvious diagnosis (50% not previously investigated). Among them, a subgroup of 196 patients are randomized to undergo GS proband analysis in addition to GS trio analysis plus the French core minimal reference strategy, in order to compare their efficiency. The study also aims to identify the most appropriate strategy according to the clinical presentation of the patients, to evaluate the impact of deployment of GS on the families’ diagnostic odyssey and the modification of their care, and to identify the advantages/difficulties for the patients and their families.
Ethics Statement: The protocol was approved by the Ethics Committee Sud Méditerranée I and the French data privacy commission (CNIL, authorization 919361).
Trial Registration: ClinicalTrials.gov identifier NCT04154891 (07/11/2019).
Keywords: genome sequencing, intellectual disability, cost-effectiveness, minimal reference strategy, diagnostic odyssey
INTRODUCTION
The advent of Next Generation Sequencing (NGS) technologies has revolutionized our approach to diagnosis and research in the field of rare diseases at an international level, prompting rapid efforts to deploy these technologies in many countries, and by the European Commission (“1 + Million Genomes Initiative”, launched in 2018). In the same spirit, the 2016 launch of the French plan for genomic medicine (AVIESAN, 2016) was designed to serve a range of medical disciplines, including cancer and rare diseases. The France Genomic Medicine 2025 plan cited rare diseases as one of the key areas at the forefront of NGS implementation, to improve patient care, shorten their diagnostic odyssey and boost research. Indeed, genetic diagnosis is the first step towards appropriate care, follow-up and genetic counseling. Moreover, enhancing our understanding of pathogenesis could help to elaborate more specific therapies. The general goal of French Genomic Medicine plan is to implement the use of Genome Sequencing (GS) in France within the next 10 years, by creating national sequencing platforms (2 of which are now fully operational), and as a kick off, to implement four pilot studies, one of which is dedicated to rare diseases, namely the DEFIDIAG pilot study.
This DEFIDIAG pilot study focuses on intellectual disability (ID), as one of the most challenging models of rare disease. ID affects around 1–3% of the general population, with around 15 per 1,000 persons having mild ID and around 3 per 1,000 having severe ID. It is the most common cause of referral to pediatric genetic centers. ID results from abnormal brain development due to numerous possible cellular processes, including neuron proliferation and differentiation, neuron or astrocyte metabolism and maintenance, neurotransmitter synthesis, receptor or signal transduction, transcriptional and translational control. It is also well recognized that ID may result from non-genetic causes (neonatal anoxia, toxic effects, deprivation … ) or from genetic causes. Gene and chromosomal variations involved in human ID are numerous and include recurrent chromosomal events from complete chromosomal duplication, segmental chromosomal duplication or deletion, or small genic variations altering the function one among more than 1,500 genes such as single nucleotide variants (SNV), insertions or deletions (indel), unbalanced (CNV) or balanced structural variants (SV) in coding or non-coding regions, or even rarer events such as repeat expansions, uniparental disomy, mobile element insertion etc., which are reported in the OMIM registry. Approximately 15% of ID is attributable to cytogenetically clear-cut abnormalities, with at least two-thirds of these cases accounted for by trisomy 21 (Ellison et al., 2013) and up to 40% to one variation in one of the 1500 ID gene when exome sequencing is performed (Han and Lee, 2020).
Before next generation sequencing methods, genetic testing was limited to traditional karyotype and fragile X analysis, sometimes with gene specific Sanger analysis, when a specific syndromic ID was suspected. In the past 10 years, microarray analysis (CMA) has been widely used for the genetic diagnosis of ID. NGS tests recently emerged, in the last 5 years, with gene panel approaches and Whole Exome Sequencing (ES) following CMA and fragile X syndrome screening. Today, the question arises about the input of whole genome sequencing as a first approach in such patients, as this may profoundly modify the testing process by replacing CMA and other sequencing approaches (specific genes, panel, ES) and in addition, may detect new molecular mechanisms not detectable by CMA and ES.
Nowadays, most patients with no clinical diagnosis in France still undergo basic investigation (Fragile X and CMA) with a diagnostic yield of less than 20%. This basic exploration is usually followed by additional analysis using gene panel approaches containing at the very least a minimal core of 44 genes, namely the 44GPS minimal list recommended by the French national association of molecular genetics practitioners (Association Nationale des Praticiens de Génétique Moléculaire, ANPGM). The panel sequencing in the proband gives an additional diagnostic yield of 10–12% (using the 44 gene panel), and up to 40% (Han and Lee, 2020) in case of ES. ES as the first line test for the diagnosis of rare genetic diseases has recently been shown in some countries to be cost-effective, tripling the diagnostic rate at one third of the cost, in children with suspected monogenic disorders (Stark et al., 2017; Schofield et al., 2019). There is also emerging evidence of the efficiency of GS over standard testing (Alam and Schofield, 2018). However, the heterogeneity in clinical presentation, sample sizes and health economic evaluation standards makes it difficult to generalize the first published results (Schwarze et al., 2018) to other settings. A recent study in Ontario, Canada reported that GS might have a higher diagnostic yield than standard genetic testing, and could be a cost-effective strategy when used after standard testing or when used earlier in the diagnostic pathway (Ontario Health (Quality), 2020). However, these results need to be confirmed in the French setting since marked differences exist between countries in the technologies used, the costs, and the organization of clinical, biological and bioinformatics pathways.
Against this background, the DEFIDIAG study aims to evaluate the diagnostic performance and cost-effectiveness of GS as a systematic and unique molecular investigation for French patients with ID of unknown etiology, compared to the standard minimal protocol defined by the ANPGM, under conditions close to routine. Indeed, GS provides an opportunity to analyze a wider panel of molecular events, such as: 1) SNV and insertion/deletion (indel) in coding regions, even in CG rich regions, 5′ and 3′ UTR, promoter or intronic regions; 2) unbalanced chromosomal anomalies (CNV), with greater accuracy due to homogeneous coverage; 3) balanced structural variants, such as inversion and translocation, and lastly, 4) mechanisms observed very infrequently, such as uniparental disomy for imprinted chromosomal regions or insertion of mobile elements. Genome analysis was chosen because potential splice site mutations in deeper intronic regions are not enriched by exome analysis; CNV in exome enrichment strategies are still not 100% sensitive, specific and reliable; partial inversions or translocations affecting coding regions are not found by ES, and promoter or regulatory regions are not analyzed by ES.
This study also includes impact studies, aiming to assess the perceived impact for patients and their parents, for whom this technique may herald the end of their diagnostic odyssey. To this end, the DEFIDIAG study involves 15 medical genetics departments with strong clinical expertise in ID patients, as well as six diagnostic laboratories with a proven track record of competence in ID gene exploration, and the national sequencing platform of the National Center of Human Genomics Research (CNRGH), recognized for the high quality of its genomic sequence production and bioinformatics processes.
Specifically, the primary objective of this study is to compare the percentage of causal genetic diagnosis identified by GS performed on a trio (the patient and both parents) (GST), to the use of the current French reference minimal strategy (Fragile X + CMA + 44GPS) in ID patients attending a first genetics consultation. Secondary objectives focus on the diagnostic yield, and include the following:
• To compare the percentage of ID causal diagnosis identified by GST, to GS in the proband only (i.e., genome in solo, GSS) in a subgroup of randomized patients attending for a first genetic investigation. This evaluation is useful because in genetic counseling, both parents are not always available.
• To describe the estimated additional diagnostic yield that would be obtained at each step in sequential analysis of the GS data: for the minimal 44GPS gene panel, the list of genes known to be associated with disease from OMIM (referred to simply as OMIM), and ES, in patients attending for a first investigation (never-explored patients) and in patients who have already undergone investigations (previously-explored patients).
• To compare the percentage of causal diagnosis of ID identified by GST to that obtained with the French reference minimal strategy in various subgroups (defined according to age, severity of ID, presence of major non-cerebral manifestations or epilepsy), for patients with ID attending for a first genetic investigation (never-explored patients).
• To compare the percentage of causal structural changes (CNV, balanced structural variants) identified by GST versus CMA.
• The DEFIDAG study also aims to compare the reference strategy, GST and GSs, in terms of costs and effectiveness for the causal diagnosis of ID in patients with ID of unknown etiology, attending for a first genetic investigation.
• Finally, three impact studies are planned. The first will estimate the costs associated with searching for a molecular diagnosis that could potentially be avoided by performing GS as the first line approach. The second will evaluate the impact on the frequency and type of medical, medico-social and psychological care in the year following the release of GS results, compared to care during the year prior to inclusion, in particular in patients who were already engaged in a diagnostic process prior to being invited to participate in the DEFIDIAG study. The third impact study will be performed in two centers, and will use a qualitative approach, namely interviews with a sample of parents, to explore: 1) the burden experienced by the parents, 2) emotional adjustment of the patient and the parents to the results of genetic tests, and 3) the patient and parents’ perception of the future.
METHODS AND ANALYSES
Study Setting
The DEFIDIAG study is a prospective multicenter diagnostic study comparing two main strategies (namely GST versus the minimal reference strategy) applied in a blinded fashion to consecutive patients with no obvious clinical diagnosis, referred to medical genetic departments. Each patient included serves as their own control, and will undergo both strategies being compared. In parallel, the percentage of ID causal diagnosis identified by GSS, as compared to GST, will be evaluated in a randomized subgroup of patients attending a first genetic investigation.
In addition to the prospective diagnostic study, we will also perform quantitative impact studies to collect data concerning management of patients before inclusion, during the genetic analyses process, and after the results are made known (Figure 1); as well as a qualitative substudy using interviews (one interview after inclusion, a second interview after the results are made known to the parents/patients, and a third and final interview 12 months after the results are made known) in a sample of parents. The target population for each objective is described in Table 1.
[image: Figure 1]FIGURE 1 | Impact study procedures and schedule (DEFIDIAG study). The figure represents the key timepoints for patient visits in the inclusion centers (inclusion in the study, delivery of results, 12-months post-delivery visit), which also correspond to the time of the interviews between either a sociology or psychology researcher and the parents/patients who agreed to participate in the qualitative impact study. The figure also shows the three periods considered for cost estimation (period 1: before inclusion; period 2: waiting for results; period 3: during the 12 months following the results) and, for each of these periods, the different elements collected from the care teams and families in order to have the examinations carried out (for the three periods) and those envisaged with each of the strategies to confirm the diagnosis (period 2).
TABLE 1 | Correspondence between objectives and target population (DEFIDIAG study).
[image: Table 1]Strategies Compared
In order to avoid producing redundant sequences, for each patient included, one unique set of genomic data sequences will be produced by a unique sequencing platform (CNRGH, Evry, France). Analyses are then performed blindly by two independent mirror laboratories: one laboratory will analyze the genome with the parental inheritance information (GST), while the second will analyze only the 44 genes of the reference minimal strategy (44GPS), without parental inheritance information, as well as the proband genome (GSS) in a randomized selection of patients (Figure 2; Supplementary Table S1).
[image: Figure 2]FIGURE 2 | Sample flow description (DEFIDIAG study). C: Clinical centers; L: Reference laboratory (highlighted in light yellow) and Mirror Laboratory (highlighted in dark yellow); MDM: MultiDisciplinary meeting; CNRGH: Centre National de Recherche en Génomique Humaine (National Centre for Human Genomic Research). Each clinical center (C, numbered 1–12) is affiliated to one reference laboratory (numbered 1–6) in charge of the analysis of trio-genome sequencing—GST; each laboratory (L) is affiliated to 2 clinical recruitment centers as a reference laboratory (for example: L1 will be the reference laboratory for patients from C1 and C2) and will work in pairs with another laboratory (mirror laboratories), in charge of ID44 and of the analysis of solo-genome sequencing (GSS) for patients randomized in the appropriate sub-group. This mirror laboratory is itself affiliated with two other recruitment centers (for example: L1 will be the mirror laboratory for patients from C3 and C4). The 4 clinical centers organize the multidisciplinary meeting (MDM) together with their 2 official laboratories.
The results of the 44GPS will be withdrawn from the GS data for all patients, using a specific bioinformatics filtering procedure that mimics the results obtained using targeted capture analysis (exons ± 20 intronic bases, SNV and CNV analysis). Fragile-X and CMA (included in the reference strategy) follow the routine care circuit, which is mainly independent of the GS circuit.
GST analysis is performed following a harmonized, consensus protocol adopted by the six clinical laboratories involved in this study, and using a common web interface (Polyweb.fr, developed in-house at the Genetic diseases IMAGINE Institute, Paris, France). All genomic variations are called by standard callers (GATK and BWA) and are subsequently ranked using several factors to facilitate analysis (protein impact, inheritance model, ID known gene and control data bases, splice prediction effect … ) in the Polyweb interface. For the SNV/small indel, the scheme contains a first minimal filtration step (for SNV/indel, elimination of the variations with over 1,000 hits in GnomAD, or 5 hits at homozygous state). All variations with a predicted protein impact are ranked at the top of the list and will be studied even when a first deleterious causative variation is detected. This broad approach ensures that co-occurring mutations in different genes will be identified [multi allelism is expected in about 5% of the cases (Yang et al., 2014)]. Additional bioinformatics modules such as repeat tracking, promoter and evolutionary conserved regions analysis, and mobile element insertion detection will be implemented and applied onto negative genome results during the ongoing protocol. Specific protocols for the proband GS data and 44GPS analysis are also developed and shared between the six laboratories. To limit time dedicated to GS proband analysis, SNV/indel analysis only focuses on exonic ± 20 bases of the known ID genes (SysID list) and OMIM disease-associated genes.
When the analysis is completed, variants of interest (highly suspected to be pathogenic) are recorded in a dedicated and secured electronic Case Report Form (e-CRF). Variant class (pathogenic as class 5 variant, probably pathogenic as class 4 variant or of unknown significance but highly suspected to be pathogenic as class 3 + variant) is validated during a Multi-Disciplinary Meeting (MDM) before being communicated to the patient.
The results of the microarray analysis and Fragile X analysis will be communicated to families and collected in the dedicated e-CRF by the recruiting genetic team as soon as the results are obtained from the diagnostic laboratories. The laboratories in charge of the GS analyses will remain blinded to these results. The GS results will be available approximately 6–9 months after inclusion in the study. In the event of an emergency (such as pregnancy), the blinding can be lifted and the results delivered to families as soon as they become available.
Study Endpoint
Primary Outcome
The primary study endpoint is the identification of a causal diagnosis of ID, defined as the identification of one or more class 4 or 5 variant(s) that explain the symptoms presented by the patient, and validated during a specific MDM.
Secondary Outcomes

• Efficacy in terms of diagnostic yield: identification of causal structural changes
• Efficiency: estimation of the incremental cost-effectiveness ratio, expressed in terms of cost per additional positive diagnosis.
• Quantitative impact studies
• Cost of the diagnostic odyssey: mean cost related to the iterative search for a diagnosis in the previously investigated population.
• Change in follow-up: criteria will be the change in the number and type of medical, medico-social, rehabilitative, and psychological care induced by the results of the trio genomic analyses.
• Qualitative impact studies: A sociologist and a clinical psychologist will explore the consequences on the family, and on the personal, professional and social life of the parents who take care of a child or an adult with ID, as well as the emotional adjustment and possible information overload for the parents at the various stages of the study (inclusion, results rendering, 12 months after receiving results).
Population
The DEFIDIAG study will be conducted in 15 clinical genetic centers in France. All patients consulting a geneticist in one of the participating centers will be screened for eligibility. The study will include children or adults with ID of unknown etiology (index cases or probands), whatever the severity (but with proven ID by ad hoc neuropsychological testing in patients in whom ID is clinically questionable), and whatever the associated manifestations. Individuals with an obvious ID syndrome with a well-known molecular diagnosis will not be considered for inclusion. Children aged between 0 and 5 years will only be considered for inclusion in case of severely delayed development in terms of motor skills, language, and/or sociability. Patients and both biological parents are included if they confirm their willingness to comply with all the study procedures, their availability for the duration of the study, and sign the appropriate consent forms.
Non-inclusion criteria include: isolated learning disabilities; no possibility of obtaining a blood sample from both biological parents; any in the patient condition that, in the investigator’s opinion, would jeopardize compliance with the protocol; one or both parents with ID; parent placed under judicial protection (guardianship, curatorship, tutorship).
The strategy based on GST is expected to yield a diagnosis in at least 60% of patients with ID versus 30% with the reference minimal strategy in the population of patients attending for a first genetic investigation (never-explored patients). However, the strategies will be compared in 7 subgroups: 1) 3 defined by age: children <2 years old/2–5 years/>5 years; 2) 4 subgroups of patients defined according the severity of ID, and/or 3) with associated manifestations:1) mild ID associated with another sign, 2) moderate to severe ID, 3) ID with major non-cerebral abnormality, and 4) ID associated with epilepsy The smallest sub-group (subjects with mild ID associated with another significant sign) should represent around 15% of the total population, and the difference between the GST and the reference strategy in this particular subgroup can be assumed to be less than 15%. In addition, it is assumed that fewer than 1% of diagnoses identified with the referral minimal strategy will not be identified by the GST. Finally, we will also compare GST and GSS in a subgroup of randomized patients referred for the first time. For this specific comparison, a difference of 7% is expected, and <0.1% of diagnoses identified by GSS and not by GST. Considering these 9 planned comparisons (8 comparisons between GST and the reference strategy and 1 between GST and GS), the one-sided alpha risk is fixed at 0.00278. Based on these hypotheses, and a power of 80%, among patients seen for a first genetic investigation (50% of the population to be recruited), 41 patients are required for the main comparison, and 91 patients with mild ID + other syndrome are necessary. To recruit this number of patients, we estimate that it will be necessary to screen 607 patients attending for a first referral. A subgroup of 196 patients will be randomized to undergo GSS in addition to GST plus the reference minimal strategy. The sample size for this subgroup will be sufficient to compare GST and GSS in terms of diagnostic yield, as well as in terms of efficiency (a sample size over 150 is usually deemed sufficient). As we intend to include 50% of patients attending for a first genetics evaluation (never-explored patients), and 50% of patients who have already been investigated (previously-explored patients), a total of 1,214 patients are necessary. Considering that approximately 5% of samples will not be analyzable, it will therefore be necessary to include 1,275 index cases plus both their parents, for a total of 3,825 participants.
The qualitative study will be performed in a sub-sample of the overall population, in two centres. In order to maximize the scientific rigor of the study and to alleviate the potential burden resulting from the interviews, whilst fostering discussions between the sociological and psychological sides, we chose to separate the interview procedures into two groups. For the psychological sub-study, 15 interviews with parents will be conducted at each assessment timepoint (T1, T2, T3), giving a total of 45 interviews. For the sociological sub-study, 15 interviews with parents will be conducted at each assessment timepoint (T1, T2, T3), giving a total of 45 interviews. A total of 15 interviews per assessment timepoint was chosen to achieve data saturation, a key concept of qualitative analysis, namely the point beyond which further interviews do not yield any new information (Glaser and Strauss, 1967). As far as possible, the study populations of patients and parents will be stratified into two subgroups, namely never-explored, and previously-explored patients. The subgroups of parents will also be stratified according to the clinical profile of the patients (mild vs moderate or severe ID).
Study Conduct
Inclusion
During a genetics consultation and after verifying the inclusion and non-inclusion criteria, the patient and both parents will be informed about the study by the investigators and invited to participate. If they agree either during the visit or after a period of reflection, they will be invited to sign the consent form. During this visit, the history of the illness, family history, the examinations already carried out and the corresponding results will be collected with the assistance of a Clinical Research Technician (CRT) in the dedicated e-CRF prepared by the DEFIDIAG methodology and management center (INSERM Clinical Investigation Center—Clinical Epidemiology Unit CIC-EC1432), using CleanWEB software (Telemedecine technologies SAS, Boulogne-Billancourt, France). If necessary, the clinical geneticist will prescribe additional neuropsychological tests. A blood sample (5 ml -EDTA tubes) will be obtained from each participant (patients with ID as well as both biological parents). These blood samples will be sent to the reference DEFIDIAG laboratory of the center (Figure 2, Supplementary Table S1) in compliance with regulations for the shipment of diagnostic samples (category B). A diary will be given to the family where they will be asked to note the patients’ use of healthcare and medico-social services until the return of the GS results. This diary makes it possible to collect the medical examinations, biological investigations, rehabilitation and psychological consultations as well as the medico-social follow-up. A follow-up by phone will be performed every 3 months by the CRT in order to guarantee the completeness of the collection.
For parents/patients willing to participate in the qualitative study in the two centers conducting this part of the study, additional data concerning the familial situation, the number of children, the social deprivation level and the existence of informal and/or professional caregivers at home will be collected, as well as the contact details and address of the participants, for the sociologist or psychologist to organize the interview.
Genomic Circuit
All blood samples received for the DEFIDIAG study by the reference laboratory are extracted using a method previously validated by the sequencing platform (Centre National de Recherche en Génomique Humaine, CNRGH). This validation step was performed on the same blood sample, and genomic sequences obtained after various DNA extraction methods were compared by the CNRGH in terms of global DNA quality, mean coverage and SNV/CNV detection. In all, five extractions methods were validated (three automatic and two manual). After blood extraction, 3 µg DNA aliquots labelled with an anonymous barcode are sent to the CNRGH via a courier at room temperature. Several quality controls are then performed before the sequencing step (fluorimetric DNA quantification, quality measurement using the DNA integrity number, PCR amplification test, and sex control). If DNA of the trio is accepted, 1.1 µg of DNA is fragmented using an optimized CNRGH GS protocol. The GS is optimized in order to reach a mean coverage of 30X for each sample; a minimum of 25X mean coverage is required. Below these specifications, the sequencing is considered as a failure and will not be repeated.
Variant Calling
Whole genomic sequences are analyzed by two separate SV and SNV/indel pipelines developed and validated by the CNRGH sequencing platform and IMAGINE bioinformatics team. Briefly, the raw data will be produced as compressed FASTQ files generated from the. bcl files by the CNRGH sequencing platform. The sequences are aligned to the human reference genome GRCh37 using the Burrows-Wheeler Aligner BWA software (Li and Durbin, 2010) and made available as BAM files. Aligned sequences are sorted, cleaned and the PCR duplicates are marked using the Sambamba software (Tarasov et al., 2015) in order to eliminate most of the NGS’ well-known biases. A local realignment of the sequences around insertion and deletion sites and the base quality recalibration is performed using GATK (McKenna et al., 2010). After sequence quality control and alignment of the reference genome, the CNRGH performs the variant calling on the entire genome for the Single Nucleotide Variants (SNV), small insertion/deletions (indels) and structural variants (including Copy Number Variant, CNV). SNV and indel calling are performed using the Haplotype Caller from GATK software in “bp resolution” mode to produce gVCF files. Imbalanced SV (CNV) detection > 1 kb is performed using three different softwares: Wisecondor (Raman et al., 2019), Canvas (Roller et al., 2016) and Manta (Chen et al., 2016). Balanced SV (translocation, inversion) detection is done using Manta software. Results are produced in the format of a VCF file to match the common file standard format in NGS analysis. These files are then collected by the IMAGINE Polyweb platform: additional combined TRIO gVCF analysis (genotypeGvcf) and CNV Wisecondor analysis will also be performed.
Quality Controls
Several quality controls are carried out before biological analysis: genome mean coverage over 25X is required for the trio; sex verification (SRY detection) and trio concordance (<1% of Mendelian error transmission in trio using Plink software) are checked before interpretation.
Biological Analysis
The .vcf and .bam files are implemented in Polyweb software developed and previously validated by the IMAGINE bioinformatics platform. This software makes it possible to annotate, analyse and visualise all the genomic variations in two different web interfaces Polyviewer (for SNV, small indel, exonic deletion or duplication) and Polycyto (for balanced and unbalanced SV) of all human genes in trio or solo analysis. Moreover, a specific ID44 bioinformatic gene panel will make it possible to study variations from this gene list. Read variations are visualized using IGV software (Robinson et al., 2011).
1) SNV/indel analysis
The polyviewer interface gives access to several annotations, such as patient and trio sequencing data (number of mutated and total reads), data from common free-access databases (GnomAD (Karczewski et al., 2020), Clinvar (Landrum et al., 2020), OMIM (Amberger et al., 2019), GenCode (Frankish et al., 2019) …), licensed database HGMDpro and also internal databases (Déjà Vu), gene or protein predicted impact, splice prediction [SpliceAI (Jaganathan et al., 2019)], and for trio analysis, inheritance status of the variation. Our objective is not to evaluate the value of GS for early detection of ID, but rather, to evaluate the risk/benefit of GS for the etiological diagnosis in already-identified ID. The internal database (Déjà Vu) contained over 20.000 exomes, 50.000 panels and 1,000 genomes for SNV/Indel variations with differentiation between ID and non-ID patients.
The following filtration keys are applied to focus on potentially pathogenic variations: GnomAD allele count<1,000, GnomAD homozygote count< 5, and predicted protein impact onto all gene transcripts (Stop gain, Stop loss, Start loss, frameshift, in frame deletions or insertions, missense, and predicted splice region, Déjà Vu for patients non ID < 1,000 and homozygote count < 5).
Ranking of identified variations is then performed based on internal Polyweb criteria: variation sequence quality, de novo status if available, known ID gene or OMIM gene, protein or splicing impact prediction, gene with AR inheritance and homozygous or compound heterozygous variations, male and X linked variation, known pathogenic variations in HGMDpro or ClinVar, frequency in GnomAD.
Those criteria will ensure that all variations are analyzed from all known human genes (OMIM or not) that are predicted to affect proteins.
2) SV analysis
The polycyto interface gives access to several annotations using AnnotSV software (Geoffroy et al., 2018), DGV, OMIM and internal Déjà Vu databases. The internal SV database (Déjà Vu) contained at the beginning of the project 200 Novaseq sequenced genomes from non-ID patients. The number of genomes in Déjà Vu is now up to 2000 (mostly ID patients).
Ranking of identified variations is based on calling quality and inheritance status. For balanced SV (translocation and inversion) a greater weight is given to variations whose break points are found in OMIM genes.
After filtering CNV already detected at least 10 times in the Déjà Vu database, all detected CNV are analyzed using standard criteria [ACMG recommendations (Riggs et al., 2020)]. For Déjà Vu count, two CNV are considered identical if they overlap over 75% of their reciprocal length. For balanced SV (translocation and inversion), break points must have an identical genomic position ± 50bp.
All imbalanced and balanced SV are checked in IGV software by visualizing paired read alignment anomalies (insert size, pair orientation and split read). In addition, for CNV, allele frequency plots ranked according to chromosomal positions are also available.
Biological Interpretation
Biological interpretation follows standard criteria [ACMG recommendations (Richards et al., 2015; Riggs et al., 2020)]. Briefly, balanced and imbalanced SV and SNV/Indel/Small exonic deletions, or duplications are all performed by two independent biologists. All variations are checked on. bam data and doubtful variations are confirmed using standard molecular analysis before biological analysis (less than 10 mutated reads for SNV, doubtful de novo status, doubtful deletion, duplication or translocation/inversion … ).
For CNV (duplication, deletion), current cytogenetic analysis is performed based on DGV, inheritance mode, recurrency, and gene contents. For balanced SV, only variations disrupting a known ID gene are retained for interpretation. Small SNV/indel are analyzed following mendelian modes of transmission (de novo AD or X linked variations, transmitted AD variation in case of known incomplete penetrance or suspected parental mosaic, maternally X transmission in male patients, homozygous or compound heterozygous variations (SNV or CNV) in autosomal recessive hypothesis). This broad approach ensures that co-occurring mutations (expected in about 5% of cases) will be identified (Yang et al., 2014).
Variants of interest are then recorded in the e-CRF and discussed during the MDM.
Multidisciplinary Meeting
Each MDM includes clinician geneticists from the recruiting center, clinicians in charge of the patients’ follow-up (i.e., neuropediatricians, neurologists, pediatricians, etc.), molecular and chromosomal geneticists (from the reference laboratory and its mirror laboratory). To ensure a reasonable number of cases to be reviewed by each MDM, three independent MDMs are organized in parallel, each of them grouping two laboratories and four clinical centers. Each MDM will thus review about 400 inclusions. In order to ensure consistency in decision-making between MDMs, all positive cases from the three MDMs will be validated in a general DEFIDIAG study review meeting.
Each MDM is organized according to the following format: discussion of the list of variants of interest obtained by the simplex 44GPS analysis; then by GSS analysis (for the 196 randomized patients); and finally, by GST. At each step, additional confirmation analysis that would be required in the course of standard care (Sanger, qPCR, FISH, analysis on mRNA, etc.) is recorded on the MDM report and in the e-CRF, for further medico-economic evaluation. The final conclusion concerning the pathogenicity of variant(s) identified by the different approaches will be reached during the session and recorded in the e-CRF MDM conclusion. If additional confirmation methods are required, the reference laboratory will be in charge of this analysis and the case will subsequently be reviewed in a future MDM. The final results are recorded in a research report communicated to the clinical geneticist who included the index case.
Candidate genes or variations (new genes, or putative variations with no obvious pathogenic effect in known genes) are classified as class 3, of unknown significance until the end of the project. Potential reclassification will be managed using standard care procedures such as splice effect, epigenetic signature, functional studies, and cohorts of patients using international collaboration.
GS Results Visit and Subsequent 12 months Follow-Up
When the results become available, and regardless of the results (positive or negative), the clinical geneticist who included the patient (and parents) will inform patient/family about the results of the GS during a dedicated visit. These results will be made available approximately 9 months after inclusion in the study. If the study identifies one or several class 3+, 4, or 5 variation(s), the clinical geneticist will explain the type of associated medical condition, its mode of inheritance and the risk of recurrence for a future pregnancy, as well as the modalities of care. All information (examinations, medical or non-medical treatment, medico-social follow-up, etc.) will be collected by the geneticist, assisted by a CRT. The diary kept by the families will be retrieved and integrated into the e-CRF. A new diary will be given to the family for the subsequent 12 months, and the phone contact by the CRT is planned. If the parents or adult with mild ID agreed to participate in the qualitative study, the sociologist/psychologist will then contact them to check that they all still agree to continue the interviews and organize the second interview.
Twelve months after the GS results are made known to the patient, a final visit at the hospital will be organized (this visit can be replaced by a telephone contact, if necessary) to assess the medical condition, collect any results and retrieve the diary. If the parents agreed to participate in the qualitative study, once again, the sociologist/psychologist will then contact them to check that they all still agree to continue the interviews and organize the third interview.
Medico-Economic Evaluation
A cost-effectiveness analysis will be conducted over the estimated 9–12 months (maximum) required to perform the GS, interpret the data and return the results to the patient. Efficacy will correspond to the diagnostic yield of each of the three strategies being compared. In order to estimate costs from the perspective of the health service, patient management will be divided into three main periods of healthcare consumption (Figure 2). The costs in the medico-economic evaluation will be direct costs, corresponding to medical procedures carried out during period 2. They will include: 1) the costs of consultation with the clinical geneticist in the recruitment centers, 2) the costs of exams preceding the genetic analysis and inclusion in the DEFIDIAG project, and the cost associated with the first blood sample and its transport, 3) the costs associated with any new blood draws required; 4) the costs of genetic analyses, and 5) the costs of any additional and confirmatory tests. Most of these procedures will be valued using social security prices, except for GSS and GST, which will be valued using a micro-costing method (Drummond et al., 2005).
Impact Studies
Two impact studies will be conducted: the cost of the diagnostic odyssey will first be estimated. It will include the cost of all diagnostic procedures from the first genetics consultation, to inclusion in the DEFIDIAG project (period 1 of Figure 1). The impact of genomic analyses on follow-up will also be assessed. It will be based on a before-after study (period 3 compared to period 1) and will include treatment and diet as well as rehabilitation, psychological and medico-social follow-up.
Data Management and Data Analyses
Data Management
Clinical and paraclinical data as well as the results of the genetic analyses carried out will be entered directly into the dedicated e-CRF by the investigators, helped by CRTs and by biologists and bioinformatics specialists in charge of the GS analyses. The patient diary specific to microcosting and patient follow-up are in paper or electronic format (forms independent of the e-CRF). Each patient is identified by a unique code including: the number of the recruiting center, the inclusion rank, the initials of the patient (first letter of surname and first letter of first name) and a code corresponding to his/her sex. The use of the CleanWEB software makes it possible to carry out checks for missing and incoherent data, and to generate queries immediately after data entry. Requests for corrections may also be generated by the CIC-EC1432 and sent to the recruiting center and/or the reference laboratory. The corrections will be made directly in the e-CRF by the investigators and/or the biologists, assisted by the CRTs. Histories of changes are systematically recorded. A data management plan, specific to the study, integrating centralized monitoring (enabling, for example, comparative monitoring of the distribution of subpopulations between centers and indicators of the quality of sample processing) was prepared before initiating the study in the participating centers.
Statistical Analyses
The percentage of ID causal diagnosis identified will be compared between strategies (GST vs reference strategy) using a McNemar test in the overall first-investigation population, then in the seven subgroups of interest. To account for multiple testing, the unilateral alpha risk is set at 0.00278, and also for the secondary comparisons of the diagnostic yield of GST vs. GSS, which will be performed in the dedicated randomized subgroup.
McNemar tests (unilateral alpha risk set at 0.025) will also be used to compare the percentage of causal diagnoses identified by GS and reference strategies in the sub-groups of the individuals coming for a first genetic referral without major non-cerebral abnormality or without epilepsy. This test will also be used in the overall population (first-investigation patients and previously investigated patients) to compare the percentage of causal diagnoses identified by GS strategies in patients with negative CMA. The percentage of causal structural changes identified by GST vs the reference minimal strategy will also be compared using McNemar tests in the first-investigation population (firstly considered all together, and then stratified by subgroups). The number and type of consistent and divergent variants identified with CMA and GS strategies will also be described. The frequency and characteristics of the situations where the causal diagnosis is identified by the reference strategy but not by the GS analyses will be described, as well as the frequency and characteristics of situations where the causal diagnostic is made by GSS and not by GST.
Cost-Effectiveness Study
The cost-effectiveness analysis will be performed in the population of randomized patients coming for a first genetic referral and for whom both GS strategies are performed in addition to the reference minimal strategy (i.e., 196 patients). The analysis will be based on the estimation of incremental cost-effectiveness ratios expressed in terms of cost per additional positive diagnosis. Deterministic analysis will take account of progress in technology. In order to manage the uncertainty associated with sampling, a non-parametric bootstrap analysis will be performed.
Impact Studies
The costs of finding a diagnosis will be described only in the population of patients who had previously had genetic investigations (50% of the 1,275 index cases), as the mean and standard deviation, if normally distributed, or as median and interquartile range otherwise.
The analysis of the impact of genomic analysis on medical, medico-social, rehabilitation and psychological follow-up after the results are made known, will be performed separately in the previously-explored population (50% of the 1,275 index cases) on the one hand, and in the population attending for a first genetics investigation on the other hand (never-explored patients). Frequencies of follow-up changes between the period prior to inclusion and the period following the results will be calculated with associated 95% confidence intervals. A global analysis will then be performed, regardless of the results of GST. Sub-analyses will be conducted according to the result of GST: positive, negative or uncertain.
Qualitative Study
The analysis of the interviews will be based on the following steps: 1) open coding of transcribed interviews, to identify as many topics as possible in the initial corpus; 2) categorization of codes; careful re-reading of the corpus as a whole will be performed to clearly define each category; 3) linking categories and writing of detailed memos and designing explanatory diagrams; 4) integration of the previous steps to identify the key points of the phenomenon; 5) theorization: meticulous and exhaustive construction of the “multidimensionality” and “multicausality” of the phenomenon of the relationships between needs, expectations and hopes, suffering, and the result of genetic analysis. For the psychological aspects, the interviews will be analyzed using the general inductive method (Thomas, 2006), which encompasses the first 3 steps mentioned above.
ETHICS AND DISSEMINATION
The study sponsor is the Institut National de la Santé Et de la Recherche Médicale (INSERM). DEFIDIAG study was supported by The French Ministry of Health in the framework of French initiative for genomic medicine (AVIESAN, 2016). An independent international scientific advisory board was constituted in order to make recommendations about the protocol and to evaluate and oversee the scientific and ethical integrity of the study. It is also tasked with evaluating potential sub-study proposals. The Ethics Committee Sud Méditerranée I approved the protocol in June 2019 (under the number 1955/19.05.29.60442). Authorization for detaining nominative databases was granted in March 2020 by the French data privacy commission (Commission Nationale de l’Informatique et des Libertés, CNIL, reference number: 919361). The protocol was registered with ClinicalTrials.gov under the identifier NCT04154891 in November 2019. The first patient was included in March 2020 and the study is expected to be completed by 2023.
We anticipate that the DEFIDIAG study will demonstrate an increase in performance of genetic testing performance in patients (children and adults) affected with ID of unknown etiology. This study will benefit the patient and the family, because it will identify a diagnosis, in turn providing the family with an explanation for the clinical condition, which will at last have a name (heralding the end of their diagnostic odyssey). Finding a diagnosis will enable initiation of appropriate medical therapy and ad hoc care if available, and help in the organization of follow up for the patient, prevent unnecessary medical biological and imaging investigations, authorize reproductive counseling for patient and/or family (prenatal diagnosis, preimplantation diagnosis), enable referral to ad hoc patient and support groups, and contribute to research protocols. Indeed, future perspectives include numerous research projects through the data collected concerning genotype-phenotype analyses, biological integrative analysis of pathways involved in brain development and functioning and last but not least, may help in the elaboration of targeted therapies.
In addition, it is expected that the cost-effectiveness and impact studies will show the efficiency of GST and also the cost-saving and the change in medical practice that can be expected from its implementation. To the best of our knowledge, no data has been published in France on the economic and medical impact of GS compared to the reference strategy or between trio and solo strategies. These arguments are essential to support the decision to implement the appropriate first line GS strategy in diagnostic routine practice, to help public health authorities to determine an adequate tariff with regard to the complete cost of GS, and also to demonstrate the impact of GS on improving patient care. Specifically, we believe it is important to determine the efficiency of a solo strategy, which is less costly in terms of sequencing, but also more pragmatic in many situations where biological relatives are not readily available. However, it is potentially more time consuming to interpret than trio sequencing data. Comparing these two strategies from a medico-economic point of view therefore seems important. We made some important choices concerning the methodology of data collection. The completion of the DEFIDIAG study should enable the key stakeholders to decide on the implementation of GS in France as the first-line test in the care of patients with ID. It will help us to confirm the robustness of the results obtained with traditional data collection by providing GS diagnostic yield estimates in conditions close to routine.
DATASHARING
All requests for the study’s data will be considered by the Defidiag trial steering committee. After the end of the study; and for participants who provide consent, data (excluding data corresponding to the image capture) will be transmitted to and stored at the “CAD” (Collecteur Analyseur de Données) of the French initiative for genomic medicine (AVIESAN, 2016), for potential re-use by other researchers including those not involved in the present study. The conditions for CAD data sharing are being implemented.
TRIAL STATUS
Recruitment is ongoing (955 patients included as of 09/06/2021).
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Objective: This study aims to explore the clinical characteristics and genetic basis of a patient with unilateral ptosis and unilateral hearing impairment in pedigree analysis.
Methods: The clinical data of the child and his father were collected. The genomic DNA of the patient and his relatives were extracted from their peripheral blood samples and subjected to trio-whole-exome sequencing (trio-WES) and copy number variation analysis. Sanger sequencing was used to verify the potential variant.
Results: The sequencing analysis identified a heterozygous nonsense variant c.6431C > A (p.Ser2144*) in the ZNF462 gene (NM_021224.6) in the child and his father, whereas the locus in his asymptomatic mother, brother, and grandparents was found to be the wild type, which is an autosomal dominant inheritance. The new genetic variant has not been previously reported in the ClinVar and HGMD databases and the Genome Aggregation Database (gnomAD).
Conclusion: This is the first incidence of Weiss–Kruszka syndrome relating to the nonsense variant in the ZNF462 gene in China. The finding from this study is novel in its expansion of the variant spectrum of the ZNF462 gene and clarifies the genetic etiology of the patient and his father.
Keywords: ZNF462 gene, Weiss–Kruszka syndrome, ptosis, hearing loss, craniofacial deformities
1 INTRODUCTION
Weiss–Kruszka syndrome (WSKA, MIM: 618,619) is a multiple congenital anomaly syndrome. WSKA is characterized by ptosis, growth restriction, craniofacial deformities, and corpus callosum hypoplasia (Weiss et al., 2017). Recent evidence revealed that WSKA is caused by the loss-of-function (LOF) variations in the ZNF462 gene or deletions on chromosome 9 p 31.2 containing the ZNF462 gene. Additionally, this genetic disease is inherited in an autosomal dominant manner, which often results from new variants. So far, only 27 cases of ZNF462 gene variation have been reported globally (Weiss et al., 2017; Cosemans et al., 2018; Kruszka et al., 2019; González-Tarancón et al., 2020; Iivonen et al., 2021; Park et al., 2021), and the underlying mechanism of the syndrome has not been extensively studied. This study reported a family in which both the child and his father had WSKA with ptosis and hearing loss. The diagnosis was established based on clinical symptoms and gene tests. Through trio-whole-exome sequencing (trio-WES), a novel nonsense variant in the ZNF462 gene was identified in the child and his father. With the first pedigree analysis of WSKA in China, the study enriched the variant spectrum of the ZNF462 gene and enhanced the knowledge of clinical features, genetic characteristics, and diagnostic protocols for WSKA.
2 SUBJECTS AND METHODS
2.1 Subjects
The proband is a boy born prematurely (premature rupture of membranes at 36+5 weeks of gestation, G2P2, vaginal delivery, no asphyxia, Apgar score 10-10-10, and birth weight 3.08 kg). His parents are Chinese who are not close relatives. The child did not exhibit any abnormal breathing, vomiting, abdominal distension, or convulsions. His body temperature and reaction were normal, without the observance of yellow skin mucous membrane. His thoracic movements of both sides were the same, while the lungs were clear, the limbs were active, and the muscle tension was normal. He had no deformity in his skull, and the initial brain ultrasound showed that the triangular area of the bilateral ventricles had a slightly higher parenchymal echo. Furthermore, brain MRI showed no abnormalities. An echocardiogram detected a 1.2-mm patent ductus arteriosus. The boy exhibited an asymmetric crying face, and his left eyelid drooped significantly. The boy failed the hearing screening in the right ear. His father had a pathological droopy eyelid (the right eyelid) which was treated by surgery many years ago, while he has impaired hearing in the right ear. The proband’s mother, brother, and grandparents have no clinical symptoms (Figure 1A).
[image: Figure 1]FIGURE 1 | (A). Family tree of this study (W: Wild type allele); (B). Sanger sequencing of the ZNF462: c.6431C > A variant of family (C). Distribution diagram of ZNF462 gene variation (red fonts is the variant reported in this study) Ca. Distribution diagram of ZNF462 gene variants reported in the HGMD database (numbers represent exons) Cb. Schematic diagram of C2H2 zinc finger structure distribution of ZNF462 protein.
Furthermore, the chromosomal karyotyping of the proband was normal. It is normal to use tandem mass spectrometry for analysis of samples extracted from dried blood spots (DBS) collected from infants, and this test is used for the screening of amino acid metabolic disorders, organic acidemia, and fatty acid oxidative metabolic disorders by detecting the levels of dozens of amino acids, free carnitine, and acylcarnitine in samples extracted from newborn DBS. The genome copy number variation sequencing (CNV-seq) did not reveal a pathogenic CNV (pCNV), and the CNV-seq is a high-resolution genome-wide method to identify pCNV(>100 kb) based on low-coverage whole-genome sequencing. At 8 months old, the child manifested restriction in motor development and cannot sit alone or crawl with low muscle tone compared to his peers.
3 METHOD
3.1 Sample Collection
The study was approved by the Ethics Committee of Xi’an People’s Hospital (Xi’an Fourth Hospital), and the written informed consent was granted by the parents of the patient. In total, 3 ml of the peripheral blood sample was collected from the child, his parents, brother, and grandparents, respectively, and stored in EDTA anticoagulant tubes. The genomic DNA was extracted from all the blood samples using a QIAamp DNA Blood Mini Kit and stored at -20°C for subsequent usage.
3.2 Trio Whole-Exome Sequencing Analysis
The genomic DNA was analyzed by trio-WES. The NanoWES probe was used for the whole-exome DNA hybridization and enrichment in high-throughput sequencing (Nova Seq 6,000). Sequencing data analysis was conducted by the Verita Trekker® mutation site detection system and Enliven® mutation site annotation interpretation system. The analysis filtered out the variants with mutation frequencies greater than 1‰ in the human exon database (ExAC), the 1000 Genomes Project, and the Genome Aggregation Database (gnomAD),and also filtered the nonfunctional variation site (such as synonymous variants and noncoding region variants.). The pathogenicity prediction was performed using multiple software packages including SIFT, Polyphen2, and CADD. The potential pathogenic variant was determined along with the related disease database and relevant clinical reports.
3.3 Sanger Sequencing and Family Analysis
The pathogenic variant was detected using trio-WES and Sanger sequencing in the proband and his parents, and then Sanger sequencing validation was used for family analysis. The PCR amplicons of the target sequences were verified by 1% agarose gel electrophoresis, and sequencing was performed on the ABI 3500DX. The pathogenicity classification and data interpretation of the variations in the gene are based on the guidelines of the American Society of Medical Genetics and Genomics (ACMG) guidelines (Richards et al., 2015)
4 RESULTS
4.1 Results of Genetic Analysis
The trio-WES analysis showed that both the proband and his father carried a novel heterozygous variant c.6431C > A (p.Ser2144*) in the ZNF462 gene (NM_021224.6); however, no evidence of this variant was found in the other asymptomatic family members, including the proband’s mother, brother, and grandparents. The results were validated using Sanger sequencing (Figure 1B). So, for his father, c.6431C > A (p.Ser2144*) is de novo by both maternity and paternity confirmed (PS2_moderate). The variant is a nonsense variant in the coding region of the ZNF462 gene, which may generate a premature stop codon and induce a loss-of-function effect (PVS1). The variant was not present in ExAC, 1,000G, and the gnomAD database (PM2_Supporting). According to the ACMG guidelines, the variant c.6431C > A (p.Ser2144*) should be classified as pathogenic (PVS1+PS2_moderate + PM2_Supporting).
4.2 Results of Literature Review
Related keywords to the “ZNF462 gene” and “Weiss–Kruszka syndrome” were used during the search in the Chinese Journal Full-text Database (CNKI), Wanfang Data Knowledge Service Platform, and Weipu Database (covering time to May 2021), and no relative case was reported. The same keywords were used in PubMed (covering time to May 2021), and six publications were found containing cases of WSKA associated with the ZNF462 gene. The first reported case identified a new balanced translocation t (2; 9) (p24; q32), and the multiple phenotypes of this individual could be due to the disruption in the ZNF462 gene and ASXL2 gene as a consequence of chromosomal rearrangement (Ramocki et al., 2003; Talisetti et al., 2003; Kruszka et al., 2019); Weiss et al. reported that the dysfunctional variants of ZNF462 gene were found in six patients from four families with significant deletions in two different regions of chromosome nine were detected in two patients from two unrelated families (Weiss et al., 2017). Cosemans et al. reported a case of WSKA that was associated with chromosomal balanced translocation t (9; 13) (q31.2; q22.1) (Cosemans et al., 2018). Kruszka P et al. updated 14 cases of WSKA patients caused by the LOF variants in the ZNF462 gene and characterized the clinical phenotypes for the studied cases (Kruszka et al., 2019). González–Tarancón R et al. demonstrated that a new frameshift variant in the ZNF462 gene could be associated with WSKA syndrome (González–Tarancón et al., 2020). Recently, Iivonen AP et al. found a case with WSKA and Kallmann syndrome due to the deletion of chromosome 9q31.2, and Park et al. reported a case involving WSKA and empty sella syndrome (ESS) associated with the deficiency in the growth hormone (GHD) (Iivonen et al., 2021; Park et al., 2021). The clinical characteristics of the WSKA cases from the cited studies are summarized in Table 1.
TABLE 1 | Clinical phenotypes of 29 patients and the family patients of this study caused by ZNF462 gene mutation.
[image: Table 1]5 DISCUSSION
The ZNF462 gene, consisting of 13 exons, is located on chromosome 9q31.2. It encodes a protein (2,506 amino acids) with 27 C2H2 zinc finger structures, which participates in transcriptional regulation and the remodeling of the chromosome by bonding with DNA molecules (Nagase et al., 2001; Massé et al., 2010; Eberl et al., 2013). The zinc finger protein is highly conserved in most mammals. It is localized in the nucleus and widely expressed in various human tissues (Fagerberg et al., 2014). While the specific function of the protein has not been established, some studies on animal models demonstrated that ZNF462 could play a vital role in embryonic development. For instance, the downregulation of Zfp462 (ZNF462) gene expression in Xenopus laevis could interfere with early embryonic development by altering the cell division at the cleavage stage; however, this phenotype could be compensated through the introduction of additional human ZNF462 mRNA (Laurent et al., 2009). In another study, the Zfp462 knockout mice showed prenatal lethality and the heterozygous (Zfp462+/−) mice developed diverse symptoms including low body weight, delayed brain weight development, anxiety-like behavior, and hair loss (Wang et al., 2017).
Given the evidence obtained from previous articles, the haploinsufficiency of the ZNF462 gene is the genetic cause of WSKA. In clinical studies, WSKA is characterized by the mild and overall developmental delay with variable craniofacial abnormalities (typically ptosis, abnormal skull shape, lower oblique eyelid fissure, epicanthus, arched eyebrows, and short nose, etc.), while hypotonia and feeding difficulty are usually observed. Furthermore, a few cases reported dysplasia of the corpus callosum on brain imaging (Kruszka et al., 2019). By summarizing the existing cases (27 patients in the published reports and two patients from this study, in Table 1), it was found that ptosis, developmental delay, and autism are common manifestations in WSKA patients. Also, four out of the 27 patients had hearing impairments. Most patients were studied individually. Out of the reported cases, two cases resulted from the paternal inheritance, with a case resulting from the maternal inheritance, while another case was found to be due to maternal low-proportion mosaic (the mosaic ratio was 17%). This study discovered a new case with paternal inheritance in the Chinese population: the child had a paternal inheritance, but his father was de novo. They carried a novel nonsense variant c.6431C > A (p.S2144∗) in the ZNF462 gene (NM_021224.6) found by using whole-exome sequencing, whereas the variant was not present in other tested family members. Both of them showed typical unilateral ptosis and unilateral hearing impairment. These findings indicated that the variant c.6431C > A (p.S2144∗) in the ZNF462 gene could be associated with WSKA. The child showed a mild asymmetrical crying face during the neonatal period, and further had mild hypotonia and developmental delay. Pathogenic CNV was undetectable. Therefore, it is speculated that the observed clinical feature of WSKA could be individually specific.
By January 2021, the HGMD® database has recorded 24 ZNF462 gene variants, including five nonsense variants, 12 frameshift variants, three missense variants, one splicing variant, two large fragment deletion variants, and one chromosome balanced translocation. These reported variants are mostly found in exon 3 of the ZNF462 gene (Figures 1C,a), which may be related to exon 3 is the largest exon of the gene. The variant c.6431C > A (p.S2144∗) found in this study was located in exon 8 of the ZNF462 gene, and there were several pathogenic nonsense variants reported in the downstream of c.6431C > A (p.S2144∗). This point further confirms the pathogenicity of the variant. In addition, the variant may undergo nonsense-mediated decay (NMD), which may lead to heterozygous loss of ZNF462 transcript and consequently result in the disease phenotype. Moreover, the variant c.6431C > A (p.S2144∗) was located in the region between the 21st and 22nd C2H2 zinc finger structures, and it causes amino acid deletion from amino acids 2,144 (Figure 1C,b), leading to the absence of the last six zinc finger structures. Hence, this variant was assumed to be responsible for DNA binding impairment and the subsequent protein dysfunction, which needs to be investigated in subsequent studies.
This is the first pedigree of WSKA in China. A novel nonsense variant c.6431C > A (p.S2144∗) in the ZNF462 gene was identified in the proband and his father; this finding enriched the variant spectrum of the ZNF462 gene. The proband and his father showed unilateral ptosis and unilateral hearing impairment which were typical symptoms of WSKA (Table 1), so they were diagnosed combined with the sequencing result. The mild asymmetrical crying face during the neonatal period only showed in the proband could be individually specific, and the role of the pathogenic variant in this case required further investigation. The inheritance type of the proband was paternal, and de novo mutations were still the main way of inheritance in all the reported WSKA cases (Table 1). This study provided more clinical and genetic evidence to support the haploinsufficiency of the ZNF462 gene proposed by earlier studies. The novel variant and phenotypes seen in this family contributed to understanding the clinical features, genetic characteristics, and diagnostic protocols for WSKA.
While WES has facilitated the identification of pathogenic gene variants for many rare diseases (Yang et al., 2014), the increasing knowledge will improve the diagnosis accuracy of rare diseases and contribute to the prediction or the prevention of birth defects. Combined with trio-WES analysis, the patients in this study were finally diagnosed. Besides the traditional diagnostic approach, the introduction of trio-WES can lead to the effective identification and differentiation of the variants, and thus offer feasible support for clinical diagnosis and treatment.
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Background: The aim of this study was to explore the source and morphology of a small supernumerary marker chromosome (sSMC) from karyotype analysis of a patient with a unique case of mosaic Turner syndrome. The study findings will provide technical reference and genetic counseling for similar cases.

Case Presentation: A female patient with 46,X,+mar karyotype was diagnosed by genetic karyotype analysis. Genetic methods including fluorescence in situ hybridization (FISH) and copy number variation sequencing (CNV-seq) based on low-depth whole-genome sequencing were used to explore the source and morphology of sSMC. FISH technology showed that 56.5% of the cells were X and 43.5% of the cells were XY. CNV-seq detection found that the sSMC was chrY, implying that the patient's karyotype was mos 45,X[58.6%]/46,XY[41.4%]. Retrospective karyotype analysis indicated that the female patient's sSMC was inherited from her father's small chrY. Customized FISH probe of Yq12 microdeletion was positive, indicating that the sSMC was a del(Y)(q12). Based on the results of genetic diagnosis, the specialist doctor gave a comprehensive genetic consultation and ordered regular follow-up examinations.

Conclusions: The findings of the current study showed that the chromosome description of the unique Turner case was mos 45,X[56.5%]/46,X,del(Y)(q12)[43.5%]. FISH technology played a key role in diagnosis of mosaicism. The terminal deletion of mosaic chrY provided a scientific and an accurate explanation for masculinity failure and abnormal sexual development of the current case.

Keywords: Turner syndrome, sSMC, FISH, CNV-seq, del(Y)(q12)


INTRODUCTION

Turner syndrome is a common sex-linked disease. It has the highest incidence of chromosomal abnormalities. The main clinical features of Turner syndrome include short stature, poorly developed secondary sexual characteristics, and infertility. Notably, intelligence of the patient is usually within the normal range. The most common karyotype of this type of patients is 45,X, which represents more than 50% of all cases. The mosaicism karyotype accounts for ~30% of all cases, whereas the mos 45,X/46,XX form accounts for most of the cases. The detection rate of 45,X/46,XY mosaicism, which is a rare chromosomal abnormality and usually not diagnosed in time, is 1.5/10,000 newborns (1). sSMCs refer to a type of extra chromosome fragment outside the normal karyotype. The source of sSMCs cannot be determined by conventional karyotype analysis. In most cases, sSMC's length is less than chr20, and may be derived from any chromosome. sSMCs are present in ~3.3 million human beings currently (2). The other population (~1.2 million) of sSMC carriers are clinically affected either by adverse effects of gained genetic material present on the sSMC or by uniparental disomy of the sSMC's sister chromosomes (2). Patients with sSMCs have variable clinical phenotypes owing to differences in the genetic material present in the marker chromosomes (3). These sSMCs cause uncertainty in clinical symptoms and make genetic diagnosis and counseling challenging. Therefore, it is important to accurately locate the source and morphology of sSMC. Currently, genetic diagnosis techniques are diverse. High-throughput sequencing methods have become more popular, such as CNV-seq and whole exome sequencing (WES). These methods are more comprehensive and accurate compared with traditional karyotyping and FISH probes. However, traditional technologies play irreplaceable roles. In the current study, an sSMC carried by a special mosaicism Turner syndrome was determined through a variety of mainstream molecular cytogenetic methods. Moreover, the source and morphology of the sSMC was successfully identified. The findings obtained through genetic analysis and interpretation of the current case provide scientific and technical reference for similar cases. Furthermore, the findings supplement effective genetic evidence and provide useful insights for abnormal sexual development.



MATERIALS AND METHODS


Study Subject

An 8-year-old patient showed stunted growth for more than 3 years. The patients visited the hospital for clinical consultation. The patient had no history of chronic diseases and had normal mental capacity. The height of the father of the patient was 170 cm and the height of the mother was 159 cm. The patient was born by cesarean section by a G2P2 mother. The patient did not have a history of asphyxia. The birth weight was 3.0 kg and the height was 52 cm. It showed that the patient was in good spirits and had normal reactions by physical examination. The patient has a childish face and a sharp voice, showed tanner stage I of vulva and genitalia, B1 breast score, and was in PH1 stage. Pelvic examination through B-ultrasound showed a uniform uterine muscular echo; only the right breast was developed, and no obvious ovarian echo was detected in the appendages on both sides. Pituitary MRI plain scan and enhanced scan did not show any abnormalities. GnRHa provocation test (including levodopa and arginine compound) was performed after the outpatient clinic. The initial diagnosis of endocrinology specialist was growth hormone deficiency and Turner syndrome. The female patient was then referred to the center of prenatal diagnosis for disease diagnosis and genetic counseling.



Methods
 
Karyotype Analysis of Peripheral Blood

Karyotyping is able to detect polyploidy, aneuploidy, translocations, inversions, rings, and copy number changes in the size range of 4–6 Mb. Lymphocyte culture medium was purchased from Da Hui Biology Company, Beijing. The patient signed an informed consent form, and peripheral blood was aseptically drawn and inoculated into the culture medium. Cell culture, harvest, G banding, and slide production were carried out in turn. G-banding slides were scanned and analyzed using the GSL120 platform, Leica Biosystems. The 5 karyotypes were analyzed under the microscope and 20 cells were counted. The count was expanded to 50 metaphase cells if mosaicism existed. Reporting of karyotype results was described based on the nomenclature system of human cytogenetics (ISCN-2016) (4).



Fluorescence in situ Hybridization

There are FISH probes for chromosomes 13, 18, 21, X, and Y, which may be used for rapid detection of aneuploidy prior to formal karyotyping. In addition, there are multiple FISH probes for areas associated with microdeletion. FISH probe was purchased from Jin Pu Jia Medical Technology Company, Beijing (5). Peripheral blood was drawn after the patient signed the informed consent. The experiment was performed following the manufacturer's instructions. After preparation of cell suspension, slide pretreatment, denaturation, and hybridization, slides were washed and sealed in turn. Samples were then analyzed by microscopy. Each set of probes randomly counted 50 cells. The count was expanded to 100 or 200 cells if more than one cell with abnormal signal was detected. If the proportion of abnormal cells in a certain indicator was ≥10%, it indicated that the indicator was abnormal. If the proportion of abnormal cells was between 10 and 60%, it indicated the presence of mosaicism (6).



Low-Depth Whole-Genome Sequencing

CNV analysis has become a first-tier clinical cytogenetics procedure in patients with unexplained developmental delay/intellectual disability. Peripheral blood was drawn after the patient signed the informed consent. DNA was extracted with an automatic nucleic acid extraction system. Library was prepared using the Ke Nuo An kit purchased from Bei Rui company, Beijing. Original read files were obtained by sequencing on the HiSeq3000 platform. Sequencing files were compared with the human reference genome GRCH37/hg19 using the bowtie2 package in Linux (7). Samtools package in Linux was used to sort and make index to obtain the bam intermediate file (8). The wisecondorx package in Linux was then used to calculate and visualize CNVs of each chromosome band of the samples (9). Genetic interpretation of the results on CNVs was performed following the 2020 version of ACMG and ClinGen's latest interpretation guidelines (10).



Screening for AZF Microdeletion of ChrY

PCR multiplex assays are the method of choice for quickly revealing genomic microdeletions in the large repetitive genomic sequence blocks on the long arm of the human chrY. They harbor the Azoospermia Factor (AZF) genes, which cause male infertility when functionally disrupted. The ChrY microdeletion kit was purchased from Tou Jing Biotechnology Company, Beijing. The kit was used to qualitatively detect whether the AZF that affected sperm production on the chrY had a microdeletion. This fragment was located in the Yq band. Multiplex PCR-capillary electrophoresis technology was used for detection. A total of 15 sequence-tagged sites (STS) were selected following international guidelines. Primers were designed, and 4 tubes were used for multiplex PCR detection. In addition, the sex-determining region of chrY (SRY) (Yp11.3) was detected. All experiments and result interpretation were performed following the instructions in the kit.





RESULTS


Chromosome Karyotype Analysis

Karyotypes of the proband and her father were 46, X, +mar and 46, X, Yq-, respectively (Figures 1A,B). Analysis of family members showed that the morphology of +mar was probably inherited from the father's chrY. The chrY of the father occurred as a very small fragment, which may be due to normal shortening of the heterochromatin region of Yq12 or loss of pathogenicity of the other band of chrY. The social sex of the proband was female, and further analysis was needed to clarify the source and morphology of the +mar.


[image: Figure 1]
FIGURE 1. (A) Karyotype of the proband: 46, X, +mar. (B) Karyotype of father to the proband: 46, X, Yq-.




Fluorescence in situ Hybridization

Chromosome centromeric probes of FISH CSPX/CSPY (green/red) using uncultured peripheral blood sample showed that 56.5% of the cells had a single green signal (indicating X). Furthermore, 43.5% of the cells showed one green and one red signal (indicating XY) when 200 cells were counted (Figure 2A). Analysis of the cultured peripheral blood samples showed that 18.0% of the 200 cells had a green signal (indicating X) (Figure 2B). Notably, 82.0% of the 200 cells showed a green signal and a red signal (indicating XY) (Figure 2C). The FISH probe of Yq12 microdeletion showed that chrX only had a red signal, which was used as a normal positive control. In addition, all metaphase cells did not show a green signal, indicating that Yq12 was completely deleted (Figure 2D).


[image: Figure 2]
FIGURE 2. (A) FISH of uncultured interphase cell; azure: chr18; green: chrX; red: chrY. The upper cell image shows no chrY whereas the lower cell image shows presence of chrY. (B) FISH of cultured metaphase cell; azure: chr18; green: chrX; red: chrY. These findings showed that no chrY was ppresent (implying that only X was present). (C) FISH of cultured metaphase cell; azure: chr18; green: chrX; red: chrY. These findings showed presence of chrY (implying presence of XY). (D) Yq12 FISH of cultured metaphase cell; red: chrX; green:chrY. The findings showed Yq12 deletion.




Detection of Microdeletion and Microduplication

Whole-genome high-throughput sequencing results showed that the sSMC was chrY (Figure 3), and the interval ratio of Yp11.3-Yq11.223 was ~-0.5. Calculation and conversion indicated that the patient's karyotype was a mosaic deletion of 45,X[58.6%]/46,XY[41.4%]. Screening of the AZF of chrY did not show abnormality of microdeletion in the AZF region (Yq) and SRY gene region (Yp11.3).


[image: Figure 3]
FIGURE 3. CNV-seq distribution map for 46 chromosomes; the ordinate ratio represents lo[image: image]; the test is the copy number of the corresponding band. The abscissa represents the chromosome band. A ratio of −1 indicates that one copy is lost; a ratio of 0 represents a normal value; a ratio of 0.58 indicates that one copy is gained; a ratio between −1 and 0 represents a mosaic deletion, and the ratio of abnormal cells is ~2 (1-2ratio).




Outcome and Follow-Up

Because Turner syndrome can involve multiple organ systems, the risk of occurrence of some complications increases with age. The patients face different neuropsychological problems at different age groups. According to the genetic detection results, the laboratory actively communicated with a clinical specialist. The specialist notified the family members to return to the outpatient clinic to further improve the relevant system examinations, and used estrogen and progesterone drugs to treat symptomatically in a timely manner in order to improve the patient's final height and maintain secondary sexual characteristics, so that the uterus can develop normally; various complications also can be prevented. Ask the patient for regular specialist follow-ups to monitor diseases of related systems or organs such as gonadotropin, cardiovascular, urinary system, liver and kidney function, eyes and ears, and autoimmunity. It was recommended that the patient maintained a healthy and active lifestyle and took medications actively. The specialist also informed her medical progress about the disease, including the possibility of prenatal diagnosis or assisted reproduction in later stages.




DISCUSSION AND CONCLUSION

The World Health Organization reports that the incidence of birth defects is ~6.42% in low-income countries, 5.57% in middle-income countries, and 4.72% in high-income countries. Rapid development of molecular genetic technologies such as next-generation sequencing enables detection of more genomic abnormalities. Prevention and control of birth defects and genetic counseling have been widely advocated in the society.

In the current study, the morphology and source of sSMC carried by a rare mosaicism Turner syndrome were identified through a comprehensive application of various mainstream molecular cytogenetics techniques. Karyotyping technique was used to explore the sSMC of unknown origin. Family traceability was conducted to determine whether the sSMC's morphology was similar to the small chrY of the proband's father. FISH technology and advanced high-throughput sequencing technology were then used to confirm that the sSMC of the female proband was actually the chrY. High-throughput sequencing results showed that chrY was reduced. However, due to the limitations of the methods, it was not possible to determine the specific chromosome description. Therefore, it was not clear whether the reduction was due to mosaicism being X/XY or it was due to the Y band loss (11).

Moreover, the abnormality of the centromere and heterochromatin region of each chromosome was not detected owing to the presence of the detection blind band. Therefore, high-throughput sequencing could not detect the abnormality of the Yq12 region. Conventional normal FISH probe, which is a standard method for judging the specific proportion of mosaicism cells, confirmed the karyotype to be mosaicism X/XY. The findings of normal FISH demonstrated that chrY reduction was caused by mosaicism detected through high-throughput sequencing. Although sSMC was identified as the source of the chrY, its length was too short, and further analysis was performed to determine which bands were lost. Therefore, customized Yq12 probe of FISH was used to explore whether there was a deletion at the end of chrY. The findings showed that the mosaicism X/XY was a del(Y)(q12). We searched related literatures and found some research reports: 42.86% (6/14) of the mosaic patients were mosaic for a structurally abnormal chrY in 46,XY cell lines; three with Yqh-, one with a Yq deletion, one with a Yp+, and the last with a dicentric Y. Four of these patients also presented with AZF microdeletions (12). The clinical phenotype of 45,X/46,XY individuals is very broad and includes Turner females, varying degrees of genital malformations, and men with normal phenotypes (13). The gonads of such patients have been reported as streak gonads, ovarian-like, and/or exhibiting other histopathological abnormalities in previous case reports, small studies, and large multicenter histological studies (14, 15).

These findings show that the nature of sex determination may be determined by expression and regulation of related genes of chrY. Defective chrY results in the person presenting a female phenotype even though that person possesses a karyotype of XY. This results in defective testicular development; thus, the infant may or may not have fully formed male genitalia internally or externally. Full range of ambiguity of structure may occur, mainly if mosaicism is present. The child is usually a girl with the features of Turner syndrome or mixed gonadal dysgenesis if the Y fragment is minimal and non-functional (16, 17). This is consistent with findings of the current study; thus, it explains the current case. However, the presence of small fragment variation and point mutations about sex determination-related genes in the sSMC in the case cannot be ruled out owing to the limitations of CNV-seq. Therefore, further studies should be performed. A genetic counselor carrying out genetic counseling of similar patients could include WES analysis based on the patient's wishes and economic conditions.

In summary, a comprehensive tracing analysis of an sSMC carried by a unique mosaicism Turner syndrome was explored through a variety of mainstream molecular cytogenetic methods, and the source and morphology of the sSMC was successfully identified. The findings of the current unique case provide scientific and accurate technical reference for similar cases. Furthermore, these findings supplement effective genetic evidence and provide useful insights into abnormal sexual development.
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Background: Alkuraya–Kučinskas syndrome is an autosomal recessive disorder characterized by brain abnormalities associated with cerebral parenchymal underdevelopment, arthrogryposis, club foot, and global developmental delay. Most reported cases were cases of premature termination of pregnancies or neonatal deaths. To date, limited studies of nine surviving patients with global developmental delay and intellectual disability have been reported. In this study, we report another surviving patient.

Methods: Whole-exome sequencing was utilized for the proband, and variants were filtered, annotated, and classified. Candidate variants were validated by Sanger sequencing of the proband and his family. The literature was reviewed; the prognosis among different regions and the variant type was analyzed.

Results: A non-synonymous variant [NM_015312.3: exon29: c.4892C>G (p.Pro1631Arg)] was identified and validated in the patient's father. A frameshift duplication [NM_015312.3: exon62: c.10872dupA (p.Arg3625Lysfs*5)] that caused early translation termination was identified in his mother. The literature was reviewed, variants were classified into three regions of KIAA1109, and their survival status was summarized.

Conclusion: We reported another survival proband with Alkuraya–Kučinskas syndrome driven by KIAA1109. Our case expands the genotypic spectrum of Alkuraya–Kučinskas syndrome and explored the relationship between the variant region and survival.

Keywords: KIAA1109, Alkuraya-Kučinskas syndrome, compound heterozygous variants, survival, autosomal recessive, club foot


INTRODUCTION

Alkuraya-Kučinskas syndrome (ALKKUCS) is a severe neurodevelopmental disorder characterized by global developmental delay, brain abnormalities, and arthrogryposis. Most probands die from the embryo suspension or soon after birth, and patients who survive always suffer from intellectual disabilities and epilepsy (1).

KIAA1109 was first cloned and sequenced using a size-fractionated adult brain cDNA (complementary DNA) library (2). Khuong et al. (3) demonstrated that tweek (the fly orthologue of KIAA1109) plays a crucial role in the growth of synapses at neuromuscular junctions (NMJs) by controlling both an Nwk (FCHSD2)-dependent pathway and phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2] and Wsp-dependent pathways.

In 2015, another study identified a homozygous non-sense mutation in the KIAA1109 gene from a female infant in a consanguineous Saudi family (4). In 2018, Gueneau et al. (1) reported more homozygous or compound heterozygous mutations in 12 patients from nine unrelated families with ALKKUCS. Among the 13 patients reported by Gueneau et al. (1), only three patients from two families were alive at 7, 11, and 13 years of age. All patients had a global developmental delay from infancy and variable levels of intellectual disability. Besides, another two survival patients with severe phenotype were reported in 2019 (5). In 2020, Kumar et al. described four other surviving patients from two related families, similar to the cases reported by Gueneau et al. all of whom also suffered from global developmental delay and mild-to-severe intellectual disability (6).

To date, limited studies of surviving patients with global developmental delay and intellectual disability have been reported. In this study, we report another surviving patient carrying new variants in KIAA1109 and explore the potential relationship between the variant region and survival status.



MATERIALS AND METHODS


Proband

Informed consent was obtained from the patient's family members. This study was approved by the Institutional Review Board of the Children's Hospital of Hebei Province. The data on his clinical features, electroencephalogram (EEG), brain magnetic resonance imaging (MRI), malformations, and other examination results were collected.



WES and Sanger Sequencing

Genomic DNA was extracted from whole-blood samples. The IDT (Integrated DNA Technologies, USA) XGen Exome Research Panel was used to capture libraries, and the library was sequenced on the Novaseq 6,000 Sequencing platform. Finally, the paired end clean reads were mapped to the human reference genome (GRCh38/hg38). Variations were annotated using ANNOVAR software (7), and SNPs (Single Nucleotide Polymorphism) with a minor allele frequency ≤0.005 in the SNP database were obtained for further analysis. The pathogenic evaluation was performed according to the American College of Medical Genetics and Genomics (ACMG) guidelines (8). The Sanger sequencing of candidate variants was performed in the proband and his parents to validate the variation identified by whole-exome sequencing.




RESULTS


Case Presentation

The infant was a boy of the second pregnancy of a healthy 28-year-old mother. He was born at full term (39 weeks gestational age) natural delivery, weighing 3.7 kg. After birth, routine physical examination revealed a normal result. By about 3 months of age, failure to thrive was observed including failing to hold his head and turn over. At 4 months of age, he developed intermittent limb clonus and was admitted to a hospital.

Routine blood, homocysteine, genetic metabolism screening, and physical examination demonstrated normal results. Also, no abnormality was found in otolaryngology and ophthalmic examination. Cranial MRI showed that bilateral frontotemporal space was widened, the left ventricle was irregular, and the corpus callosum was short (Figure 1A). Video EEG revealed a normal result.


[image: Figure 1]
FIGURE 1. (A) Characteristic changes in the MRI findings of the proband. MRI images revealed a widening of bilateral frontotemporal space, an irregular shape of the left ventricle, and a short corpus callosum. A.1 and A.2: T1W; A.3: T2W; A.4: FLAIR. Arrow: Change of sites. MRI: magnetic resonance imaging. (B) Pedigree chart and genotype information of the proband. Black arrow: proband. +: wildtype. (C) Genotype validated by Sanger sequencing. Compound heterozygous variants were inherited from both the father and mother. +: wildtype; -: variant type. (D) Variant-reported summary. Variants from one patient were labeled together. Variants written in black are those from dead probands. Variants written in green are those from probands who survived. Variants written in red are those discovered in our patient.


Convulsions could be observed in genetic metabolic disease, electrolyte disorder, and genetic disease. We excluded metabolic disease by negative results of genetic metabolic screening, excluded electrolyte disorder by the absence of typical clinical features including diarrhea, vomiting, poor eating, and other manifestations. Finally, we uncovered the candidate mutations in the KIAA1109 gene.

We treated the patient with oxiracetam (1 g/day for 10 days), cerebroside (2 ml/day for 10 days), and carnosine (0.1 g/day for 7 days); observed that the limb clonus disappeared; and then discharged him.

We followed up the patient when he was 2 years and 7 months old; he still showed global development delay, unstable walking, abnormal posture, foot valgus, poor balance ability, poor speech, and cognitive ability.



Exome Sequencing and Analysis

WES detected compound heterozygous variants in KIAA1109 (Figure 1B). The first variant [c.4892C>G (p.Pro1631Arg)] was a non-synonymous variant, causing amino acids from proline to arginine at 1,631st of the protein. The second variant was a frameshift duplication insertion at 3,625th of KIAA1109, causing amino acid translation from arginine to lysine, and terminating at 5th after the variant site. Both variants were absent in published databases, such as gnomeAD and Exome Aggregation Consortium (ExAC). c.4892C>G was predicted to cause damage to proteins (SIFT: Damaging, Polyphen2 _HDIV: Damaging, Mutation Taster: Disease-causing). Both variants were classified as VUS or LP according to the ACMG guidelines (Table 1). Both variants were validated from the father and mother, respectively, by Sanger sequencing (Figure 1C).


Table 1. Analysis of variants detected in KIAA1109 (NM_015312.3).
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We reviewed all reported variants and survival information and defined three regions (Region I: 358–3,611 bp; Region II: 3,986 bp−5,873 bp; Region III: 9,149–14,564 bp) among full-length KIAA1109 (Figure 1D). We found that homozygous or compound heterozygous variants in regions I and III had a deteriorating effect on the patients, whereas compound heterozygous variants in region II showed a moderate effect on survival (Figure 1D). Interestingly, the variants for our survival case were compound heterozygous variants from regions II and III.

In order to explore a potential relationship between variant type (missense, non-sense, splice site, frameshift) and survival status, we combined non-sense, splicing, and frameshift as structure variants since they resulted in early premature termination and deletion exon or insertion intron. As an autosomal recessive disorder, bi-allelic variants were classified into three groups: missense+missense; missense+structure; and structure+structure. We reviewed all variants and the survival status of reported cases and found that 60% (9/15) (missense + missense) patients survived, and 40% (6/15) (missense + missense) patients died; 33.3% (1/3) (missense + structure) patients survived, and 66.7% (2/3) (missense + structure) patients died; and 100% (4/4) (structure+structure) patients died (Table 2). However, there was no significant relationship between the variant and survival status (p > 0.05).


Table 2. Phenotype related to variant type.

[image: Table 2]

Among 10 survival patients, 60 (6/10) presented severe global developmental delay, 20 (2/10) moderate delay, and 20% (2/10) mild delay. A certain proportion of organs exhibited dysfunction including 60 (6/10) in head and faces, 20 (2/10) in eyes, 20 (2/10) in mouth, 30 (3/10) in joints, 60 (6/10) in limbs, 40 (4/10) in gastrointestinal tract, 10 (1/10) in urogenital tract, 30 (3/10) in heart, 20 (2/10) in muscle, and 80% (8/10) in behavior. Development delay and abnormality in behavior, head, and face were widely observed in survival patients (Supplementary Material Table). Interestingly, our patient showed relative mild phenotype by only presenting development delay, limbs clonus, unstable walking, and foot valgus. Malfunctions in head and faces, eyes, mouth, gastrointestinal, urogenital, heart, and muscle were not observed.




DISCUSSION

Kiaa1109, located on the long arm of chromosome 4 (4q27), contains 84 exons and 15,592 base pairs in length (https://www.ncbi.nlm.nih.gov/nuccore/NM_015312.3). It is widely expressed in many different tissues in humans as viewed by BioGPS (9) and is predominantly expressed in the parathyroid, muscles, ears, eyes, mammary glands, lymph nodes, thymus, and 27 other tissues. KIAA1109 is also involved in various tumors such as bladder carcinoma, chondrosarcoma, glioma, leukemia, lymphoma, non-neoplasia, and retinoblastoma tissues.

KIAA1109 is conserved in many species. Orthologs have been found in many mammals and other vertebrates, and homologs have been identified in animals (such as insects). No human paralogs for KIAA1109 have been identified (10). The mRNA sequence identity in mammals ranges from 81.9 (platypus) to 99.5% (chimpanzees). In addition, the protein identity ranged from 93.2 in opossum to 99.8% in chimpanzees, and protein similarity was no less than 97% in all mammals. In addition, birds continue to show fairly high conservation with protein identities of ~90 and protein similarities of 96%.

The NCBI conserved domain search identified two potential domains in KIAA1109 (11). The first is the fragile site around the C-terminus, which is associated with celiac disease susceptibility according to genome-wide association studies and may also be associated with polycystic kidney disease. The second conserved region is an uncharacterized conserved protein (DUF2246), whose function is unknown and conserved in various species, from humans to worms. It also contains one transmembrane domain from amino acids 26–46 (https://www.ncbi.nlm.nih.gov/protein/150378498). No signal peptides, mitochondrial targeting sequences, or chloroplast peptides were predicted; therefore, there was no localization to the secretory pathway, mitochondria, or chloroplast.

The correlation between variants and prognosis is not well-established as a severe neurodevelopmental and fetal disorder. In this study, we classified all reported patients and their variants and found that homozygous or compound heterozygous variants in region I or region III lead to deteriorating effects for the probands, whereas compound heterozygous variants in region II showed moderate effects on survival. The only exception is a proband carrying a homozygous variant of c.2431A>G in region I. Our cases carry one variant from regions II and III, conforming compound heterozygous variants. In order to understand the potential underlying mechanism between the region and survival status, we searched the domain information in SWISS-MODEL (https://swissmodel.expasy.org/repository/uniprot/Q2LD37), InterPro (https://www.ebi.ac.uk/interpro/protein/UniProt/Q2LD37/), and UniProt (https://www.uniprot.org/uniprot/Q2LD37), found a fragile site-associated region at C-terminal of KIAA1109 that shared 468 amino acids with region III and a transmembrane helical from the 26th to 46th amino acid at N-terminal that does not share any overlap with our variants. Due to the limited domain information, it was hard to draw any conclusion from the relationship between a variant and functional domain.

Also, due to the limited number of reported cases with variants and prognoses, the region definition may be inaccurate. We believe it could be modified more accurate with additional cases in the future.



CONCLUSION

In this study, we report the eighth surviving patient with ALKKUCS who carries new variants in KIAA1109 and explore the potential relationship between variant regions and survival status. Our report extended the understanding of the ALKKUCS genotype and survival cases and provided more evidence of a better prognosis for ALKKUCS syndrome.
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Case Report: Infantile Cerebellar-Retinal Degeneration With Compound Heterozygous Variants in ACO2 Gene—Long-Term Follow-Up of a Sibling
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Infantile cerebellar-retinal degeneration (ICRD) is an extremely rare, infantile-onset neuro-degenerative disease, characterized by autosomal recessive inherited, global developmental delay (GDD), progressive cerebellar and cortical atrophy, and retinal degeneration. In 2012, a biallelic pathogenic variant in ACO2 gene (NM_001098.3) was found to be causative of this disease. To date, approximately 44 variants displaying various clinical features have been reported. Here, we report a case of two siblings with compound heterozygous variants in the ACO2 gene. Two siblings without perinatal problems were born to healthy non-consanguineous Korean parents. They showed GDD and seizures since infancy. Their first brain magnetic resonance imaging (MRI), electroencephalography, and metabolic workup revealed no abnormal findings. As they grew, they developed symptoms including ataxia, dysmetria, poor sitting balance, and myopia. Follow-up brain MRI findings revealed atrophy of the cerebellum and optic nerve. Through exome sequencing of both siblings and their parents, we identified the following compound heterozygous variants in the ACO2: c.85C > T (p.Arg29Trp) and c.2303C > A (p.Ala768Asp). These two variants were categorized as likely pathogenic based on ACMG/AMP guidelines. In conclusion, this case help to broaden the genetic and clinical spectrum of the ACO2 variants associated with ICRD. We have also documented the long-term clinical course and serial brain MRI findings for two patients with this extremely rare disease.
Keywords: infantile cerebellar-retinal degeneration, ACO2 gene, aconitase hydratase, optic atrophy, global developmental delay
INTRODUCTION
Infantile cerebellar-retinal degeneration (ICRD, MIM #614559) is a rare, autosomal recessive, infantile-onset neurodegenerative disease. It is characterized by truncal hypotonia, epilepsy, developmental delay, progressive cerebellar and cortical atrophy, optic nerve atrophy, and retinal degeneration (Spiegel et al., 2012; Sharkia et al., 2019). In 2012, Spiegel et al. analyzed eight patients from two families and reported that homozygous variants of the 1-aminocyclopropane-1-carboxylic acid oxidase two gene (ACO2, NM_001098.3) were the cause of ICRD (Spiegel et al., 2012). To date, approximately 44 variants with varying clinical features have been reported. Here, we report a case of ICRD in two siblings cause by compound heterozygous variants in ACO2. This report can help expand the genomic and clinical spectrum of ACO2-related ICRD.
CASE DESCRIPTION
Two siblings without antenatal and perinatal problems were born to healthy non-consanguineous Korean parents. There was no family history of developmental delay, ataxia, or vision impairment.
Patient 1 (Older Sister)
She was a girl referred at the age of 30 months for occupational and physical therapies for delayed development from early infancy. The Bayley Scales of Infant Development II (BSID-II) test showed global developmental delay (GDD). She had been admitted to the hospital several times for febrile seizures. Her first brain magnetic resonance imaging (MRI) showed no significant abnormalities, and electroencephalography (EEG) suggested partial seizures. She did not take anticonvulsants because she had no partial seizures other than generalized tonic-clonic type convulsion accompanied by high fever. With age, she developed symptoms such as ataxia, dysmetria, poor sitting balance, strabismus, and myopia. Ophthalmic examination revealed atrophy of the bilateral optic nerves at age of 9 years. Follow-up brain MRI showed mild atrophy of the bilateral cerebellum (Figures 1A,B). At 9 years of age, her total intelligence quotient (TIQ), which was evaluating using the Korean Wechsler Intelligence Scale for Children-III was 31, indicating severe intellectual disability. A metabolic work-up, including blood lactic acid, pyruvic acid, amino acids, and urine organic acid tests, showed no abnormal findings. At 19 years of age, she speaks only a few words and can walk or lean against a wall. Further, she has severe vision impairment that allows her to only discern light. Follow-up brain MRI showed no significant changes (Figures 1C,D).
[image: Figure 1]FIGURE 1 | (A) T1-weighted axial and (B) sagittal image of sibling one performed at 9 years of age show diffuse cerebral, cerebellar and brain stem atrophy and relatively normal ventricle. (C)T1-weighted axial and (D) sagittal image of sibling one performed at 18 years were not changed significantly. (E)T1-weighted axial and (F) sagittal image of sibling two performed at 4 years of age show diffuse cerebral, cerebellar and brain stem atrophy and mild hydrocephalus. (G)T1-weighted axial and (H) sagittal image of sibling two performed at 16 years were not changed significantly.
Patient 2 (Younger Sister)
She also showed GDD with BSID-II at 22 months of age. At 3 years of age, she was admitted to the intensive care unit with a diagnosis of status epilepticus. Her first brain MRI showed no significant abnormal findings, and electroencephalography showed epileptic discharges in the frontal and occipital lobes. She took anticonvulsants, including valproate and topiramate, until 7 years of age. At 4 years of age, she had a decreased response to visual stimuli, and a visual evoked potential study showed optic neuropathy, which led to complete blindness. Similar to her elder sibling, she demonstrated no abnormalities in the metabolic workup. However, her symptoms developed earlier and were more severe than her sister’s symptoms. At 9 years of age, her TIQ was 43, indicating severe intellectual disability. Follow-up brain MRI at 7 years of age revealed hydrocephalus and atrophies of the cerebellum, brain stem, and optic nerve (Figures 1E,F). At 17 years of age, she is unable to walk and cannot speak meaningful words. Follow-up brain MRI showed no significant changes (Figures 1G,H).
Exome Sequencing
We performed exome sequencing (ES) of DNA from the siblings. Genomic DNA was extracted from proband blood. All exon regions of all human genes (∼22,000) were captured by Twist Human Core Exome Kit (Twist Bioscience, South San Francisco, CA, United States). The captured regions of the genome were sequenced using the sequencing ma-chine Novaseq 6,000 (Illumina, San Diego, CA, United States). The raw genome sequencing data analysis, including alignment to the GRCh37/hg19 human reference genome, variant calling, and annotation, was conducted using open-source bioinformatics tools and in-house software. We extracted evidence data on the pathogenicity of variants from previous studies and disease databases, including ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/) and UniProt (https://www.uniprot.org/). The results of ES revealed the following compound heterozygous variants in ACO2: c.85C > T (p.Arg29Trp) and c.2303C > A (p.Ala768Asp). These variants were validated by paired-end Sanger sequencing. The variant segregation analysis of the unaffected parents demonstrated that they were heterozygous carriers of each variant (Figure 2). No other homozygous or compound-heterozygous pathogenic or likely pathogenic variants were identified in the known Mendelian disease genes in the exome sequencing data of the siblings.
[image: Figure 2]FIGURE 2 | (A) Pedigree of the family showing the two affected siblings and unaffected family members. The variants c.85 > T and c.2303C > A can be identified through the sanger sequence of (B) sibling 1, (C) sibling 2, (D) father and (E) mother, and each variant is carried from each parent.
Molecular Dynamic Stimulation
Both variants have been reported at an extremely low frequency in large population cohorts (https://gnomad.broadinstitute.org/). The heterozygous variant c.2303C > A on ACO2 changes the amino acid Ala to Asp at codon 768 in exon 18. However, this has not been reported in large population cohorts (GenomAD). The programs MODELLER (https://salilab.org/modeller/) and GROMACS (https://www.gromacs.org/) were used to visualize and analyze the ACO2 protein structure. The p. Ala768Asp variant showed probable damage to the protein structure/function (Figure 3A). Structural modeling was performed based on the protein data bank structure (1C96,pdb) of the taurus ACO2 gene, which has a highly similar sequence (identity = 97%) to the human ACO2 gene. The distance between two helices is predicted to be increased, and nearby residues (Asp 773, Arg 994) were dragged by charge changes due to the variant, resulting in the relocation of Asp773 and subsequently destabilizing loop structures. Molecular dynamic stimulation was performed to evaluate the effect of this variant on structural stability. The structure of the variant had a larger variation in the root-mean-square deviation compared to the WT (Figure 3B). A missense variant is commonly associated with disease incidence, and the rate of benign missense variants is relatively low. The siblings’ phenotypes were highly specific for this disease. This variant was categorized as likely pathogenic according to the American College of Medical Genetics and Genomics/Association for Molecular Pathology (ACMG/AMP) guidelines (PM2, PP1, PP2, PP3, and PP4) [3]. The heterozygous variant c.85C > T on ACO2 changes the amino acid Arg to Trp at codon 29 in exon 2. It has been reported at an extremely low frequency in large population cohorts. The allele frequency in GenomAD is 0.00003. In silico prediction of this variant showed contradictory results. It is predicted to be disease-causing by Mutation Taster (http://www.muationtaster.org/) and Combined Annotation Dependent Depletion (score: 28.6, https://cadd.gs.washington.edu). Another in silico tool, REVEL (https://labworm.com/tool/revel) and MetaSVM (https://sites.google.com/site/jpopgen/dbNSFP) predicted this variant to be tolerated or benign. We could not predict the pathogenicity of this variation using protein structural modeling. However, the heterozygous variant c.85C > T on ACO2 was co-segregated in affected family members and confirmed as trans with other likely pathogenic variants after the segregation analysis. Further, the phenotypes of the patients were consistent with ICRD. Thus, this variant was categorized as likely pathogenic according to the ACMG/AMP guidelines (PM2, PM3, PP1, PP2, and PP4) (Richards et al., 2015).
[image: Figure 3]FIGURE 3 | The comparison of The three-dimensional structure between wild type and variant p. Ala768Asp. (A) The distance between two helices is predicted to be increased by 1.5 Å (measured by C-alpha distance between two residues). (B) Asparagine (773, polar) and Arginine (774, Positive) near the variant site are dragged into Asparagine (768) due to the negative charge of its side chain (C) Relocation of Asparagine (773) due to the variant triggers scattering of residues (Ser770 and Phe570) bonded by polar interaction (yellow dotted), thereby destabilizing loop structures. (D) The comparison of molecular dynamic (MD) stimulation between wild type and p. Ala768Asp. The Root-mean-square deviation (RMSD) of atomic positions indicated the change in structure over time, and the variant structure (red) shows a large change and unstable pattern compared to the normal structure (black).
DISCUSSION AND CONCLUSION
In this study, we describe the clinical features of two siblings with two novel ACO2 variants from infancy to adolescence through a long-term follow-up. ACO2 (MIM #100850) encodes mitochondrial aconitase hydratase, which converts citrate to isocitrate in the tri-carboxylic acid (TCA) cycle (Mirel et al., 1998; Spiegel et al., 2012). The TCA cycle plays an important role in energy metabolism, and genetic defects in the TCA cycle are associated with various neurodegenerative disorders, including early-onset encephalopathies (Mirel et al., 1998; Briere et al., 2006). The biallelic variant of ACO2 has rarely been reported and exhibits various clinical manifestations from severe neurodegenerative disorders, such as ICRD, to mild ones, such as isolated optic atrophy 9 (MIM #616289) (Kelman et al., 2018; Sharkia et al., 2019; Blackburn et al., 2020; Gibson et al., 2020). Both of the presented siblings had clinical features commonly seen in ICRD, such as intellectual disability, cerebellar atrophy, and optic nerve atrophy. Although their numbers are limited, patients with ICRD have a wide range of age of onset and severity of phenotype (Sharkia et al., 2019). Table 1 shows the details of our and previously reported ICRD cases. Some reports state that residual aconitase activity in patient tissue or variant-specific assay in vitro is associated with clinical severity (Metodiev et al., 2014; Marelli et al., 2018; Blackburn et al., 2020). However, the methods of measuring aconitase activity differ across studies, hindering clinical application of aconitase activity measurement to the diagnosis of ACO2-related disorders. There are no useful metabolic biomarkers for the diagnosis of ICRD. Furthermore, sibling 2 demonstrated clinical symptoms, but characteristic radiologic findings, such as cerebellar atrophy on brain MRI, appeared several years later. Therefore, it is not easy for clinicians to suspect this extremely rare disease, ICRD.
TABLE 1 | A review of the phenotype and genotype of patients with ACO2 gene variant based on the present studies.
[image: Table 1]To date, most of the known ACO2 variations have been diagnosed based on ES, and most of them are missense variants that require attention for interpretation (Marelli et al., 2018; Sharkia et al., 2019; Blackburn et al., 2020; Park et al., 2020). To interpret a missense variant as pathogenic or likely pathogenic, it is helpful to prove through various web-based in silico prediction software applications or protein structure modeling that the variant can induce physicochemical differences or evolutionarily conserved amino acid modification. In this study, both variants in the patients were missense variants, and the heterozygous variant c.2303C > A on ACO2 was predicted to modify the protein through homology modeling. However, for the other heterozygous variant c.85C > T on ACO2, we could not predict pathogenicity using in silico prediction tools or protein modeling. For the reasons mentioned above, we could not perform this variant-specific aconitase activity assay. Recently, it was reported that a 12-month-old infant with GDD and epilepsy had compound heterozygous missense variants in ACO2 through ES, and the c.85C > T on ACO2 variant was identical to ours (Bruel et al., 2019; Mau-Them et al., 2020). Aconitase activity could not be measured in this case as well. Lack of enzymatic activity measurement is our limitation in proving the pathogenicity of this variant. Nevertheless, the results of the segregation genetic analysis and patients’ clinical manifestations consistent with ICRD offer the possibility that this variant is likely-pathogenic.
It has recently been established that the biallelic pathogenic ACO2 variant is the genetic cause of ICRD, and although still a rare disease, publications on it are increasing. In patient who shared an identical variant with our case, no ophthalmic problems were found until the age of 2.3 years. In the previous reported literatures, the onset of ophthalmic symptoms varied, and our patient also began to develop ophthalmic problems after the age of 4 years. If ACO2 variants are found in patients with GDD, regular follow-up for ophthalmic problems is required. In clinical practice, if patients with developmental delay with/without optic nerve atrophy and cerebellar dysfunction, further evaluations such as panel sequencing with ACO2 genes should be performed. Furthermore, to assist diagnosing patients with mild phenotypes or those who cannot be confirmed through genetic testing, future research is required to determine the association between ACO2 variants and ICRD and to explore biomarkers that can help obtain the diagnosis.
In conclusion, our cases could help broaden the genetic and clinical spectrum of ACO2 variants associated with ICRD. In addition, we have shown the long-term clinical course and serial brain MRI findings of two patients with this extremely rare disease.
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Galloway-Mowat syndrome is a rare autosomal recessive disease characterized by a unique combination of renal and neurological manifestations, including early-onset steroid-resistant nephrotic syndrome, microcephaly, psychomotor delay, and gyral abnormalities of the brain. Most patients die during early childhood. Here, we identified a novel homozygous O-sialoglycoprotein endopeptidase (OSGEP) variant, NM_017807.3:c.973C>G (p.Arg325Gly), in four affected individuals in an extended consanguineous family from Saudi Arabia. We have described the detailed clinical characterization, brain imaging results, and muscle biopsy findings. The described phenotype varied from embryonic lethality to early pregnancy loss or death at the age of 9. Renal disease is often the cause of death. Protein modeling of this OSGEP variant confirmed its pathogenicity. In addition, proteomic analysis of the affected patients proposed a link between the KEOPS complex function and human pathology and suggested potential pathogenic mechanisms.
Keywords: Galloway-Mowat syndrome, steroid-resistant nephrotic syndrome, GAMOS, proteomic, KEOPS complex
INTRODUCTION
Galloway-Mowat syndrome (GAMOS) is a rare autosomal recessive renal–neurological disease characterized by early-onset steroid-resistant nephrotic syndrome, microcephaly, and brain anomalies (Galloway and Mowat, 1968; Cohen and Turner, 1994). It was first described in 1968 in two siblings with microcephaly, hiatal hernia, and kidney disease (Galloway and Mowat, 1968). In 2014, Colin et al. first identified that WDR73 variants caused GAMOS in two unrelated families (Colin et al., 2014). During the last 5 years, several studies have described different variants in WDR73 (Colin et al., 2014; Ben-Omran et al., 2015; Jinks et al., 2015; Vodopiutz et al., 2015; Rosti et al., 2016; Jiang et al., 2017), NUP107 (Rosti et al., 2017), WHAMM (Mathiowetz et al., 2017), and PRDM15 (Mann et al., 2021) as a causal agent for GAMOS.
Recently, Braun et al. (2017) identified novel causative variants in four genes encoding the four “kinase, endopeptidase, and other proteins of small size” (KEOPS) subunits: OSGEP, TP53RK, TPRKB, and LAGE3, in 37 individuals from 32 families with GAMOS (Braun et al., 2017). OSGEP encodes the tRNA N6-adenosine threonylcarbamoyltransferase protein (OSGEP), a subunit of the highly conserved KEOPS complex. The KEOPS complex controls the universal chemical change of tRNAs essential for translational accuracy. It has been implicated in telomere-associated DNA damage response (DDR) signaling and exhibits intrinsic DNA binding ability (Braun et al., 2017). Braun et al. (2017) knocked down genes encoding KEOPS subunits in human podocytes, resulting in impaired cell proliferation, translational attenuation, endoplasmic reticulum stress, activation of DDR signaling, increased apoptosis, and defects in actin regulation, which are possible pathogenic features of GAMOS (Braun et al., 2017). Independently, another study by Edvardson et al. (2017) reported a familial case of GAMOS with a homozygous OSGEP variant.
Here, we report genetic and proteomic data and the clinical characterization of an extended family with four affected members with GAMOS.
CLINICAL REPORT
The parents of the patients were first cousins of Saudi origin. They have seven offsprings, three of whom exhibited strikingly similar phenotypes (II-1, II-2, and II-8) (Figure 1), and three spontaneous miscarriages. Table 1 summarizes the clinical features of the affected individuals.
[image: Figure 1]FIGURE 1 | (A) Family pedigree. II-8 is the index patient. (B) Facial dysmorphic features of the three affected siblings. The facial dysmorphism includes microcephaly, almond-shaped eye, abnormally high but narrow forehead, ocular hypertelorism, depressed nasal bridge, and large and low-set ears. (C) Muscle biopsy of II-2: (i) Muscle biopsy shows a marked variation in fiber size with multiple scattered markedly atrophic fibers (arrow). Mild increased endomysial fibrosis and focal fat deposition are noted in the background (H&E, x400). (ii) Oxidative enzymes show mildly increased staining in scattered fibers (arrow, NADH, x400). (D) Sanger sequencing of the proband (II-8) and parents.
TABLE 1 | Clinical features of affected individuals.
[image: Table 1]Patient II-1
The male baby was the first offspring of the family. No perinatal or neonatal problems were observed. The birth weight was 3.0 kg. He developed seizure and periorbital edema at 3 years of age and exhibited abnormal facial features (Figure 1). Considerable proteinuria was observed, and the patient was diagnosed with nephrotic syndrome and treated conservatively. MRI brain abnormalities are shown in Figure 2. He died at 9 years of age and had end-stage renal disease.
[image: Figure 2]FIGURE 2 | (A) Brain MRI results for Patient II-1. MR examination of the brain at the age of 5. (i) T1-weighted image showing atrophy of the corpus callosum and cerebellum and medulla oblongata and upper cervical spinal cord with normal-sized pons and midbrain. Axial (ii) and coronal (iii) T2-weighted images demonstrating extensive high signal intensity in the periventricular and deep white matter with relative sparing of the subcortical white matter. The cerebral and cerebellar atrophy is evident by the large ventricular system, sulci, and folia. Axial T2-weighted images at the level of the medulla oblongata (iv) showing medullary atrophy and at the level of pons (v) showing signal alteration, mainly involving the dorsal and peripheral parts of the pons. (B) Brain MRI result for Patient II-8. MR examination of the brain at the age of 2 years. (i) T1-weighted image showing the normal corpus callosum, cerebellum, and brainstem. The upper cervical spinal cord is atrophic. Axial (ii) and coronal (iii) T2-weighted images demonstrating mild high signal intensity in the periventricular and deep white matter, sparing the subcortical white matter. There is no cerebral or cerebellar atrophy. Axial T2-weighted (iv), diffusion-weighted (v) images, and the apparent diffusion coefficient map (vi) at the level of pons showing signal alteration mainly involving the dorsal and peripheral parts of the pons with diffusion restriction in the dorsal pons (vii). (C) Brain MRI results for patient IV-1. MR examination of the brain at the age of 18 months. (i) T1-weighted image showing mild atrophy of the cerebellum normal corpus callosum, brainstem, and upper cervical spinal cord. Axial (ii) and coronal (iii) T2-weighted images demonstrating mild high signal intensity in the periventricular and deep white matter, sparing the subcortical white matter. There is mild cerebral and cerebellar atrophy. Axial diffusion-weighted (iv) images and apparent diffusion coefficient map (v) at the level of the lateral ventricles showing diffusion restriction in the periventricular and deep white matter. Axial T2-weighted (vi), diffusion-weighted (vii), and apparent diffusion coefficient map (viii) showing signal alteration involving the dorsal pons with diffusion restriction.
Patient II-2
The female baby was the second offspring of the family. No perinatal or neonatal problems were observed. The birth weight was 3.5 kg. She developed the same symptoms as her brother, starting at 2.5 years of age, and died at the age of 6 with respiratory insufficiency, pulmonary edema, and cardiac tamponade.
This patient underwent two muscle biopsies for diagnostic purposes. The first was performed during her third year. It showed mild variation in fiber size and rare degenerating fibers. NADH and SDH showed preservation of intermyofibrillar sarcoplasmic architecture. Few fibers showed some degree of increased activity of the oxidative enzymes. COX stain was reported to be negative in the majority of the myofibers. The second muscle biopsy (Figure 1) was performed at the age of six. The variation in this biopsy was prominent, with multiple small-sized muscle fibers and a focal increase of the perimysial connective tissue in the form of increased fat deposition or mild fibrosis. However, the endomysial fibrosis was mild and focal. Like the previous biopsy, the intermyofibrillar architecture using NADH and SDH stains was relatively preserved with a focal increase of the activity of oxidative enzymes. Electron microscopy was performed on the second sample and showed a slightly increased number of mitochondria. No structural changes, nemaline bodies, or intramitochondrial inclusions were documented. Both samples lacked evidence of inflammation or structural abnormalities. Trichrome staining did not reveal evidence of ragged red fibers. Fiber type grouping using ATPases showed a normal mosaic pattern of fiber types with no evidence of grouping or selective fiber type atrophy.
Patient II-8
This male patient was born at 37 weeks of gestation via emergency Cesarean section (C/S) due to previous C-section deliveries, with a birth weight of 2.7 kg, length of 48 cm, and head circumference (HC) of 30.5 cm (<3rd percentile). The Apgar scores at 1 and 5 min were 8 and 9, respectively. Soon after birth, the baby was admitted to the neonatal intensive care unit for hypoglycemia and respiratory distress, which was managed by Survanta® via an endotracheal tube. He was then extubated and treated with a continuous positive airway pressure machine. After significant improvement, the patient was discharged in good health after 7 days. His mother noticed some dysmorphic facial features similar to those of his deceased siblings (Figure 1).
Initially, the patient did not have any symptoms, but the mother noticed delayed development. He started cruising at 1.5 years and walked with support at 1.8 years. He exhibited a delay in expressive language and communicated by pointing or facial/body gestures. He could say “mama” and “baba,” using the words appropriately for the parents but could not speak more words. He was able to follow simple one-step commands. At 4 years of age, he developed generalized spasticity with impaired mobility. There were no seizures, abnormal movements, or changes in consciousness or behavior. He was able to self-feed.
Physical examination revealed that apart from the previously mentioned dysmorphic features, generalized spasticity occurred all over the body, more in the lower limbs. Along with central hypotonia, the lower limb showed fixed flexion at the knee and ankle joints and flattening of the foot arches. Brisk deep tendon reflexes were also observed. At this point, different specialties, including pediatrics, neurology, ophthalmology, genetics, and metabolism were involved in caring for this patient for further assessment and evaluation. Laboratory investigations revealed hypoalbuminemia and hypomagnesemia with normal calcium levels, normal total creatine kinase, thyroid panel, ammonia, lactic acid, and metabolic screening. Urinalysis showed 3 + proteinuria, no hematuria, normal cell counts in urine, and normal renal function. EEG was normal. The 46XY karyotype was normal. The renal ultrasonography findings were unremarkable.
Figure 2 shows brain MRI, which revealed bilaterally symmetrical T2/flair hyperintensity and diffusion restriction in the periventricular white matter and dorsal brain stem with normal spectroscopy, suggestive of metachromatic leukodystrophy. These findings were similar to the synthesis defect of T6 modification of tRNAs, addressed by Edvardson et al. (2017) and Braun et al. (2017).
Patient IV-1
She is the first baby of the young Saudi cousin-couple. She was an 18-month-old girl born at full term via normal spontaneous vaginal delivery (NSVD), with a birth weight of 3 kg, length of 48 cm, and HC of 34.5 cm. The Apgar scores at 1 and 5 min were 8 and 9, respectively. The patient was discharged in good health on the second day. She developed well, and her growth parameters at the age of 14 months were a weight of 11 kg (>75th centile), height 81 cm (>75th centile), and HC 44.5 cm (between the 10th and 25th centile). She received all the vaccines and follow-up care at a general pediatric clinic. Thereafter, her family started noticing some facial dysmorphic features similar to those of the affected cousins (Figure 1). However, she was asymptomatic at this age. Routine laboratory testing revealed proteinuria in urinalysis (++) (100–200), low albumin at 30 g/L, with normal prealbumin of 0.3 g/L, CBC differential, liver function test, electrolytes, blood gas, and renal profile. An MRI demonstrated similar imaging findings consisting of mild atrophy of the cerebellum normal corpus callosum, brainstem, and upper cervical spinal cord and also mild high signal intensity in the periventricular and deep white matter, sparing the subcortical white matter. There is mild cerebral and cerebellar atrophy (Figure 2C). Global parenchymal volume loss is seen in all patients.
MATERIALS AND METHODS
Human Subjects
All patients underwent complete clinical evaluation of the GAMOS phenotype. Standard clinical exome consent was used for whole-exome sequencing of the whole family in the clinical laboratory. The parents signed an informed consent form. Ethical approval for clinical and laboratory data collection was obtained from King Saudi University (KSU) in Riyadh, Saudi Arabia, under protocol number Ref. No.18/0093/IR. Blood was then collected from the subjects and the parents in EDTA-coated tubes for DNA extraction, and the skin biopsy sample was taken from the index patient (II-8) and a healthy sister for proteomic profiling. Table 1 summarizes the clinical features of the affected individuals.
Whole-Exome Sequencing
Whole-exome sequencing was performed for Patient II-8 as there were no DNA samples from the deceased siblings, patients II-1 and II-2. Approximately, 37 Mb (214,405 exons) of the consensus coding sequences were enriched from fragmented genomic DNA by >340,000 probes that were designed against the human genome (Nextera Rapid Capture Exome, Illumina, CA, United States). The generated library was sequenced on an Illumina NextSeq or platform (Illumina) to an average coverage depth of 70–100 ×. An end-to-end, in-house bioinformatics pipeline, including base calling, primary filtering of low-quality reads, probable artifacts, and annotation of variants, was applied.
All the disease-causing variants reported in HGMD®, ClinVar and all variants with a minor allele frequency of less than 1% in the ExAc database were considered for this study. Our evaluation focused on the exons with intron boundaries of ±20. All relevant inheritance patterns were considered, and the family history and clinical information were used to evaluate the identified variants. Only variants related to the phenotype have been reported.
Computational Analysis of the Mutants
Protein modeling was performed to model the OSGEP amino acid variant exhibited by the patient. The crystal structure of the human probable tRNA N6-adenosine threonylcarbamoyltransferase (PDB accession number 6GWJ.1.C) was used as basis for modeling of the c.973C > G (p. Arg325Gly) variant using the Pymol program (pymol.org). Furthermore, in silico protein prediction algorithms (SIFT, PolyPhen, Mutation Taster) were used to predict the effect of selected mutation.
Tissue Collection and Fibroblast Culture
A dermal biopsy pinch was collected from each patient (GAMOS and control) and transferred to the research laboratory in a medium containing advanced RPMI (Gibco, 12633012, MA, United States) and 1% antibiotic–antimycotic solution (Gibco, 15240-062). The tissues were left in the medium for 1–2 h after collection. Skin mesenchymal stem cells were then isolated separately using the explant method, as previously described (Alfares et al., 2020). In brief, fat was removed from the dermal biopsies, the tissues were chopped and plated in a six-well plate, and three pieces of tissue were collected in one well of a six-well plate. The cells were left undisturbed for 4–6 days in the conditioned medium (growth-specific medium) comprising advanced RPMI (Gibco, 12633012), 5% fetal bovine serum (FBS) (Gibco, 10099141), 20 pg recombinant human fibroblast growth factor (rh-FGF) (Lonza, CC-4065J), 0.1% insulin (Gibco, 51500056), and 1% antibiotic–antimycotic solution.
Protein Extraction From Patient Cells
Proteins were extracted from triplicate biological samples of −2 × 106 cells/mL from each patient (both GAMOS and control) directly in lysis buffer (0.5 ml, 30 mM Tris buffer pH 8.8 containing 7 M urea, 2 M thiourea, 4% Chaps, 1X protease inhibitor mix). The suspension was shaken for 1 h at room temperature and then sonicated using a microsonicator (Qsonica Sonicators, CT, United States) at 30% pulse and two intervals of 1 min each, separated by a minute’s gap on ice. Fifty millimolar dithiothreitol was then added, and the protein extracts were centrifuged at 20,000 × g for 1 h at 4°C. The pellets were then removed, and the solubilized proteins in the supernatants were precipitated using a 2D clean-up kit, according to the manufacturer’s protocol (GE Healthcare, IL, United States). The pellet was then solubilized in labeling buffer (7 M urea, 2 M thiourea, 30 mM Tris-HCl, 4% CHAPS, pH 8.5). The concentration of protein samples was determined in triplicate using a 2D-Quant Kit (GE Healthcare, IL, United States) (Galloway and Mowat, 1968).
Fluorescence Labeling and Two-Dimensional Difference in Gel Electrophoresis
The extracted proteins (50 µg) from the patient’s sample and control were labeled with Cy3 and Cy5, respectively. Labeling was performed for 30 min on ice in the dark. The reactions were quenched by adding 1 µl of lysine (10 mM) for 10 min on ice in the dark. An equal amount of each sample was pooled, labeled with Cy2, and used as an internal standard. A dye-switching strategy was applied during labeling to avoid dye-specific bias (Supplementary Table S1). One-dimensional analytical gel electrophoresis was performed, followed by two-dimensional difference in gel electrophoresis on 12.5% fixed concentration gels, as previously described (Cohen and Turner, 1994; Alfadda et al., 2013). After two-dimensional difference in gel electrophoresis (2D-DIGE), the gels were scanned on a Typhoon 9410 scanner with Ettan DALT gel alignment guides using excitation/emission wavelengths specific for Cy2 (488/520 nm), Cy3 (532/580 nm), and Cy5 (633/670 nm).
Protein Identification by Matrix-Assisted Laser Desorption Ionization–Time of Flight Mass Spectrometry
Coomassie-stained gel spots showing a significant difference between the groups were excised from the preparatory gel, washed, and digested according to previously described methods (Colin et al., 2014; Ben-Omran et al., 2015). Briefly, a mixture of tryptic peptides (1 μl) derived from each protein was spotted onto a matrix-assisted laser desorption ionization (MALDI) target (384 MTP Anchorchip, 800 μm Anchorchip, Bruker Daltonics, Bremen, Germany). As previously described (Alfadda et al., 2013; Benabdelkamel et al., 2015), MALDI-MS(/MS) spectra were obtained using an UltraflexTerm time-of-flight (TOF) mass spectrometer (MS) equipped with a LIFT-MS/MS device (Bruker Daltonics) at reflector and detector voltages of 21 and 17 kV, respectively, as described previously (Galloway and Mowat, 1968; Colin et al., 2014; Jinks et al., 2015; Vodopiutz et al., 2015). Peptide mass fingerprints (PMFs) were calibrated against a standard (peptide calibration standard II, Bruker Daltonics). The PMFs were assessed using Flex Analysis software (version 2.4, Bruker Daltonics). MS data were interpreted using BioTools v3.2 (Bruker Daltonics). The peptide masses were searched against the Mascot search algorithm (v2.0.04, updated on 09/05/2019, Matrix Science Ltd., United Kingdom). The identified proteins were screened for Mascot scores higher than 56 and p < 0.05.
Bioinformatics Analysis: Pathway Analysis and Functional Classification of Proteins
The successfully identified proteins were uploaded into the ingenuity pathway analysis (IPA) software program (Ingenuity® Systems, http://www.ingenuity.com). This program helps identify proteins and annotates them with related functions and pathways. The annotations were carried out by overlaying the proteins with their most significant networks and biochemical pathways from previous publications. The identified proteins were additionally classified into different categories according to their function and location using the protein analysis through the evolutionary relationship (PANTHER) classification system (http://www.pantherdb.org).
Statistical Analysis
The 2D-DIGE gel images were uploaded into Progenesis SameSpots software (Nonlinear Dynamics, United Kingdom) and analyzed using an automated spot detection method. The analysis included comparing the samples from the GAMOS and control groups. Although an automatic analysis was performed to detect all the spots across all three gels, each selected spot was verified and manually edited wherever necessary. Normalized volumes were used to identify the differentially expressed spots. A cutoff ratio of ≥1.5-fold was considered significant. Student’s t-test was used to calculate statistically significant differences between the groups (p < 0.05 considered statistically significant). Spots that fulfilled the previously mentioned statistical criteria were subjected to further MS analysis. Principal component analysis (PCA) of the log-transformed spot data was performed.
RESULTS
Whole-Exome Sequencing
The OSGEP variant NM_017807.3:c.973C>G (p.Arg325Gly) causing an amino acid change from Arg to Gly at position 325 was detected in the homozygous state in Patient II-8. This variant was detected in the parents in the heterozygous state. Variant segregation also showed that all healthy siblings were heterozygotes for the variant. Furthermore, other known monogenic causes of nephrotic syndrome or Galloway-Mowat syndrome have been excluded in the exome analysis.
Computational Analysis of the Mutants
The amino acid R325 of OSGEP is evolutionarily highly conserved across species (Supplementary Figure S1), suggesting critical functional implications for protein structure. OSGEP protein modeling was based on human probable tRNA N6-adenosine threonylcarbamoyltransferase (PDB accession number 6GWJ.1.C) crystal structure identity (Supplementary Figure S1). The amino acid changed from large-sized arginine (hydrophilic, positively charged) to small-sized glycine (hydrophobic, neutral) which is close by the main catalytic active sides of OSGEP and was predicted to affect its interaction with tRNA (Braun et al., 2018). The main catalytic active sides of OSGEP are present in the following residues: H109, H113, Y130, N266, G177, E181, N266, and D294 (The UniProt Consortium, 2021). The previously reported disease-causing variant, R325Q, demonstrates a change from arginine (hydrophilic, positively charged) to glutamine (hydrophilic, neutral) at the same amino acid position. These results strongly suggest the pathogenicity of the c.973C >G (p.Arg325Gly) variant in the OSGEP gene. Furthermore, based on the human genome 37 reference, this variant is presumed to be deleterious and “probably damaging,” based on in silico protein prediction tools including SIFT and Mutation Taster. Using PolyPhen, the mutation predicted to be probably damaging with the score of 1.000, as well as Align-GVGD, revealed that this variant will most likely interfere with the function. Furthermore, MutationAssessor to assess the evolutionary conservation of the affected amino acid in protein homologs revealed a high score for this variant which suggests that it is likely to be deleterious. The mutation is present in the population gnomAD with an allele frequency of 0.0000040.
Fluorescence Labeling and Two-Dimensional Difference in Gel Electrophoresis
The differences in protein levels between the patients with GAMOS (n = 3) and controls (n = 3) were assessed by 2D-DIGE. Representative fluorescent protein profiles of 2D-DIGE containing Cy3-labeled control and Cy5-labeled GAMOS samples, Cy2-labeled pooled internal control, and a merged Cy3/Cy5 comparison are shown in Figure 3A–D. A total of 1,450 spots were identified on the gels, of which 150 were significantly different (ANOVA, p ≤ 0.05; fold-change ≥1.5) between the GAMOS and control groups (Figure 3E). The spot patterns were reproducible across all three gels, leading to alignment and further analysis. Cy2-labeling (the internal standard) was included to permit normalization across the complete set of gels and quantitative differential analysis of the protein levels. The 150 spots showing significant difference between the two groups were then manually excised from the preparative gel for protein identification by MS.
[image: Figure 3]FIGURE 3 | (A) Representative fluorescent protein profiles of the 2D-DIGE containing Cy3-labeled control samples. (B) Cy5-labeled samples from patients with GAMOS. (C) Pooled Cy2-labeled internal control. (D) Cy3/Cy5-merged 2D-DIGE comparison. (E) Representative image of protein spots from the skin fibroblasts. Numbered spots indicate those identified to be differentially expressed (over 1.5-fold change, p < 0.05) and successfully identified with MALDI-TOF/TOF.
Protein Identification by Mass Spectrometry
To further characterize the proteins differentially expressed between patients with GAMOS and controls, PMFs were used. We successfully identified 107 of the 150 protein spots excised from the preparative gel. MALDI-TOF MS identified 97 spots as unique protein sequences and were matched to the SWISS-PROT database entries by Mascot with high confidence scores (Table 2, Supplementary Table S2). The sequence coverage of the proteins identified by PMF ranged from 8 to 87%. In a few cases, variants of the same protein were found at several locations on the gel (Table 2, Supplementary Table S2, Figure 3E). Among the 107 proteins identified, 40 protein spots were upregulated and 67 were downregulated in the samples from patients with GAMOS compared to those in the control group (Table 2, Supplementary Table S2, Figure 3E). Among the significantly upregulated proteins were RNA-binding protein 6 (up 4.2-fold, p = 7.36E-05), actin, cytoplasmic-1 (up 4.17-fold, p = 0.004), tropomyosin alpha-4 chain (up 3.26-fold, p = 6.05E-04), C18orf34 protein (up 3.10-fold, p = 0.006), macrophage receptor MARCO (up 3.10-fold, p = 0.01), peroxiredoxin-1 (up 3.06-fold, p = 0.004), and the RNA polymerase II transcription subunit 9 (up 3.0-fold, p = 0.006). The significantly downregulated proteins included keratin, type I cytoskeletal 16 (down 5.70-fold, p = 2.86E-06), serpin B12 (down 5.36-fold, p = 9.02E-04), 4-trimethylaminobutyraldehyde dehydrogenase (down 4.08-fold, p = 7.97E-05), galectin-1 (down 3.98-fold, p = 5.00E-04), and TGFβ1-induced anti-apoptotic factor 1 (down 3.68-fold, p = 5.85E-05). A complete list of upregulated and downregulated proteins is presented in Table 2. Among the identified proteins, a few proteins, including hexokinase-3, annexin A2, glyceraldehyde-3-phosphate dehydrogenase, nuclear mitotic apparatus protein 1, zinc finger protein 74, and dynein heavy chain 3, were found in more than one spot on the gels, which could be attributed to posttranslational modifications, cleavage by enzymes, or the presence of different protein species.
TABLE 2 | Identified proteins, with changes in abundance between the control and patients with GAMOS.
[image: Table 2]Principal Component Analysis and Cluster Analysis
PCA was performed using Progenesis SameSpots software to determine and visualize the potential clustering of the proteins that were differentially expressed in the patients with GAMOS compared to the control group. PCA was performed on all 107 spots that exhibited statistically significant changes (ANOVA, p < 0.05) in abundance as identified by MS. The analyses revealed that the two groups clustered distinctly based on different proteins with an 84.2% score (Supplementary Figure S2). The differentially abundant spots showed expression pattern clusters according to their abundant patterns based on a hierarchical clustering analysis (Supplementary Figure S3). The clustering pattern showed that the change in the protein intensities for the selected spots between the GAMOS and control samples was significantly different.
Protein–Protein Interaction Mapping
We next performed protein–protein interaction analysis for the 107 differentially regulated proteins in patients with GAMOS using IPA. The analysis revealed that among 107 proteins, 33 proteins interacted either directly or indirectly via protein networks (Figure 4A). The software computes a score based on the best fit obtained from the input data set of proteins and the biological functions database to generate a protein–protein interaction network. The generated network is preferentially enriched for proteins with specific and extensive interactions. The interacting proteins are represented as nodes and their biological relationships as a line. Based on the data, three interaction networks were identified for proteins exhibiting differential expression profiles. The highest scoring network (score = 50; Figure 4, Supplementary Figure S4) incorporated 29 proteins. The proposed highest-interaction network pathway was related to cellular assembly and organization, function and maintenance, and tissue development. Only the top pathways are shown in Figure 4A. The canonical pathways enriched in the current dataset are shown in Figure 4B. These canonical pathways are sorted down to a decreasing log (p-value) of enrichment. The three most interesting enriched canonical pathways included RhoA signaling, actin cytoskeleton signaling, and integrin signaling.
[image: Figure 4]FIGURE 4 | Schematic representation of the most significant IPA networks involving the differentially regulated proteins between the GAMOS and control samples. IPA analysis found that the functional interaction network pathway with the highest score was related to “cellular assembly and organization, cellular function and maintenance, and tissue development.” This pathway incorporated PFN1, ERK1/2, and ACTB as central nodes downregulated in patients with GAMOS. Nodes in green and red correspond to downregulated and upregulated proteins, respectively. (A) Colorless nodes were proposed by IPA and suggest potential targets functionally coordinated with the differentially abundant proteins. Solid lines indicate direct molecular interactions, and dashed lines represent indirect interactions. (B) Diagram shows the top canonical pathways ranked by the p-values obtained by the IPA.
Functional Characterization of the Differentially Expressed Proteins
Following MS analysis, all 107 differentially abundant proteins identified between the GAMOS and control samples were subjected to the PANTHER classification system (http://www.pantherdb.org) for classification according to their function (Supplementary Figure S5A) and location (Supplementary Figure S5B). The dominant functional categories identified were binding proteins (49%) and proteins involved in catalytic activity (28%) (Supplementary Figure S5A). Most proteins showed cellular localization (44%), followed by organelle-localized proteins (26%) (Supplementary Figure S5B).
DISCUSSION
GAMOS is a phenotypically heterogenous disease characterized by a combination of early-onset steroid-resistant nephrotic syndrome and microcephaly with brain anomalies (Galloway and Mowat, 1968; Cohen and Turner, 1994; Braun et al., 2017; Braun et al., 2018). The three siblings (II-1, II-2, and II-8) and their cousin from a consanguineous family share a similar phenotype, including dysmorphic facial features, respiratory distress, and nephrotic syndrome, resulting in massive proteinuria and brain abnormalities. Their phenotypes were similar to those of patients with OSGEP variants reported by Braun et al. (2017), which included microcephaly, severe deformation of the forehead, reduced gyration, diffuse cortical atrophy, focal segmental glomerulosclerosis, and foot process effacement resulting from massive proteinuria (Braun et al., 2017).
The homozygous variant, c.973C>G (p.Arg325Gly), in the OSGEP gene identified in Patient II-8 by whole-exome sequencing caused an amino acid change from arginine to glycine, which was presumed to be deleterious and probably damaging based on in silico protein prediction algorithms. While this particular variant has not been described previously in the literature, two different variants that affect the same amino acid residue have been published as disease-causing for Galloway-Mowat syndrome (Braun et al., 2017; Edvardson et al., 2017). Therefore, the variant detected here is classified as “probably pathogenic”, according to the American College of Medical Genetics and Genomics (ACMG) recommendations. Retrospective clinical analysis revealed compatibility of the patient’s phenotype with the identified variant, and variant segregation showed that all healthy siblings were heterozygotes for the variant.
We identified multiple differentially dysregulated proteins, indicating that OSGEP plays a role in multiple developmental pathways. Thereby, these dysregulated pathways might be involved in GAMOS pathology. For example, the downregulated proteins with the highest GAMOS/control ratio regulate supramolecular fiber organization, cyclic-nucleotide phosphodiesterase activity, modification by a host of symbiont morphology or physiology, and smooth muscle contraction (Supplementary Figure S6). Proteins that showed the highest GAMOS/control ratio were involved in the P2X7 receptor signaling complex, vesicle-mediated transport, translocation of SLC2A4 (GLUT4) to the plasma membrane, and phagocytosis (Supplementary Figure S7). The renal–neurological presentation of GAMOS could be traced to the protein dysregulation found in this study. P2X7 signaling activation, which includes upregulation of ACTB, HSPA8, and HSP90AB1, has been shown to play a significant role in brain development and has been linked to many neurodegenerative, neuroinflammatory, and neurogenic diseases (Sharp et al., 2008; Andrejew et al., 2020). Furthermore, heat shock proteins (HSPA8 and HSP90B1), annexins (ANXA1, ANXA2, and ANXA5), and vesicle-mediated transport proteins (ACTB, CTTN, STXBP3, MARCO, and YWHAZ), which are essential for normal kidney development, are found to be dysregulated and to contribute to the observed nephrotic syndrome (Smoyer et al., 1996; Markoff and Gerke, 2005; Simsek et al., 2008; Chebotareva et al., 2018). Interestingly, none of the deferentially regulated genes described is a member of the KEOPS complex nor is it a known GAMOS-causing or NS-causing gene. Indeed, the deferentially regulated genes that are suggested to be involved in kidney pathology are important during development but are not a known cause of monogenic nephrotic syndrome.
Taken together, the data have suggested that the loss of tRNA N6-adenosine threonylcarbamoyltransferase protein function affects many other essential proteins required for protein folding, protein binding, transport, and catalytic activity.
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Supplementary Figure S1 | OSGEP protein 3D model. (A) Crystallized structure of the human probable tRNA N6-adenosine threonylcarbamoyltransferase (PDB accession number 6GWJ.1.C). (B,C) Protein structure is shown as teal ribbon, while the amino acids at the mutation site are displayed as red stick. The catalytic binding sites of OSGEP are mapped as blue spheres (Residues: H109, H113, Y130, N266, G177, E181, N266, and D294). (D) Surface electrostatic potential surrounding Arg325, with the protruding positive patch generated by the arginine, which is lost in the bottom–right picture (E) after the replacement for glycine. The amino acid substituted from large-sized arginine (hydrophilic, positively charged) to smaller-sized glycine (hydrophobic, neutral) at position 325 which is close by the main catalytic active sides of OSGEP and predicted to affect its interaction with tRNA.
Supplementary Figure S2 | PCA plot of the two first principal components.
Supplementary Figure S3 | Expression profiles.
Supplementary Figure S4 | Top canonical pathways.
Supplementary Figure S5 | Comparative depiction of location and function.
Supplementary Figure S6 | Top pathways of genes of the downregulated proteins.
Supplementary Figure S7 | Top pathways of genes of the upregulated proteins.
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Fau

F25

M2t

Fau

M7

M,19
M13

M8
F2

F25

Height
(em)

153
168
153
170

165
158
150
172
162
162

170
170

156

163

172

157

130

160
110

128

Weight
ko)

61
74
545

61
182

565

49

EY

525
20

146
&

Development

good
good
good

good
good
good
good
good
good

good

Stuning

Stuntng

good

good

good

good

Stuning

good
Stuntng

good

good

Nerve
state

nomal
nomal
nomal
Congenital
dementia

nomal
nomal
nomal
nomal
nomal
nomal

nomal

response

response

nomal

response

response
and naive
behavior

nomal
response
and naive
behavior
nomal

response
nomal

Language
skills

After tracheotomy
normal

normal

Gan commuricate
with others simply,
but often gve an
irelevant answer

normal
normal
normal
normal
normal
normal

normal

normal

Can communicate
with others, but
often give an
irelovant answer

normal

Not very fluent in
speaking, can
commuricate with
others, but often
give an irelevant
answer

Weak tongue,
dysarthria, Slured
speech

normal
Impossibilty of
torgue extenion,
dysartv, slured
speech, often givean
ielevant answer
normal

Slurred speech

normal
\

Nutritional
status

Malnutrition

Malnutrition

malnutrition

good

good

Congenital
malnutiton

good
Malnutrition

\

Muscles.
and bones

normal
normal
normal

normal
normal

normal

normal

normal

Mid muscular atrophy
in the left lower limb

normal
\

Weak sucking power

Weak sucking power

normal

Flesion of theleft
Knucke of the two
Knucks, no mapr
knucke of the hand,
devdopmental defects
of theindex fingar and
fing finger of bot
hands; bieteral fat fest,
large feet (wearing size
44 shoes)

normal

Poor thumb
development in both
hands, shortened foint
deformities; colapse of
the bridge of the nose;
flat feet on both sides.
Limited flexion and
extension of the it
fingers of both hands

normal
lower than s peers,
Flexion of both thumbs.

normal

normal

Craniofacial
features

normal
normal
normal

normal
normal
normal
normal
normal
normal

normal
Dull face, drooping
upper eft eyeld

\

normal

Dementia face, dul
expression, sightly
drooping lft eyelid

normal

Dementia face, Stif
expression; smal
eyes, drooping
upper left eyeld, full
‘moon face

Chidish face

normal

Horror face, Head
ciroumerence
48cm

normal

normal

and gait

normal
normal
normal
Cannot
restrain
one's
behavior

normal
normal
normal
normal
normal
normal

normal

normal

Waklice a
duck

normal

Wak like a
duck

active,
cannot
restrain
one's
behavior
\

normal
active,
cannot
restrain
one's
behavior
normal
H

normal

Other

N
\

\

died of electric shock at the age
of 44. Can take care of himself
‘candosimple housework, can't
read, can't recogrize numbers,
and has no iniiative

\

“Theright eyebalis staring to the
fight sightly, with normal
activies; the leftlmb s not
flexible, and the calculation
abilty is poor

\

33 kgat bith

Week sucking power, vorring
ater eaing. stunted physical
deecpment, dscharge
diegnosed as

mahutiton 5-6 morths after
bith, conusions occur, and the
seizures gradaly incease fram
smal o lage, Unt the mapr
attack, ded of convuicns before
theage of two

Wesk suding power, voritng
ater eaing. stunted physical
develcpmen, dscharge
diegnosed as mahution
Conwisions occured

56 months afer birh, and the
‘seizues gracualy inoeased from
chidhood to mapr sepures and
died of convsons before the
ageof two

Intrauterine pregnancy 40 +
days (V4)

Lowbith weigh, about 25 kg,
10 sucking power, died

1 month atter bith

No abnomnalies in EEG
examination and low
inteligence test value, no
teracy, no numeracy

Congerital heart disease,
diagnosed as vertriaar septal
defect, surgery at 7 years oid,
evayting is nomal afer

7 months pregnant

2 kg weigh at bith, sucking
power is acceptable, but smal
appeite: no lteracy, no.
numeracy

Iow weight at bith, about 2 kg,
0 suction, and died about a
month after birth

Poor computing power
weighs 2 kg atbirth, has a weak
sucking power, and eats less.
No secondary sexual
characteristics, no iteracy, no
numeracy

‘Suspected mild inteliectual
disabiity

\

Death at 12 years old,
‘appearance and clnical
maniiestations are the sarme as
V18
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Patient

-7
V-10

V-14

IV-15

IV-18

-3
-12
v-11

Rearrangement

46, (X0)
der (2)t(2: 4)
(037.3; p16.3)

der (4)t (2; 4)
(437.3; p16.3)

(2 4) (@37.3;
p16.3)

Development

good
good

good

Stunting

Stunting

good
good
good

Nerve
state

normal
Slow
response

Slow
response

Slow
response
and naive
behavior

Slow
response
and naive
behavior

normal
normal
normal

Nutritional
status

Language
skills

normal good
Can good
communicate

with others, but

often give an

irelevant

answer

Notvery fluentin
speaking, can
communicate
with others, but
often give an
irrelevant
answer

good

Weak tongue,
dysarthria,
Slurred speech

Congenital
malnutrition

Impossibility o Malnutrition
tongue

extension,

dysarthria,

slurred speech,

often give an

irrelevant

answer

normal good
normal good
z good

Muscles
and bones

normal

Flexion of the left
knuckle of the two
knuckles, no
major knuckle of
the hand,
developmental
defects of the
index finger and
ring finger of both
hands; bilateral
flat feet, large feet
(wearing size 44
shoes)

Poor thumb
development in
both hands,
shortened joint
deformities;
collapse of the
bridge of the
nose; flat feet on
both sides
Limited flexion
and extension of
the lite fingers of
both hands

lower than his
peers, Flexion of
both thumbs

normal
normal
normal

Craniofacial
features

normal
Dementia face,
dull expression,
slightly drooping
left eyelid

Dementia face,
Stiff expression;
small eyes,
drooping upper
left eyeld, ful
moon face

Childish face

Horror face,
Head
circumference
48cm

normal
normal
normal

Activity
and gait

normal
Walk like
aduck

Walk like
aduck

active,
cannot
restrain
one's
behavior

active,
cannot
restrain
one's
behavior

normal
normal
normal

Other

A

No abnormalties
in EEG
examination and
low inteligence
test value, no
literacy, no
numeracy

7 months
pregnant

2 kg weight at
birth, sucking
power is
acceptable, but
small appetite; no
Iiteracy, no
numeracy

weighs 2 kg at
birth, has a weak
sucking power,
and eats less. No
secondary sexual
characteristics, no
Iiteracy, no
numeracy

\

\

Congenital heart
disease,
diagnosed as
ventricular septal
defect, surgery at
7 years old,
everything is
normal after
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Patient
ID/
sex/
age

P1/
male/
2 years

male/
8 years

P3/
male/
5 years

P4/
male/
6 years

P5/
male/
6 years

fernale/
9 years

P7/
male/
3 years

male/
4 years

male/
6 years

P10/
female/
5 years

P11/

9 years

P12/
male/
7 years

P18/
male/
2 years

P14/
male/
7 years

P15/
male/

7 years

P16/
male/

6 years

P17/
male/
4 years

Phenotype

Global
developmental
delay, intellectual
disability

Perinatal
polyhydramnios,
intellectual
disability, global
developmental
delay, ataxia,
anemia

Spastic cerebral
palsy, febrile
seizure, global
developmental
delay, mild
intellectual
disabilty,
muscular
hypertonia
Bilateral
dislocation of hip
joints, clubfoot,
strabismus, global
developmental
delay, intellectual
disabilty
Cerebral atrophy,
seizure, global
developmental
delay, intellectual
disability,
muscular
hypertonia
Intellectual
disabilty, global
developmental
delay,
hypermetropia
Global
developmental
delay, intellectual
disabilty

Global
developmental
delay, agenesis of
the corpus
callosum, low
anterior hairine,
strabismus
Intellectual
disabilty, seizure,
autism, cerebral
white matter
atrophy

Tetralogy of Fallot,
autism, global
developmental
delay

Moderate
intellectual
disability, global
developmental
delay

Mid intellectual
disabity, delayed
speech and
language
development,
low-set ears,
downslanting
palpebral fissures,
short penis
Premature birth,
delayed speech
and language
development
Intellectual
disabity, global
developmental
delay

Prenatal
hydrocephalus,
global
developmental
delay, mid
intellectual
disabilty,
retrognathia,
strabismus
Global
developmental
delay, moderate
intellectual
disabilty, neonatal
feeding diffculties,
strabismus
Neonatal
asphysa, global
developmental
delay, muscular
hypertonia

Gene/
locus

MED13L

CNPY3

SCN2A

ARID1B

PRRT2

7q11.23

SETBP1

GRIN2B

8p21.2p12

19p13.2

Diagnosis
(oMM
phenotype)

Developmental
delay and
distinctive facial
features with or
without cardiac
defects
(#616789)

Developmental
and epileptic
encephalopathy
60 (#617929)

Developmental
and epleptic
encephalopathy
11 (#613721);
episodic ataxia,
type 9 (#618924);
seizures, benign
familial infantile, 3
(#607745)
Coffin-Siris
syndrome 1
(#135900)

Conwuisions,
familial infantile,
with paroxysmal
choreoathetosis
(#602066);
episodic
kinesigenic
dyskinesia 1
(#128200);
seizures, benign
familial infantile, 2
(#605751)
Chromosome
7q11.23
duplication
syndrome
(#609757)

Developmental
delay, autosomal
dominant 29
(#616078);
Schinzel-Giedion
midface
retraction
syndrome
(#269150)

Intellectual
developmental
disorder,
autosomal
dorminant 6, with
or without
seizures
(#613970);
Developmental
and epieptic
encephalopathy
27 (#616139)

Variants

NM_015335.4:
€.1284_1,285

insTTTAAGCTTTT
(pLys429Phefs'7)

NM_006586.4:
€283C>G
(p.Arg5GIY);
c.834del
(p.Ter279Gluext'8)

NM_021007.3:
c1117del
(p.Ala373Profs'9)

NM_001374828.1
©.4194T > G
(p-Tyr1398")

NM_145,239.2:
¢.649dup
(p.AG217Profs'8)

chr7:72649202-
74191713dup,
1.54 Mo

NM_015559.3:
.2311dup
(p.Ser771Phefs'26)

NM_000834.4:
c.A711del
(p-Ala57 1Profs*80)

chr8:25184869-
31641821del,
6.46 Mb

chr19:1,3044343-
13227605del,
183.3 kb

Zygosity

Heterozygous

Compound
heterozygous

Heterozygous

Heterozygous

Heterozygous

Heterozygous

Heterozygous

Heterozygous

Heterozygous

Heterozygous

Variant
type

Frameshift

Missense,
frameshift

Deletion

Nonsense

Insertion

CNV

Frameshift

Deletion

CNV

CNV

Inheritance

AD; de novo

AR
maternally
inherited,
paternally
inherited

AD; de novo

AD; de novo

AD:
maternally
inherited

De novo

AD;
unknown

AD; de novo

De novo

De novo

Classification
(ACMG)

Vs, VUS

P

LP

References
(PMID)

22101681,
22870186,
22877996,
25667652,
22243967

19249392,
26333794,
19752158

Abbreviatione: CAV. copy number variation; AD, autosomal dominant: AR, autosomal recessive: P. pathogenic: LP. liely pathogenic: VUS, variant of uncerlain sioniicance.
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Moderate effect Deteriorating effect

Missense + missense 60% (9/15) 40% (6/15)
Missense + structure 33.3% (1/3) 66.7% (2/3)
Structure + structure 0% (074) 100% (4/4)
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No. Variants AA change GnomeAD MAF Inherit Classification Evidence

1 .4892C>G p.Pro1631Arg Absent Mother s PM2_Supporting+PM3 + PP3
2 ©.10872dupA pAGEE25Lysfs™S Absent Father i3 PVST + PM2_Supporting

MAF, minor allele frequency; VUS, variant of uncertain significance; LP, likely pathogenic.
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2017-11-8 2017-12-17 2019-1-19 2019-7-3 2020-5-20 2020-5-21 2020-6-18

Neutrophil count 1.36 x 109/L 1.01 x 1091 1.91 x 109L 1.9 x 109/L 1.16 x 109/L 0.87 x 10°/L. 1.52 x 1091
(Reference value: 1.
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No. P1 P2 P3 P4 P5 P6 P7
Age 5years 5years 9months 4 years 4 months 2 years 10 6 years 2years 7 months 2 years 5 months
months
Sex F F F F F M F
Genetic defect COAST, C.78celT, ©.833_834insTT,  ¢55-2(1VS2A>G  C.44G>C, cIASG, c3G>A, (p-Meti?)
(p-Arg3Ser) (pPhe26Leufsd)  (p.Leu278Phefs"1) (p-R15P) (pMet1Val)
Origin Unknown De novo De novo De novo De novo De novo Unknown
Variation type Missense Frameshift Frameshift Splice site Missense Affecting the Affecting the
translation translation
initiation site initiation site
Febrie seizure + + + + - + -
Seizure type Recurrent FS, Recurrent FS, Recurrent FS, Recurrent FS, GTC, IS Recurrent S, -
GTC aTC absence dystonic GTG
Age of seizure 1.5 years 10 months 8 months 11 months 6 months 9 months. NA
onset (months)
ASM LEV LEV, OXC LEV, VPA oxc VGB,LEV,VPA  VPA OXC,TPM  NA
ASM response Seizure free Seizure free Seizure free Seizure free Seizure free No response NA
Stereotypic + + + + - : +
movements
Poor hand skils - - - - + - +
Delays in + + + + + + +
milestones
Independent 1 year 1 year 8-9 months 1 year - 9 months but 2 years
sitting/age regressed
Independent - 2years 2 years - - -
walking/age
(months)
Infantile dystonia  Hypotonia - Hypotonia Hypotonia Hypotonia Hypotonia Hypotonia
Speech - - - - - - -
Regression - + - + s + =
Poor eye + - + - + - +
contact/autistic
features
MRI Frontal Normal Delayed Normal Delayed Small splenium of  Normal
subarachnoid myelination myelination callosum
space
enlargement
EEG Biateral temporal  Bilateral temporal  Generalized Normal Hypsarhythmia  Left temporal and  Left occipital

spike-siow waves

and occipital
spike-slow waves

sharp-slow waves

occipital slow
waves

2-3Hz sharp-slow
waves in sleep

FS, febrile seizure; GS, generalized seizures; GTC, generalized tonic-clonic seizures; IS, infantile spasms; LEV, levetiracetam; NA, not available; OXC, oxcarbazepine; PB, phenobarbital;
PS, partial seizure; TPM, topiramate; VGB, vigabatrin; VIPA, valproic acid: WMH, white matter hyperintensity.
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Family Ethnicity

1 Chinese

2 Japanese

3 Japanese
Dutch

56  Mixed

Iragj-Moroccan

7 Iraqi
89,10 Finnish

11 Asbian
12 Moroccan
18 NA

14 Jordan
15 NA

16 NA

Sex

Female

Female

Female

Female
Both sexes

Both sexes
Both sexes

Male

Female
Female

NA
NA
Male

CPK, creatine phosphokinase.

Gene mutation

194A>G

7014+1G>A
77delG

356A>G
356A>G

467G>A
1321G > A
715G>A

1001A>G
1001A>G
974C>G

1287C>A
1001A>G

11443A>G
1A>G

388+3A>G
1466A>T
1027_1120del
176C>T

Protein change

Asn65Ser

Arg26Profs*42

Asn119Ser
Asn119Ser

Arg156GIn
Glyd41Arg
Aa239Thr

Tyr334Cys
Tyr3340ys
Thia25Ser

Tyra20*
Tyr3340ys

Met1Val

Asp489Val
Glu343Leufs2
Nas9val

Zygosity

Compound
heterozygous

Compound
heterozygous

Compound
heterozygous

Homozygous

Compound
heterozygous

Homozygous

Compound
heterozygous

Homozygous

Homozygous

Compound
heterozygous

Homozygous
Homozygous
Homozygous

Brain
atrophy

+(9 years)

+(18 years)

+(16 years)

+(12-28
months)

+6-6
months)

+18
months)

+(4 years)
+

N/A

Seizure  Hypotonia  Spasticity Signs of

mitochondrial
dysfunction

Slight myogenic
change in bilateral
limbs; muscle biopsy
unavailable

High blood lactate

- +(3months)  + (18 years) —

+6in7 - +(3-12
patients) months)

+(in 2 of 3 patients at 11-12 + (within 1

months) year)
- + (pirth) +
- - +
+ + N/A
N/A N/A N/A
N/A & +
+ (8 weeks) N/A A

High blood lactate in 2
of 3 patients

Borderine abnormal in
mitochondrial biopsy;
high blood CPK and
urinary
3-hydroxyisovaleric
acid

4

A

NA
N/A
N/A

References

Current case

®)

(10)
6.6

(G

©

(i
(12)

(19)
(14)
(1)
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Clinical phenotypes Patient (lll1)

Developmental delay
Intellectual disability
Hypotonia
Micrognathia
Wave-shaped eyes
Short philtrum
Thick hair

Thick eyelashes
High myopia
Neutropenia
Talipes valgus

Left coherent palm
Hyperiinear palms.

I
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Patient
reported

Sex

Age
Cytogenetic
location
Size of
deletion
Brain
structure
abnormalies

Facial
features

Growth
retardation
intellectual
disabilty
Hearing loss
Speech
detay
Seizures
Short stature
Poor
attention
Heart defect
Limbs

Urogenital
anomalies
Patient
reported

Sex

Age
Cytogenetic
location
Size of
deletion
Brain
structure
abnormalies
Facial
features

Growth
retardation
intellectual
disability
Hearing loss
Speech
detay
Seizures
Short stature
Poor
attention
Heart defect
Limbs

Urogenital
anomalies

Our patient

M
25 years
7685-036.3

9.4 Mb

carcass
dysplasia;
bilateral forehead
subarachnoid
space widening;
right iiac
choroidal fissure
cyst; cerebelar
sulcus widening
smal head
circumference;
eye crack; broad
ears; pointed
chin

Sehested et al.
(2010) 1#

3
42 years
7q34-036.2

122 Mb

hypertelorism;
deep-set eyes;
narrow palpebral
fissures; bulbous
nasal tip; broad
nasal bridge;
broad mouth;
low-set ears

M. male; F, female.

Suri and Dixit. Jackson
(017) etal.
(2017)
M F
13 years 16 years
7036.1 734-
436.3
12Mb 16 Mb
hypertelorism ~ dental
with malposition
downslanting
palpebral
fissures; coarse
hair; full lips
-
+ +
+ +
E +
R +
Hypotonia -
Sehested etal.  Petrin et al
(2010) 2# (2010)
F M
34 years -
7034-0362  7G33-G35
12.2Mb 10 Mb
- cerebelar
atrophy
hypertelorism,  broad nasal
deep-set eyes,  root
narrow
palpebral
fissures,
bulbous nasal
tip, broad nasal
bridge, broad
mouth, and
thick vermilion
+ .
" .
+ +
£ .
& 2
+ .
- broad
halluces

Busa et al. (2016)

M
2years
7935-36.3

14 Mb

bitemporal narrowing;
upslanting palpebral
fissures; bulbous
nose; down tumed
comers of the mouth

Caselli et al. (2008)

F
7436.1-036.2
5.27 Mb

hypoplasia of the
corpus callosum

prominent forehead;
deep set eyes;
posteriorly angulated
ears; biateral
epicanthal folds; flat
nasal bridge; bulbous
nasal tip; flat malar

region

Small hands

Hyohyeon
and Lee.
(2015)

M
13 years

7936.1-36.3

6.89 Mb

downslanting
palpebral
fissures; a
bulbous
nasal tip

+

oligodactyly
+

Rossi et al.
(2008)

F

7433-q86.1

12 Mp

bulbous nasal
tip; deep-set
eyes; broad
nasal bridge

Coutton
etal. (2014)

M
7936

2.7 Mb

congenital
nasal
pyriform
aperture
stenosis

+

Bisgaard et
al. (2006)

F

7034-036.2

12.4 Mb

round face;
deep-set
eyes; narrow
palpebral
fissures; low
set ears;
bulbous
nasal tip;
smooth
phittrum;
narrow

upper lip

Rush etal.
(2013)

12 years
7q34-
36,1

182 Mo

cleft lip and
dleft palate;
broad nasal
bridge;
bulbous
nasal tip;
deep-set
eyes

Bisgaard et
al. (2006)

F

7q34-
936.2
12.2 Mo

round face;
deep-set
eyes;
narrow
palpebral
fissures;
low set
ears;
bulbous
nasal tip;
smooth
phitrum;
narow

upper ip
+

Pelegrino
etal. (2013)

M

7936.1-936.3

hypoplasia of
corpus
callosum;
white matter
reduction

bilateral
epicanthal
folds;
upslanting
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Gene Position  Fnc RefSeqID Variation GnomAD 1000G SIFT Poly-phen2 CADD dbSNPID  Var pLI Zscore Hapl-insuf

HUWET*  X: 63663401 M NM_031407 c.12365G>A:p.R4122H NA NA D D 217 NA P 1 887 0.831
TPH2 12: 72366465 Sg NM_173353  c¢.775C>Tip.Q259X NA NA = - 40 NA ws 0 1 0.653
ALDH5AT# 6:24506099 Sg NM_170740 c.612G>A:p.W204X  0.00004  NA - - 41 rs118203982 P 0 073 0.505
ALDH5AT# 6:24503580 M NM_170740 c¢.538C>T:p.H180Y 03105 03147 T B 75 rs2760118 B 0 073 0.505
ITPR3 6:33651870 M NM_002224 ¢.4862T>C:p.L1621P 0.00001 NA D D 293 rs1217162248 VUS 0  4.55 0.603
DIP2C* 10:461811 M NM_014974  c.757C>T;p.R253W NA NA D D 34 NA Vs 1 467 0.563
ATG7 3:11389502 M NM_006395 ¢.1277C>T:p.P426L  0.00120 0.0004 D D 34 rs143545741 VUS 0 137 0.652

Fne, Function; M, Missense; Sg, Stopgain; NA, ot available; D, deleterious; T, tolerated; CADD score, amino acid substitution is predicted damaging if the score is >15; Var, Varsome;
VUS, Variant of Uncertain Significance; B, Benign; LR, Likely Pathogenic; P, Pathogenic; GnomAD s referred to GnomAD Exome ALL. °, SFARI gene, syndromic “S”; #, SFARI gene,
score 1; °, SFARI gene, score 2.
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LINE-1

Control vs. ASD Control vs. ANMR Control vs. AMR
Percent change p-value Percent change p-value Percent change p-value
in methylation in methylation in methylation

All CpG 11 0.078 1.08 0.16 0.95 0.15
CpGsite 1 056 0.49 055 051 056 062
CpG site 2 1.49* 005 1.49 015 1.82* 003
CpG site 3 1.16 0.08 1.34 0.13 0.88 0.23
CpG site 4 081 006 084 0.10 0.42 0.15
CpGsite 5 1.07 0.17 1.19 028 089 024

ASD, autism spectrum disorders; AMR, autism mental regression; ANMR, autism non-mental regression. *P < 0.05 with statistically significant changes highlighted in bold.
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NCAM1

Control vs. ASD Control vs. ANMR Control vs. AMR
Percent change p-value Percent change p-value Percent change p-value
in methylation in methylation in methylation
All CpG —0.96*** 0.0009 —0.96** 0.005 -0.97* 0.016
CpGsite 1 —1.41 <0.0001 —1310 00003 157 0.0002
CpG site 2 —043 0.16 ~0.46 0.19 -037 034

ASD, autism spectrum disorders; AMR, autism mental regression; ANMR, autism non-mental regression; NCAMT, Neural Cell Adhesion Molecule. *P < 0.05; *'P < 0.01; ***
with statistically significant changes highlighted in bold.
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18,883
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0.0000

0.0000

0.0001
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Hyp pval_adj Genes

0.0000
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0.0001
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0.0021
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SLC24A2, SHANK2, NLGN1, VAMP2, SNAP25,
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GRIN2A, SHANK3, DRD1, TSHZ3, NLGN3,
SHANK1

ZMYNDS8, SHANK2, NLGN1, DLGS, CDKLS,
ITSN1, MTOR, FMR1, SHANK3, SHANK1
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Term genes found, number of annotated genes in the reference list; Input size, total number of genes in the input ist, inclucing the genes implicatedin the present case and the SFARI
list genes; Term genes, number of annotated genes in the reference list; Genes universe, total number of human reference genes; Hyp pval, hypergeometric test pValue; Hyp pval_ad,

corrected hypergeometric pValue using FDR procedure.
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ASD, autism spectrum disorders; AMR, autism mental regression; ANMR, autism non-mental regression; NGF, Nerve Growth Factor. *P < 0.05; *'P < 0.01; ***P < 0.001 with statistically
significant changes highlighted bold.
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Gene Primer

LINE-1 Forward
Reverse
Sequencing

NCAM1 Forward
Reverse
Sequencing

NGF Forward
Reverse
Sequencing

Sequence (5-3) Length (bp)
TTTTGAGTTAGGTGTGGGATATA 146
[BTN] AAAMATCAAAAAATTCCCTTTC

AGTTAGGTGTGGGATATAG

TATTTTTGTGTTTTTTTGGGGGTTAGATTA 154
[BTN] CCCAACTATAGAATGTTCTGTAGTTCAT
GGGGTTAGATTATTTTTTGAT

Hs_NGF_01_PM PyroMark CpG assay (PM00002618) 211

LINE-1, Long interspersed element-1; NCAM1, Neural Cell Adhesion Molecule; NGF, Nerve Growth Factor.

Accession no. (Gene ID)

NM_019079 (54596)

NM_181351 (4684)

NM_002506 (4803)

Annealing T (°C)
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Gender (male)

Weight (kg)

Battelle test AMR
ANMR

CARS test AMR
ANMR

PDBBI test AMR
ANMR

ASD
(n:50)

4376+ 112
41 (82%)
16.97 + 851
47.05 4 10.33
60.96 % 13.20
359812
30,6+ 6.11
53.93 % 10.39
46.13 % 10.47

Control
(n:45)

4881+ 18.33
38 (84%)
17,06+ 45

0.117
0472
0.951
0.002

0.009

0.023

ASD, autism spectrum disorders; AMR, autism mental regression; ANMR, autism non-
mental regression; PDDBI, Pervasive Developmental Disorders Behavior Inventory; CARS,

Childhood Autism Rating Scale.
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Stogmann et al. (2013)
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p.Trpi68fs

1 12

29 24
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+ +

+ +
Q86 Q79

- Depressive

symptoms
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Good Poor

56
"

21
GTCS, CPS

%
Q7s

Depressive
symptoms
MR bilateral mS
Temporal IEDs

cBzZ
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This report

&M
p.Th958Thrfs™ 17
6

10.7 (age at last follow-up)
GTCS, CPS

Learning difficulties, memory deficits, ADHD
traits
Aggressive, impulsive

Normal
T-F IEDs; ictal: T, F onset

VPA, OXC
Good

M, male; F, female; GTCS, generalized tonic-clonic seizure; CPS, complex partial seizure; IQ, inteligence quotient; OXC, oxcarbazepine; VPA, valproate; LTG, lamotrigine; NA, not

avaiable; ED, intericial epileptic discharge: T, tamocral

= frontal: ADHD, attention-deficit hyperactivity disorder: mS, mesial sclerosis.
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Feeding difficulies

Absent o very poor speech
Dyskinesias

hypotonia

Inability to walk independently
Abnormal brain MRI
Abnormal EEG

Strabismus
Esotropia

Normal birth parameters
Height < 3rd Percentile

Weight < 3rd Percentile

Severe global developmental delay
IUGR

Triangular face
Micrognathia

Microcephaly

High forehead

Frontal bossing

Short and smooth phitrum
Low set posterior rotated ears
Nystagmus

Prominent nasal bridge
Thin upper lip

Tented upper lip

Tapering fingers
Clubfeet
Scoliosis
Contractures

Constipation

Frequency in reported affected ind

variants
NN WM Total This
study
26/26 (100%) 7/7 (100%) 34/34 (100%) +
11/29 (37.93%) 5/7 (71.43%) 16/37 (43.24%) =
16/19 (84.21%) 2/3 (66.67%) 18/23 (78.26%) +
27/27 (100%) /7 (100%) 34/34 (100%) +
23/23 (100%) 4/4 (100%) 28/28 (100%) +
27/29 (93.10%) /7 (100%) 36/37 (94.59%) +
12/13 (92.31%) 3/4 (75%) 16/18 (88.89%) +
12/25 (48%) 1/4 (25%) 13/30 (43.33%) +
15/25 (60%) 5/5 (100%) 20/31 (64.52%) =
22/27 (81.48%) 143 (33.33%) 24/31 (77.42%) +
1112 (91.67%) 1/2 (50%) 1113 (84.62%) +
18/22 (81.82%) 5/6 (83.33%) 24/29 (82.67%) +
15/18 (83.33%) 2/6 (33.33%) 18/25 (72%) +
16/19 (84.21%) 3/6 (50%) 20/25 (80%) -
30/30 (100%) 7/7 (100%) 38/38 (100%) +
9/12 (75%) 9/13 (69.23%) =
26/29 (89.66%) 4/5 (80%) 31/35 (88.57%) +
6/12 (50%) 7113 (63.85%) -
20/28 (71.43%) 3/6 (50%) 24/35 (68.57%) +
8/9 (88.89%) 8/9 (88.89%) -
8/12 (66.67%) 9/13 (69.23%) -
912 (75%) 9/13 (69.23%) -
912 (75%) 913 (69.23%) +
1/7 (14.29%) 0/3 (0%) 1/10 (10%) -
10/13 (76.92%) 10/14 (76.92%) -
16/20 (80%) 0/2 (0%) 16/22 (72.73%) +
/8 (87.50%) 7/8 (87.50%) +
21/23 (91.30%) 21/24 (87.50%) +
6/11 (54.65%) 6/11 (54.55%) -
10/14 (71.43%) 1/3 (33.33%) 11/18 (61.11%) -
10/24 (41.67%) 10/24 (41.67%) -
13/14 (92.86%) 2/3 (66.67%) 15/20 (75%) +

M, missense allele; N, null allele, null alleles were defined as those containing frameshift, splice-site and/or nonsense variants.
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Patient ID ASD D
IGGACO1 NO D
IGGAC04 NO D
IGGAC06  YES D
IGGACO7 NO D
IGGAC08 NO  Borderline
IGGAC10 NO D
IGGAC13  YES D
IGGAC14 NO D
IGGAC15* NO  Borderiine
IGGAC16*  NO D
IGGAC023  YES D
IGGAC024 NO D

Other NDDs

Language disorder, Coordination
disorder, Atypical behaviours, Attention
disorder and Hyperactivity, Self-
aggressive behaviours

NO

NO

Atypical behaviours, Attention disorder
and Hyperactivity

Language disorder, Attention disorder
and Hyperactivty

NO

NO

Learning disorder and Aggressivity

Psychomotor delay and mild Atypical
behaviours

Hyperactivity

NO

Language disorder and Hyperactivity

ASD, autism spectrum disorder: ID, intellectual disability. * Brother and sister.

Neurological
signs/disorders

Hypotonia Epilepsy,
Sleep disturbances

Hypotonia and Epilepsy

Sleep disturbances

NO

NO

Epilepsy

Epilepsy

Chiari | malformation and
Mid skul base
abnormality

NO

Sleep disturbances

Enuresis

NO

Others

Gastrointestinal disorders,
dysphagia and selective
feeding

Prenatal gastrointestinal
perforation

Congenital lymphedema

NO

Growth defect

NO

NO

NO

NO

NO

NO

Growth defect, Brain
midiine defects

Results of
other laboratory
tests

Normal blood amino acid and
organic acids levels
Fragile X analysis: negative

Normal blood amino acid, organic
acids levels, acylcamitine profie,
guanidinoacetic acid

Karyotype, Fragile X analysis:
negative

Normal blood amino acid and
organic acids levels
Karyotype, Fragile X analysis:
negative

Findings of the amniocentesis

Normal blood amino acid and
organic acids levels
Fragile X analysis: negative

Normal blood amino acid and
organic acids levels
Fragile X analysis: negative

Normal blood amino acid and
organic acids levels
Karyotype, Fragile X analysis:
negative

Normal blood amino acid and
organic acids levels
Karyotype, Fragile X analysis:
negative

Fragile X analysis: negative

Fragile X analysis: negative

Normal blood amino acid and
organic acids levels
Karyotype, Fragile X analyss:
negative

Normal blood amino acid and
organic acids levels
Karyotype, Fragile X analysis:
negative
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Patient ID  Gender

IGGAC13

IGGAC14

IGGAC15%

IGGAC16*

IGGACO7

IGGAC10

IGGAC06

IGGAC08

IGGAC04
IGGACO1
IGGAC24

IGGAC23

an-~ther and sister

M

M

M

CNV coordinates (hg19)

7:146464283-146532437
11:40303114-40694847

17:76419867-76548866
X:561527-908212

15:22766628-23208901
6:33337684-33669083

16:22765628-23208901
6:33337684-33669083
16:6371455-6568176

12:108487109-108896252
14:22360671-23120436
22:22998284-23643223

3:123113523-123997093
6:86338564-86413285

9:10286927-11086155
11:116182875-116677043

4:175734964-175934265
6:140767462-141008265
10:134289353-134917702
5:88232587-90181774
16:8969984-10078802
19:55948706-56471996

10:125121038-127119447

68
392

129
347

443
331

443
331
197

409
760
645

884
75

799
494

199
241
628
1,949
1,109
523

1,998

del/dup

del
del

del
dup

del
dup

del

dup
del

dup
dup
dup

dup
del

del
del

del
del
dup

del
dup
dup

dup

Inh

mat
pat

pat
mat

mat
de novo

mat
de novo
pat

mat
de novo
mat

pat
mat

mat
not mat

mat
de novo
de novo

de novo
de novo
de novo

de novo

Total genes (RefSeqAll

24

13

Candidate genes

CNTNAP2
LRRC4C

DNAH17
SHOX

NIPA1,CYFIP1,TUBGCPS,NIPA2
SYNGAP1

NIPA1,CYFIP1,TUBGCPS,NIPA2
SYNGAP1
RBFOX1

wscp2
ABHD4
GNAZ

ADCY5
SYNCRIP

PTPRD
BUD13

GLRA3
MIR4465
INPPSA

MEF2C-AS1 and ADGVR1
USP7 and GRIN2A
SHISA7

CTBP2
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Patients  Sex  Age Varanttype  lnhertance DD Plosis Hypotonia Ear CHD  Down-  Ached  Shot  Cupids Epicanthal  Cranio- Brain Fooding

‘malformation/ slnting  eyobrows  uptumed  bow folds  synostosis/  abnormalities  issuos
Hearing loss palpebral nose Metopic.
fssures ridging
' M t6monne c200>T Maena P . . = . = . . = B B
sl
piageos)
2 M 10y c2sii oono . e = . . . . . 4 B .
POy
3 M ey co o Donovo P . B B . B . = - B N .
piTTSat28)
. M 2y ceeisl Do P - . - = z . . . .
Tents  ps2072Tys)
3 £ tawas  creosT Pator P - . s . = = . . 5
Piag2sS)
3 E Tmeoms  cr0s-2A5G Do PR . . . B . . . . = . .
2 M s csmdn oo PO = . = . = . e . -
p1y2265)
3 M 2w csman o000 P - = . @ = & & % + E
piso2ELIS)
3 M sy catecoT Donowo P . . . . _ + B B +
piGa1a69)
0 M sy  crzsime  Ukeon s+ . = = = = - & 4
bSekiz)
" F o 2was  coouesa Donoo - . - . : - B %
Smonns  p4s2072Tyies)
2 M omoms  coomn oo PR . - + . . . . - = «
p(Procassts 14
5 M syas  covida 0o - - & . & s . 4 u 5
Tmenths  piA2211GLyS50)
o F o awws  cameGeT Moter P . = - . . = " - . .
nogaive
oo Faror
rsooun
s F o o2pas  comosT Patoral - - = + . . . - . .
pingizes)
© F o oawas  ocomicsT Patomal - - = . - = . . Y =
Piag1263)
" M Sty canmic>T o P - B - B - B E i
pug1265)
® M 2was  cosmoseens  Dsnoo . - . . . . = . « = .
PV 147)
0 M 32monns  cazoi 0o P . . . . 5 . 3 . . 2 F
piGuIZ2Ses)
3 F o Spas  Crog(i0m0is  Dosow - . . . . . . - .
1106139701 (r919)
2 E o tSyems  CnogossOss  Darow PR = . = = = & E =
11023450 (rg19)
2 M oy csusdsc om0 P . = . = B = = = :
pyr7IETS28)
% Fooswas  @9@E@a Do P B . B . . " + - = N N
denping P62
poyeiy
2 M 2ty @ 0E@120@20 Dm0 P . . . = = = B N . N
denping P62
popry
25 F oy cooeam Donovo P . . = = = . B ¥
Amenns  p(Gn1 iGN 101
3 M6y cassad Mot PR . - - + . . . . . . F
rogaive
manns  pve1ossTe Fater
rsocun
3 M 7y  OnoguomS-  Dsnow . . . . .
7menme 11070753201 (919)
» M Bmonms  c6iC>A Patas PR B . * = = = = - - = -
psotas
2 M Sty comicoA Donowo - - + B - E B E B B
psuziss
ot % ow% % 1% u%  sw % s % % . 2% %
—

Blank means o mention about the clnical features and/or no test resulls have been roported. Inhentance types were maternal 7% (2/29) paleral 14% (429), unknown 10% (3/29), de novo 69% (20129).
Cinical characteistics were below: 76%(22/29) with DD, 86% (25/29) wilh ptosis, 529% (15/29) wilh hypotonia, 51%(15/29, ix were hearing ) with ear mallormatior/Hearing loss, 24%(7/29, 21 were not tested ornot reported) with CHD,
52%15/29) with cown-Slanting palpebralfissuros, 453% (13/29) with archec eyebrows, 41%(12/29) with short upturec nose, 48% 14/29) with Cupid's bow, 45% (13/29) with opicanthl Folds, 345% 10/29) with motopic iging, 52% (15/29)
with hypotonia, 28% (8/29, 10 were not tested or not reported) with brain abnommalites and 453% (13/29) with feecing issues including our patent.

DD, developmental delay; CHD, congenital heart disease; MRI, magnetic resonance imaging: M, male; F, female.

Pationt 1-26: Kruszka et a. (2019), Park et l. (2021), Patient 27: Ivonen e al. (2021), Patient 28: The proband of thi stucy, Patient 29: The father of the pationt 28.

b o avakaie ferane alanon: s cst anch Hodli ahantt e Tt b th el uolion s 50





OPS/images/fgene-13-781832/fgene-13-781832-g001.gif
Y b
i \v,ﬂ,’\“’“” |

M 2prokand)

' MMV '\' N\M&f«ﬁu il





OPS/images/fgene-13-781832/crossmark.jpg
©

|





OPS/images/fgene-12-766964/fgene-12-766964-t001.jpg
Eligible index cases (1 = 1,275)

Index cases with undiagnosed ID coming for the first time for a genetic
investigation (n = 637)

Primary objective: Compare the percentage of genetic causal diagnosis identified in ID
patients by performing trio GS analysis vs. the use of the current French reference
minimal strategy

Secondary objective: diagnostic yields

«Compare the percentage of ID causal diagnoss identified by GST vs. the reference
strategy in different subgroups (defined according to age, or cinical
manifestations)

«Compare the percentage of causal structural changes identified by GST vs.
chromosomal microarray analysis

«Compare the percentage of ID causal diagnosis identified by GST vs. GSS in a
subgroup of randomized patients (n = 196)

Index cases with undiagnosed ID already investigated (n = 637)

Secondary objective: Describe the estimated additional diagnostic yield that would be obtained at different steps of sequential analysis, for the 44 gene panels, OMIM and

exome analysis

Secondary objective: Assessing the efficiency of the three strategies (the reference
minimal strategy; GSs; GSr)

Secondary objective: Estimate the cost of the diagnostic odyssey that could be
potentially avoided by first-iine genomic analysis

Secondary objective: Estimate the frequency and nature of changes in medical follow-up of the patients, but also in medico-social, rehabilitation, and psychological follow-up in

the first year after the reporting of GS analyses compared to the period before the inclusion

Secondary objective: Evaluate the burden experienced by the parents, 2) the parents’ emotional adjustment to the primary genetic tests results, and 3) the parents’ perception

of the future

GBS+ genome sequencing—irio analysis: GSs: genome sequencing—proband only.
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Gender
Mutation (DNA)
Substitution (protein)
Inheritance
Age at last examination
Clinical
Developmental delay
Hypotonia
Growth retardation
Epilepsy
Testing
Brain MRI (age)

Brain MRS (age)
Muscle biopsy (age)

Respiratory chain findings

Plasma amino acids
Urine organic acids
Urine amino acids
Carnitine
Lactate
Pyruvate
Creatine phosphokinase
Cerebrospinal fluid lactate
Mitochondial DNA (muscle)
Mitochondial DNA (blood)
Mitochondrial disease criteria (points)
Muscular
Neurological
Multisystem
Metabolic
Imaging
Total points (clinical, metabolic, imaging)
Morphology
Total mitochondial disease criteria (MDC) score

Patient 1 (SATB2-214)

Male
¢.1165C>T
p-(Arg389Cys)
De novo

7 years

Global, severe
Yes
No
No

Delayed myelination; increased T2 and FLAIR
signal in deep white matter (14 and 49 months)

Slightly elevated lipid peak (49 months)

Mid hypotrophy of fast and slow twitch muscle
fibers; no morphological mitochondrial changes
(21 months)

Normal

At 8 months, alanine 1.3x above normal
Unremarkable

NA

Normal

Normal

Normal

NA

Normal

Negative

Negative

1 (Motor developmental delay)
2 (Developmental delay, speech delay)
0

o

0

3/8 (Possible)

0

312

Patient 2 (SATB2-79)

Male
c.1515delT
p.(Phes0SLeufs*41)
De novo

19 years

Global, severe

Yes

Early in infancy
Single febrile seizure

Delayed myeiination, increased T2 signal in the periatrial

white matter, mild ventricular dilatation, and anterior
thinning of corpus callosum (1, 2, and 4 years)

Slight decrease in N-acetylaspartate (18 months)

Occasional atrophic appearing type | and neural cell
adhesion molecule positive myofibers (4 years)

Abnormal; decreased complex I, complex | + I, and
complex Il 4 Ill activity
Unremarkable
Unremarkable
Unremarkable

Normal

Normal

Normal

Normal

Normal

Negative

Negative

1 (Motor developmental delay)
2 (Developmental delay, speech delay)
1 (Growth delay early)

0

0

4/8 (Possible)

0

a2
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Response (%) = 100/(1 + (ECso/lagonist)™) (1)
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Response (%) = (100 — minimum)/

(1 + (Imodulator)/ICso)™) + minimum (2)
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MD starting structure
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33 | 35 | 37
Glutamate Cleft Distance (A)
. with WT GluN1
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MD trajectory snapshots
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Parameters Cells Coexpressed with GIUN2A Coexpressed with GIuN2B

WT GIuN1 GluN1-P532H WT GIuN1 GluN1-P532H
Glutamate ECso [pM ] (n) Oocytes 6.4 (5.2, 7.5) (27) 105 (85, 126) (26)* 1.9(1.4,2.4)(12) 82 (62, 102) (20)*
Glycine, EC5 [uM ] (n) 1.8(1.4,2.1)(11) 2.0(1.6,2.4)(12 0.45 (0.35, 0.54) (19) 0.34 (0.24, 0.44) (16)
Mg, ICs0 [WM ] (n)¢ 19 (16, 22) (16) 22 (18, 30) (14) 38 (23, 52) (7) 35 (22, 48) (7)
pH, %6.8/7.6 (n)Y 44% (40%, 47%) (12) 43% (39%, 46%) (11) 19% (16%, 22%) (9) 19% (16%, 23%) (13)
Zinc, IC5 [NM ] (n)® 8.5(6.8,10) (12) 4.1 (3.0,5.2) (12 NA NA
% Inhibition by 300 nM zinc 63% (59%, 68%) (12) 62% (565%, 70%) (12) NA NA
Amplitude (peak, pA/pF) HEK cells 144 (71, 216) 47 (17, 78) 59 (283, 94) 48 (22, 74)
Amplitude (SS, pA/pF) 109 (56, 162) 40 (17, 63) 49 (21, 77) 42 (19, 64)
Iss/lpeaks 1 mM glutamate 0.77 (0.74, 0.79) 0.88 (0.82, 0.93) 0.88 (0.82, 0.94) 0.86 (0.79, 0.92)
10%-90% rise time (ms), 1 mM glutamate 6.0(4.7,7.9) 14 (10, 17)* 12(9.4,15) 13 (11, 15)
© pasT deactivation (ms), 1 mM glutamate 48 (33, 62) 21 (13, 28)* 536 (468, 605) 24 (19, 28)*
t sLow deactivation (ms), 1 mM glutamate 268 (83, 454) 189 (29, 351) 2,045 (1172, 2917) 218 (55, 381)*
%1 gast deactivation, 1 mM glutamate 64% 91% 7% 74%
t w deactivation (ms), 1 mM glutamate 66 (54, 77) 26 (20, 31)* 821 (7283, 918) 37 (30, 43)*
Charge transfer, pA x ms/pF 8,598 1,085 50,028 1,743
N 7 7 7 8
Iss/lpeak, 1 LM glycine HEK cells 0.37 (0.24, 0.50) 0.50 (0.35, 0.65) NA NA
T rasT desensitization (ms), 1 M glycine 326 (90, 562) 102 (30, 174) NA NA
T sLow desensitization (ms), 1 uM glycine 1481 (322, 2639) 1961 (791, 3031) NA NA
%+ past desensitization (ms), 1 uM glycine 53% 57% NA NA
t w desensitization (ms), 1 uM glycine 757 (374, 1141) 1041 (206, 1877) NA NA
Iss/lpeaks 30 wM glycine 0.43 (0.26, 0.59) 0.71 (0.54, 0.87) NA NA
T pasT desensitization (ms), 30 .M glycine 652 (425, 878) 1423 (627, 2218) NA NA
t sLow desensitization (ms), 30 uM glycine 1943 (783, 3104) 2817 (898, 4741) NA NA
% past desensitization (ms), 30 wM glycine 68% 67% NA NA
t w desensitization (ms), 30 uM glycine 974 (667, 1282) 1898 (882, 2915) NA NA
N 11 10 NA NA
%Potentiation by MTSEA* Oocytes 326% (267%, 385%) 804% (679%, 929%) NA NA
Popen (from MTSEA) 0.26 (0.22, 0.30) 0.11 (0.09, 0.11)* NA NA
N 41 34 NA NA
Surface/total ratio (8-lac) HEK cells 100% 64% (55%, 74%)* 100% 67% (43%, 90%)*
Total protein % of WT (8-lac) 100% 110% (95%, 125%) 100% 193% (106%, 280%)*
N 5 5 7 7
Synaptic charge transfer 1.0 0.22 NA NA
Nonsynaptic charge transfer 1.0 0.004 NA NA

The data were expressed as mean (—95% ClI, +95% Cl) (n); Cl, confidence interval; (n) is the number of oocytes or HEK cells.
*o < 0.05 indicated when the 95% confidence intervals of the datasets for the variant receptors do not overlap with the wild-type receptors.

<Holdling potential was —60 mV.

YPercentage of the current at pH 6.8 compared with that at pH 7.6.

®Holding potential was —20 mV.

#Evaluated by TEVC recordings on Xenopus oocytes, see the Section “Materials and Methods” and Figure 3.

NA, not available.
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Parameters

Coexpressed with GIUN2A

Coexpressed with GIuN2B

WT GluN1

GluN1-P532H

WT GluN1

GluN1-P532H

l@as)He)/licontrony %o ()
|ps)/Vcontrory % (n)

| ¢obramycin)/\icontrony %o ()
l2a(s)He)/ | control),—60 mV (n)
I 24)HE) N controlys +30 MV (n)

1ps)/\(contror,—60 MV (n)
1ps)/l(controlys +30 mV (n)
D-Serine, ECso [LWM] (n)
L-Serine, EC5p [LM] (n)

p-Cycloserine, ECso [LM] (n)

122% (110%, 134%) (8)
315% (186%, 445%) (7)
NA

(1 4,1 8)
2.2(1.0,3.9)
1.1(0.90,1.2) (7)
180 (169, 191) (6)
28 (26, 30) (10)

125% (114%, 136%) (10)
260% (213%, 307%) (10)
NA
3(1.2,1.4)(9)

1.2(1.1, 1.4) (9)

0(1.8,2.2) (6)

2(1.6, 2.7) 6)
0.79 (0.70, 0.88) (10)*

79 (68, 90) (9)*

12 (11, 18) (10)*

162% (154%, 169%) (7)
382% (324%, 441%) (7)
199% (181%, 216%) (7)
NA
NA
NA
NA
0.42(0.37, 0.46) (9)
82 (74, 91)(7)
6.4(5.1,7.6) (8

159% (142%, 176%) (12)
331% (268%, 393%) (15)
189% (179%, 198%) (10)
NA
NA
NA
NA
0.39 (0.33, 0.46) (14)
18 (17,19) (12)*
5.8 (4.7, 6.9) (11)

The data were generated by TEVC recordings on Xenopus oocytes (VyoLp: —40 mV, unless otherwise stated) and expressed as mean (—95% Cl, +95% CI) (n); ClI,
confidence interval; (n) is the number of oocytes.

*p < 0.05 indicated when the 95% confidence intervals of the datasets for the variant receptors do not overlap with the wild-type receptors.

NA, not available.
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