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« Une des raisons les plus fortes qui conduisent les hommes à l'art et à la science c'est l'évasion de la 

vie quotidienne avec sa crudité douloureuse et son sombre manque d'espoir,  

de l'esclavage de ses désirs toujours changeants. »  

Albert Einstein  
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Abstract 

 

Intellectual disability and autism spectrum disorder are various conditions with features often 

including status epilepticus, attention deficit hyperactivity disorder, craniofacial 

dysmorphisms, symptoms overlapping to many neurodevelopmental disorders. A net 

discernment between these conditions appears tricky, and a clinical evolution for many 

pathologies has been observed from childhood to adulthood presenting symptoms common 

to different pathologies (e.g. KBG syndrome, Cornelia de Lange, Noonan syndrome…). 

Whole-Exome sequencing has recently been recommended as a first-tier diagnostic tool in 

the investigation of the genetic defects of neurodevelopmental disorders, being a valid tool to 

cope with the wide clinical and locus heterogeneity underlying the pathogenesis of intellectual 

disability and autism. Its application in the research field has elucidated novel altered 

pathways as well as it has raised the possibility to investigate that part of the genome still 

unknown. Moreover, thanks to the support of experimental evidence, mutation specific 

mechanisms have been unrevealed for the genes of intellectual disability and autism. We 

introduce a site-specific mutagenesis approach on the NLGN4X gene, which highlights a 

likely gain of function mechanism for a series of missense variants. 
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1.Introduction 

Neurodevelopmental disorders (NDDs) are a wide group of conditions affecting brain 

development and various aspects of daily functioning. They include autism spectrum disorder 

(ASD), intellectual disability (ID), motor disability, seizures, learning disabilities, and 

attention deficit hyperactivity disorder (ADHD)[1]. In the Diagnostic and Statistical Manual 

of Mental Disorders (DSM-5), NDDs are considered a group of conditions with onset in the 

developmental period, involving deficits that produce impairments of functioning [2]. At least 

30% of NDDs are thought to have a genetic basis [3]. 

ID and ASD are the most common conditions overall affecting 3-5 % of the population. ID is 

a condition characterised by below-average intellectual functioning together with significant 

limitations in adaptive functioning. ID is generally assessed through an IQ test and attributed 

to individuals with a result <70[4]. It encompasses a clinically and genetically heterogeneous 

group of neurodevelopmental disorders often associated with ASD. ASD comprises 

neurodevelopmental conditions characterised by deficient social interactions, poor or absent 

communication, repetitive behaviours, and apparently limited interests[5]. 

ID and ASD can be non-syndromic or syndromic when peculiar facies, typical clinical traits, 

and/or growth abnormalities are reported[6]. Prenatal and perinatal events, such as drug and 

toxins exposure during pregnancy, are correlated to the ASD and ID onset. Examples of risk 

factors consistently associated with an ASD diagnosis are an advanced paternal age, low birth 

weight, birth defects, and perinatal hypoxia and respiratory stress. ASD risk factors overlap 

with those reported for ID. Among the significantly associated ID factor risks we can mention 

advanced maternal age, low maternal education, maternal alcohol use, maternal tobacco use, 

maternal diabetes, maternal hypertension, maternal epilepsy and maternal asthma, preterm 

birth, male gender, and low birth weight [7], [8]. 

Currently >2,000 genes are related to ID and ASD. They are implicated in many important 

biological processes such as cell cycle regulation, DNA methylation and repair, and damage 

response, chromatin remodelling transcription and translation[4]. About 12,000 genes have 

not yet been associated with human diseases, but we expect novel ID/ASD genes will be 

found among these as the collection and analysis of genetic data move forward[9]. The 

integration of the results from genomic and transcriptome data, as well as network analysis 

will further help the identification of novel ID/ASD candidate genes[10]. 
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Combining clinical and molecular diagnosis is fundamental to deepen our knowledge of the 

pathogenic mechanisms underlying these disorders of neurodevelopment to target tailored 

treatments[11]. Single-nucleotide variants (SNVs), indels, and copy number variations 

(CNVs) have been identified as key variant types causing ID/ASD[12]. 

In this thesis, we take advantage of the Whole Exome Sequencing (WES) application to 

untangle the genetic bases of ID/ASD. However, the detection of novel ID/ASD candidate 

genes via WES is only the first step of the identification process of novel ID/ASD genes 

which demands subsequent functional investigation of their downstream effect on their 

related pathways[13]. 

  
      1.1     Unlocking the biology of autism 

ASDs are enigmatic diseases comprising classical idiopathic autism, Asperger's syndrome, 

Rett's syndrome, and pervasive developmental disorder. Other syndromic disorders, such as 

Down's syndrome, fragile X mental retardation, and tuberous sclerosis are often related with 

ASD[14]. The incidence of ASD has apparently increased recently, as a prevalence of 2.2-

2.7% has been reported among children[15] It is widely recognized that this increase is due 

to the different diagnostic criteria used. 

There is no definitive pharmacotherapy for the treatment of core symptoms of ASD. 

Therapies generally aim to reduce behavioural, educational, and immunological symptoms. 

Antipsychotic drugs only target secondary symptoms such as irritability, aggression, anxiety, 

or self-injurious behaviours[16]. 

Identifying the genes that contribute to autism is the most direct route to understanding the 

biology of the condition. Risk of autism has been linked to de novo copy number variants - 

deletions or duplications of large DNA regions. However, owing to the multigenic nature of 

these regions, determination of the causative gene is difficult. 

WES has permitted the detection of de novo or inherited mutations in the coding regions as 

well as new candidate genes for ASD. An analysis of 238 families screened via WES (with 

one child with non-inherited ASD) from the Simons Simplex Collection revealed an 

enrichment of de novo SNVs in the affected individuals [17]. 
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Modelling via computer simulation was engineered to calculate the likelihood that a SNV in 

the same gene in different individuals was responsible of their ID/ASD, as many de novo 

SNVs arise in siblings. 

It results that de novo SNVs in brain-expressed genes were associated with ASD; these 

variants conferred risk of the disorder in at least 14% of the individuals studied[17]. 

A second WES analysis carried out on 189 trios (parents and ASD children) from the Simons 

Simplex Collection, found that 39% of 120 severe de novo mutations belong to highly 

interconnected protein networks, related to the β-catenin and chromatin remodelling 

pathways.  

Noteworthy, de novo mutations were fourfold more likely to be inherited from the father than 

from the mother, with a correlation between paternal age and the number of de novo SNVs 

in their offspring[18]. 

Most of the ASD-related de novo SNVs identified in the three studies were found in 

independent genes, indicating the genetic heterogeneity of ASD. By use of statistical 

modelling, Sanders et al. showed that the presence of two or more de novo loss-of-function 

SNVs in the same gene is sufficient to demonstrate a genetic association with ASD[19]. After 

having proved a gene’s pathogenicity, it remains to demonstrate its biological role and how 

it can be addressed to develop new future treatments. 
 

1.2 ID/ASD heterogeneity and complexity 

Heterogeneity of symptoms in patients with ID are frequently observed, including different 

core signs [20]. Often, ID and ASD are present in the same patient: 70% of ASD patients also 

show ID, and 40% of ID patients display ASD[21]. Many studies showed that 22% to 83% 

of children with ASD have clinically symptoms that satisfy the DSM-IV criteria for ADHD, 

and vice versa, 30% to 65% of children with ADHD have ASD symptoms. A meta-analysis 

has evaluated that about 70% of patients with ASD experience at least one additional 

psychiatric disorder whereas epilepsy was observed in about 30% of cases[22], [23]. 

ID complexity severely hampers the diagnostic ascertainment, etiological exploration, and 

treatment assessment[24]. A misjudgement of a variant can originate not only from the 

underestimation of its molecular impact as for noncoding ones, but, as the above-mentioned 

reasons may suggest, also from the lack of correspondence between the expected and the 

observed clinical phenotype[25]. Intrafamilial and interfamilial clinical variability, partial 
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medical descriptions in the literature, genetic modifiers, and other variants possibly 

modulating the symptoms make the genetic diagnosis even more difficult. Moreover, some 

conditions simply are not caused by genetic alterations[11]. Currently, approximately 30% of 

the ID /ASD patients remain without a molecular diagnosis. 

Guidelines for genetic testing exist for ASD and for global developmental delay (GDD). 

These recommendations support the diagnostic decisions that, in certain cases, can be 

complicated by the GDDs complex genetic heterogeneity and require iterative genetic testing. 

The 2010 guideline from the American College of Medical Genetics and Genomics (ACMG) 

suggests that chromosomal microarray (CMA) and fragile X (FXS) testing should be first-

tier tests for individuals with unexplained GDD/ID and/or ASD (except for females with ASD 

and normal cognition, for which FXS testing is not recommended). There are also 

considerations for single-gene testing of MECP2 and PTEN[26]. Arteche-López et al 

recommend WES as a “first-tier test for the genetic diagnosis of ASD, when there 

is no suspicion of fragile X syndrome. Out of a diagnostic rate of 12, 8%, WES 

outperforms CMA (diagnostic rate 12,8%) permitting to diagnosis for mostly of 

the cases (75%) [27]. 

Both tests adopt an unbiased approach useful for conditions with heterogeneous genetics as 

NDDs are. Considering the diagnostic yield WES is recommended as first-tier test for 

NDDs[28]. If WES is nondiagnostic, the evaluation of CMA is suggested. If CMA is 

nondiagnostic, further tests could be considered as periodic clinical revaluation, reanalysis of 

WES data, allowing to enhance the molecular diagnostic yield by 10–16%, FXS testing, 

metabolic testing and/or mitochondrial DNA (mtDNA) sequencing, and karyotyping to assess 

for balanced chromosomal rearrangements [28]. 

The WES higher diagnostic yield for ID results from the capability to detect the most common 

(PVs) that are found in the population (single-nucleotide variants SNVs) representing many 

genetic loci for ID/ASD. This helps to deal with the high degree genetic and clinical 

heterogeneity of ID/ASD [20]. 
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1.3 Whole Exome sequencing: benefits and drawbacks      

The exome represents less than 1% of the human genome but contains 85% of known 

disease-causing variants [29]. Whole-exome sequencing (WES) is an application of the next 

generation sequencing technology exploring the variants in the coding regions of the genes. 

The advent of WES has enlightened monogenic forms of Global developmental delay 

(GDD) not detectable by CMA, FXS testing, or single-gene sequencing[4]. A relevant 

contribution came from studies involving genetic testing of biological parents or several 

affected family members[31].  

WES is a powerful method to rapidly detect the cause of most genetic diseases and it is 

becoming more and more cost-effective and a reduction of the costs of the 76% in healthcare 

has been hypothesised[31]. It also enables to effectively perfectionate initial medical 

diagnosis of NDDs patients with an incomplete medical history and to dissect complex 

phenotypes misinterpreted as a unique clinical condition as a combination of multiple 

monogenic, digenic or oligogenic diseases; this eventually leads to simplifying patient 

management [32]. For these reasons, WES has largely been adopted in clinics in the last 

years. 

Despite these indisputable positives, WES has some drawbacks that are being implemented: 

it do not detect chromosomal copy number variants (CNVs); it has problems in recognizing 

certain rearrangements or translocations; it do not identify epigenetic changes nor 

trinucleotide repeat expansion; it presents various technical limitations as the 

underestimation of positives because of low-covered regions and miscalling of false 

positives due to homopolymers; the WES sensitivity for the detection of mosaic events is 

lower compared to panel testing; which offers a higher read depth and sequence 

coverage[33]. Some of these limits could be overcome by combining WES to chromosomal 

microarray-CGH (CMA); the latter typically detects CNVs and regions of homozygosity, 

but not monogenic disorders[34].  

However, the main challenge remains the interpretation of the huge amount of data 

generated through sequencing. Exclusion of causative variants could in fact be due to the 

selection of the de novo variants in a proband from an unaffected family, underestimating 

the incomplete penetrance and the variable expressivity of some clinical conditions[35]. 

Additionally, the variants classification should be subject to a periodic reanalysis going in 
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parallel with the increasing knowledge of the phenotypes and of the effects caused by the 

molecular changes. Indeed, it has been estimated that a likely pathogenic variant (LPV) has 

about 10% false positive rate as the cause of an individual’s clinical presentation. 

In the last few years WES has become the first-choice method to investigate genetic 

diseases. First, it gave us new opportunities to discover unknown disease-causing genes. 

Moreover, its effectiveness was clear in the field of syndromic intellectual disability, often 

characterised by phenotypic and genetic heterogeneity. WES is also an optimum method in 

cases of non-syndromic ID in which the lack of diagnostic handles makes obtaining a 

genetic diagnosis with traditional genetic tests arduous and sometimes enables personalised 

pharmacological treatments[36]. 

Yields of WES range between 30% to 50% for patients with mild to severe NDD/ID[36]. 

The diagnostic yield of WES analysis in a cohort of moderate–severe non syndromic ID 

patients was 49.2%. 31% for isolated NDDs, and >50% for the NDDs plus associated 

conditions. Several WES studies have focused on individuals with varying presentations of 

NDDs identifying genetic causes in as many as 61% of cases. Higher diagnostic rates have 

been observed in studies involving the genetic testing of parents or comprising other 

affected family members. The diagnostic rate for DNMs, although lower (11%), justifies 

the application of the WES for studying the causes of sporadic ID[30]. Recent literature 

showed us WES identification of two or more Mendelian diseases in the same patient with 

a complex phenotype[38]. It lets us think that with the natural evolution of the technique it 

will be even more common. 

 

1.4     WES as resource for paediatric patients 

Between 2009 and 2017 in the United States of America a relevant increase in the prevalence 

of children between 3 and 17 years old was observed for different conditions belonging to the 

spectrum of NDDs: developmental disability (16.2%–17.8%), ADHD (8.5%–9.5%,), ASD 

(1.1%–2.5%), and ID (0.9%–1.2%)[39]. 

Factors such as infection during pregnancy, birth complications, heredity, poison exposure, 

cancer, abuse, and low socioeconomic status are related to NDDs[40]. Mild symptoms were 

underestimated, and positive treatment was failed during the onset, therefore, it took a long 

time to reach the final diagnosis. For patients who could not receive an accurate diagnosis, 
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Trio-WES was performed. WES helps the assessment of significantly more conclusive 

diagnosis (29.3%) than the standard care pathway (7.3%) in paediatric neurology without 

incurring higher costs. Molecular diagnosis is crucial to improve outcome, prevent 

complications, and children’s developmental outcome could benefit from early intervention. 

In a recent study, WES was performed for 17 children with a mean age of 5.6 years of age, 

with DD/ID reaching an overall diagnostic yield of 58.8% (10/17). Eight de novo variants 

were detected, including five SNVs/Indels and three CNVs. In addition, CNV analysis 

revealed three pathogenic CNVs, increasing the diagnostic yield by 17.6% (3/17), which 

agrees with a recent study according to the incorporation of exome-based CNV calling 

increased the diagnostic rate of trio-WES by 18.92% (14/74) in NDDs patients. The use of 

WES together with CNVs analysis leads to a positive outcome in about 54.05% (40/74) of 

the cases, with improvements in terms of health outcome, reduced morbidity and raising the 

possibility of life-saving treatments when performed in the early infancy[41], [42].   

A study on a total of 102 paediatric patients diagnosed with ID and epilepsy with unknown 

causes highlighted the advantage in the utilisation of both CMA and WES as unbiased 

approaches for genetically heterogeneous conditions. The overall diagnostic yield of genetic 

aberrations was 33.3% (34/102), which comprised 50.0% with diagnostic CNVs and 50.0% 

with diagnostic SNVs. The diagnostic yield appeared to correlate positively with ID 

severity[43].  

WES application appears promising when supported by a diagnostic suspicion and resolutive 

for paediatric patients with immature clinical traits, not clear markers of one syndrome rather 

than another [44]. Elucidating a molecular diagnosis is that it can modify clinical management 

for individuals and families affected by ID/ASD for example by entering a surveillance path 

for disease-related conditions, by avoiding repeated rounds of investigation, and/or by 

addressing further tests for associated medical conditions[4].  

 

1.5     Gender differences 

DSM-5 mentions male-to-female ratios of 4:1 for the diagnosis of ASD, 2:1 for the diagnosis 

of ADHD in children, and 1.6:1 and 1.2:1 for mild and severe ID, respectively; this increased 

percentage of males is often due to complex interactions between genetics, hormones, and 

environmental factors[2]. Classically, two theories have been trying to explain the different 
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male/female ratio observed in the NDDs: the female protective effect and the extreme male 

brain theory[45]. 

The female protective effect theory states that the differences in the female/ male percentages 

of the individuals affected with NDD can be explained by the genetic differences 

characterising males and females. Females have a second X chromosome, which compensate 

for the effect of “hits” that alone are sufficient for a male patient to develop symptoms. For 

example, in Fragile X syndrome, which is a genetic condition resulting in an expansion of the 

FMR1 gene on the X chromosome, males usually have ID as their only X chromosome is 

affected; whereas females are less severely or not obviously affected because of the protective 

effect of their second unaffected X chromosome. Furthermore, the female brain matures faster 

than the male one and this could expose males to increasing risk for damage [46]. 

A study by Jacquemont et al. on thousands of individuals affected with NDDs strengthened 

the validity of the female protective effect. The distribution of deleterious autosomal variants 

(CNVs and SNVs) in male and female patients with an ascertained diagnosis of NDD proved 

a systematic excess of deleterious variants in females diagnosed with NDD. Also, mothers 

who underwent no medical investigation showed an increased mutational burden compared 

to fathers of probands with a NDD diagnosis. This evidence is in support of a “female 

protective model”, for which female patients would require a higher mutational burden to 

reach the threshold needed to develop NDD symptoms than the male patients [47]. 

The Extreme Male Brain theory developed by Baron-Cohen asserts that autistic people have 

a hypermasculinized brain that is better at systemizing rather than empathy [48]. 

The study found typical females had more empathising brain types, males had more 

systemizing brain types and self-reported autistic people reported more systemizing or 

‘masculinized’ responses and below average empathy. However, there was a similar sex 

pattern between typical and autistic people with females still showing higher rates of empathy 

and lower rates of systemizing, regardless of whether they were autistic. That autistic people, 

in particular females, had more masculine responses linked back to possible androgen 

exposure in utero (the androgen theory of autism) and other biological differences between 

the sexes [49]. Maternal and childhood stress have also been related to the development of 

neurodevelopmental disorders. Placental levels of the X-linked gene O-linked N-

acetylglucosamine transferase (OGT) are important in neurodevelopmental programming and 

metabolic regulation. Within the placenta, OGT levels are higher in females than males as it 
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escapes X inactivation (where one copy of the X chromosome is inactivated). In case of 

maternal stress, OGT is reduced in both males and females and male placentas exposed to 

prenatal stress have lower levels of OGT for a sustained period. The role of OGT includes 

stabilising the protein EZHZ, which leads to an increase in the histone repressive mark 

H3K27me3; thus, the low levels of OGT in males would place chromatin in a more reactive 

state compared to females exposing them to a higher sensitivity to insults[50]. 

  

     1.6     Site-directed mutagenesis on neuroligin 4X-linked  

Experimental evidence is required to shed light on the different mechanisms of action of 

different variants. Site-directed mutagenesis, firstly introduced in 1978 by Michael Smith and 

colleagues, creates a specific mutation being able to characterise gene and protein structure–

function relationships, protein–protein interactions, binding domains of proteins, or active 

sites of enzymes for the last three decades. A nucleotide sequence of interest is experimentally 

altered using synthetic oligonucleotides. The most used approach is to use an oligonucleotide 

that is complementary to part of a single-stranded DNA template but containing an internal 

mismatch to generate the mutation. In addition to single point mutations, site-directed 

mutagenesis may also be used to construct multiple mutations, insertions, or deletions[51]. 

We employed this technique to explore the role of variants in NLGN4X, which plays a role 

both in the synaptic transmission and development. ID/ASD conditions are frequently 

observed in combination with an epileptic status; this can let one think that an imbalance 

between excitatory and inhibitory transmission could be involved in ASD[52]. 

Neuroligin 4 X-linked (NLGN4X) is a member of the family of the neuroligins. Neuroligins 

are post-synaptic adhesion molecules needed for the functionality and for the maturation of 

synapses interacting with pre-synaptic molecules called neurexins. Both these cell-adhesion 

molecules mediate the synapses-signalling and shape the properties of the neural networks. 

Considering that the inputs and outputs at the level of the cerebral circuit depend on the 

features of the individual synapses as well as on the overall synaptic connectivity they could 

represent a molecular hotspot in the pathogenesis of NDDs [52]. 

NLGN4X has been found adopting a reverse transcription PCR approach on the human brain 

RNA, which highlighted the presence of the three human homologs of the three rat neuroligins 

and a cDNA corresponding to the fourth neuroligin. NLGN4X is expressed in the brain, 

particularly in the frontal cortex; its knockdown is causative of gene expression and 



 14 

morphological alterations, up-regulation, and down-regulation of several biological pathways 

[53]. 

Neuroligin 4 X-linked is an X-linked postsynaptic scaffolding protein, with functional role in 

excitatory synapse development and maintenance. There are 5 homologous neuroligin genes 

in the human genome, NLGN1, NLGN2, NLGN3, NLGN4X, and NLGN4Y, encoding for 

neuronal cell-surface proteins with the 70% of amino acid identity and the same predicted 

domain structure with an N-terminal signal peptide, the esterase-like domain with two sites 

of alternative splicing, a linker region, and a cytosolic portion[54]. Currently, all the 

neuroligins have been related to NDDs. The role of NLGN4X in the ASD has been questioned 

not being definable as a common cause of it, but currently mutations in NLGN4X have been 

described in more than 50 ASD patients [55].  

NLGN4X promotes neuritogenesis in immature human neurons at the level of the leading edge 

of growth cones. Super-resolution microscopy revealed that NLGN4X clustering induced 

growth cone enlargement and influenced actin filament organisation. These morphological 

effects were not observed by ASD-patients with NLGN4X variants.  

Many PV types in NLGN4X have been reported. Deletions, nonsense, and frameshift variants 

that have been postulated to lead to likely LoF mechanisms. The effect of missense variants, 

instead, seems to be mutation specific, as displayed by the following examples: -R87W causes 

the retention of NL4 in the endoplasmic reticulum (ER) and its subsequent rapid degradation; 

it  inhibits its surface expression as a consequence of folding impairment (LoF); -R704C 

enhances the binding affinity of the neuroligin for synaptic receptor increasing the number of 

excitatory synapses and thus acting through a GoF mechanism; -R101Q impairs the NLGN4X 

maturation, decreases its surface trafficking and inhibits its silencing of excitatory synapses, 

increasing the excitatory transmission (LoF). 

It is relevant to know the NLGN4X-mutation specific mechanisms of action as 

pharmacological approaches have already been applied to rescue the phenotype caused by 

LoF NLGN4X variants. Treatment with the chemical chaperone 4-PBA (4-Phenylbutyric 

acid) recovered the abnormal cell surface level and synaptogenic activity caused by 

misfolding and ER retention [56]. 

Currently, NLGN4X has been associated with several non-syndromic neuropsychiatric 

disorders such as ID, ASD, anxiety, ADHD, and Tourette's syndrome. NLGN4X’s phenotype 
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was considered fully penetrant until female patients mildly affected, or similarly affected as 

males, were documented. In one case, this was explained via random X-inactivation[57]. 

Nevertheless, as part of the family of neuroligins, NLGN4X could be implied in the syndromic 

ASD pathogenesis. NLGN3 KO in mice is causative of a reduction in the miniature 

postsynaptic current amplitudes (mEPSC) and of an occlusion of long-term depression 

mediated by metabotropic glutamate receptor (mGluR). An unbalanced function of mGluR 

has been observed in the Tuberous Sclerosis and in the X- Fragile syndromes. 

Moreover, studies on the neuromuscular junction (NMJ) in Caenorhabditis elegans 

demonstrated that in mutant worm lacking the function of a specific microRNA, a retrograde 

signal coming from the muscle inhibits the acetylcholine release by axonal terminal of motor 

neurons. In the wt instead, a retrograde signal occurs when miR-21, a specific muscular mi-

RNA is inactivated. This signal depends on the interaction between NLGI-1 and NRX-1 at 

the level of the muscle[58]. 

To date, the effect of missense variants and the full phenotypic spectrum in females is not 

well understood. We collect a series of missense variants in NLGN4X to deepen our 

knowledge regarding their functional mechanism. 
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2. Results 

2.1 Exome Sequencing in 200 Intellectual Disability/Autistic Patients: New 

Candidates and Atypical Presentations 

In this section, we describe a study on 200 families with at least one proband with an 

unexplained diagnosis of ASD/ID-related phenotype. Considering the high disease 

heterogeneity and the difficulties in making an early diagnosis for ID/ASD patients, we 

confirm the WES to be an effective diagnostic tool for devising tailored treatments in patients 

with ID and/or ASD, particularly those with additional clinical features.  

Finally, CACNA2D1 and GPR14 have been proposed as novel candidate genes needing 

further studies to characterise their contribution and to show how their haploinsufficiency is 

linked to ID/ASD.  

Concluding, WES was able to avoid patients’ “diagnostic odyssey” for a significant fraction 

of families.  
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2.2 New Candidates for Autism/Intellectual Disability Identified by Whole-

Exome Sequencing 

 

In this chapter, we present a study concerning the identification of four novel ID/ASD 

candidate genes. We performed parent–offspring trio WES in a cohort of 60 mostly 

syndromic ID/ASD patients and we detected 8 PVs in genes already known to be associated 

with ID/ASD (SYNGAP1, SMAD6, PACS1, SHANK3, KMT2A, KCNQ2, ACTB, and POGZ). 

We found four de novo disruptive variants in four novel candidate ASD/ID genes: MBP, 

PCDHA1, PCDH15, PDPR.  

Finally, we selected via bioinformatic tools VUS in ID/ASD known genes and in novel genes 

that alone or in combination can contribute to the phenotypes. 

In conclusion, we confirmed that WES offers expanded diagnostic options for patients with 

ID/ASD who resulted negative to standard genetic testing.  
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2.3 SPTBN5, encoding the βV-spectrin protein, leads to a syndrome of intellectual 

disability, developmental delay, and seizures 

 

In this section, we illustrate four families with variants in SPTBN5 associated with NDDs 

identified by WES. 

Bioinformatic predictions and protein modelling by Pymol and AlphaFold revealed a 

detrimental effect provoked in the proteins encoded by the reported variants. AlphaFold 

generates 3D models exploiting convolutional neural networks trained on PDB structures, 

predicting the distances between pairs of amino acids and the angles between chemical bonds 

connecting those amino acids. AlphaFold appears useful especially in cases for which no 

structures for homologous proteins are experimentally determined like βV-spectrin, enabling 

an advance in protein-structure prediction.  

The SPTBN5-clinical traits in our patients include ID (mild to severe), aggressive tendencies, 

accompanied by variable features such as craniofacial and physical dysmorphisms 

(clinodactyly, arachnodactyly, broad nasal bridge, triangular facies, thin upper lip, low set 

ears), ASD, and gastroesophageal reflux.  
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2.4 Natural history of KBG syndrome in a large European cohort 

 

In the context of a European collaborative study, we collected 49 patients affected by KBG 

syndrome (KBGS) from prenatal age to forties with the aim of characterising the KBGS-

associated clinical features progression. A combined array-CGH and NGS approach 

investigated both genomic CNVs and SNVs, permitting us to assign a diagnosis when rare or 

unique clinical signs hamper the medical ascertainment. 

Our results allow us to broaden the spectrum of KBGS phenotype progression and 

demonstrate that the combined use of ES and array-CGH supports the diagnosis of KBGS, 

particularly in paediatric patients with immature clinical findings. 



 54 

 
 

 

 

 

 

 



 55 

 

 

 
 

 

 

 

 



 56 

 

 
 

 

 

 

 

 



 57 

 

 
 

 

 

 

 



 58 

 

 
 

 

 

 



 59 

 
 

 

 

 

 

 



 60 

 

 
 

 

 

 

 

 



 61 

 
 

 

 

 

 

 



 62 

 
 

 

 

 

 

 

 

 



 63 

 
 

 

 

 

 

 

 



 64 

 
 

 

 

 

 

 

 



 65 

 
 

 

 

 

 

 

 

 



 66 

2.5 Additional analysis and collaborations 

In the context of the exome analysis, we collected 101 positive cases out of a selection of 330 

ID/ASD patients, 49 of those suffering from KBGS.    

From a molecular point of view, we detected a statistically significant difference between 

male and female patients for non-disruptive variants and disruptive variants in the ID/ASD 

genes and in new candidate ID/ASD genes, with the first being enriched in the males and the 

latter found more abundant in the females (ratio variants non-disruptive/variants disruptive) 

(fig.1). From a clinical point of view, most of the female patients (6/8) showing missense PVs 

in syndromic genes suffered from less symptoms and displayed more non-syndromic 

conditions with regards to the male patients with the same kind of variant. 

 
We collaborated to identify a novel ID gene: CAPRIN1. CAPRIN1 encodes a ubiquitous 

protein implicated in the transport and translation of neuronal mRNAs critical for synaptic 

plasticity, and of mRNAs encoding proteins required for cell proliferation and migration in 

multiple cell types.  

The subsequent clinical features were reported for 12 cases with LoF variants in CAPRIN1: 

language delay (100%), ID (83%), ADHD (82%), ASD (67%), respiratory problems (50%), 

limb/skeletal anomalies (50%), developmental delay (42%) feeding difficulties (33%), 

seizures (33%) and ophthalmologic problems (33%). In patient-derived lymphoblasts and 

fibroblasts, a monoallelic expression of the wild- type allele, and a reduction of the transcript 

and protein consistent with a half dose emerged. CAPRIN1+/- human iPSCs (hiPSCs) were 

differentiated into neuronal progenitor cells and cortical neurons. CAPRIN1 loss caused 

reduced neuronal processes, overall disruption of the neuronal organisation, an increased 

neuronal degeneration, and an alteration of mRNA translation. CAPRIN1+/- neurons also 
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showed an impaired calcium signalling and increased oxidative stress, both possibly 

impairing neuronal network development and functionality. Measurements of activity in 

CAPRIN1+/- neurons via micro-electrode arrays (MEA) indicated lower spike rates and 

bursts, with an overall reduced activity[2].  

By WES we detected the novel acceptor splice site variant c.26-2A>G (falling in intron 2 of 

CNOT3, in correspondence to the donor splicing site of exon 3, in a family with syndromic 

ID. The proband showed ID, language delay, structural cerebral anomalies, physical 

dysmorphisms and cardiac defects whereas his mother manifested milder clinical traits and 

shared peculiar facial traits with his son (broad forehead, frontal drafts, long palpebral 

fissures, prominent columella, anteverted nares, short philtrum, thin lips, and micrognathia). 

According to the ACMG and to the bioinformatic splicing prediction tools the variant was 

predicted to be pathogenic leading to an alteration on the canonical splice site at 3’end. Sanger 

sequencing demonstrated the retention of intron 2, and showed from the beginning of intron 

retention, an amplification of exons 1-2, reconnecting to exon 3 without altering the reading 

frame. We reported the case of a girl affected by a composite developmental disorder, 

predominantly characterised by ID, language disorder and dyspraxia. Her urinary 

glycosaminoglycans (GAGs) dosages were above the normal values, raising the suspect of 

lysosomal storage disorder. WES sustained her diagnosis of Mucopolysaccharidosis IIIB. 

We finally documented the finding by WES of two independent genetic syndromes due to 

SMARCC2 and RAF1 defects in two children and their mother suffering from NDDs. The first 

daughter carried a novel PV (p.(Ala1095Glnfs*)) in the SMARCC2 gene, recently associated 

with Coffin-Siris syndrome 8. We reported down slanting palpebral fissures, short philtrum, 

downturned mouth, pointed chin, prominent and simplified ears, and arteriovenous 

malformation as novel characteristics of the CSS 8[3]. Her mother, instead, held the PV 

(p.(Thr661Met)) in RAF1. Finally, the second daughter showed both the PVs in SMARCC2 

and in RAF1. 

 

2.6 Site-directed mutagenesis on NLGN4X 

In this section we illustrate a site-specific mutagenesis approach that we performed with the 

aim of investigating NLGN4X-missense variants acting according to a likely GoF mechanism. 

We collected 4 unreported missense variants from an international collaboration (G174E, 

R232W, R437Q, R338K) and 5 VUS (variant of unknown significance) obtained from the 
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scientific literature (L406I, V371I, V522M, R753S, R583Q). All the variants fell in the 

extracellular portion of the Neuroligin 4 X-linked protein apart for the mutation R753S.  

Patient 1 -Mutation R338K 

The mutation (p.(Arg338Lys)) was shared by many members of a family showing overall non 

syndromic ASD and ID clinical features. 

Patient 2 -Mutation R232W  

The patient 2, a 22-year-old young man, inherited the novel PV c.694C>T, (p.(Arg232Trp)) 

from his mother. The following series of problems was reported:  short stature, loss of 

ambulatory ability, interdigital webbing with abnormal hand creases, left preauricular pit, 

possibly familial, severe ID with ASD, intractable epilepsy, sensorineural bilateral hearing 

loss, arachnoid cyst, dysmorphic craniofacial features, overweight, paediatric, BMI 

corresponding to the 85.0-94.9 percentile for age, gastrostomy tube dependence, exotropia. 

Patient 3 -Mutation R437Q 

The patient 3 was a 2 years and 6 months old child born from eutocic birth to term of normal 

spontaneous pregnancy. Regular weaning was reported at 6 months of age.    

He acquired the sitting station at 6 months, and he started to walk autonomously at 15 months. 

His lallation began in time, but he never pronounced entire words. From the age of 15 months, 

he showed poor interest throughout the others with absent speech, stereotypic movements, 

and food selectiveness. He was diagnosed with ASD, absent language, and showed no 

physical and facial peculiarities. ES identified the variant c.1310G>A (p.(Arg437Gln)) 

rs1377267584 (AF in gnomAD 0.0010%). He inherited the variant from her unaffected 

mother. 

Patient 4-Mutation G174E 

The patient 4 was a 5-year-old boy displaying the subsequent symptoms:  global severe 

developmental delay, seizures. He did not receive a formal diagnosis of ASD. He showed 

microcephaly with lissencephaly and diffuse brain abnormality in old MRI, spastic 

quadriparesis with more recent increase in muscle spasticity, bilateral profound sensorineural 

hearing loss, bilateral optic atrophy with macular scars and vertical nystagmus, feeding 

disorder and G-tube placement, respiratory muscle weakness with poor secretion clearance 

and aspiration pneumonias, obstructive sleep apnea, recurrent bronchitis, and asthma, short 

stature, joint contractures at elbows and knees, scoliosis, dysmorphic features including ptosis 

and large low set ears. He underwent CMA with normal outcome. The trio ES highlighted the 
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hemizygous variant of uncertain significance c.521G>A, (p.(Gly174Glu)), inherited from his 

unaffected mother.  

Patient 5 -Mutation R649Lfs*2 

The proband was a 12-year-old male patient with past medical history of ASD, ID, and 

intermittent explosive disorder. On objective examination, he was overall non dysmorphic. 

Prior genetic testing revealed a frameshift mutation in NLGN4X, c.1946_1947delAC 

(p.(His649Leufs*2)) that he inherited from his mother which likely explained his 

neurodevelopmental presentation. His behaviour was difficult to control.  

To sum up, bilateral profound sensorineural hearing loss, short stature and gastrostomy-tube 

dependence appeared as shared clinical features not reported before for the NLGN4X-

phenotype. 

 

First, to get an idea of the effects of our variants on the encoded protein, we analysed them 

with HOPE and Phyre2 tools, which predicted damage effects in the proteins to different 

extent. A structural damage was predicted by Phyre2 for R338K, caused by the replacement 

of a buried hydrophobic residue with a hydrophilic one. 

The variant G174E triggered disallowed phi/psi alert, leading to phi/psi angles in the outlier 

region for the mutant residues. Finally, the substitution of arginine with a glutamine in 

position 437 replaced a buried charged residue with an uncharged one. The substitution also 

disrupted all side-chain/ side-chain H-bonds formed by a buried residue. Phyre2 did not report 

structural damage for the variants R232W, V371I, R583Q, L406I, V522M but an evaluation 

of the detrimental effects was obtained by HOPE. The residue changes of the variants R232W 

and V371I were located on the surface of the protein, and mutation of these residues could 

disturb interactions with other molecules or other parts of the protein. The missense variant 

R583Q lay in a domain that is important for binding of other molecules. The mutated residues 

were in contact with residues in another domain, and these contacts could be disturbed. L406I, 

V522M were in a region that was annotated to form an α-helix. The mutations converted the 

wild-type residues into new ones disrupting the α-helices. 

Secondly, site-directed mutagenesis was performed, followed by molecular imaging on 

Neuro2A or murine neuroblastoma cell lines. Mutant’s cell morphology was compared to the 

one of the NLGN4X wild type cells and to cells with plasmids containing GFP only. The cells 

transfected with the NLGN4X plasmid developed processes in >70% of the cases whereas the 
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7% of the cells containing only GFP manifested processes. We were unable to reproduce the 

mutation G174E, that resulted not vital in bacteria.  

We stained the endoplasmic reticulum (ER) with an anti-RTN4 antibody to highlight a 

possible retention of NL4 in it. The RTN4 (Reticulon 4) gene belongs to the family of 

reticulon encoding genes. Reticulons are associated with the endoplasmic reticulum and are 

involved in neuroendocrine secretion or in membrane trafficking in neuroendocrine cells. 

Reticulons are required to induce the formation and stabilisation of ER tubules[4]. Neither 

the GFP signal of wild type cells nor of the mutant cells overlapped to the one of the anti-

RTN4, with exception of the cells carrying the mutation R232W (fig.2 A-H).  

For the variant R232W a phenotypic regression to an undifferentiated stage was observed 

with cells showing neuritis only in 15% of the cases and an overall reduction of the area’s 

distribution of the neuroligin 4 X-linked. Morphologically, the Neuro2A mutant cells 

revealed an overall decrease in the neuritis length and a general decrease of membrane’s area 

distribution of the neuroligin 4 X-linked compared to the wt cells, suggesting different 

pathogenic mechanisms (fig. 3). Due to the various Neuro 2A cell morphology, no 

differentiation between dendrites and axons was made.  
       NLGN4X wt (A)      63X               GFP (B)                                 R338K(C)                                 R232W(D)                                        

                                
          V522M (E)                                V371I (F)                                L406I(G)                                   R437Q(H)   

                     
 
Figure 2 (A-H): Images at electron microscopy of Neuro2A wt and mutant cells containing GFP-conjugated plasmids, stained with 

the anti-RTN4 antibody. The staining did not reveal an overlap between the green signal by GFP and the red signal (produced by anti-

RTN4) in the transfected cells, except for the R232W mutation. 
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Figure 3: Graphs of the differences between Neuro2A wt and mutant cells in the area distribution and the neurite length (the point 

stands for a comma). 30 cells were evaluated for each plasmid at time. The experiments and the analysis were repeated three times. An 

overall decrease in the neuritis’ length and in the distribution of the neuroligin 4 X-linked protein was detected. 

                                

To deepen our knowledge regarding the effect of the variants on the actin organisation on 

growth cone, we proceeded with a confocal microscopy examination on GN11 mouse 

neuronal cell line. For cells containing the plasmid WT, GFP, L406I and R232W, actin was 

visualised (fig.5). These photos confirmed a reduction of the membrane distribution and of 

the number of cell processes in the cells carrying the mutation R232W(fig.4-5).  

We hypothesised this could be explained as a retention of the neuroligin 4 X-linked in the 

endoplasmic reticulum. Furthermore, a decrease in the number of the actin filaments was 

apparent in the mutant cells. 

           



 72 

 
Figure 4 (A-G): Images at confocal microscopy of the GN11 cells transfected with wt and mutant plasmids. An overall decrease in 

the length of the processes and in the area distribution of the neuroligin 4 X-linked was observed. A simplified morphology was 

apparent for cells carrying the R232W mutation. 

 
 
     NLGN4X wt(A)        63x          GFP(B)                          R232W(C)                               L406I(D)                       

                                                               
Figure 5 (A-D): Images at confocal microscopy of the GN11 cells transfected with wt and mutant plasmids with actin marked in red.   

A decrease in the number of the actin filaments was noted in the mutant cells, and a reduced area of distribution for the neuroligin 4 

X-linked protein was visualised for the mutation R232W. 

 

 

We decided to get insight into the differences in protein expression in the mutant cells with 

respect to the wt ones by performing a Western blot. Neuro2A cells were transfected with 

NLGN4X-GFP (for the WT, R437Q, R338K, R232W, R583Q, R753S e V371I) and with a 

plasmid containing RFP protein to compare the efficiency of transfection in the mutant cells. 

Bands signals were normalised choosing Glyceraldehyde 3 Phosphate Dehydrogenase 

(GAPDH) as housekeeping gene. Analysis of the optical density revealed an increased 

expression of the neuroligin 4 X-linked protein for all the mutant cells (fig.6-7). 
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Figure 6-7: Western blot on Neuro2A cell line reporting NLGN4X-GFP, GAPDH and RFP signals going from above to below. Primary 

antibodies used were Turbo-GFP, anti-RFP and anti-GAPDH. Below, differences in the normalised optical density measured in the 

mutant cells and in the wt cells, showing an increase in the protein expression in the mutant cells.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

0
2
4
6
8
10
12
14

WT R437Q R338K R232W R583Q R753S V371I

NLGN4X protein expression

Anti-NLGN4X -GFP 

Anti-GADPH 

Anti-RFP 

*O.D.= optical density 

N
or

m
al

is
ed

 O
.D

. 



 74 

3.Materials and Methods 
 
3.1 Whole Exome Sequencing 
 
3.1.1. Selection of Patients and DNA Samples Preparation 
 
Genetic counselling was carried out to evaluate each patient’s personal and familial history. 

Parents provided and signed a written informed consent at the Medical Genetics department 

of the University of Siena for exome sequencing analysis, clinical data usage, and the use of 

DNA samples from the tested individuals for both research and diagnosis purposes. We 

analysed several patients affected by ID and ID/ASD recruited from January 2019 until the 

end of August 2022. 

Genomic DNA from the probands and parents was isolated from EDTA peripheral blood 

samples using MagCore HF16 (Diatech Lab Line, Jesi, Ancona, Italy) according to the 

manufacturer’s instructions. 

 

3.1.2. Libraries ‘preparation and analysis 

Sample preparation was performed following the “Illumina DNA prep with enrichment” 

manufacturer’s protocol. This protocol involves the use of a bead-based transposome complex 

to perform tagmentation, a process that fragments the genomic DNA and then tags it with 

adapter sequences in one step. After saturation with input DNA, the bead-based transposome 

complex fragments a set number of DNA molecules. This fragmentation provides flexibility 

to use a wide DNA input range to generate normalised libraries with a consistent tight 

fragment size distribution. Then, a limited-cycle PCR adds adapter sequences to the ends of 

a DNA fragment. A subsequent target enrichment workflow is applied. Following pooling, 

the double-stranded DNA libraries are denatured and biotinylated. Illumina Exome Panel v1.2 

(CEX) probes are hybridised to the denatured library fragments. Then Streptavidin Magnetic 

Beads (SMB) capture the targeted library fragments within the regions of interest. The 

indexed libraries are eluted from the beads and further amplified before sequencing. Whole-

exome sequencing analysis was performed on the Illumina NovaSeq6000 System (Illumina 

San Diego, CA, USA) according to the NovaSeq6000 System Guide. Reads were mapped 

against the hg19 reference genome using the Burrow–Wheeler aligner (BWA) [5].Variant 
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calling was obtained using an in-house pipeline which takes advantage of the GATK Best 

Practices workflow [6]. 

 

3.1.3. Filtering and Variant Prioritisation 

All variants were screened according to frequency, location, mutation category, literature, and 

mutation database data (ClinVar database, LOVD database, HGMD database). 

Polymorphisms (minor allele frequency, MAF< 0.01) were excluded, and synonymous 

variants were assumed to be benign or likely benign. Missense variants were predicted to be 

damaging by CADD-Phred prediction tools for functional effect prediction. Frameshift, stop-

gain, and splice site variants were prioritised as pathogenic. A prediction of damage for the 

unreported missense variants in the new candidate genes came from HOPE and Phyre2 tools. 

The potential impact of the variants on splicing was evaluated using Alamut Visual 

software—version 2.11-0 (Interactive Biosoftware, Rouen, France), which employs five 

different algorithms: SpliceSiteFinder-like, MaxEntScan, NNSPLICE, GeneSplicer, and 

HumanSplicingFinder. The following public databases were used for the interpretation of the 

variants: ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/), LOVD 

(https://databases.lovd.nl/shared/genes), Human Genome Mutation Database (HGMD, 

http://www.hgmd.cf.ac.uk/ac/index.php3). 

 

3.1.4 Variant’s identification 

The identification of the ID/ASD causative variants proceeded in many steps:  

1. Assessment of pathogenicity: nonsense and frameshift variants were assumed to be 

pathogenic based on their intrinsic nature, whereas a damage prediction was made for 

synonymous, splice site, and nonsynonymous variants by bioinformatic tools and by splicing 

analysis; 2. Definition of candidate ID/ASD genes: the genes with variants predicted to be 

pathogenic were analysed regarding their brain-expression patterns, the presence of animal 

models, evolutionary conservation; 3. Determination of novel ID/ASD gene: genes with 

mutations occurred in patients with symptoms overlapping to those previously described for 

other persons with PVs/LPVs in the same gene (fig.8).  
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Figure 8: Workflow of the variants analysis for the ID/ASD patients. 

 

3.1.5. Sanger Sequencing 

Variants identified by WES were confirmed by Sanger sequencing.  PCRs were performed 

using HS-TaqDNA Polymerase reagents (10x Buffer; 50mM MgCl2, 5U/μl HS- Taq DNA 

Polymerase) by Experteam (Venezia, Italy), in addition with 25 mM dNTPs, milliQ H2O, 

specific primers specially designed and 100 ng of cDNA, for a final volume of 50 µL. 

Amplification was performed with the following PCR program: 95°C for 5 min; 35 cycles at 

95°C for 30sec, at the specific annealing temperature for 30sec, at 72°C for 30sec; 72°C for 

7 min. 3 µL of amplified PCR products were mixed with the loading dye, containing 

Bromophenol Blue, and separated by electrophoresis on a 1.2% agarose gel. Bands were 

displayed in a UV transilluminator. PCR products were purified using AMPure XP magnetic 

beads (Beckman Coulter, Inc. Brea, CA, USA). DNA samples were sequenced using the PE 
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Big Dye Terminator Cycle Sequencing Kit on an ABI Prism 3130 analyzer (Applied 

Biosystems). The data were analysed using the Sequencher version 5.4.6 software. 

 

3.2. Splicing Analysis 

3.2.1 RNA Extraction and Reverse Transcriptase-PCR (RT-PCR) 

Total RNA was isolated from PAXgene blood RNA tubes (PreAnalytiX®, Qiagen, Hilden, 

Germany) (http:/www.qiagen.com), with PAXgene Blood RNA Kit (IVD) (PreAnalytiX®), 

following the manufacturer’s instructions, and quantified by NanoDropTM 2000/2000c 

Spectrophotometer (ThermoFisher Scientific). For each sample, 1 µg of RNA was reverse 

transcribed into cDNA using a dedicated Qiagen kit (QuantiTect®Reverse Transcription Kit, 

Qiagen) according to the manufacturer’s instructions. cDNA was stored at -20°C until use. 

 

3.2.2 Transcript Characterization 

To verify the effect of the considered splicing variant on CNOT3, specific PCR primers were 

designed. Two negative control cDNA samples were included. PCRs were performed using 

the same reagents used for Sanger Sequencing, plus 100 ng of cDNA, for a final volume of 

50 µL. Amplification was performed with the following PCR program: 95°C for 5 min; 40 

cycles at 95°C for 1 min, at the specific annealing temperature for 1 min, at 72°C for 1 min, 

72°C for 7 min. Then, 10 µL of amplified PCR products were mixed with the loading dye, 

separated on a 3% agarose gel and displayed in a UV transilluminator. The different 

amplification products were purified using a dedicated Qiagen kit (MinElute® Gel Extraction 

Kit, Qiagen); the negative control’s unfractionated PCR products were purified using 

AMPure XP magnetic beads (Beckman Coulter, Inc. Brea, CA, USA). cDNA PCR products 

were sequenced using PE Big dye terminator cycle sequencing kit on ABI Prism 3130 Genetic 

Analyzer (Applied Biosystem), as for Sanger Sequencing. 

 

3.4. Site-directed mutagenesis approach 

The site-directed mutagenesis was realised using the Agilent QuikChange II XL Site-Directed 

Mutagenesis Kit. The following NLGN4X plasmid and pairs of primers were engineered for 

eleven variants (fig.9):  
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Variant Forward Reverse Tm 

R232W 
 

GGGCTCCTGGATCAGATTCAAGCACTGTGGTGGATTGA
GGAGAATGTGGG 
 

CCCACATTCTCCTCAATCCACCACAGTGCTTGAATCTGA
TCCAGGAGCCC 
 

66,00 
 

G174E 
 

TCATGGTCTATATCCATGGGGAATCTTACATGGAGGGC
ACCGG 
 

CCGGTGCCCTCCATGTAAGATTCCCCATGGATATAGACC
ATGA 
 

85,62 
 

R437Q 
 

GGAAAACCCGGAGACGCGGCAGAAAACCCTGGTGGCT
CTCTTT 
 

AAAGAGAGCCACCAGGGTTTTCTGCCGCGTCTCCGGGTT
TTCC 
 

85,21 
 

R583Q 
 

GAGTGAGAGATCACTACCAGGCAACGAAAGTGGCTTTC
TGG 
 

CCAGAAAGCCACTTTCGTTGCCTGGTAGTGATCTCTCAC
TC 
 

85,97 
 

V371I 
 

CTACGACATCATGCTGGGCATCAACCAAGGGGAAGGCC
TGAAGTT 
 

AACTTCAGGCCTTCCCCTTGGTTGATGCCCAGCATGATG
TCGTAG 
 

84,78 
 

L406I 
 

GTGTCCAACTTCGTGGACAACATTTACGGCTACCCTGAA
GGGAA 
 

TTCCCTTCAGGGTAGCCGTAAATGTTGTCCACGAAGTTG
GACAC 
 

85,21 
 

V522M 
 

CGACGTCATGCTCAGCGCCATGGTCATGACCTACTGGA
CGAACT 
 

AGTTCGTCCAGTAGGTCATGACCATGGCGCTGAGCATG
ACGTCG 
 

85,21 
 

R753S 
 

GCAGGCACACGACACACTGAGTCTCACCTGCCCGCCAG
ACTACAC 
 

GTGTAGTCTGGCGGGCAGGTGAGACTCAGTGTGTCGTGT
GCCTG 

87,24 
 

Figure 9: NLGN4X plasmid and primers for mutagenesis. 

 

Cell Transformation was obtained adopting the One Shot TOP10 Chemically Competent 

E.coli. After having performed mini preparations of the plasmids, the mutations were checked 

via Sanger sequencing with the following primers: 

Primers sequences 
Forward                                                                          

5’- CGTCGCTCCTCTTCCTCAACAT-3’ 
5’-CACCACAAATGATATCGCTCA-3’ 
5’- CCACCGAGCTCTTCAGTTGT-3’ 
5’-ACACCACGGACATGGTAGAA-3’ 
5’-AAGTACACTCGGATATTGGCAG-3’ 
5’-TTCAAGATCAAAATGAAGACTGC-3’ 
5’-GAACACCGTTACCCAATGAGA-3’ 
 
Reverse 
3’- AAAGTGTGCAAAGGCTGCAT-5’ 
3’-GTTGTGCAAATGAGGAACGA-5’ 
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3’- ACACCGTCCTCGTTATCCAC-5’ 
3’- GAAGACATAGGGGACCTCATCAC-5’ 
3’- TCCCACATTCTCCTCAATCC-5’ 
3’- GTAAACCAGATGGGCAGCAT-5’ 

 
 
3.5 Immunofluorescence staining and Duolink studies on cells 
Cells are seeded 24 h before labelling in 12-well plates containing coverslips, 1 105 mouse 

neuroblasts Neuro 2A per well. Cells are washed with cold PBS and fixed with 4% 

formaldehyde for 20 min at room temperature. The cells are then incubated with NH4Cl 

(50mM) solution for 10 min, followed by permeabilization with 0.3% PBS-Triton solution 

for 7 min, still at room temperature. Saturation is performed with 1% PBS-BSA, 0.1% Tween 

20, 15 min at room temperature. The primary antibody (or two if co-labeling) is incubated at 

4°C overnight, diluted in a blocking buffer. The next day, after 3 washes with cold PBS, the 

1/1000th secondary antibody is added for 45 min. After 3 final washes, the mount is made 

with a DAPI-containing medium and analysed by microscopy. For more advanced 

colocalization studies, the Duolink® In Situ Detection Reagents Orange kit is used, in 

combination with PLA Probe Anti-Rabbit PLUS and Anti-Mouse MINUS (Sigma). 

Microscopic studies are performed at the GAD laboratory with a Zeiss microscope in 

epifluorescence, or at the Dimacell imaging platform of INRA in Dijon, in confocal. Image 

analysis, quantification, and evaluation of colocalization (using JACoP) is done with ImageJ 

software. 

 

3.6 Western blot procedure 

Cells were collected by trypsinization and lysed in 1X RIPA buffer (Cell Signalling) 

supplemented with PMSF (1 μM) and a protease inhibitor cocktail (Sigma). After 15 min on 

ice and centrifugation at 13000g at 4 °C for 15 min, the total lysate was recovered. Proteins 

were dosed using the BCA kit (Sigma Aldrich).  

For the Western-blot, 40 μg of protein from cell lysates were run on 10% SDS-PAGE gel and 

migration was performed in 25 mM Tris buffer, 192 mM Glycine, 0.10% SDS at 80 V for 30 

min and then 120 V for 3 h. The proteins were transferred for 1 hour at 120 V in Tris-Boric 

buffer (Tris 49 mM, Boric acid 48.5 mM) onto a millipore PVDF membrane (Immobilon®-

P) previously activated with methanol. The membrane was saturated with a solution of TBS, 

0.05% Tween 20 and 5% BSA for 30 min and incubated with primary antibodies overnight 
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at 4 °C. After 3 washes, HRP-conjugated secondary antibody was added for 1 hour. The 

labelled proteins were detected using ECL ClarityTM substrate (Bio-Rad Laboratories, Inc) 

and bands on western blots were visualised using ChemiDoc™ Imaging System (Bio-Rad). 

Molecular weights were determined using Image Lab software (Bio-Rad).  
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4. Discussion 

Investigating the genetic causes of ID/ASD conditions is a long and complex process, both 

for the lack of a comprehensive first-tier genetic test for GDD and for the biological 

phenomena related to non-linear genotype-phenotype correlations in ID/ASD patients. Thus, 

the diagnostic outcome for many cases remains often controversial, requiring further tests.  

Our results support the application of the WES both for diagnostic and for research purposes. 

WES has revealed its utility for the resolution of cases showing clinical symptoms common 

to more than one medical condition, such as KBG syndrome (KBGS), Cornelia de Lange, or 

Noonan syndrome, permitting to obtain an early diagnosis, particularly in paediatric patients 

with immature clinical features. Our research reinforces the concept that KBGS general 

clinical features are developmental delay, a recognisable facial gestalt, skeletal/dental 

anomalies, epilepsy, short stature, cerebral anomalies. Our findings support a phenotypic 

evolution from Coffin-Siris/ Nicolaides Baraitser and CdLS to KBGS from the childhood to 

the adulthood for KBGS patients and suggest a broadening of the diagnostic criteria for KBGS 

as atypical clinical findings as a wide anterior fontanelle can be the only clinical sign[7]. In 

this context a combined use of WES and array-CGH has optimised the diagnostic yield. 

Many atypical presentations emerged for the DDX3X, KCNQ3, KIF1A, SHANK3, POGZ, 

genes. We documented the case of a patient mutated in DDX3X manifesting Rett-like 

spectrum features instead of the most common signs: hypotonia, movement disorder, 

behavioural problems, corpus callosum hypoplasia and epilepsy. Also, we detected a patient 

displaying a mutation in KCNQ3 not associated with epilepsy but ID, ASD, stereotypies, 

bladder anomalies, craniofacial dysmorphisms. KIF1A is implicated in the NESCAV 

syndrome, for which GDD, spasticity, ID, speech delay, and behavioural abnormalities are 

described as typical symptoms. We reported a patient suffering from spastic paraparesis, 

behaviour disorder, enlargement of the interfolial spaces of the cerebellar hemispheres, 

hypertonia. We found the mutation (p.(Pro305Leu)) in two patients with clinical signs 

comprising in one case language delay, cerebellar and vermis atrophy, psychomotor delay, 

brain abnormalities, hypertrichosis, bilateral clinodactyly, and facial dysmorphisms, whereas 

in the other ataxia, spastic paraparesis, angioma, nystagmus, and seizures were observed. 

Finally, we found mutations in SHANK3 in patients affected with “non-syndromic” ID, not 

presenting with the classical signs of the Phelan-McDermid syndrome [8]. For these patients, 
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WES did not detect any additional molecular cause possibly concurring to their phenotypes, 

reinforcing the associations with the reported PVs.   

WES is therefore effective to make diagnosis for diseases characterised by variable clinical 

expressivity. We found the PV (p.(Met394Valfs*9)) in the POGZ gene in three family 

members. In the female proband craniofacial dysmorphisms, hyperactivity, 

blepharophimosis, kidney abnormalities and language delay, emerged. She shared ID, 

brachydactyly, and nail hypoplasia with her mother, the latter also manifested microcephaly. 

Her brother exhibited ID, hypotonia, obesity and had some craniofacial dysmorphisms.  

Additionally, the discovery of variants in disease gene, not suspected in first instance to be 

causative of the probands presentations, has expanded the gene-associated clinical spectrum 

for CNOT3 and SMARCC2. 

The female protective effect could in part give explanation of the intrafamilial phenotypic 

variability observed in familiar members with a novel splice site mutation in CNOT3 

segregating from mother to son, with the latter more severely affected. Here, CNOT3 is firstly 

related to anorectal dysplasia. Rectal atresia is an anorectal malformation (ARM) due to 

defects in the development of the rectum in early foetal life. As CNOT3 takes part in the 

mesendoderm differentiation and the rectum is generated from the differentiation of the 

endoderm in the primordial gastrointestinal tract, this suggests a connection between CNOT3 

alterations and rectal atresia. We are not able to demonstrate if the exons 1-2 duplication 

induced by the variant c.26-2A>G, together with a retention of intron 2, represents an aberrant 

isoform, or a sort of Tandem Exonic Duplication (TED). TED is an evolutive strategy for 

substitution alternative splicing leading to several isoforms: the major ones retaining their 

function, while the minor isoform being selected according to their effect[9].This mechanism 

could explain the exons duplication as a sort of rescue of protein integrity, with one of the 

duplicated exons performing the original function, and the other retaining intron two 

potentially assuming pathogenetic significance.  

Also, for what concerns the molecular characterization of the variants in our cohort, we 

detected an enrichment of disruptive SNVs in the female patients whereas more missense 

SNVs were detected in male patients. This is consistent with the female protective effect 

model according to which females would require an increased genetic burden to reach the 

threshold for ID/ASD diagnosis. Female patients in many cases may be not included for the 
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presence of mild symptoms due to missense variants capable of induce more severe effects in 

the corresponding male patients. 

A coexistence of two genetic syndromes has been detected in a family with the mother and 

the old daughter holding respectively two mutations in RAF1 and SMARCC2, the latter 

associated with novel clinical findings associated with the Coffin Siris 8 syndrome. Instead, 

the younger sister showed both the genetic defects, proving the WES utility in unmasking the 

genetic causes of complex phenotypes. 

In medical genetics, a misdiagnosis can be attributed not exclusively to the patient’s clinical 

heterogeneity but, as for mucopolysaccharidosis, also to the slow progress of the disease or 

to the high rate of false negative results in the urinary screening test for mucopolysaccharides. 

For these diseases, a positive molecular result can contradict false negative biochemical 

exams, it is needed to make the diagnosis, and to eventually pick out the patients for gene-

editing therapies[10]. 

Finally, the use of WES as first tier analysis avoids non targeted therapies guaranteeing 

economic advantages, but above all, health benefits.  

Also, it promises to shed light on that part of the exome still unknown. We identified seven 

ID/ASD candidate genes:  

• Alterations in CACNA2D1, which encodes the alpha-2/delta subunit of skeletal muscle 

and brain voltage-dependent calcium, have been previously detected in patients with 

epilepsy and ID. Point mutations in mice in the CACNA2D1 gene cause an altered 

synaptic transmission at the level of the central nervous system;  

• GPR14 (orphan G protein-coupled receptor 14 for Urotensin II), is broadly expressed 

in the brain and spinal cord; 

• We report four families with variants in SPTBN5 (Spectrin Beta, Non-Erythrocytic 5), 

being the last gene of the spectrin family to be related to NDDs. ID, DD, and 

aggression symptoms overlap with those described for the other spectrin genes. Low 

rates of seizures are attributable to variants in SPTBN5 as compared to SPTBN1, 

SPTBN4, and individuals with SPTBN1 and SPTBN4 variants show cerebellar or 

cerebral atrophy that were absent in our families [11];  

• The Myelin Basic Protein (MBP) is the principal constituent of myelin, needed for the 

constitution of the mature form of its multilamellar membrane structure. Mutations in 

the MBP gene in mice provoke a decreased myelination of the central nervous system, 
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tremors, and to a premature death. A gradient of transcription for MBP has been 

observed in the developing human brain, as it reflects the process of myelination. Our 

MBP mutated patient presented hand stereotypes, hyperactivity, sleep disorder, and 

speech delay; 

• PCDHA1 was found mutated in a patient with ADHD, language and psychomotor 

delay, simplified auricles, and abnormal cerebral structures. PCDHA1 is part of the 

PCDHA gene cluster which participates in the axonal projection, learning, and 

memory;  

• PCDH15 PVs cause Usher syndrome, even though psychiatric symptoms and 

comorbidities with mental illnesses co-occur. Remarkably, SNVs in PCDH15 in a 

heterozygous fashion were detected in a patient with ASD. We found a PCDH15 

frameshift variant in a patient with ID, epilepsy, and language, and psychomotor delay 

and we hypothesised that it might explain his phenotype; 

• PDPR, encoding for the pyruvate dehydrogenase phosphatase regulatory subunit, is 

expressed at different levels in the brain, especially in the corpus callosum and in the 

cerebellum. A PV in homozygosity was previously found in a patient with GDD, 

Joubert-like symptoms, and MRI findings. We sustain that a PDPR variant might 

contribute to the language delay and behaviour disorder of our patient. 

Reactome browser https://reactome.org/PathwayBrowser/ and Pathways Common 

https://apps.pathwaycommons.org/search?q=PCDHA1&type=Pathway accessed the 

17/10/2022 revealed the involvement of the new candidate genes in different pathways, 

already linked to neurodevelopmental disorders: CACNA2D1 is implied in the presynaptic 

depolarization and calcium-channel opening, MBP plays a role in the EGR2 and SOX10-

mediated initiation of Schwann cell myelination, GPR14 (or UTS2R) acts in the G-alpha (g) 

signalling events and in the class A/1 Rhodopsin-like receptors pathway, PCDH15 

contributes in the sensory processing of sound by inner /outer hair cells of the cochlea, PDPR 

contributes in the citric acid (TCA) cycle and respiratory electron transport, SPTBN5 is 

present in the COPI-mediated anterograde transport, in the NCAM signalling for neurite out-

growth, in the RAF-MAPK kinase cascade, and interacts with L1 CAM, PCDHA1 gene 

participates to the WNT and to the Cadherin signal pathways. 

Finally, we found VUS in ID/ASD known genes and in many novel genes, both alone and in 

combination. A large piece of literature proves the association between de novo SNVs and 
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ASD/ID, particularly for disruptive variants. The discovery of an enrichment of multiple de 

novo variants in various genes found via large-scale WES supports the involvement of an 

oligogenic model in patients with ASD. Our findings are consistent with the theory of a multi-

hit model in the pathogenesis of ASD and ID[12].  

We also contributed to identify the novel ID/ASD gene CAPRIN1, whose functional 

investigation has highlighted that CAPRIN1 half-dose causes morphologic, growth and 

functional alterations in neuronal cells in vitro, supporting haploinsufficiency as a pathogenic 

mechanism. 

Experimental evidence is required to characterise novel genes, but also to pinpoint novel 

mechanisms of action for known ID/ASD genes. Currently, missense variants in the NLGN4X 

gene are known to act through heterogeneous mechanisms, causing either the retention of the 

altered protein in the endoplasmic reticulum (LoF mechanism), or the increase of the number 

of the synapses (GoF mechanism), based on the gene role in different pathways (inhibitory 

and excitatory). We illustrated a site-specific mutagenesis approach on the Neuro2A murine 

cell line and on GN11 mouse neuronal cell line on 8 variants obtained both from our 

collaboration and from literature being reported as VUS. We detected morphological 

alterations as a decrease of the neurite’s length and in the membrane distribution of the 

Neuroligin 4 X-linked protein in the mutant cells with respect to the wt cells, suggesting 

different pathogenic mechanisms. A regression to an undifferentiated phenotype was apparent 

for the cells with the mutation R232W, being possibly related to a retention of the protein in 

the endoplasmic reticulum as suggested by the anti-RTN4 staining. 

A decrease in the number of actin filaments in the mutant cells was also observed, possibly 

affecting the neuritogenesis, existing a positive correlation between the actin filament number 

and the growth cone area, which ultimately has an impact on neuritogenesis [13]. Finally, 

western blot results suggest a likely GoF mechanism at the base of the altered biological role 

of the NLG4 mutant proteins. Interestingly, the new clinical features detected in our cohort 

may raise the possibility to enlarge the NLGN4X clinical spectrum. Nevertheless, an in-depth 

analysis is required to exclude other PVs potentially responsible for the phenotype of the 

patients. 
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5.  Limitations of the study 

The main limitation of this study relies on the size of the cohort, not allowing a proper 

statistical analysis of the contribution of the mentioned variants to the ID/ASD symptoms in 

patients. The second drawback came from the possible lack of molecular diagnosis for 

probands with a partial or no clinical diagnosis, that could have hampered the genetic 

investigation, as patients presenting mild symptoms may have been excluded. On the 

contrary, the analysis could have been misguided by clinical bias, with exclusion of the 

variants contributing to the phenotypes. 

Furthermore, for most of the cases we were not able to detect mosaic events, as we did not 

evaluate the impact of mitochondrial mutations and of alterations in the methylation status in 

the probands. The last weakness consists in the interpretation of the WES results, limited to 

the status of the current scientific knowledge. A periodic re-evaluation of the identified VUS 

is thus recommended, potentially providing a revision of the analysis and additional diagnosis 

over time. 

Additional evidence is needed to clarify how the morphological changes in the mutant cells 

are responsible for the patients’ pathologies and if the NLGN4X variants must be considered 

causative of the novel clinical findings that we detected in our cohort. A statistical analysis 

of the decrease in the number of the actin filaments in the mutant must be addressed. At last, 

the overexpression of NLG4 alone is not sufficient to demonstrate a GoF mechanism and 

electrophysiological evidence should be provided to determine the effect of the mutant 

proteins on the synaptic functionality.  

 

6. Concluding remarks   

The reported data in the present thesis suggest that both the research and diagnostic fields 

could benefit from the WES application. The enlargement of the clinical spectrum of the 

ID/ASD genes and the discovery of new ID/ASD candidate genes appear the main 

achievements. Nevertheless, this thesis stresses the need of experimental evidence for 

characterising novel ID/ASD genes, to assign novel mechanisms of action and establish 

genotype-phenotype correlations. 
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