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Abstract 

Background/Purpose: Intellectual disability (ID) is a common and heterogeneous medical 

condition with variable etiology, occurring as isolated disorder or in the context of a genetic 

syndrome. It represents a major diagnostic challenge, with a genetic diagnosis achieved in 

approximately 50% of cases. The advent of whole-exome sequencing (WES) has provided a new 

scenery, remarkably improving the diagnostic rates in patients with unexplained ID after established 

genetic testing.  

Methods: Within the Telethon Undiagnosed Diseases Project (TUDP), clinical WES was 

performed in 47 family trios of probands with unexplained syndromic ID. Extracted genomic DNA 

was exome-enriched with SureSelect Clinical Research Exome (Agilent Technologies, USA) and 

sequenced with NextSeq 500 sequencing system (Illumina, USA). Raw data were analyzed 

according to the most recent scientific evidences and a custom pipeline based on Burrows-Wheeler 

Alignment tool (BWA), Genome Analysis Toolkit (GATK), and ANNOVAR. Candidate variants 

were validated through Sanger sequencing and filtered in relation to family segregation, population 

genetics, and phenotype prediction programs. 

Results: Pathogenic or likely pathogenic variants have been identified 25 different disease-causing 

genes (syndromic ID, epileptic encephalopathies, metabolic disorders). A definite genetic diagnosis 

was achieved in 27 patients, with a diagnostic yield of 57.5%. In 2 affected individuals, WES led to 

the identification of variants of unknown significance (VUS) which might still be relevant to 

explain the phenotype of these subjects. 

Conclusion: Our data show that large-scale sequencing by WES in family trios remarkably 

improves the diagnostic yield in patients with unexplained syndromic ID who has already been 

studied with common genetic tests. This technique may further facilitate the identification of novel 

candidate disease genes. Therefore, WES represents an effective diagnostic tool and a useful mean 

for clinical and research progress in children with rare genetic disorders with neurological 

involvement. 
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Introduction 

Neurodevelopmental disabilities are a group of chronic clinically distinct disorders sharing a 

documented disturbance, quantitative, qualitative, or both, in developmental progress in one or 

more developmental domains compared with established norms (Kinsbourne et al., 2001). These 

domains are not mutually independent or exclusive and include: (1) motor (gross or fine), (2) 

speech and language, (3) cognition, (4) personal-social, and (5) activities of daily living (Shevell et 

al., 2008). Whole Exome Sequencing (WES) has provided a huge contribution to the discovery of 

disease-causing variants for rare diseases, especially neurodevelopmental disorders. Furthemore, 

the use of WES in clinical practice has improved the diagnostic rate in several rare genetic 

conditions, including neurodevelopmental disorders, which previously remained unexplained (Xue 

et al., 2014). This has led to a relevant improvement in patient management in selected disorders. 

Indeed, the better understanding of the pathophysiology underlying a specific condition has helped 

clinicians in developing a disease-specific approach in patient care. Furthermore, the identification 

of several new possible therapeutic targets has promoted the development of new therapeutic 

strategies or specific drugs. 

 

Intellectual disability 

According to the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5), the 

diagnosis of intellectual disability (ID) requires deficits in intellectual function (IF), deficits in 

adaptive behavior (AB), and onset before the age of 18 (American Psychiatric Association, 2013). 

These deficiencies can be associated with several related and co-occurring problems, including: 

psychiatric (e.g., depression, anxiety), neurodevelopmental (e.g., autism spectrum disorders - ASD, 

attention deficit hyperactivity disorder - ADHD), neurological (e.g., infantile cerebral palsy), and 

medical conditions (e.g., meningitis) (Lee et al., 2019). The IF indicates the global ability allowing 

the individual to understand the reality and interact with it and includes the common mental 
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activities, such as: logical reasoning and practical intelligence (problem-solving), learning ability, 

and verbal skills. The IF is measured through the calculation of the intelligence quotient (IQ), a 

total score obtained from expressly developed standardized tests (IQ tests) derived from Stanford-

Binet Intelligence Scales and adapted by Lewis Terman to measure intelligence. Scores were 

reported as “mental age” divided by chronological age, multiplied by 100. IQ test score has a 

median of 100 and a standard deviation of 15. A score of 70 or below, corresponding to two 

standard deviations below the median, is consistent with the diagnosis of ID (American Psychiatric 

Association, 2013). The severity of the ID depends on the IQ score obtained. 

 

 

Schematic classification of the degree of ID according to the Diagnostic and Statistical Manual of Mental Disorders, 

Fifth Edition (DSM-5), and Relative percentage. 

 

The disabilities in the AB manifest instead as lack of competence in conceptual (the ability to 

understand time, finance, and language), social (interpersonal skills, social responsibility, self-

esteem, gullibility, naivety, resolution of social problems, and the ability to follow the rules), and 

practical skills (the ability to use tools, carry out activities of daily living, and interact with other 

people). The skills defining the AB are learned throughout psychomotor development and 

become progressively more complex with age. Specific tools are available for assessing AB 
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limitations, such as the Adaptive Behaviour Assessment System (Milne et al., 2013; Lee et al., 

2019). 

 

Adapted from Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5) 

 

In contrast with previous classifications, the DSM-V has changed the standards for the diagnosis of 

ID, which must be made considering both the IF and AB in each case and cannot exclusively rely 

on the IQ score alone (Obi et al., 2011). A child with IQ<70 but efficient AB does not have an ID, 

whereas this diagnosis can be made in a patient with a normal (or higher than normal) IQ score but 

severe deficits in AB. A distinct diagnostic category in the DSM-V is the “Unspecified Intellectual 

Disability”, also known as Intellectual Developmental Disorder – IDD. This term is used to 

describe individuals over the age of 5 suspected of having an ID but having difficulties in 

completing required tests, usually because of limitations resulting from blindness, deafness, or 

concurrent mental illness. Many causes of ID are not known yet. A part from the ID conditions 

related to environmental exposure during pregnancy (e.g., maternal exposure to a toxin, infectious 

agent, uncontrolled maternal condition, birth complications), many genetic abnormalities can cause 

syndromic or nonsyndromic ID. These genetic abnormalities include single gene mutations, copy 
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number variations (CNVs), or chromosomal abnormalities which all result in an inborn error of 

metabolism, neurodevelopmental defect, and neurodegeneration (Lee et al., 2019). 

 

Whole Exome Sequencing 

Whole exome sequencing (WES) consists in the massive parallel sequencing of the exons of human 

genes. Exons are the genetic regions that will be translated into proteins and thus be expected to have 

a functional or structural effect. Since each exon is sequenced multiple times, the sequencing is 

checked within each subject, increasing confidence that the final sequence is accurate. This technique 

can be applied to all exons or can be used to focus on a particular region of the genome which has 

previously been identified as being of interest (e.g., a section of a chromosome). Furthermore, WES 

can be used to sequence a set of genes which are not necessarily genomic neighbours (Tetreault et 

al., 2015; Yang et al., 2014; Harding et al., 2014). Despite WES only covers 1–1.5% of the human 

genome, this portion of the genome houses approximately 85% of the known disease-causing variants 

(Ng et al., 2009; Rosenfeld et al., 2012).  

 

  

Each gene is composed 

of several exons and 

intronic sequences. 

Exome represent around 

1% of the whole human 

genome. 
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Technique 

Next Generation Sequencing (NGS) consists in the sequencing of millions of sequence reads in 

parallel, allowing a massively through-put. Initially used to study the whole genome, NGS 

techniques has been further employed to address specific regions of the genome, namely the exonic 

sequences in WES. Two technical preparatory approaches can be adopted for this purpose (Koboldt 

et al., 2013): 

 

1. PCR-based: this approach typically involves multiple primer pairs in a mixture that are combined 

with genomic DNA of interest in a multiplex approach to preserve precious DNA. The use of 

multiplex primer pairs couples the high throughput of NGS platforms and the fact that each sequence 

read represents a single DNA product in the mixture due to the nature of the sequencing platforms. 

Following the PCR, the resulting fragments have platform-specific adapters ligated to their ends to 

form a library that is suitable for sequencing (Mardis et al., 2013); 

 

2. Hybrid capture-based: hybrid capture takes advantage of the hybridization of DNA fragments from a 

whole-genome library to complementary sequences that were synthesized and combined into a 

mixture of probes designed with high specificity for the matching regions in the genome. These 

probes typically have covalently linked biotin moieties, enabling a secondary “capture” by mixing 

the probe:library complexes with streptavidin-coated magnetic beads. Hence, the targeted regions of 

the genome can be selectively captured from solution by applying a magnetic field, whereas most of 

the remainder of the genome is washed away in the supernatant. Subsequent denaturation releases 

the captured library fragments from the beads into solution, ready for postcapture amplification, 

quantitation, and sequencing. When the probes are designed to capture essentially all of the known 

coding exons in a genome, the capture approach is referred to as “exome sequencing.” Additional 

probes may be designed, synthesized, and added to an exome reagent, typically referred to as 

“exome plus.” When only a subset of the exome or of the genome outside of the exome is targeted, 

this is called a “targeted panel” (Albert et al., 2007; Gnirke et al., 2009; Hodges et al., 2007). 
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Schematic representation of NGS-based exon sequencing, adapted from Biesecker et al., 2014. 

 

The DNA from 

the patient (A) is 

isolated and broken 
into fragments (B) 

the DNA fragments are 

coupled to artificial 

DNA linker segments 

(C) and the fragments 

are selected with the 

use of artificial DNA or 

RNA baits that are 

complementary to 

targeted DNA (not 

shown). 

The sequencing 

process starts with the 

binding of the end of 

each DNA fragment to 

a solid matrix and in 

situ amplification (D) 

The DNA fragments 

are then sequenced on 

the slide in a series of 

reactions in which a 

complementary 

nucleotide with one of 

four colored fluorescent 

dyes is added to each 

cluster of identical 

molecules (E) 

The identity of the 

colored fluorescent 

indicator of each cluster 

is imaged with a laser 

and a camera coupled to 

a microscope, the 

fluorescent indicator is 

removed, and the cycle 

is repeated to generate a 

nucleotide sequence 

read that is 75 to 150 

nucleotides in length. 

The sequence reads are 

aligned to a reference 

DNA sequence (F), and 

a genotype call for each 

position is made.  

In this example, most of 

the positions are 

homozygous reference 

sequence, but one 

position is called as 

heterozygous A/T. 
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Data analysis 

The complex process of data analysis plays the pivotal role in WES. This analysis encompasses 

several steps in sequence: base calling, quality control, mapping and variant identification, 

annotation, filtering and prioritization (Tetreault et al., 2015): 

 

 

Figure adapted from Tetreault et al., 2015. 

 

1. Base calling and quality control assessment 

Base calling indicates the identification of each nucleotide in the analyzed sequence. The accuracy 

of variant detection is critically dependent upon the accuracy of this process, which is prone to 

several errors (such as those due to nucleotide misincorporation during the sequencing process and 

optical detection errors occurring during image analysis). Thanks to the relevant improvements in 
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sequencing chemistry and the use of high-performance base calling algorithms, current NGS 

technologies have reached a base-calling accuracy of more than 99.5% (Massingham et al., 2012). 

Quality control assessment (QCA) is an essential step to identify and correct the base-calling 

errors before proceeding with the further analysis, avoiding mistakes in the variant interpretation 

process. QCA is a two-step process: 

A. Pre-alignment step: assesses the intrinsic quality of the raw reads using metrics generated by 

the sequencing platform (% error and per-base quality scores, % duplication). Reads with 

insufficient quality may be discarded or trimmed. Duplicate reads are generally discarded to 

guard against PCR-generated errors.  

B. After mapping step: involves the calculation of metrics from the alignment profiles. Tools 

such as FASTQC [Babraham bioinformatics. Available from: 

www.bioinformatics.babraham.ac.uk/projects/fastqc/] and Picard toolkit [Picard. Available 

from: http://picard.sourceforge.net/command-line-overview.shtml] are used for QC 

assessment. They generate a large number of metrics, of which some of the most relevant are: 

proportion of reads aligned to reference genome, average depth of coverage, overrepresented 

sequences, error rate and duplication rate, which can be used to gauge the success of 

sequencing. Sequencing runs with unacceptable final quality may be repeated or supplemented 

with additional data. 

 

2. Mapping 

This process consists in the alignment of the generated sequence reads to a ‘reference’ genome to 

reconstruct a patient’s exome or genome. Even though the comparison of patient data with a 

reference genome may sound easy to perform, some relevant limitations arise. For example, the 

current human reference genomes are still incomplete and there is no consensus on the optimal 

reference(s) to be used (Rosenfeld et al., 2012; Tetreault et al., 2015). Many alignment programs 

have been developed to efficiently process millions of short reads. Few generations of algorithmic 

improvements with implementations such as MAQ and BWA had remarkably improved the 

http://picard.sourceforge.net/command-line-overview.shtml
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mapping process and contributed to exemplify the current lineup (Li, Ruan, et al., 2008; Li, Durbin, 

et al., 2009). The performance of the aligners is generally efficient in the presence of single base 

mismatches, but difficulties may arise in case of insertions or deletions. When the alignment stage 

is complete, a catalogue of the ‘exomic’ regions been sequenced at a high redundancy is produced. 

In the best scenario, each exonic base may be represented by around 100 independent sequencing 

reactions (100-fold or 100_ coverage). This level of redundancy guarantees good coverage of 

virtually all targeted regions and allows to guard against random sequencing errors that may appear 

in individual reads. 

 

 

 

3. Variant identification 

Once appropriate QC and sequence alignment are completed, Variant identification is performed. 

This crucial stage in WES data analysis indicates the process of determining the variations between 

a sample and the reference genome. These variations include: single nucleotide variants (SNVs), 

multinucleotide variants, small insertions or deletions (INDELs, generally less than 50 bp), larger 

structural variants (SVs) and copy number variants (CNVs) (Kadalayil et al., 2014).  

 

Visualization of sequence 

read alignment data (BAM or 

SAM) on the Integrative 

Genomics Viewer (IGV), a 

non-GATK tool developed at 

the Broad Institute allowing 

the interactive exploration of 

large genomic datasets. 

 

Adapted from 

https://gatkforums.broadinstit

ute.org 

https://gatkforums.broadinstitute.org/
https://gatkforums.broadinstitute.org/


 

 

 

13 

 

Adapted from Tetreault et al., 2015. 

 

Probabilistic methods based on Bayesian statistical models, such as SAMtools and Genome 

Analyzer Tool Kit have proved to be robust in variant identification thanks to their accurate 

statistical modeling of various sequencing errors (Abecasis et al., 2012; Li, Handsaker, et al., 2009; 

McKenna et al., 2010). However, the accuracy of these tools is highly variable and depends on the 

average depth of sequencing and variant type of interest (e.g., SNVs are identified much more 

consistently than INDELs). Furthermore, the sensitivity of the whole process (i.e., the ability to 

detect all true variants within the exome) depends more on the sequencing coverage than the 

software that is used. For example, a 100–150_ mean exome coverage allows to cover 95% of all 

known coding exons at a depth of 20_ or more, with a rough exome-wide sensitivity of around 

95%. The selectivity (i.e., the probability that a given identified variant is real) is instead more 

dependent on the software used, as shown by the slightly better results obtained using Genome 

Analyzer Tool Kit in comparison to other software kits. Depending on the evaluation method used, 

the selectivity of WES analysis in detecting SNVs has been reported to be 99-99.7% and around 

80% for INDELs (O’Rawe et al., 2013). Eventually, additional improvements in detecting false 

positives can still be obtained by visual inspection of the data by experienced analysts thanks to 

tools such as the Integrated Genomics Viewer (Thorvaldsdottir et al., 2013). 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Tetreault%20M%5BAuthor%5D&cauthor=true&cauthor_uid=25959410
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4. Variant annotation, filtering, and evaluation 

The final stage of WES data analysis encompasses the three following essential steps: 

 

A. Annotation 

This process assigns functional information to DNA variants, aiming to   provide a link between the 

identified variants and the patient’s phenotype. Currently, the most commonly used annotation tools 

that can provide all the relevant information requested by the user to the raw variant lists are 

ANNOVAR, SnpEff and VEP (Cingolani et al., 2012; Wang et al., 2010) (The Bioinformatics 

Knowledge blog. Available from: http://bioinformatics. knowledgeblog.org38). The annotation 

process can be in turn divided in substeps: 

a) Variant classification: classify the identified variants according to their functional 

category (e.g., synonymous, missense, nonsense, splicing, etc.) using known gene 

annotation. The changes directly affecting the amino acid sequence will be the most 

relevant to disease studies. 

 

           Adapted from Ensembl. 

 

b) Frequency analysis: the presence and frequency of a selected variant is assessed in 

public databases. A polymorphism present in more than 5% in the normal population 

is unlikely to be of relevance to a rare genetic disease and this threshold falls to 1% in 

http://bioinformatics/
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case of presumably dominant genetic conditions. Many NGS studies annotate their 

variants using Minor Allele Frequency (MAF) data from major population 

repositories such as NHLBI Exome Sequencing Project, dbSNP, The 1000 Genomes 

Project Consortium (1000G), Genome Aggregation Database (GnomAD) and ExAC 

database (Sherry et al., 2001; Fu et al., 2013) (ExAC Browser (Beta). Available from: 

http://exac.broad.institute.org). 

 

 

Adapted from GnomAD. 

 

c) Conservation and effect predition: in this step, important additional information on 

the possible pathogenicity of a selected variant are retrieved through the measures of 

evolutionary sequence conservation (thanks to tools such PhastCons, GERP++, and 

Phylp) and the predictions of the possible effects produced by that variant on protein 

function (Davydov et al., 2010; Margulies et al., 2003; Pollard et al., 2010). For the last 

purpose, several in silico tools are available to estimate the computed pathogenicity, 

http://exac.broad.institute.org/
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including the most well-known SIFT and Poly-Phen (Adzhubei et al., 2010; Adzhubei et 

al., 2013; Ng et al., 2003).  

  

 

c) Reference to disease-specific databases: these large genomic databases contains 

extremely relevant information concerning both genes and individual variants and 

their use is of priceless value in establishing the final link between genotype and 

phenotype. Some of the most common databases are OMIM, ClinVar, Human Gene 

Mutation Database (HGMD), and Gen2Phen (Amberger et al., Landrum et al., 2014; 

Stenson et al., 2014; Webb et al., 2011). 

 

Sample use of Polyphen-2. 

The amino acid substitution 

p.P346H in protein bestrophin 1 is 

predicted to be damaging with a 

score of 1. Multiple sequenced 

alignment (Basic Local Alignment 

Search Tool) shows that the 

residue at position 346 of 

bestrophin-1 is highly conserved 

across species. Adapted from Li et 

al., 2017. 

 

Two of the most 

common disease-

specific databases used 

to screen potentially 

pathogenic variants.  

 

Adapted from OMIM 

and ClinVar. 
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B. Filtering 

Typically, after the comparison of a patient’s exome with the human reference genome, nearly 

100,000 variant positions are identified. Most of such variants are functionally neutral and do not 

have any pathogenic impact. Since the list is too long to be evaluated manually, the filtering process 

allow to discard those variants which are clearly benign in order to narrow the list down to a few 

candidate genes. These genes can then be followed-up by a researcher or a clinical geneticist to 

determine their involvement in the studied disorder. 

 

 

 

The filtering process is usually a semi-automated process starting excluding non-coding variants, at 

least not in the first pass of the analysis, and variants with high MAF in public databases. For rare 

recessive disorders, the appropriate MAF cut-off may be around 1% and only genes with rare 

homozygous or multiple heterozygous variants are retained (usually 5-10 per exome, but typically 

higher in consanguineous families). For a dominant or X-linked disorder, a cut-off much closer to 

zero should be used. In cases with suspect dominant mode of inheritance, the final list may consist 

of 50–100 variants per exome, making sequencing of additional family members relevant in order 

to further filter these variants comparing the probands with the parents and healthy siblings, when 

available. Despite the extra cost associated with this procedure, it is especially important when 

looking for de novo mutations (i.e., variants carried by the proband but absent in the parents, 
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usually 1-2 per exome). In silico tools predicting the functional impact on the protein (such as SIFT 

or PolyPhen) can be use in the prioritization of variants or may be left for the final step of ‘manual 

analysis’ of the most interesting variants (Tetreault et al., 2015). 

 

 

Adapted from INGENUITY Knowledge base. 

 

C. Evaluation 

The manual examination of the filtered candidates (representing the most interesting variants which 

might account for the phenotype showed by the patient) by a qualified geneticist represents the final 

step of the interpretation process. Indeed, despite the efforts made to improve automated diagnosis 

and keyword matching, the role of the expert intervention still remains essential and irreplaceable 

for both the diagnostic process and generation of a final report. This analysis is performed through 

the visual inspection of detailed annotations, especially OMIM descriptors and review of the relevant 

literature. In silico tools for the prediction of the functional effect of the studied variant are of relevant 

value. A part from the most common bioinformatics tools (Polyphen, Polyphen-2, SIFT, Mutation 

Assessor, Mutation Taster, etc.), the use of the Combined Annotation Dependent Depletion (CADD) 

may provide important a relevant support in the final choice of the right variant. Once again, the 

analysis of the conservation of the affected nucleotide residue remains fundamental in this stage and 

several scores may be useful, especially GERP+ and Phylp). Eventually, a pivotal role in the 

evaluation process is played by the ‘deep phenotyping’, a term indicating the thorough clinical 
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characterization of the patient. Indeed, correct and detailed clinical information are essential for 

establishing the possible pathogenicity of a specific variant in the studied subjects and the possible 

relevant genotype-phenotype correlations. 

 

 

 

In the end of the interpretation process, the variants of interest should be classified according to the 

American College of Medical Genetics and Genomics (ACMG) guidelines, which provide a definite 

characterization: pathogenic/likely pathogenic (V-IV classes, variants which are most likely predicted 

to explain the clinical phenotype of the studied subjects on the basis of several frequency and 

biocomputational criteria), variant of unknown significance (VUS) (III class, variants whose 

relevance as the cause of the studied phenotype is uncertain due to mostly benign biological 

predictions or conflicting interpretations of pathogenicity), and likely benign/benign variants (II-I 

classes, variants predicted to have no significant impact on the protein function/expression). This 

classification provides a valuable way of standardise the variant interpretation process among 

different clinical and research centers worldwide (Richards et al., 2015). 

  

Snapshot of a sample 

list of variant file in 

excel format. 

 

Adapted from Exome 

Data Analysis for 

Clinicians: How and 

Why by Aneek Das 

Bhowmik and Ashwin 

Dalal 
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ACMG guidelines for variant classification. Adapted from Richards et al., 2015. 

 

 

Copy Number Variants (CNVs) 

This term indicates a genomic structural alteration consisting in the variation of the number of 

specific sections of the genome resulting from duplication and deletion processes affecting a large 

number of base pairs, with a varying number of repeats in human population (McCarroll et al., 2007; 

Sharp et al., 2005).  
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Genomic changes can be extensive (involving several megabases) and complex, leading to 

duplication, deletion, insertion, inversion or translocation of large DNA segments. Some of the most 

extreme changes occur as somatically acquired rearrangements in tumor genomes, including whole 

arm and chromosome events, as well as whole genome duplications (Weinstein et al., 2013). The 

potential consequences of the detected CNVs can vary significantly, ranging from neutral (common 

CNVs in human populations, neutral polymorphysms) to potentially damaging (associated with a 

variety of clinical phenotypes). The clinical impact may be determined determined by mode of 

inheritance, total rare CNV burden, size and number of dosage-sensitive genes in the CNV region 

(Redon et al., 2006). 

Thanks to the recent remarkable technical advancements, it is possible to detect these 

variations using WES. The detection process differs a lot from pipelines used to identify SNVs and 

small INDELs, usually involving five main approaches: read depth, allele frequency, paired-end 

mapping, split read mapping, and de novo assembly (Alkodsi et al., 2014; Tan et al., 2014). Due to 

the discrete nature of WES data, the first two are the most popular approaches for CNV detection 

using WES data. Through the combination of these two methods, WES can identify both copy neutral 

genomic rearrangements that would be lost with read depth-based approach alone and balanced copy 

The different types of CN variation.   

CN variants range in size (50 base pairs or greater) to 

whole chromosomes, and are identified through 

comparison to a reference genome.   

 

Adapted from Steenwyk et al., 2018. 
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number changes (e.g., AB to AABB aberrations, where normal and aberrant genotypes both show 

allele ratio of 0.5) not detectable with the allele frequency-based approach alone (Miyatake et al., 

2015; Nadaf et al., 2015; Wong et al., 2004). 

 

 

 

The annotation and the following interpretation of the identified CNVs should be performed 

according to the available phenotypic information. Similarly to the case of the abovementioned 

smaller variants, ‘deep phenotyping’ is of paramount importance for the correct interpretation of the 

genetic variations in the single patient. Specific databases are available for the evaluation of the 

potential clinical consequences of CNVs, including Database of Genomic Variants and the 

Database of Chromosomal Imbalance and Phenotype in Humans Using Ensembl Resources 

(Church et al., 2010; Firth et al., 2009). Due to the relatively small size of exome, WES can 

quickly and efficiently identify recurrent aberrations across large number of samples, being 

particularly interesting in the field of cancer genome studies (Nadaf et al., 2015). Even though the 

perspectives on the efficiency of WES in detecting CNVs are very promising, some technical 

Five approaches to detect CNVs from NGS 

short reads:  

A. Paired-end mapping (PEM) strategy 

detects CNVs through discordantly mapped 

reads (distance between two ends of a read 

pair significantly different from the average 

insert size); 

B. Split read (SR)-based methods use 

incompletely mapped read from each read 

pair to identify small CNVs; 

C. Read depth (RD)-based approach detects 

CNV by counting the number of reads 

mapped to each genomic region (three exome 

regions in the figure); 

D. Assembly (AS)-based approach detects 

CNVs by mapping contigs to the reference 

genome.  

E. Combinatorial approach combines RD and 

PEM information to detect CNVs. 

 

Adapted from Zhao et al., 2013. 
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limitations will need to be overcome in the future. For example, it is still challenging to determine 

the clinical consequences of a given CNV despite the help provided by databases. Indeed, clinical 

CNVs may not be identical, even for those causing similar phenotypes and different technologies, 

segmentation algorithms, or computational approaches would report different breakpoints for a 

given sample. Despite these challenges, however, detection of CNVs is becoming more and more 

important since their involvement in human diseases is increasingly being recognized (Ionita-Laza 

et al., 2009). 

 

WES in research and clinical practice 

Through the comparison of an individual sequence with a normal reference WES allow to identify 

variations in an individual’s DNA which may be causative of the studied specific medical conditions.  

The first diagnosis of a patient using WES was reported in 2009 and in 2013 more than 180 distinct 

novel disease-causing genes had already been identified thanks to WES (Boycott et al., 2013). Over 

the past 10 years, WES has remarkably accelerated the process of identification of disease-causing 

genes in research setting (Frebourg, 2014). The huge success of WES in gene identification has 

further led to the incorporation of this technique in the clinical practice with a relevant impact on 

diagnosis and patient management. Three relevant fields have gained advantage from the use of WES: 

rare diseases, cancer, complex disorders. 

 

Rare diseases 

According to the European Medicines Agency (EMA), rare diseases are defined as life-threatening 

orchronically debilitatingconditions that affectno more than 5 in10,000 people in the EU (Richter et 

al., 2015). Although individually rare, overall they affect a large number of individuals (Frebourg, 

2014). Molecular characterization is available for more than a half of the around 7000 rare inherited 

disorders identified so far (Frebourg, 2014). In recent years, WES has provided a huge contribution 

to the discovery of disease-causing variants for rare diseases, overcoming the limitations of linkage 
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studies in extremely rare or heterogeneous disorders, small families, and sporadic conditions (Ku et 

al., 2011). The number of distinct novel disease-causing genes identified thanks to WES is 

continuously increasing and, at the same time, this technique has allowed to expand the phenotypic 

spectrum of a large number of known genes (Boycott et al., 2013; Zhang et al., 2014). In some cases, 

WES has allowed to detect a disease variant which had been missed by a previous genetic test due to 

limitations of the test or the technique (especially sensitivity) used. Indeed, in a case reported by 

Landoure et al., WES identified a pathogenic variant in TRPV4 which had been previously missed 

by Sanger sequencing due to a SNP in the primer (Landoure et al., 2012). The application of WES in 

clinical setting has been revealed to be a valuable tool in the hand of clinicians to improve the 

diagnostic yield in patients without a definite diagnosis after common genetic tests. This was 

especially true for rare diseases, which are clinically unspecific or involve a large number of genes, 

such as pediatric polyneuropathies (over 70 genes) (Harding et al., 2014; Williams et al., 2013). The 

value of WES is especially high in cases when an overlap of symptoms between different syndromes occur. 

In these circumstances, the list of the potential candidate genes is longer and the diagnosis is more 

difficult, but WES allows to obtain the results faster and at a lower cost than targeted or single-gene 

sequencing (performed in combination with clear clinical information and relevant testing results) 

(Tetreault et al., 2015). A peculiar group of disorders is the subgroup of rare diseases caused by 

mutations in the mitochondrial genome (McCormick et al., 2013). Based on the clinical and genetic 

heterogeneity, patients with mitochondrial disorders could potentially be good candidates for the 

application of clinical WES. Despite the good results obtained by some research groups, the use of 

WES in mitochondrial disorders still has limits and it is not enough robust to be used in clinical 

practice (Calabrese et al., 2014; Dinwiddie et al., 2013; Wong, 2013). In particular, sequence 

homologs between nuclear and mitochondrial genome create a significant background which makes 

it difficult to discern the true mitochondrial sequence and tissue specificity of mitochondrial variants 

can also be a limitation in the analysis of WES data (DNA extracted from blood is usually sequenced 

whereas mitochondrial diseases mainly affect muscle and brain, so that the variant might not be 
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detected unless it is homoplasmic or have a high heteroplasmy level in blood) (Wong, 2013). 

Therefore, the proposed methodology in this disorder is whole mitochondrial DNA sequencing where 

the mitochondrial genome is specifically captured and sequenced (McCormick et al., 2013).  

 

Cancer 

Genomic alterations such as point mutations, CNVs, and structural rearrangements play a pivotal 

role in the pathogenesis of cancer (Mardis et al., 2009). In this field, WES has relevantly 

contributed to the identification of numerous cancer susceptibility genes and has made possible the 

detection of somatic driver mutations in sporadic cancers, allowing the identification of novel driver 

genes and pathways (e.g., chromatin remodeling in pediatric glioblastoma, pre-mRNA splicing in 

myelodysplasia, DNA methylation in acute monocytic leukemia) (Schwartzentruber et al., 2012; 

Wang et al., 2014; Yan et al., 2011; Yoshida et al., 2011). In clinical setting, WES allows to test all 

candidate genes for a specific genetically heterogeneous condition in a single experiment (e.g., 

more than 10 genes in case of patients with multiple colorectal polyps), obtaining a diagnosis more 

rapidly than single-gene testing (Vasen et al., 2015). WES has also been studied as screening tool 

for the identification of at-risk individuals for selected type of cancers to increase the number of 

patients diagnosed during the early stages of cancer, with a potentially relevant role in cancer 

prevention (Genovese et al., 2014). The incorporation of WES in clinical practice has also allowed 

to improve patients’ management and guide treatment choice, as brilliantly shown by the 

advancements achieved in personalized medicine (Parsons et al., 2014). Indeed, thanks to WES, it 

is possible to perform a multiplex analysis of the cancer biomarkers and determine the tumor’s 

mutational profile for each patient, which strongly influences the response to a specific treatment 

for a specific cancer subtype (Catenacci, 2014). The genetic information can be further used to 

develop pre-defined treatment priority algorithms allowing clinicians to determine the best therapy 

for the single patient (Catenacci, 2014). 
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Complex disorders 

Complex disorders are conditions caused by a combination of many genetic and environmental 

factors, making them difficult to study. These conditions include autism, intellectual disabilities 

(ID), and other relevant neurological disorders (such as Alzheimer’s disease) (Jiang et al., 2014). 

The mode of inheritance is usually unclear, although some of them can cluster in families. Genome-

wide association studies (GWAS) have been used to study these disorders in research setting, based 

the common variant/common disease hypothesis (Jiang et al., 2014). Thanks to GWAS, a large 

number of susceptibility alleles have been identified, but each variant only confers a small increase 

in risk with limited impact in the single patient and most of these variants only explain a small 

proportion of familial cases (Frebourg, 2014; Manolio et al., 2009). WES has been more recently 

used to find rare genetic variations with a strong effect, which have been hypothesized to explain 

the missing heritability resulting from GWAS. This approach is particularly interesting in the 

determination of the contribution of rare variants, especially in monogenic disorders with a clear 

mode of inheritance resembling Mendelian diseases (Jiang et al., 2014; Marian et al., 2012). 

Indeed, the identification of possibly causative genes in this disease subgroup has allowed the 

detection of mutations in the same gene or genes from the same pathway in patients with complex 

disorders. Accordingly, de novo mutations are a frequent cause of neuropsychiatric diseases and 

trio-based WES has led to the identification of rare alleles associated with sporadic diseases such as 

autism and ID (Ku et al., 2011; Kuechler et al., 2015; Rabbani et al., 2014). Most of the strong 

variants causing complex disorders are found in coding regions and therefore can be easily 

identified through WES (without requiring WGS). Their identification may play a relevant role in 

the improvement of the knowledge available on disorders affecting a large proportion of general 

population, with possible relevant impact on diagnosis and patient management (Tetreault et al., 

2015). With regard to the use in clinical setting, WES results very useful in the diagnosis of 

common monogenic diseases, such as some forms of diabetes mellitus (maturity-onset diabetes of 
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the young, MODY) and hypercholesterolemia (Bonnefond et al., 2010; Repas et al., 2014). Despite 

the application of WES for clinical diagnosis of complex diseases has proved to be suitable in 

some type of disorders, the interpretation of the variants can be challenging. Indeed, in many cases, 

the identified variant is only conferring a small risk and multiple susceptibility alleles are involved 

(Tetreault et al., 2015). 
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Adapted from Tarailo-

Graovac et al., 2016. 
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Patients and Methods 

Research objectives and inclusion criteria 

In collaboration with the Telethon Undiagnosed Diseases Project (TUDP), family-based WES was 

performed in a cohort of pediatric patients with syndromic ID without a definite diagnosis after 

extensive investigation through the most common metabolic and genetic tests available in clinical 

practice. 

 

Aims of the study: 

- Achieving a definitive genetic diagnosis in patients with complex medical condition to improve 

their clinical management; 

- Giving a recurrence risk to the families with relevant implications in genetic counseling; 

- Expanding the phenotypic spectrum of the studied syndromic ID disorders; 

- Investigating the pathophysiology of rare genetic syndromes, enhancing the knowledge on these 

extremely rare conditions. 

 

Inclusion criteria for enrolled subjects were as follows: 

- Patients with pediatric-onset (0-18 years) neurodevelopmental conditions  

- Diagnosis of DD/ID in association with congenital anomalies suggestive of a syndromic condition 

or in the context of a complex neurodevelopmental disorder; 

- Patients who have undergone extensive clinical, instrumental, and neuroradiological studies; 

- Negative genetic investigation trough the most common tests available in clinical settings, according 

to the needs of the specific case: karyotype; Comparative Genomic Hybridization (CGH) array 

Next Generation Sequencing (NGS) panels for genetic syndromes with ID, brain malformations, and 

epilepsy; Multiplex Ligation-dependent Probe Amplification (MLPA) for specific suspect genes. 
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Ethical approval: 

The study was approved by the Institutional Ethics Committee and written informed consent was 

obtained according to Telethon Undiagnosed Program guidelines. 

 

Whole Exome Sequencing 

Whole exome sequencing (WES) was performed by using the Agilent SureSelect QXT Clinical 

Research Exome (Agilent Technologies, Santa Clara, CA, USA). Sequencing data were processed 

using an in-house software for the execution of the GATK Best Practices pipeline for WES variant 

analysis. All the variants were filtered for population genetics, family segregation, and predicted 

impact on protein sequence. The best candidates for all probands were subsequently confirmed 

through Sanger sequencing. 

 

Technique 

Genomic DNA (at least 3-10 micrograms) was extracted from venous blood of affected individuals 

and their parents (trio) by QIAamp DNA Blood Mini Kit (Qiagen). We performed whole exome 

sequencing (WES) by using the Agilent SureSelect QXT Clinical Research Exome (Agilent 

Technologies, Santa Clara, CA, USA) that provides a 54 Mb target, including an enhanced coverage 

of disease-relevant targets from HGMD, OMIM and ClinVar. Enriched DNA was validated and 

quantified by microfluidic analysis using the Bioanalyzer High Sensitivity DNA Assay kit (Agilent 

Technologies, Santa Clara, CA, USA) and the 2100 Bioanalyzer with 2100 Expert Software. Libraries 

were sequenced using the NextSeq500 system (Illumina Inc., San Diego, CA, USA) performing 

paired-end runs covering at least 2x150 nt. The average exome coverage of the target bases was 

doubled for the probands to at least 150X with 90% of the bases covered by at least 40 reads. Probands 

and parents were run in different days, to avoid run-dependent artifacts. Sanger sequencing was 

performed to confirm the most interesting variants for each family trio. 
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Data analysis 

Reads preprocessing and cleaning was performed with the following tools: TrimGalore, to cut 

sequence reads with Phred Score less than 20; Burrows-Wheeler Alignment tool (BWA),6 to align 

the reads against the human genome (ver. Hg19); PICARD MarkDuplicates, to remove duplicated 

reads likely to be sequencing artifacts, and Genome Analysis Toolkit (GATK v. 3.8).7 Genotype 

phasing was obtained using GATK PhaseByTransmission. Variants were annotated with 

ANNOVAR8 to assign frequencies in large scale variants datasets (1000Genomes, ExAC, gnomAD) 

and potential impact on protein function. Finally, a tabular output containing both the variants and 

their annotation was generated for downstream analyses. All possible inheritance mechanisms were 

considered. We focused on variants that were present at a minor allele frequency of ≤0.001 in SNP 

databases (ExAC; gnomAD, 1000genomes, internal database of ~1,500 Italian subjects). All the 

candidate variants identified by bioinformatic analysis of WES data were confirmed by capillary 

sequencing of both DNA strands on PCR products. Healthy controls for each family were included 

in the analysis. The variants were then interpreted according to ACMG guidelines.  

 

Adapted from Musacchia et al., 2018. 
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Results 

Forty-seven probands were analyzed through family-based WES, with a male to female ratio of 1.4 

and a mean age at the time of the diagnosis of 8.9 years. Pathogenic or likely pathogenic variants 

fully explaining the patients’ phenotypes have been identified in 27 patients, with a diagnostic yield 

of 57.5% (Table 1). Out of the 31 variants detected in our cohort, the classification according to 

ACMG guidelines revealed: 11 class V variants, 18 class IV variants, 1 class III variant, and 1 class 

II variant. In 2 affected individuals, WES led to the identification of VUS or likely benign variants 

(class II). These nucleotide changes were thoroughly reviewed on a case by case basis. Despite the 

benign predictions according to bioinformatics tools, the rarity of the variants, the biological 

relevance of the affected domain, and the suggestive phenotype of the studied subjects supported their 

possible pathogenic role (Table 2). In the remaining 18 affected individuals, WES revealed variants 

in weaker candidate genes or no significant variant at all. In the first case, we used Genematcher to 

search for a possible genotype-phenotype match with other clinicians worldwide (ongoing process). 

In the second circumstance, WES data are being periodically reanalyzed using improved pipelines 

and according to changes in the clinical picture of the patients and recent advances in the scientific 

literature.  

 

  

57.5%

4.2%

17%

21.3%

Solved Strong candidate Weak candidate Unsolved

Pie chart graph schematically 

showing the results of the 

study.  

‘Strong candidate’ indicates 

cases in which possibly 

pathogenic variants have been 

identified in genes with a 

known relevant functional role 

in the brain; ‘weak candidate’ 

indicates cases in which 

interesting variants have been 

identified in poorly-known 

genes with a possible 

involvement in the central 

nervous system.  
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De novo variants were found in 17 probands whereas compound heterozygous and homozygous 

variants were identified in 2 and 3 probands, respectively. Dominant conditions included simple 

syndromic ID conditions (e.g., SETD5-related mental retardation 23, # 615761), complex genetic 

syndromes with relevant neurolodevelopmental involvement (e.g., Rubinstein-Taybi syndrome 1, # 

180849), and epileptic encephalopathies (e.g., early infantile epileptic encephalopathy 38, # 617020). 

X-linked disorders were diagnosed in 8 subjects (5 females and 3 males), including: DDX3X-related 

mental retardation (# 300958), Rett syndrome (# 312750) and MECP2-related syndromic mental 

retardation type 13 (# 300055), orofaciodigital syndrome I (# 311200), phosphoglycerate kinase 1 

deficiency (# 300653), X-linked Mental retardation 98 (# 300912), and Neurodegeneration with brain 

iron accumulation type 5 (# 300894).   

 The frequency of all the identified variants was zero, except for a variant in OFD1 (which was 

reported in hemizygous state in 1 individual in GnomAD database). This variant should have a 

dominant effect and therefore should be absent in population databases. However, the possibility of 

incomplete penetrance/non-skewed X-inactivation cannot be excluded in this case, especially since 

the phenotype of the patient is very consistent with orofaciodigital syndrome I.  

 With regard to the biological consequences of the variants, we identified: 12 frameshift, 4 

stop-gain, 13 missense, 1 indel, and 2 splicing mutations. Frameshift and stop-gain variants were 

more common in patients with dominant disorders (such as Angelman syndrome - # 105830, Bohring-

Opitz syndrome - # 605039, and Helsmoortel-van der Aa syndrome - # 615873), with the highest 

CADD (Combined Annotation Dependent Depletion) and GERP (Genomic Evolutionary Rate 

Profiling) scores. However, relevant exceptions were represented by the identification of severe 

homozygous frameshift variants in ALS2 and ARV1 in two siblings with juvenile amyotrophic lateral 

sclerosis type 2 (# 205100) and in a young female with early infantile epileptic encephalopathy 38 (# 

617020), respectively. Missense variants were found to be disease causing in both dominant (e.g., 

GABBR2-related neurodevelopmental disorder with poor language and loss of hand skills - # 617903) 
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and recessive disorders (e.g., Beaulieu-Boycott-Innes syndrome - # 613680 -  caused by THOC6 

mutations). The CADD score ranged from 22.5 to 38, whereas GERP ranged from 2.98 to 6.17.  

 The only indel was the de novo variant c.1436_1439delinsTCTC 

(p.Asp479Arg480delinsValSer) identified in a female patient with DDX3X-related ID. Two splicing 

variants were also detected. According to Human Splice Finder (http://www.umd.be/HSF/), the 

c.1834-7C>G variant in SMARCC2 [NM_003075] was predicted to alter the splicing through the 

activation of an intronic cryptic acceptor site and the alteration of the WT acceptor site. The other 

variant, c.2227-1G>A in CHD8 [NM_001170629], was predicted to alter the splicing process by 

altering the WT acceptor site.   

  

 

http://www.umd.be/HSF/
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Pt 

ID  

Ageˣ, 

Sex 

Gene Variant Status GnomAD CADD GERP ACMG 

class 

ACMG 

pathogenic 

criteria  

MIM/ClinVar 

phenotype 

#1 8 y, M ADNP  

[NM_00128253

2] 

c.158G>A 

(p.Trp53Ter) 

Het,  

de novo 

0 38 6.17 V PVS1, PS2, 

PM2, PP3 

Helsmoortel-van der 

Aa syndrome  

(# 615873) 

#2 6.5 y, M AHDC1  

[NM_00102988

2] 

c.2192dupT 

(p.Val731fs) 

Het,  

de novo 

0 N/A 5.78 V PVS1, PS2, 

PM2 

Xia-Gibbs syndrome 

(# 615829) 

#3 11.5 y, F ALS2 

[NM_020919] 

c.4368delG 

(p.Gly1456fs) 

Hom 

(sister of 

#29) 

0 N/A 5.93 IV PVS1, PM2 Amyotrophic lateral 

sclerosis 2, juvenile  

(# 205100) 

#4 10.5 y, 

M 

ALS2 

[NM_020919] 

c.4368delG 

(p.Gly1456fs) 

Hom 

(brother 

of #28) 

0 N/A 5.93 IV PVS1, PM2 Amyotrophic lateral 

sclerosis 2, juvenile (# 

205100) 

#5 8 y, M ARID1B 

[NM_020732]  

c.2270C>T  

(p.Ala757Val)  

Het,  

de novo 

0 31 5.8 IV PS2, PM2, 

PP3 

Coffin-Siris syndrome 

1 (# 135900) 

#6 5.5 y, F ARV1 

[NM_022786] 

c.363_364del 

(p.Ser122Glnfs) 

Hom 0 N/A 6.17 IV§ PS3, PM2 Epileptic 

encephalopathy, early 

infantile, 38 

(# 617020) 

#7 7 y, M ASXL1 

[NM_00136373

4.1] 

c.3633_3636del  

(p.Arg1212Serfs 

Ter6) 

Het,  

de novo 

0 N/A 4.49 V PVS1, PS2, 

PM2 

Bohring-Opitz 

syndrome (# 605039) 

#8 6 y, F BCL11B  

[NM_00128223

8] 

c.1671_1677del 

(p.Gly557fs) 

Het,  

de novo 

0 N/A 3.41 V PVS1, PS2, 

PM2 

Intellectual 

developmental 

disorder with 

dysmorphic facies, 

speech delay, and T-

cell abnormalities  

(# 618092) 

#9 7.5 y, M CHD8 

[NM_00117062

9] 

c.2227-1G>A Het,  

de novo 

0 N/A¶¶ 2.98 V PVS1, PM2, 

PP3  

{Autism, susceptibility 

to, 18} (# 615032) 

#10 12.5 y, 

M 

CREBBP  

[NM_004380] 

c.4030A>C  

(p.Lys1344Gln) 

Het,  

de novo 

0 25.1 5.05 IV PS2, PM1-3, 

PP3 

Rubinstein-Taybi 

syndrome 1 

(# 180849) 

#11 21 y, F CTU2 

[NM_00101275

9.3] 

c.1511_1514del 

(p.Ile505Argfs*41) 

 

Het,  

de novo 

0 N/A 5.04 V PVS1, PS3, 

PM2 

Microcephaly, facial 

dysmorphism, renal 

agenesis, and 

ambiguous genitalia 

syndrome (DREAM-

PL syndrome)  

(# 618142) 

#12 4.5 y, F DDX3X 

[NM_001356.3] 

c.1511G>A, 

(p.Gly504Glu) 

Het,  

de novo 

(XLD) 

0 30 5.22 IV PS2, PM1-2, 

PP3 

Mental retardation, X-

linked 102 (# 300958) 

#13 4.5 y, F DDX3X  

[NM_001356.3] 

c.1436_1439del 

insTCTC 

(p.Asp479Arg480 

delinsValSer) 

Het,  

de novo 

(XLD) 

0 N/A 5.41 IV PS2, PM1, 

PM2 

Mental retardation, X-

linked 102 

(# 300958) 

Table 1. Summary of the pathogenic/likely pathogenic variants identified in this study. 
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Pt 

ID  

Ageˣ, 

Sex 

Gene Variant Status GnomAD CADD GERP ACMG 

class 

ACMG 

pathogenic 

criteria  

MIM/ClinVar 

phenotype 

#14 11 y, F EEF1A2 

[NM_001958.5]  

c.796C>T 

(p.Arg266Trp)   

Het, 

de novo 

0 24.4 3.82 IV PS2, PM2, 

PP3, PP5 

Epileptic 

encephalopathy, early 

infantile, 33  

(# 616409) 

#15 7.5 y, M GABBR2 

[NM_005458.8] 

c.2064C>A 

(p.Asp688Glu) 

 

Het,  

de novo 

0 26.7 5.15 IV PS2, PM2, 

PP3 

Neurodevelopmental 

disorder with poor 

language and loss of 

hand skills (# 617903) 

#16 13 y, F KIAA2022 

[NM_00100853

7] 

c.431G>A  

(p.Arg144Gln) 

Het,  

de novo 

(XLD) 

0 29.9 6.08 IV PM2, PP3 Mental retardation, X-

linked 98 (# 300912) 

#17 

 

6 y, F MECP2 

[NM_00111079

2] 

c.14C>A  

(p.Ala5Asp) 

Het 

(XLD, 

female 

proband) 

0 24.7 4.14 IV PS2, PP3 Rett syndrome  

(# 312750) 

#18 6.5 y, M MECP2 

[NM_00111079

2] 

c.448T>G 

p.Leu150Val 

Hem^ 

(XLR, 

male 

proband)  

0 

 

22.5 5.4 IV PM1, PM2, 

PP2, PP3 

Mental retardation, X-

linked, syndromic 13 

(# 300055) 

#19 10.5 y, 

M 

PGK1 

[NM_000291.4]  

c.809T>G  

(p.Met270Arg) 

Hem 

(XLR) 

0 24.1 5.28 IV PS2, PM2, 

PP3 

Phosphoglycerate 

kinase 1 deficiency 

(# 300653) 

#20 3.5 y, M SETD5 

[NM_00108051

7.3] 

c.1135A>T 

(p.Ile379Phe) 

 

Het, 

de novo 

0 29.1 6.03 IV PS2; PM2, 

PP3 

Mental retardation, 

autosomal dominant 

23 (# 615761) 

#21 11.5 y, 

M 

SMARCC2  

[NM_003075] 

c.1834-7C>G Het,  

de novo 

0 N/A¶ 3.75 IV PS2, PM2 Coffin-Siris syndrome 

8 (# 618362) 

#22 8 y, M SON  

[NM_138927] 

c.2159delC  

(p.Thr720fs) 

Het,  

de novo 

0 N/A 5.5 V PVS1, PS2, 

PM2 

ZTTK syndrome 

(# 617140) 

#23 4.5 y, M SOX2 

[NM_003106.4] 

c.540C>G 

(p.Tyr180Ter) 

Het,  

de novo 

0 37 5.27 V PVS1, PS2, 

PM2, PP3, 

PP5 

Optic nerve hypoplasia 

and abnormalities of 

the central nervous 

system (# 206900) 

#24 20 y, F THOC6 

[NM_00114235

0] 

c.577C>T 

(p.Arg193Ter); 

c.792_793del 

(p.Val264fs) 

Comp 

Het 

0; 0 36; 

N/A 

3.54; 

4.68 

V; IV PVS1, PM2, 

PP3;  PVS1, 

PM2 

Beaulieu-Boycott-

Innes syndrome  

(# 613680) 

#25 13 y, F TRAF7 

[NM_032271.3] 

c.1964G>A 

(p.Arg655Gln) 

Het, 

de novo 

 

 

0 24.2 5.45 IV PS2, PM2, 

PP3, PP5 

Cardiac, facial, and 

digital anomalies with 

developmental delay 

(# 618164) 

 

   

 

 

 

 

        

Table 1. Summary of the pathogenic/likely pathogenic variants identified in this study. 
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ˣAge at diagnosis;  

§ The pathogenicity of this variant in ARV1 was confirmed with functional studies (see below in the Discussion section);  
¶ This variant is predicted to alter the splicing by Human Splice Finder (http://www.umd.be/HSF/) through: 1) activation of an 

intronic cryptic acceptor site, 2) alteration of the WT acceptor site;  
¶¶ This variant is predicted to alter the splicing by Human Splice Finder (http://www.umd.be/HSF/) through the alteration of the WT 

acceptor site. 

Abbreviations: CADD (Combined Annotation Dependent Depletion); Comp Het (compound heterozygous); GERP (Genomic 

Evolutionary Rate Profiling); Hem (hemizygous); Het (heterozygous); Hom (homozygous); MGDA (morning glory disc anomaly); 

MMD (moyamoya disease); N/A (not applicable); PM (pathogenic moderate); PP (pathogenic supporting); PS (pathogenic strong); 

PVS (pathogenic very strong). ACMG classes: V (pathogenic); IV (likely pathogenic); VUS (variant of unknown significance). 

 

 

 

ˣAge at diagnosis;  

^Variant inherited from healthy mother, with random skewed X-inactivation.  

 Abbreviations: CADD (Combined Annotation Dependent Depletion); Comp Het (compound heterozygous); GERP (Genomic 

Evolutionary Rate Profiling); Hem (hemizygous); Het (heterozygous); Hom (homozygous); MGDA (morning glory disc anomaly); 

MMD (moyamoya disease); N/A (not applicable); PM (pathogenic moderate); PP (pathogenic supporting); PS (pathogenic strong); 

PVS (pathogenic very strong). ACMG classes: III (variant of unknown significance, VUS); II (likely benign). 

 

Discussion 

The use of WES in our cohort allowed the identification of several pathogenic variants in known 

disease-causing genes, enhancing the diagnostic yield of the previously performed genetic tests in the 

studied subjects. Indeed, according to the selection criteria, all the enrolled patients had already been 

extensively studied with the most common genetic techniques available in clinical setting, including 

CGH-array, single gene testing (when a specific disorder was considered plausible due to the peculiar 

patient’s phenotype), and/or NGS panel testing (when a specific group of conditions was suspected). 

Thanks to the strict selection criteria and the accurate deep phenotyping of the studied patients, a high 

#26 8.5 y, M UBE3A 

[NM_000462.5] 

c.1650_1651insT 

(p.Gln553Serfs*19) 

Het,  

de novo 

0 N/A 5.4 V PVS1, PM2, 

PP3 

Angelman syndrome 

(# 105830) 

#27 8 y, F WDR45 

[NM_00102989

6] 

c.885G>A 

(p.Trp295Ter) 

Het  

(XLD, 

female 

proband) 

0 38 4.09 V PVS1, PM2, 

PP3 

Neurodegeneration 

with brain iron 

accumulation 5  

(# 300894) 

Pt 

ID  

Ageˣ, 

Sex 

Gene Variant Status GnomAD CADD GERP ACMG 

class 

ACMG 

pathogenic 

criteria  

MIM/ClinVar 

phenotype 

#27 9.5 y, M OFD1 

[NM_003611.3] 

c.1081T>C 

(p.Tyr361His) 

Hem^ 

(XLD) 

9.49e-6, 

1hem 

23.3 5.79 III PM2, PP3 Orofaciodigital 

syndrome I (# 311200) 

#28 4 y, M SZT2  

[NM_015284] 

 

c.1173_1174del 

(p.Thr391fs); 

c.4040G>A 

(p.Arg1347His) 

Comp het 0; 0 N/A; 

22 

5.74; 

3.47 

IV; II PVS1, 

PM2; - 

Epileptic 

encephalopathy, early 

infantile, 18  

(# 615476) 

Table 1. Summary of the pathogenic variants identified in this study (continued).  

Table 2. Summary of possible pathogenic variants identified in this study. 

http://www.umd.be/HSF/
http://www.umd.be/HSF/
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diagnostic yield (57.5 %) was achieved in our study. The diagnosed conditions included rare types of 

syndromic ID (e.g., Beaulieu-Boycott-Innes syndrome), epileptic encephalopathies (e.g., early 

infantile epileptic encephalopathy 38), neurodegenerative conditions (e.g., neurodegeneration with 

brain iron accumulation 5), and metabolic disorders (e.g., phosphoglycerate kinase 1 deficiency). 

Furthermore, we were able to identify strong candidate variants in two additional individuals, 

potentially increasing this yield up to 61.7%. However, some considerations need to be made in this 

regard. While the pathogenicity of the class V and IV variants is clear, the actual role of the candidate 

variants is not similarly unquestionable. Even though segregation is consistent with their inheritance 

model, there are conflicting interpretations of pathogenicity coming from their frequency and their 

predicted functional effect.  

In patient #27, the missense variant c.1081T>C (p.Tyr361His) in OFD1 [NM_003611.3] is 

rare and affects a very conserved residue. However, it is predicted damaging by some tools (Mutation 

Assessor, PROVEAN, REVEL) but tolerated by others (Mutation Taster, SIFT, DEOGEN2). This 

variant was inherited from the healthy mother and X-inactivation studies ruled out an unskewed X-

inactivation, raising doubts about the pathogenicity of this mutations since orofaciodigital syndrome 

I is a dominant disorder. Furthermore, functional studies (not showed) on flagellar motility in 

engineered cells failed to demonstrate a clear alteration due to this mutation. Even though the 

phenotype of this patient is very consistent with orofaciodigital syndrome I, the actual role of his 

OFD1 variant remains unclear.  

In patient #28, two compound heterozygous variants in SZT2 have been identified: the likely 

pathogenic c.1173_1174del (p.Thr391fs) and the likely benign c.4040G>A (p.Arg1347His) 

(NM_015284). Pathogenic variants in SZT2 cause early infantile epileptic encephalopathy 18 (# 

615476), a severe condition characterized by early-onset seizures, facial dysmorphism, and lack of 

psychomotor development. Even though the first of these two variants is predicted to have a high 

genetic impact (PVS1, PM2), the second variant is much weaker in terms of pathogenicity. This 

variant is reported in GnomAD with a total allele frequency of 0.0001131, never in homozygous state 
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but 32 times in heterozygous state. It is predicted benign by several bioinformatic tools (e.g., 

FATHMM-MKL, MutationAssessor, MutationTaster, PrimateAI, REVEL and SIFT). Eventually, 

most of the pathogenic variants identified in SZT2 are protein-truncating variants or variants resulting 

in mRNA decay, whereas missense are usually tolerated (z-score 0.5, GnomAD). Although the 

phenotype of our patient still remains very suggestive of SZT2-related ID, further studies are ongoing 

to clarify the pathogenicity and the clinical significance of the c.4040G>A (p.Arg1347His) variant. 

 

ID genes of particular interest 

Several pathogenic variants in different disease-causing genes have been identified in the studied 

cohort (Table 1). Among these genes, some were of particular interest because of the few patients 

reported in the literature or the peculiar function of the encoded protein. The most interesting genes 

and related phenotypes were reported as single cases or extensively studied through international 

collaborative studies. 

 

CTU2 

‘Biallelic Variants in CTU2 Cause DREAM-PL Syndrome and Impair Thiolation of tRNA 

Wobble U34’, Human Mutation, 2019. Collaborative study with Dr. Fowzan Alkuraya, King Faisal 

Specialist Hospital and Research Centre, Riyadh, Saudi Arabia. 

 

The wobble position in the anticodon loop of tRNA is subject to numerous post-transcriptional 

modifications. In particular, thiolation of the wobble uridine has been shown to play an important 

role in codon-anticodon interactions. This modification is catalyzed by a highly conserved 

CTU1/CTU2 complex, disruption of which has been shown to cause abnormal phenotypes in yeast, 

worms and plants. In humans, deficiency of 2-thiolation of mitochondrial tRNALys MTTK (MIM# 

590060) prevent it from translating its corresponding codons (AAA and AAG) and results in a 
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severe encephalomyopathy phenotype known as Myoclonic epilepsy associated with ragged red 

fibers (MERFF; MIM# 545000) (Kirino et al., 2005; Umeda et al., 2005; Yasukawa, Suzuki, et al., 

2001; Yasukawa, Kirino, et al., 2005). Previously, a single founder CTU2 variant has been linked to 

a multiple congenital anomalies syndrome but the pathomechanism remained unclear. In this work, 

we 4 additional variants that adversely affect CTU2-mediated tRNA thiolation have been identified.  

 

Figure 2. Identification of additional four novel variants in CTU2. A) Upper panel: Sequence chromatograms 

showing the four novel homozygous variants in CTU2 described in this study (Control tracing is shown for comparison 

and the location of the variants are denoted by black asterisks or lines). Lower panel: The location of each variants on 

the CTU2 transcripts (NM_001012759.3and NM_001012762.2) are denoted by arrows. B) CLUSTAL-multisequence 

alignment orthologs of the mutated reside p. Leu63 showing the conservation down to X. tropicalis (boxed in grey). C) 

Upper panel: Reverse polymerase chain reaction (RT-PCR) gel image of the products amplified from cDNA obtained 

from the index in family 8 along with wild-type cDNA as control showing the effect of variant c.282+5G>A on the 

splicing compared to control. Lower panel: Schematic of part of the CTU2 gene and mRNA and the Sanger 

chromatograms obtained from sequencing the RT-PCR amplicons. Top is the wild type (375bp) and bottom is the 

patient from family 8, smaller band (236bp). Analysis of the patient sequence revealed skipping of exon 3 and 4 with a 

deletion of 139 base pair (r.144_282del) which is predict to create frameshift deletion p. (Asp49Alafs*2). Annealing 

sites of the primers used for RT-PCR (arrows). 
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Our patient (indicated in red in the figure below) showed microcephaly, DD/ID, severe ocular 

anomalies, seizures, and polyostotic fibrous dysplasia. She also had very distinctive dysmorphic 

features. Through Genematcher, we joined an international collaboration which allowed to collect 

several other affected families. 

Figure 3. Lymphoblastoid cell lines generated from 

patients with CTU2 variants exhibit decreased levels 

of mcm5s2U modifications in tRNA.  

APM Northern blot assays for the indicated tRNAs from 

wildtype or CTU2 mutant cell lines. The ratio of 

modified (s2U) to the total signal (s2U+U) is quantified 

on the right. Mutant cell lines were compared to the 

average signal of control cell lines for each tRNA. N= 

15 for controls, N= 4 for 18DG0798, 18DG0881 and 

19DG0260, N=5 for 17DG0900 and 14DG0993. Error 

bars represent standard deviation. *, P < 0.05; **, P < 

0.01; ***, P < 0.001; ****, P < 0.0001. 

Figure 4. Impact of CTU2 variants on tRNA 

modifications within the anticodon loop.  

A, B) Anticodon stem loops of human tRNA-Arg-

UCU and tRNA-Lys-UUU. The underlined U 

denotes the location of the mcm5s2U 

modification. Additional modifications noted 

include: 3-methylcytosine (m3C), 

threonylcarbamoyladenosine (t6A) and 2-

methylthio-N6-threonylcarbamoyladenosine 

(ms2t6A). C, D) Primer extension analysis using 

reverse transcriptase (RT) for the indicated tRNAs 

from wildtype or CTU2 mutant cell lines. No RT 

denotes a negative control reaction without reverse 

transcriptase while all other reactions contained 

RT. o, represents labeled oligonucleotide used for 

primer extension. 

 



 

 

 

41 

 

A-E) Photos of the face, hand, foot and ambiguous genitalia of the index in family 7 (17DG0900) showing the 

dysmorphic features observed in the patient (scant hair and eyebrows, bitemporal narrowing metopic ridge, deep set 

eyes) as well as puffy limbs and short second toes. F and G) Profile and frontal facial photos of the index in family 

8 (18DG0881) showing the dysmorphic features seen in the patient (low set ears, depressed nasal bridge, prominent 

occiput, short neck and small palpebral fissures). H-J) Coronal, axial and sagittal MRI images, respectively, of the 

index in family 8 (18DG0881) showing broadly enlarged and thickened gyri suggesting pachygyria and bilateral 

lissencephaly which is more prominent on the right side. K&L) X-ray images of the left and right hand of the index 

in family 5 (18DG0798) showing the presence of four phalanges in the ring finger and 2 phalanges in the middle finger 

of the left hand as well as abnormal right hand. M-P) Profile and frontal facial photos and photos of the hand and 

leg of the index in family 6 showing bilateral thick earlobes, broad nasal bridge, right eye ptosis and left 5th toe 

polydactyly. Q-X) Clinical features of the index in family 9 (19DG0260) at the age of 19 reveal microphthalmia, 

Clinical phenotype and molecular finding in our patient with DREAM-PL syndrome 

CTU2: NM_001012759.1 c.1511_1514del, p.(Ile505Argfs*41) 

Sex Female 

Ethnicity Italian 

Consanguinity Possible distant consanguinity 

Current age/ last evaluation 19 

Preterm delivery - 

IUGR - 

Microcephaly + (51 cm, -3.1SD) 

Developmental delay + (walking at 2.5 y, first words after 4 y) 

Brain MRI Mild thin corpus callosum, bilateral microphthalmia  

Seizures + (focal epilepsy since the age of 9 years, treated with valproic acid) 

Congenital heart disease                                                                 PDA  

Renal anomalies - 

Ambiguous genitalia  - 

Dysmorphic + 

Fisted hands - 

Talipesequinovarus - 

Micrognathia - 

Polydactyly - 

Respiratory support At birth, due to transient respiratory distress 

Age at death Alive 

 

Others 

Bilateral microphthalmia, coloboma of iris and optic nerve, right lens luxation, severe 

scoliosis since age of 10 (surgically treated), mandibular hyperostosis with histological 

features suggestive of fibrous dysplasia, permeative lytic lesion of the proximal right 

femur  and hyperintense signal in the proximal left femur, thrombocytopenia 
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blepharophimosis, malocclusion, yellow-brown discoloraion of teeth, gingival hyperplasia, broad chin with mandibular 

hyperostosis, uplifted earlobes flat midface, convex nasal ridge and thick helix of ears (Q &R); cubitus valgus and 

thenar hypoplasia of left arm (S), prominent hemangioma on left forearm (T), clinodactyly of III and IV finger 

bilaterally (U,V), hallux valgus and clinodactyly of V toes bilaterally (W, X). Y&Z) Neuroradiological features of the 

index in family 9 (19DG0260) showing permeative lytic lesion in the proximal right femur diaphysis with irregular 

periosteal reaction (Y) and hyperintense signal in the proximal left femur (Z). a &b) maxillofacial CT scan showing 

extensive mandibular hyperostosis. c) CT image showing the severe scoliosis after surgical fixation. 

 

Summary of the identified pathogenic CTU2 variants. 

D (deleterious); PD (probably damaging). *Transcript inferred Pathogenicity Score, #Combined Annotation Dependent 

Depletion, SHGP: Saudi Human Genome Program 

 

The 2-thio modification of the wobble uridine is thought to restrict the anticodon of tRNA from 

binding to near-cognate codons other than what is allowed by wobble base-pairing. In addition, the 

2-thio modification has also been shown to increase the efficiency of reading of codons that end 

with A and G, facilitate recognition by synthetase, and protect against frameshifts during translation 

(Ikeuchi et al., 2006; Kruèger et al., 1998; Krüger, et al., 1998; Murphy, et al., 2004; Urbonavičius 

et al., 2001; Yarian et al., 2002). The wobble uridine is observed in tRNAs that decode split-box 

codons encoding lysine, glutamine, and glutamate and it has been shown that translating proteins 

enriched for these amino acids is greatly impaired in the setting of impaired CTU1/CTU2 complex 

(Dewez et al., 2008). It has been suggested that this could be related to the fact that the 

corresponding tRNAs (tRNALYS (UUU), tRNAGLU (UUC), and tRNAGLN (UUG)) harbor two 

uridines in positions 34 and 35, and given the low stacking potential of uridine, the stability of the 

Family # 

(Index)  
Codon 
NM_0010
12759.1  

RNA  

and /or 

Protein  

g. 
position  

Predicted  
effect  

PolyPhen  SIFT  CADD#  GnomAD/ SHGP 

frequency/ GME 

Variome  

Family 1,2,3 
and 4 /PMID: 
26633546 and  
27480277)  

c.873G>A  r.738_873del  
p. 
(Thr247Alafs
*21)  

NC_000016
.9:g.887798
55G>A  

Synonym
ous/ 
Splicing  

NA  NA  22.8  0.000009290 / 
0.0012610340479
1929/0  

Family 5 
(18DG0798)  

c.1206dup
T  

p.(Ala403Cys
fs*23)  

NC_000016
.9:g.887809
99dupT  

Frameshif
t Deletion  

NA  NA  NA  0/0/0  

Family 6 and 

Family 7  
Index/(17DG0
900)  

c.188T>C  p. (Leu63Pro)  NC_000016

.9:g.887763
90T>C  

Non 

synonymo
us  

PD (0.972)  D (0.02)  26.8  0.0007604/0/0  

Family 8  
(18DG0881)  

c.282+5G
>A  

r.144_282del  
p. 
(Asp49Alafs*
2)  

NC_000016
.9:g.887766
95G>A  

Non-
canonical 
Splice site  

NA  NA  14.11  0.000003988/0/0  

Family 9  
(19DG0260)  

c.1514_15
17delTTG
A  

p. 
(Ile505Argfs*
41)  

NC_000016
.9:g.887816
22_8878162
5del  

Frameshif
t Deletion  

NA  NA  NA  0.000008024  
/0/0  
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codon–anticodon interaction may be compromised (Agris et al., 2007; Ashraf et al., 1999; Dewez et 

al., 2008; Durant et al., 2005; Murphy et al., 2004). The established role of wobble uridine 

modification in translation and the comparison to other related human diseases allow us to speculate 

on the potential pathomechanism of DREAM-PL. A founder variant in ADAT3 is associated with 

intellectual disability and other variable features including facial dysmorphism, microcephaly, 

failure to thrive, congenital heart disease and strabismus (Alazami et al., 2013). ADAT3 is part of a 

complex that mediates A to I editing at the equivalent wobble position of tRNAs as the s2U 

modification that is depleted in DREAM-PL. Furthermore, a human intellectual disability syndrome 

characterized by selective deficiency of methoxycarbonylmethyl on position 34 has been recently 

identified. Thus, it seems likely that the defective modification of the wobble uridine caused by 

CTU2 deficiency causes systemic effects on multiple organs because of an adverse effect on the 

translation of key developmental proteins.  

 Although no treatment is currently available for DREAM-PL, all the families described in 

this study have benefited from accurate genetic counseling and reproductive choices offered to them 

in view of the molecular findings. In addition, families will be advised against the use of 

aminoglycosides if possible since this class of antibiotics compromises the fidelity of translation, 

and ctu1-deficient cells display enhanced sensitivity to hygromycin B (Dewez et al., 2008). It will 

be interesting in the future to identify compounds that may rescue the 2-thiolation defect we 

observed in these patients.  

 In summary, DREAM-PL represents the severe end of a spectrum of phenotypes caused by 

biallelic CTU2 variants. Brain and male genitalia involvement are consistent features, an observation 

that can aid the clinical recognition especially if combined with other variable features such as renal 

involvement and cleft palate. All variants identified to date result in moderately to severely impaired 

2-thio modification of U34 in multiple tRNAs, which we propose as a functional assay that can assist 

in evaluating variants of unknown significance in CTU2. 
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DDX3X 

‘Three de novo DDX3X variants associated with distinctive brain developmental abnormalities 

and brain tumor in intellectually disabled females’, European Journal of Human Genetics, 

2019. Collaborative study with Telethon Institute of Genetics and Medicine (TIGEM). 

 

 

De novo DDX3X variants have been recently reported in 1–3% of females with unexplained ID 

(Kellaris et al., 2018; Snijders Blok et al., 2015). DDX3X maps to Xp11.3–11.23 and is ubiquitously 

transcribed in human tissues, escaping X-inactivation (Bol et al., 2015; Kellaris et al., 2018). It 

encodes an ATP-dependent ‘DEAD-box’ RNA helicase involved in RNA processing through 

secondary structure remodeling, with a pivotal role in the regulation of gene expression, cell cycle 

control, innate immunity, and viral replication (Epling et al., 2015; Linder et al., 1989; Schröder et 

al., 2010).  

 

 

DDX3X gene transcripts (top) and DDX3X protein (bottom): a UCSC genome browser map (GRCh37/hg19) shows 

multiple gene products of DDX3X, with alternative splicing resulting in multiple transcript variants. The gene has a 5’-3’ 

orientation. The main transcript (black rectangle) of 16,874 bp is encoded by 17 exons; b Schematic, not to scale, 

representation of the domains of the full-length DDX3X protein and localization of the variants identified in the reported 

patients. N- and C-terminus are variable regions. The consensus eIF4E-binding sequence is important for the interaction 

with the eukaryotic initiation factor 4E (eIF4E), a translation initiation factor modulated by DDX3X. The RecA-like 

domains 1 and 2 are essential for the helicase activity. Each of these catalytic domains is composed of different conserved 

functional motifs, involved in ATP and RNA binding. aa amino acid. 
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We studied three unrelated females with ID, dysmorphic features, and a peculiar brain malformative 

pattern, thus expanding the phenotypic spectrum of DDX3X-related disorders. WES identified three 

distinct de novo heterozygous variants in DDX3X: c.1511G>A, p.(Gly504Glu) (Patient 1); 

c.1436_1439delinsTCTC, p.(Asp479Arg480delinsValSer) (Patient 2); c.641_643delTCA, 

p.(Ile214del)(Patient 3). Genomic coordinates refer to genome assembly hg19 and DDX3X nucleotide 

and amino acid variants to RefSeq entries NM_001356.3and NP_001347.3, respectively. The variants 

identified in patients 1 and 2 have not been previously reported in the literature or in any public 

database (including COSMIC, Decipher, Clinvar, and gnomAD). As to p.(Ile214del), the frameshift 

mutation affecting the same residue c.641_643delTCAinsCC, p.(Ile214Thrfs*7) has been reported as 

‘pathogenic’ in ClinVar. All variants were interpreted according to the ACMG guidelines and were 

classified as class 5. 

 

Patient 1 was the second-born to unrelated healthy parents with a healthy son. Antenatal history 

revealed intrauterine growth retardation (IUGR) due to placental insufficiency. She was delivered at 

30+5 weeks’ gestation. Her birth weight (BW) was 890 g (-1.79 SD), length 38 cm (-0.66 SD), and 

occipito-frontal circumference (OFC) 27 cm (-0.65 SD). Neonatal course was uneventful. During 

childhood, global DD was noticed and she developed spastic tetraparesis and severe scoliosis. At the 

age of 8 years, she was incidentally diagnosed with a pilocytic astrocytoma (PA) (WHO grade I). 

Physical examination at 11 years of age revealed occipital plagiocephalywith normal OFC (51.5 cm, 

-0.96 SD), several dysmorphisms (Fig. 1A, a), absent speech, spastic tetraparesis, strabismus, and 

horizontal nystagmus. 
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Dysmorphic facial features, Patient 1 presents with occipital plagiocephaly, frizzy hair, flat face with midface 

hypoplasia, and short neck. Dysmorphic facial features include: arched eyebrows, mild esotropia of the left eye, low-set 

wide and simplified ears, long smooth philtrum, thin lips and upper vermillion border, absent cupid bow, and retrognathia. 

 

 

 

Patient 2 was the only child of unrelated healthy parents. Prenatal history revealed IUGR, increased 

nuchal translucency, oligohydramnios, and ventriculomegaly. She was born at 34+2 weeks’ gestation. 

Her BW was 1,550 g (-1.46 SD), length 38 cm (-2.5 SD), and OFC 29 cm (-1.39 SD). Neonatal course 

was complicated by diffuse hypotonia and feeding difficulties. Brain ultrasonography confirmed 

isolated ventriculomegaly. Electroencephalogram (EEG) showed slow waves in the right cerebral 

hemisphere. Bilateral sensorineural hearing loss was found and fundoscopic examination showed 

optic subatrophy, but visual evoked potentials were normal. At 2 years of age, she had severe ID/DD, 

dysmorphic features, and microcephaly (OFC 43.2 cm, -3.13SD) with prominent metopic bridge (Fig. 

1A, b). Physical examination showed dysphagia, alternating esotropia, axial hypotonia, and 

generalized dystonia. 
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Dysmorphic features of Patient 2 include prominent metopic ridge with glabellar nevus simplex, arched eyebrows with 

synophrys, hypotelorism with epicanthal folds, strabismus, low-set posteriorly rotated ears, malar hypoplasia, and 

microretrognathia. 

 

 

Patient 3 was the only daughter ofnon-consanguineous healthy parents. Pregnancy was complicated 

by IUGR due to placental insufficiency. She was delivered at 38 weeks’ gestation. Her BW was 2,000 

g (-2.50 SD) length 45 cm (-1.83 SD), and OFC 30.5 cm (-2.39 SD). Neonatal course was uneventful. 

At 12 months of age, she experienced prolonged akinetic seizures with motor arrest and hypotonia, 

requiring phenobarbital therapy. At 10 years of age, she was nonverbal and microcephalic (OFC 46 

cm, -4.90 SD). Physical examination showed dysmorphisms (Fig.1A, c), truncal hypotonia, hand 

stereotypies, and scoliosis. Sleep EEG revealed low-voltage fast activity over polymicrogyric cortex. 

 

 

Clinical photographs of Patient 3 showing arched eyebrows, midface hypoplasia, large ears, long philtrum, and 

retrognathia. 
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Brain MRI studies revealed a similar malformative pattern in all patients (Fig. 1B), characterized by 

bilateral frontal and perysilvian polymicrogyria (Patient 1 and 3) and fronto-insular dysgyria (Patient 

2), variable degrees of callosal hypo-dysgenesis, dysmorphic basal ganglia with indistinct anterior 

limbs of internal capsules, small olfactory bulbs, pontine and inferior vermis hypoplasia. White matter 

was globally reduced, especially at the level of ventral cingulum, with enlargement of lateral 

ventricles and peculiar temporal horn dilatation. Additional findings included an incidental solid mass 

in left cerebellar hemisphere in Patient 1 and trigonocephaly in Patient 2. DTI studies showed marked 

hypoplasia of the corpus callosum with prevalent posterior involvement, and reduced volume of the 

anterior limbs of the internal capsule and ventral cingulum. No aberrant course of the cortico-spinal 

tracts or other major white matter bundles was noted. 

  

Brain MRI findings: a,b Patient 1 at the age of 8 years; c,d Patient 2 at the age of 2.5 years; e,f Patient 3 at the age of 

12 years. In all patients, axial images reveal malformations of cortical development, characterized by bilateral frontal 

polymicrogyria in Patient 1 (a) and Patient 3 (b). In Patient 2, axial T1-weighted sequences show an abnormal fronto-
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insular gyral pattern (c). The anterior limb of the internal capsule is very small with dysmorphic appearance of the basal 

ganglia (a,c,d,arrowheads). The periventricular white matter is reduced, especially in Patients 1 and 2, with consequent 

enlargement of the lateral ventricles, especially in frontal and anterior temporal regions. Sagittal T1-weighted images 

demonstrate severe callosal hypodysgenesis with prevalent involvement of the isthmus and splenium in Patient 1 (b, thick 

arrow) and 3 (d, thick arrow), and milder callosal hypoplasia in Patient 2 (f, thick arrow). Note the marked hypoplasia of 

the anterior commissure in patient 1 and 2, and anterior commissure agenesis in Patient 3. There is pontine hypoplasia in 

all patients (arrows) associated with hypoplasia and mild rotation of the inferior portion of the vermis (open arrows, 

Patients 2 and 3). In patient 1 sagittal T1-weighted image demonstrates a hypointense cerebellar mass lesion (detailed 

depiction available in online Supplementary Figure 1). 

 

 

Brain MRI of Patient 1: a Coronal T2-weighted and b axial contrast-enhanced T1-weighted images reveal a T2 

hyperintense mass lesion in the left cerebellar hemisphere, with inhomogeneous contrast enhancement, containing a 

central cystic area (arrow), and causing contralateral displacement of the vermis. C Axial 3D/TFE T1-weighted image 

fused with the callosal tractography demonstrates reduced callosal fibers homotopically connecting the cerebral lobes 

without ectopic or supracallosal bundles. d Coronal 3D/TFE T1-weighted image fused with motor tractography shows 

normal course of the corticospinal tracts (empty arrows). 
 

 

 

Head CT, 3D reformatted: a antero-lateral and b superior views, performed at 4 months of age in Patient 2, showing 

premature fusion of the metopic suture (empty arrows), resulting in a mild form of anterior trigonocephaly. c Coronal and 

d sagittal FA color directional map fused with 3D/TFE T1-weighted images showing normal course of the cortico-spinal 

tracts (arrowheads), absence of callosal ectopic bundles with small splenium (empty arrows), and normal superior 

cerebellar peduncle decussation (c,d, arrows,).  
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To date, 53 patients harboring DDX3X variants have been collected in the Decipher database and 

most of the described variants are predicted to lead to loss of protein function: 

Summary of the clinical and neuroradiological features of the Decipher patients with DDX3X variants  

SEX 

F 

M 

Number 

50/53 

3/53 

%total 

94.3% 

5.7% 

DYSMORPHIC FACIAL FEATURES PRESENT IN ≥ 2 PTS 

    -long/abnormal philtrum 

-dental anomalies 

    -supernumerary nipples 

    -large ears/earlobes    

-prominent nose 

    -narrow mouth 

    -thin vermillion border 

    -high/narrow palate 

-small face 

  -protruding ears 

  -wide/depressed nasal bridge 

  -thin upper lip vermillion 

  -protruding tongue 

33/53 pts 

4 

4 

4 

3 

3 

3 

3 

3 

2 

2 

2 

2 

2 

62.3%  

 

ADDITIONAL CLINICAL FINDINGS 

Microcephaly 

Skull abnormalities: 

-plagiocephaly 

    -brachycephaly 

    -skull asymmetry 

  -prominent metopic ridge 

Skeletal/extremities: 

    -hypermobility/laxity 

    -scoliosis  

    -short stature 

 -long fingers/toes 

-limited elbow extension 

    -broad hallux/thumbs 

    -prominent fingerpads 

Eyes: 

-strabismus; proptosis 

    -visual impairment 

    -unspecified eye anomalies  

    -optic nerve hypo/aplasia 

-pigmentary retinopathy; retinal arteries tortuosity 

Hearing impairment: 

    -mixed 

-conductive 

    -sensorineural 

Cardiovascular and Respiratory: 

-pulmonic stenosis 

    -tetralogy of Fallot 

    -APW; EA; ASD 

    -abnormal upper respiratory tract 

Endocrine/GI tract: 

    -obesity 

-gastroesophageal reflux/esophagitis 

    -ectopic anus 

-feeding difficulties; polyphagia 

  -umbilical hernia (umbilical; inguinal) 

GU tract: 

-ovarian cysts  

-vescicoureteral reflux 

    -multicystic kidney dysplasia 

Skin: 

    -skin nevi (linear sebaceous; congenital melanocytic) 

-hypo/hyperpigmentation 

 

18/53 

 

2 

1 

1 

1 
 

12 

4 

3 

3 

2 

2 

2 

 

8; 1 

3 

2 

1 

1; 1 

 

2 

1 

1 

 

3 

1 

1; 1; 1 

1 

 

8 (6 truncal) 

3 

2 

1; 1 

1; 1 

 

3 

1 

1 

 

4 (2; 1) 

3 

 

34% 
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NEUROLOGICAL ABNORMALITIES 

ID: 

    -severe 

    -moderate 

    -unspecified 

Specific learning disabilities 

DD: 

Severity: 

    -severe 

    -moderate 

    -mild 

  Type: 

    -global 

    -speech 

    -motor 

Developmental regression 

Behavioral abnormalities: 

    -motor stereotypies 

-inappropriate laughter/ happy disposition 

-hyperactivity/short attention span 

-autistic spectrum 

    -sleep-wake disturbance 

-self-injury 

    -unspecified 

Common neurological features: 

    -hypotonia; abnormal muscle tone 

    -ataxia 

    -poor motor coordination; tip-toe gait 

    -drooling 

-poor eye contact 

    -brisk reflexes 

    -dysarthria 

Seizures: 

-unspecified 

-focal 

    -generalized 

53/53 

12/53 

9 

1 

2 

3/53 

33/53 

 

4 

10 

2 

 

29 

12 

5 

1/53 

4/53 

8 (7 hand flapping, 1 unspecified) 

3 

2 

2 

2 

1 

1 

 

7 (1 neonatal); 3 

7 

2; 1 

2 

1 

1 

1 

6/53 

3 

2 

1 

100% 

22.6% 

 

 

 

5.6% 

62.3% 

 

 

 

 

 

 

 

 

1.8% 

7.5% 

 

 

 

 

 

 

 

 

13.2% 

13.2% 

 

 

 

 

 

11.3% 

 

 

ABNORMAL BRAIN MRI FINDINGS  

Abnormalities of CC: 

-hypoplasia 

-agenesis 

-unspecified 

Delayed CNS myelination 

Ventricular enlargement 

Cerebellar anomalies 

-hypoplasia 

-abnormal white matter 

Unspecified CNS abnormality 

Cortical dysplasia 

Stroke 

16/53 

7/53 

3 

3 

1 

3 

2 

2 

1 

1 

2 

1 

1 

30.2% 

13.2% 

 

 

 

5.6% 
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Two large case series of 38 and 31 affected females harboring de novo or presumably de novo DDX3X 

variants have been reported by Snijders Blok L et al. and Wang et al., respectively (Snijders et al., 

2015; Wang et al., 2018). Conversely, only 10 male patients have been described so far, suggesting 

a lethal effect in most fetal cases (Dikow et al., 2017; Kellaris et al., 2018; Nicola et al., 2019; Wang 

et al., 2018). Six of them harbored maternally inherited missense variants, two carried de novo 

missense variants, and one carried a de novo splice site variant. The mode of inheritance in one patient 

harboring a missense variant was not confirmed (Dikow et al., 2017; Kellaris et al., 2018; Nicola et 

al., 2019; Wang et al., 2018). Regardless of gender, most DDX3X patients carry missense variants 

affecting the ATP-binding or C-terminal helicase domains, similarly to those identified in our 

patients, without a clear genotype-phenotype correlation (Fieremans et al., 2016; Snijders Blok et al., 

2015; Wang et al., 2018). 

DDX3X-related disorders are characterized by a relevant phenotypic variability, especially 

with regard to the severity of neurodevelopmental involvement. While DD and/or ID are present in 

Characteristics of the DDX3X variants described in the Decipher Database 

Sequence variants type 

SNV 

Indels 

   -Ins 

   -Del 

  

43/53 

10/53 

2 (+1 bp)  

8 (ranging from -1bp to -7bp) 

  

 

 

     

Mutation type 

Missense 

Nonsense 

Frameshift 

Splice donor variants 

Splice acceptor variant 

Inframe deletion 

  

28 

8 

8 

4 

3 

2 

       

Inheritance pattern 

De novo 

    -constitutive 

    -mosaic 

Paternally inherited 

Unknown 

  

49/53 

48 

1 

1/53 (mosaic father) 

3/53 

       

Pathogenicity of mutations in relation to 

their contribution to phenotype 

Full contribution to phenotype 

    -pathogenic 

    -likely pathogenic 

    -uncertain 

Partial contribution to phenotype 

    -likely pathogenic 

Uncertain contribution to phenotype 

  -likely pathogenic 

    -uncertain 

Unknown contribution to phenotype 

  

 

31/53 

12 

18 

1 

2/53 

2 

3/53 

2 

1 

17/53 
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the vast majority of patients, a variable proportion of affected individuals show movement disorders, 

significant behavioral abnormalities, hypotonia, and seizures (Snijders Blok et al., 2015; Wang et al., 

2018). Facial dysmorphisms are common, including clinical features of Toriello-Carey syndrome 

(Dikow et al., 2017; Snijders Blok et al., 2015; Wang et al., 2018). Interestingly, the existence of sex-

specific phenotypes has been hypothesized (Nicola et al., 2019). Although all reported male patients 

have ID and global DD, and most of them suffer from movement disorders, they exhibit peculiar 

phenotypic features. In particular, male patients are rarely hypotonic as compared to females and 

often show craniofacial deformities (especially brachycephaly and plagiocephaly), ophthalmological 

abnormalities, and congenital heart disease (Nicola et al., 2019). In line with previous reports, our 

patients showed severe ID/DD, neurological abnormalities, microcephaly, and dysmorphic features 

(Kellaris et al., 2018). Interestingly, occipital plagiocephaly was observed in Patient 1 and Patient 2 

was diagnosed with sensorineural hearing loss and trigonocephaly. However, a true craniosynostosis 

was radiologically confirmed only in the latter. While hearing impairment has been occasionally 

associated with DDX3X spectrum, trigonocephaly has not been reported in patients with DDX3X-

related ID so far (Dikow et al., 2017; Snijders Blok et al., 2015). All patients displayed a common 

brain malformative pattern characterized by bilateral frontal and perysilvian polymicrogyria and/or 

dysgyria, callosal hypo-dysgenesis, dysmorphic basal ganglia with indistinct anterior limbs of 

internal capsules, hypoplasia of the ventral cingulum, incomplete hippocampal rotation, and pontine 

and inferior vermis hypoplasia. Although abnormal neuroradiological findings have been described 

in several females harboring DDX3X variants, malformations of the cortical development have been 

only occasionally reported (Snijders Blok et al., 2015). In particular, polymicrogyria was found in 4 

out of 37 individuals of the largest case series published by Blok et al, and simplified gyral pattern 

was present in one patient reported by Dikow et al (Dikow et al., 2017; Snijders Blok et al., 2015). 

Remarkably, no mention of associated midbrain-hindbrain anomalies, basal ganglia dysmorphisms, 

and/or marked hypoplasia of ventral cingulum was made in these case series. 



 

 

 

54 

 

The neuroradiological features observed in our patients are similar, though less severe, to those 

reported in individuals with tubulinopathies or GRIN2B encephalopathy (Mutch et al., 2016; Platzer 

et al., 2017). These findings suggest that DDX3X might play a pivotal role not only in neuronal 

Clinical , neuroradiologic, and genetic findings in our patients 

 Patient 1 Patient 2 Patient 3 

Microcephaly - + + 

Craniosynostosis + (occipital 
plagiocephaly) 

+ (trigonocephaly) - 

Dysmorphic features 

-Arched eyebrows 
-Synophris 
-Hypotelorism 
-Epicanthal folds 
-Midface hypoplasia 
-Long philtrum 
-Micrognathia 
-Retrognathia 

-Ogival palate 
-Low-set ears 
-Thin lips 

 

+ 
- 
- 
- 
+ 
+ 
- 
+ 

- 
+ 
+ 

 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 
+ 
- 

 

+ 
- 
- 
- 
+ 
+ 
- 
+ 

+ 
+ 
+ 

ID/DD + (severe) + (severe) + (severe) 

Neurological findings 
-Hypotonia 

-Tetraparesis 
-Spasticity 
-Dystonia 
-Strabismus 
-Nystagmus 
-Stereotypies 

 
+ 

+ 
+ 
- 
+ 
+ 
- 

 
+ 

- 
- 
+ 
+ 
- 
- 

 
+ 

- 
+ 
+ 
+ 
- 
+ (hands) 

Seizures - - +  

Abnormal EEG findings - + (right-sided slow-
waves) 

+(LVFA over PMG) 

History of cancer + (PA, WHO I) - - 

Additional findings 
-Severe scoliosis 

-Hearing loss 
-Optic subatrophy 
-Dysphagia 
-PDA/PFO 

 
+ 

- 
- 
- 
+ (PDA) 

 
- 

+ (sensorineural) 
+ 
+ 
+ (PFO) 

 
+ 

+ (mixed) 
- 
- 
- 

Neuroradiologic findings 
Neuronal migration defects 
-PMG 
-Dysgiria 

Associated brain anomalies 
-Reduced periventricular white 
matter 
-Abnormal white matter T2 signal 
-Delayed myelination 
-Dysmorphic ventricles 
-Enlarged lateral ventricles 
-CHD 

-AC hypoplasia/agenesis 
-Hippocampal malrotation 
-Temporal poles hypoplasia 
-Dysmorphic basal ganglia 
-Cerebellar hypoplasia 
-Pontine hypoplasia 
-Thinning of optic nerves 

 
 
+ (BF/PS) 
- 

 
+ 
- 
+ 
+ 
+ 
+ 
+  

+ 
+ 
+ 
- 
+ 
- 

 
 
- 
+ (FI) 

 
+ 
+ 
- 
- 
+ 
+ 
+  

+ 
+ 
+ 
+ (iv) 
+ 
+ 

 
 
+ (BF/PS) 
- 

 
-/+ 
+ 
- 
- 
- 
+ 
+  

+ 
+ 
+ 
+ (iv) 
+ 
- 

DDX3Xpathogenicvariants 

(exon;affectedproteindomain) 

c.11511G>A,p.Gly504Gl
u 
(exon 13; helicase C 
terminus) 

c.1436_1439delinsTCTC,
p.Asp479Arg480delinsVa
lSer 
(exon13; helicase C 
terminus) 

c.640_642del 
delATC,p.Ile214del (exon 7; 
helicase ATP binding) 
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proliferation and migration, but also in white matter development. Despite the presence of callosal 

abnormalities and pontine hypoplasia, we did not find aberrant white matter bundles on DTI 

tractography, thus ruling out major axonal pathfinding defects. DDX3X is required for neurite 

outgrowth and dendritic spine formation through the translational activation of mRNAs involved in 

Rac1 activation (Chen et al., 2016; Tivodar et al., 2015; Zamboni et al., 2018). This would lead to 

speculate about a common underlying pathogenic mechanism for brain malformations in 

tubulinopathies and DDX3X-related disorders, possibly involving altered microtubule stability and 

defective migration of cortical GABAergic interneurons due to impaired Rac1 signaling (Tivodar et 

al., 2015). However, the presence of similar brain malformations in a minority of patients with 

DDX3X missense variants suggests a possible genotype-phenotype correlation requiring further 

validation in larger studies. 

The incidental diagnosis of a cerebellar PA in Patient 1 represents another relevant aspect of 

this study. DDX3X plays a crucial role in cell cycle progression and is involved in Wnt/β-catenin 

signaling pathway and cancer dissemination (Bol et al., 2015; Epling et al., 2015; Sun et al., 2011). 

Somatic DDX3X variants have been reported in several aggressive tumors, including Wnt-driven 

medulloblastoma (Bol et al., 2015; Epling et al., 2015; Pugh et al., 2012). Furthermore, a significant 

correlation between DDX3X expression and Snail levels has been reported in glioblastoma 

multiforme (Sun et al., 2011). The missense variant p.(Gly504Glu) identified in Patient 1 affects the 

central helicase core of DDX3X (Fig. 1C, b), similarly to the somatic variants occurring in 

medulloblastoma. These variants impair DDX3X-RNA binding resulting in altered protein function, 

which might play a relevant role in ‘DDX3X-driven cancerogenesis’ (Bol et al., 2015). Accordingly, 

we speculate that the p.(Gly504Glu) variant might have contributed to PA development as part of a 

more complex pathogenic mechanism. However, obvious limitations are worth noting. First, 

functional studies on PA tissues were not performed. Furthermore, we did not seek a second hit in 

DDX3X or further genes involved in tumorigenesis. Indeed, since DDX3X exerts tumor suppressing 
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functions, patients harboring DDX3X germline variants might have a greater risk of developing 

somatic second hit mutations, leading to a possible increase in cancer risk (Dunford et al., 2017). 

Our findings have expanded the phenotypic spectrum of DDX3X-related disorders and have 

suggested novel consequences of DDX3X variants, resulting in altered neuronal migration and 

proliferation, abnormal white matter development, and possible promotion of tumorigenesis. 

Accordingly, we have suggested that DDX3X should be considered in the differential diagnosis of 

tubulinopathies and included in the “cortical malformations” NGS panel. However, in the absence of 

pathognomonic clinical and radiological features due to the significant phenotypic variability, 

additional DDX3X cases are expected to be detected by WES alone in the next future.  

 

 

THOC6 

‘Novel CNS malformations and skeletal anomalies in a patient with Beaulieu-boycott-Innes 

syndrome’, American Journal of Medical Genetics, 2018. 

 

THO/TREX (transcription/export) is a conserved eukaryotic complex that plays a crucial role in 

gene expression and prevents DNA damage during mitosis and meiosis. In mammals, TREX is 

essential during embryogenesis, determining stem cell fate specification by regulating 

posttranscriptional self-renewal and differentiation in several tissues. It is composed of a core called 

THO, consisting of THOC1, 2, 5, 6, 7, and additional proteins. Bi-allelic mutations in THOC6 

have been associated to Beaulieu–Boycott–Innes syndrome (BBIS), a syndromic form of ID. To 

date, nine patients harbouring homozygous or compound heterozygous mutations in THOC6 have 

been reported. Despite the clinical heterogenity and subtle dysmorphic features in some individuals, 

distinctive facial features are tall forehead, short and upslanting palpebral fissures, deep set eyes, 

flat philtrum, and malocclusion. Nonlife threatening congenital anomalies are common, including 
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cardiac and renal malformations, anteriorly displaced anus, cryptorchidism in males, submucous 

cleft palate, and corpus callosum dysgenesis. Affected patients usually have short stature, mild 

microcephaly, and mild to moderate ID. Here, we describe an Italian patient with BBIS, carrying 

two compound heterozygous lossof-function (LoF) variants in THOC6 (c.577C > T, p.R193* and 

c.792_793delCA, p.V264Vfs*48). In addition to the common phenotype, she displays cerebellar 

hypoplasia with severe vermian dysgenesis and hydrocephalus due to aqueductal stenosis, multiple 

skeletal anomalies and hypergonadotropic hypogonadism. Thus, we review the previous cases and 

discuss the phenotypic spectrum of BBIS, providing further evidence regarding the pivotal role of 

TREX complex in human development.  

 BBIS has been first described in two consanguineous Hutterite families by Boycott et al., 

who mapped it to a 5.1 Mb region at 16p13.3, using an identity-by-descent approach and SNP 

microarray technology followed by haplotype analysis (Boycott et al., 2010). The advent of 

nextgeneration sequencing few years later allowed to identify the causative homozygous missense 

mutation in THO6C gene in those families (Beaulieu et al., 2013). Subsequently, whole exome 

sequencing uncovered a homozygous nonsense variant in a Saudi boy presenting with craniofacial 

features of BBIS, cardiac septal defects, imperforate anus and undescended testicles (Anazi et al., 

2016, 2017). Shortly after, three different homozygous missense variants in THOC6 have been 

reported in an Irish Traveller girl with BBIS features (Casey et al., 2016). All three were likely in 

linkage disequilibrium and multiple tools suggested the potential pathogenicity of two of them. 

Recently, three additional BBIS cases have been identified once again by whole exome sequencing 

(Amos et al., 2017). A distinctive facial gestalt is apparent from these recent publications. The main 

features are tall forehead (9/10), short and upslanting palpebral fissures (9/10), deep set eyes (6/10), 

long nose (8/10), low-hanging columella (6/10) and dental anomalies (7/10). Short stature (7/10), 

nonthreatening genitourinary (4/10) and cardiac malformations (5/10) have been frequently noticed. 

OFC usually ranges from normal (1/10) to mild decreased size (8/10) and most individuals have 

global developmental delay/mild to moderate ID (10/10).  
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Our case 

A 17-year old girl was referred to our Unit for genetic evaluation because of dysmorphic facial 

features, short stature and brain malformations. She was the third born child to unrelated healthy 

Caucasian parents. Her younger brother was born preterm and suffered from intrauterine growth 

retardation (IUGR) and hydrocephalus due to aqueductal stenosis. At birth he experienced severe 

respiratory distress and died the first day of life. Pregnancy of the third child was remarkable for 

diagnosis of IUGR and hydrocephalus at the seventh month. Karyotype on amniocytes resulted 

46XX, normal.  

 She was delivered by caesarean section at 39 weeks of gestation. Birth weight 

was 2.360 g (−2.34 SDS, small for gestational age [SGA]), length 45 cm (−2.44 SDS), and OFC 33 

cm (−0.99 SDS). Apgar score was 5 at 1 min and 7 at 5 min. At birth, she was intubated and received 

mechanical ventilation with supplemental oxygen for few days. Physical examination showed short 

soft palate, anterior displacement of the anus and trigger thumb of the right hand that was surgically 

corrected. Ultrasound examination revealed right hip dislocation and left ectopic dysplastic kidney, 

located in the pelvis. Bilateral optic disc hypoplasia was found on fundoscopic examination and was 

confirmed by optical coherence tomography.  
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(a) Patient's family pedigree. II-2 had IUGR and congenital hydrocephalus due to aqueductal stenosis and died at 

birth. III-3 had IUGR, congenital hydrocephalus due to aqueductal stenosis, mesencephalosynapsis and other clinical 

features consistent with the diagnosis of Beaulieu–boycott–Innes syndrome. (b–f ) Patient's pictures. (b–c) Facial 

dysmorphic features include high and wide forehead, short and sparse eyebrows, upslanting palpebral fissures, bifid 

nosal tip, flat philtrum, wide mouth with thin lips and dental crowding, tall and pointed chin; (d) this patient's picture 

shows decreased muscle bulk, bilateral cubitus valgus, and genu valgum; (e) Patient's hands are characterized by 

tapered distal phalanges, and camptodactyly of third and fourth fingers (f ) Patient's feet with clinodactyly of the third 

and fourth toes. 

 

 

Brain MRI revealed compensated supratentorial hydrocephalus due to aqueductal stenosis, with 

fenestration of the septum pellucidum, fused fornices, and bilateral incomplete hippocampal rotation 

(Figure 2a,b). Additionally, cerebellar hypoplasia with peculiar vermian hypodysgenesis, small pons 

and fusion of the colliculi were noted (Figure 2c–f ). The pituitary gland and optic nerves were intact. 

Spinal MRI showed multiple segmentation defects of the cervical vertebrae, 11 thoracic vertebrae 

and sacralization of L5 (Figure 2g). 
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Brain and Spinal MRI: (a) Axial and (b) coronal T2-weighted images show compensated supratentorial ventricular 

dilatation, with wide fenestration of the septum pellucidum (balck empty arrow), fused fornices (black arrowhead), and 

bilateral incomplete hippocampal rotation (white arrowhead). (c) Sagittal 3D T1-weighted and (d) T2-weighted driven 

equilibrium (DRIVE) images demonstrate stenosis of the cerebral aqueduct (white arrowhead). There is vermian 

dysplasia characterized by small and poorly foliated inferior portion (thick white arrow) and dysplastic enlarged tuber 

(empty arrow). Note the large interthalamic adhesion (thin white arrow). (e) Axial T2-weighted and (f ) 3D T1-

weighted reformatted images at the level of the aqueductal stenosis reveal fusion of the colliculi (arrows). (g) Sagittal 

T2-weighted image of the spine shows multiple segmentation defects of the cervical vertebrae (arrows), 11 thoracic 

vertebrae and sacralization of L5. Note the ectopic kidney in the pelvis (empty arrow). 

 

When she was 16 years old, endocrinologic evaluation revealed short stature, thin build and 

hypergonadotropic hypogonadism (LH 20.1 U/L, FSH 91.2 U/L, 17-beta-estradiol 5 pg/mL). Pelvic 

ultrasonography showed small uterus, normal appearance of right ovary, whereas the left was not 

visualized. Hormone replacement therapy was readily started. Yet, she developed menarche only after 
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2 years of treatment. At the age of 17 her weight was 30 kg (−6.9SDS), height 148 cm (−2.3 SDS), 

and OFC 49 cm (−5.0 SDS). She had moderate ID, friendly behavior and motor stereotypies. 

Dysmorphic facial features included wide forehead with a soft bump on the glabella, sparse and 

short eyebrows, short upslanted palpebral fissures, bifid nasal tip, flat philtrum, wide mouth with thin 

lips, dental crowding and supernumerary teeth, short soft palate, bifid uvula and tall and pointed chin. 

She had limited neck range of motion, bilateral cubitus valgus, tapered fingers, bilateral 

camptodactyly of third and fourth fingers, scoliosis, anterior displacement of the anus, bilateral genu 

valgum and clinodactyly of third and fourth toes. Proctosigmoidoscopy was performed at 

the age of 18 and revealed the presence of a rectoperineal fistula, which was closed by a posterior 

sagittal anorectoplasty. The girl was also found to suffer from sinus tachycardia with echocardiogram 

(ECG) findings of right axis deviation and clockwise heart rotation around its longitudinal axis. ECG 

showed dysmorphic and mildly insufficient mitral valve. Brain MRI showed stable appearance of the 

supratentorial ventricular dilatation. She never had seizures. The patient's karyotype and array-CGH 

resulted normal. The analysis of subtelomeric chromosome rearrangements and X-chromosome 

inactivation analysis yielded negative results. The genetic testing of FRAXA, uniparentaldisomy of 

chromosome 7, Noonan syndrome causative genes, and FANCB yielded negative results as well. 

 Similarly to the previous cases, our patient present with nonthreatening genitourinary and 

cardiac malformations and imperforate anus, as the Saudi patient (Anazi et al., 2016, 2017). In 

addition, she shows significant microcephaly and short stature, sparse and short eyebrows, 

macrostomia, bifid and nasal tip, supernumerary teeth, tall, and pointed chin. Furthemore, she has 

been diagnosed with congenital compensated hydrocephalus due to aqueductal stenosis, like her 

brother who deceased at birth several years ago. Unfortunately, no biological specimens of him were 

available to confirm the BBIS diagnosis. Beside moderate dilatation of the lateral and third ventricles 

in the Irish Traveller girl (Casey et al., 2016) and ventriculomegaly in the USA boy (Amos et al., 

2017), congenital hydrocephalus due to aqueductal stenosis has never been reported in individuals 

with THOC6 mutations. We hypothesize that absence of hydrocephalus progression in our patient 
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may be due to inadequate formation of cerebrospinal fluid, patency of the aqueduct below the 

resolution of imaging and/or ectopic routes for cerebrospinal fluid drainage. A clear cerebellar fusion 

was not present, ruling out a classical form of rhombencephalosynapsis. However, cerebellar 

hypoplasia with vermian dysgenesis was associated to mild pontine hypoplasia and midline fusion of 

the colliculi (mesencephalosynapsis), thus suggesting a milder atypical form of this spectrum of 

disorders (Ishak et al., 2012; Whitehead et al., 2014). Unfortunately, due to the lack of detailed 

clinical and radiological information we do not know if her brother had a similar midbrain-hindbrain 

malformation in association to the congenital hydrocephalus. Interestingly, thoc6 mRNA is highly 

expressed in the developing zebrafish's midbrain at 24 hr post fertilization, becoming expressed 

afterwards to the posterior part of the midbrain and the midbrain-hindbrain boundary (Beaulieu et al., 

2013). Taken together, these observations point out to a possible role of THOC6 in midbrain and 

cerebellum development. Several skeletal anomalies were present in our patient, including multiple 

vertebral segmentation defects, scoliosis, trigger thumb, bilateral cubitus valgus and genu valgum, 

camptodactyly of fingers, and clinodactyly of toes. Apart from mild toe camptodactyly and 

clinodactyly in the Saudi boy (Anazi et al., 2016), skeletal anomalies have never been reported in 

individuals with THOC6 mutations. Of note, the Irish Traveller girl was thought to have a second 

disorder, as Epiphyseal dysplasia, multiple, 4 (MIM 226900) typically occurs among Irish Travellers 

due to founder mutations in SLC26A2 (Lynch et al., 2018). Interestingly, the complex phenotype of 

our patient including hydrocephalus, multiple vertebral segmentation defects, cardiac and renal 

anomalies, anterior displaced anus and trigger thumb puts BBIS in differential diagnosis with X-

linked VACTERL-hydrocephalus syndrome (X-linked VACTERL-H), a rare disorder caused by 

mutations in the FANCB gene which underlies Fanconi Anemia (FA) complementation Group B. 

Previously, gynecological anomalies have been described in 2 Hutterite girls, having endometriosis 

and premature ovarian failure (Boycott et al., 2010). Interestingly, our patient has hypergonadropic 

hypogonadism with primary amenorrhea and lack of secondary sex characteristics before hormone 

replacement therapy. Overall, our patient shows more complex phenotype comparing to the previous 
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cases with regard to craniofacial features, brain, and skeletal anomalies. Mutations in THOC6 gene 

reported so far are displayed along the first six out of seven WD repeat protein domains (Trp-Asp 

repeat or WD-40 repeat), without a clear genotype–phenotype correlation. Only the nonsence 

mutation p.Arg87*, resulting in a truncated protein in its WD2, has been found more than once, in 

both homozygous and compound heterozygous state. Although the Saudi patient carrying the above 

homozygous nonsense mutation was not more clinically affected than individuals with compound 

heterozygous (missense/nonsense) and homozygous missense mutations, we could still speculate that 

the severe phenotype in our patient might be due to the stop and frameshift mutations that result in 

THOC6 LoF. Moreover, other genes might play a role, although we have not identified by WES 

further pathogenic variants in genes related to human disorders, in particular to cerebellar 

development. In fact, the increasing literature of multiple genetic diseases in the same individual 

uncovered across various WES studies (Balci et al., 2017; Posey et al., 2017) point to consider further 

relevant genetic factors, even behind the WES capacity, that may contribute to the phenotype of our 

patient. 

 TREX is a multimeric complex composed of a core called THO, consisting of THOC1, 2, 5, 

6, 7, Tex1, and a group of additional proteins. It is highly conserved across a wide range of 

organisms, playing a pivotal role in several cellular functions and homeostasis, including gene 

expression, genome stability and embryogenesis (Castellano-Pozo et al., 2012; Heath et al., 2016; 

Hur et al., 2016; Masuda et al., 2005; Wang et al., 2013). The complex was shown to be essential 

during early mouse development, as complete knockout of Thoc1 and Thoc5 resulted lethal 

(Mancini et al., 2010; Wang et al., 2006). In humans, hemizygous missense mutations in THOC2 

have been found to cause syndromic X-linked ID (OMIM 300957) (Kumar et al., 2015), and a 

translocation causing disruption of THOC2 has been reported in a girl with cognitive impairment 

and cerebellar hypoplasia (Di Gregorio et al., 2013), providing further insight into a possible role of 

TREX in cerebellum development. The crucial role of TREX in human neurodevelopment is further 

underlined by the observation that depletion of THOC6 induces apoptosis in mammalian cells 
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(Beaulieu et al., 2013), similar to other neurogenetic disorders (Ghavami et al., 2014). Lastly, an 

indirect role of TREX has been suggested in amyotrophic lateral sclerosis (ALS) due to GGGGCC 

repeat expansion of C9ORF72 (OMIM 105550). Recently, a Drosophila model for 

neurodegeneration triggered by C9ORF72 revealed that two other proteins of TREX complex, 

ALYREF, and NXF1, are potential suppressor and enhancer of neurodegeneration, respectively 

(Freibaum et al., 2015). Moreover, it has been observed a failure of expression of multiple proteins 

through a mRNA export block, similar to what observed in other TREX-related disorders (Heath et 

al., 2016). The broad expression of THOC6 during early stage of development and its essential role 

in embryogenesis may explain the presence of several congenital anomalies in patients with BBIS. 

With regard to the reproductive system, it has been showed that mice harbouring biallelic 

hypomorphic mutations in THOC1 have severely compromised gametogenesis as a consequence of 

defects in the expression of genes that are likely regulated by THOC1 and are required for normal 

differentiation of testes (Wang et al., 2009). Similarly, we could speculate that the skeletal 

anomalies seen in our patient might be the consequence of defects in TREX-mediated expression of 

several genes required for normal differentiation of cell types within the skeleton. In summary, we 

have reported two LoF compound heterozygous variants in THOC6 in an Italian Caucasian girl, 

showing a severe BBIS phenotype with novel clinical and neuroradiological features. We thus 

broaden the BBIS phenotypic spectrum and provide further insight into the crucial role of THOC6 

in human development. Further reports will help in refine the spectrum of clinical features 

associated with biallelic mutations in THOC6. Lastly, it is reasonable to hypothesize that other 

THOC genes will be involved in neurodevelopmental disorders. 
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Other relevant ID genes in study 

 

ARV1 

Early onset ARV1 encephalopathy: expanding the phenotypic spectrum. Collaborative study 

with Dr. Philippe Campeau, McGill University, Montreal, Canada. 

ARV1 is an evolutionarily conserved gene encoding a transmembrane protein of the endoplasmic 

reticulum (ER) involved in intracellular lipid trafficking and membrane structure maintenance in 

yeast (Palmer et al., 2016). Although its actual functional role remains unknown in humans, 

homozygous pathogenic variants in ARV1 have been recently associated with a new type of 

autosomal recessive early-onset epileptic encephalopathy (EOEE), OMIM # 617020 (Palmer et al., 

2016; Alazami et al., 2015).  ARV1maps on 1q42.2 and encodes the A:cholesterol O-acyltransferase 

(ACAT)-related enzyme 2 required for viability 1. This 271-amino acid protein contains the 

conserved Arv1 homology domain (AHD), which includes a functionally relevant Zinc-binding 

motif (Sundvold et al., 2016). In yeast, Arv1regulates the outward trafficking of lipids from the ER 

and plays a role in sphingolipid metabolism, intracellular organelles homeostasis, and proper 

functioning of autophagy (Palmer et al., 2016). A pivotal role of Arv1 in the synthesis and 

metabolism of Glycosylphosphatidylinositol (GPI) anchor, an essential post-translational 

modification for intracellular protein trafficking, has further been suggested (Palmer et al., 2016). 

In mammals, Arv1 contributes to the regulation of energy homeostasis (Palmer et al., 2016). The 

exact functional role of ARV1 in humans is still unknown, although it has been shown to facilitate 

telophase progression in human cells through the promotion of the formation of the actomyosin ring 

at the cleavage furrow (Tinkelenberg et al., 2000). Interestingly, neuronal knockout mice for Arv1 

shows seizures and hyperactive behavior and some GPI biosynthesis defects are characterized by ID 

and epilepsy (Palmer et al., 2016). Together with the recent report of pathogenic variants in EEOE 

cases, these observations suggest that ARV1 could play a relevant role in human brain. In particular, 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Palmer%20EE%5BAuthor%5D&cauthor=true&cauthor_uid=27270415
https://www.ncbi.nlm.nih.gov/pubmed/?term=Palmer%20EE%5BAuthor%5D&cauthor=true&cauthor_uid=27270415
https://www.ncbi.nlm.nih.gov/pubmed/?term=Alazami%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=25558065
https://www.ncbi.nlm.nih.gov/pubmed/?term=Palmer%20EE%5BAuthor%5D&cauthor=true&cauthor_uid=27270415
https://www.ncbi.nlm.nih.gov/pubmed/?term=Palmer%20EE%5BAuthor%5D&cauthor=true&cauthor_uid=27270415
https://www.ncbi.nlm.nih.gov/pubmed/?term=Palmer%20EE%5BAuthor%5D&cauthor=true&cauthor_uid=27270415
https://www.ncbi.nlm.nih.gov/pubmed/?term=Palmer%20EE%5BAuthor%5D&cauthor=true&cauthor_uid=27270415
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ARV1 deficiency might lead to structural alterations and instability of cellular membranes with 

adverse impacts on correct neuronal depolarization and synaptic vescicles exocytosis (Palmer et al., 

2016). 

 To date, only 4 patients carrying homozygous ARV1 pathogenic variants have been reported 

in the literature. All individuals had severe ID/DD and developed refractory epilepsy in the first 

year of life. Two children also showed a psychomotor regression after seizure onset. The epileptic 

phenotype was not specified except in one patient, who presented with status epilepticus at the age 

of 4 months and showed a combination of tonic and clonic seizures. His EEG revealed multifocal 

anomalies on a slowed background, with a progressive evolution toward modified hypsarrhythmia. 

Other relevant neurological features of previously reported patients include axial hypotonia, 

movement disorders, and abnormal eye movements. Congenital retinal dystrophy was also 

diagnosed in one case. In line with previous reports, our patient had profound ID and early-onset 

refractory seizures. However, she displayed additional phenotypic characteristics, including 

distinctive dysmorphic features, severe generalized hypotonia, rotary nystagmus, and distinctive 

brain anomalies. 

 

Genetic, electro-clinical, and neuroradiological features of ARV1 patients. 

 Pt 1* 

Alazami et al.  

(2015) 

Pt 2** 

Palmer et al.  

(2016) 

Pt 3** 

Palmer et al.  

(2016) 

Pt 4 

Palmer et al.  

(2016) 

Our patient 

Sex M M F F F 

Ethnicity Arabic Arabic Arabic Lebanese-Australian Italian 

Consanguinity Yes Yes Yes Yes Yes 

Genetic variant 

[NM_022786.1] 

c.565G>A, 

p.(Gly189Arg), 

Hom 

c.565G>A, 

p.(Gly189Arg), 

Hom 

c.565G>A, 

p.(Gly189Arg), 

Hom 

c.294G>A, 

p.(Lys59_Asn98del), 

Hom 

c.363_364del, 

p.(Ser122Glnfs), 

Hom 

Predicted 

functional 

consequence 

LOF (hypomorphic) 

 

LOF (hypomorphic) 

 

LOF (hypomorphic) 

 

Abnormal splicing, 

nonfunctional protein 

(null) 

LOF (hypomorphic) 

 

Dysmorphic 

features 

- - - - Hypotelorism, 

shallow orbits, 

synophrys, small nose 

with depressed nasal 

bridge, long philtrum,  

Microcephaly No - - No Yes, proportional 

 (-3.2 SD)*** 

ID/DD Yes, severe Yes, profound Yes, profound Yes, profound Yes, profound 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Palmer%20EE%5BAuthor%5D&cauthor=true&cauthor_uid=27270415
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Regression with 

seizure onset 

Yes - - Yes No 

Epilepsy 

-Age of onset 

-Seizures types 

-Status epilepticus 

-EEG at onset 

 

-Follow-up EEG 

 

-Response to 

AEDs 

-Seizure outcome 

 

9 mo 

- 

- 

- 

 

- 

 

No 

Refractory 

 

<1 y 

- 

- 

- 

 

- 

 

No 

Refractory 

 

<1 y 

- 

- 

- 

 

- 

 

No 

Refractory 

 

4 mo 

Multifocal, 

tonic/clonic 

Yes 

Slow background, 

focal epileptiform 

activity 

Multifocal activity, 

modified 

hypsarrhythmia 

No 

Refractory 

 

7 mo 

Focal motor 

No 

Slow background  

 

Multifocal epileptic 

anomalies (++ 

posterior) 

No 

Refractory 

Hypotonia Yes, axial - - Yes, axial Yes, generalized 

Movement 

disorders 

Ataxia Mild ataxia - Dystonia Hand dystonic 

movements 

Other neurologic 

features 

- - - Peripheral hypertonia, 

roving eye 

movements 

Rotary Ny, mild 

peripheral hypertonia 

Visual 

impairment 

No - Yes Yes, congenital 

retinal dystrophy 

VEP: normal 

Additional 

clinical features 

- - - Feeding difficulties, 

GE reflux, aspiration 

pneumonia 

Feeding difficulties, 

precocious puberty, 

pectus excavatum 

Brain MRI - - - Simplified frontal 

cortical sulcation; T2 

hyperintense central 

tegmental tract with 

restricted diffusion 

Delayed myelination; 

T2 hyperintensity 

with restricted 

diffusion dorsal 

midbrain, pons, PLIC 

and frontal WM; thin 

CC; cerebellar 

atrophy 

Precocious death No, alive at 25 y No, alive at age 13 y No, alive at 8 y Yes, 12 mo No, alive at 5y 

*This patient had a similarly affected younger brother who died at the age of 4 years but was not available for genetic testing.  

**This patient is second cousin of Pt1.  

***Microcephaly in the context of severe failure to thrive (weight and height below -2.0 SD) 

Abbreviations: - (not available); AEDs (anti-epileptic drugs); CC (corpus callosum); DD (developmental delay); EEG 

(electroencephalogram); GE (gastroesophageal); Hom (homozygous); ID (intellectual disability); MRI (magnetic resonance 

imaging); mo (months); Ny (nystagmus); PLIC (posterior limbs of internal capsules); Pt (patient); VEP (visual evoked potentials); y 

(years). 

 

 

Our case 

She is the first-born to consanguineous healthy parents (second cousins). Family history was 

unremarkable. The baby was delivered at term by spontaneous vaginal delivery. At birth, her weight 

was 3,100 g (0. 29 SD), length 48 cm (-0.21 SD), and occipito-frontal circumference (OFC) 32.5 

cm (-0.73 SD). Apgar score was 9 and 10 at 1 and 5 minutes, respectively. Neonatal course was 

uneventful. In the first few months of life, rotary nystagmus, axial hypotonia, dysphagia, and DD 

were noticed. At the age of 7 months old, she started to suffer from recurrent focal seizures 

characterized by perioral movements, upper limbs jerks, hiccups, and cyanosis. These episodes 
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occurred several times during the day and only subsided after diazepam administration. 

Electroenephalogram (EEG) showed hemispheric focal electrical status epilepticus with intercritical 

activity (Figure 1).  

20 sec/page. 

 

 

 

 

 

 

 

 

 

Several antiepileptic drugs (AEDs) were tried but resulted ineffective, including Fenobarbital (40 

mg/day), Topiramate (16 mg/day), Clobazam (6 mg/day), Vigabatrin (500 mg/day). At the age of 

14 months, seizures occurred in monthly clusters and were characterized by staring gaze or ocular 

revulsion, and increased tonus of one side of the body, sometimes followed by brief and self-

resolving jerks and oroalimentary automatisms. Since seizures were persistent, Topiramate was 

replaced by Levetiracetam (30 mg/kg/day) but this change resulted ineffective. Subsequently, 

Lamotrigine (80 mg/die) was started in place of Levetiracetam and partial seizure control was 

achieved with the combination of Lamotrigine, Clobazam (20 mg/die), and Fenobarbital (50 

mg/die). However, seizures remained refractory, with intensification during febrile infections. At 

Electro-clinical findings. (A,B) Intercritical 

EEG at the age of 7 months during wake. 

(A) EEG shows high voltage anomalies 

preceded and mixed with spikes and 

polyspikes in the posterior regions, exhibiting 

inconstant rhythmic behavior resembling 

Rhythmic high-amplitude delta with 

polyspike-like (RHADS). (B) Slow sharp 

graphoelements, spikes, polyspikes, and sharp 

wave-slow wave complexes in the posterior 

regions. This middle-high voltage epileptic 

activity appears subcontinuous, with 

predominant involvement of right hemisphere 

and secondary diffusion over the surrounding 

regions.  

 

EEG recordings: system 10-20, bipolar longitudinal montage, 

sens 100 µV, HF 50 RP Hz, LF 0.1, 20 sec/page. 

 



 

 

 

69 

the age of 5 years her weight was 12.5 kg (-3.1 SD), height 97 cm (-2.5 SD), OFC 46 cm (-3.2 SD). 

She had dysmorphic facial features (Figure 1), posterior plagiocephaly, hyperlaxity, pectus 

excavatum with nipple hypoplasia, short fifth toes, and prominent heels. Neurologic examination 

revealed profound ID, rotary nystagmus, lack of visual fixation, generalized hypotonia, dystonic 

hand movements, lower extremity clonus, and hyperlaxity.  

 

 

 

 

 

Serial follow-up EEG recordings showed a progressive deterioration with intensification of 

intercritical activity and multifocal epileptic anomalies, especially in the posterior regions (Figure 

1). Brainstem auditory evoked potentials (BAEPs) and visual evoked potentials (VEP) were normal. 

Metabolic studies yielded normal results.  

 

 

Intercritical EEG at the age of 5 

years during sleep. There is poor 

sleep/wake differentiation in the 

context of severe and diffuse 

cortico-subcortical damage. The 

previously reported abnormalities 

have become continuous and exhibit 

a diffusive trend. 

 

EEG recordings: system 10-20, bipolar longitudinal montage, 

sens 100 µV, HF 50 RP Hz, LF 0.1, 20 sec/page. 
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Brain MRI at presentation (age 6 months) showed slightly delayed myelination, while follow-up 

studies at 9 months, and 2 years of age demonstrated a leukoencephalopathy with persistent 

restricted diffusion at level of the brainstem tegmentum, superior cerebellar peduncles, 

subthalamus, ventral striatum and posterior limbs of internal capsules, associated with cerebellar 

atrophy (Figure 2, A-D).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Brain MRI performed at the age of 9 months 

(A, B), 2 years (C, D), 4 years (E, F) and 5 

years (G, H). Upper row, T2-weighted images; 

bottom row, diffusion-weighted images (DWI), 

b=1000 s/mm2. Axial T2-weighted (A) and 

DWI (B) reveal T2 hyperintensity and high 

signal on DWI at the level of the central 

tegmental tracts, superior cerebellar peduncles 

(arrows), ventral midbrain (arrowheads), 

subthalamus, and inferior striatum (empty 

arrows). At 2 years of age, corresponding T2-

weighted (C) and DWI (D) images demonstrate 

persistent, slightly reduced, restricted diffusion 

in previously affected regions, prominent 

enlargement of the cerebellar CSF spaces 

(empty arrows), and new areas of restricted 

diffusion in the posterior limbs of internal 

capsules (PLIC) (arrows). Mild enlargement of 

cerebral CSF spaces and diffuse cerebral white 

matter T2 hyperintensity reflecting abnormal 

myelination are also present. At 4 years of age, 

T2-weighted (E) and DWI (F) images reveal 

resolution of the restricted diffusion in the 

brainstem, extension of the restricted diffusion 

along the cortico-spinal tracts (arrows), and 

presence of restricted diffusion in the frontal 

subcortical regions (empty arrows). Last follow-

up brain MRI (G, H), performed at 5 years of 

age, shows prominent cerebellar atrophy and 

almost complete resolution of DWI changes, 

only persisting in the posterior portions of PLIC 

(arrows).  
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At 4 years of age, brain MRI revealed resolution of diffusion abnormalities in the brainstem and 

appearance of restricted diffusion in the frontal subcortical regions (Figure 2, E-F). Last follow-up 

brain MRI, performed at 5 years of age, showed persistence of the diffusion changes only in the 

posterior portions of PLIC (Figure 2, G-H). Serial MR spectroscopy studies were normal. 

 Reports of brain MRI findings in ARV1 deficiency are scarce and describe localized 

simplification of cortical sulcation and aspecific T2-weighted hyperintensity with restricted 

diffusion in the central tegmental tracts (Palmer et al., 2016). Our case showed delayed myelination 

and rapid progression of cerebellar atrophy associated with a peculiar and partially reversible 

pattern of restricted diffusion in the brainstem tegmentum, superior cerebellar peduncles, 

subthalamus, ventral striatum, corticospinal tracts and subcortical white matter. Of note, these 

features should be differentiated from Vigabatrin-induced MRI changes, that typically involve the 

brainstem, globi pallidi and thalami (Dracopoulos et al., 2010). Interestingly, ARV1 neuroimaging 

findings are remarkably similar to those of phosphatidylinositol glycan biosynthesis class A protein 

(PIGA) deficiency (Kato et al., 2014; Tarailo-Graovac et al., 2015), another enzyme involved in 

the biosynthesis of GPI anchor proteins. We speculate that, in both conditions, these signal changes 

might reflect intramyelin edema due to impaired energy homeostasis leading to a deficit of Na+/K+ 

ATPase activity. Regardless of the implicated pathophysiologic mechanism, identification of 

similarities in the lesion distribution and appearance on MRI in ARV1 and PIGA deficiencies 

represents an important step in the pattern recognition of inherited GPI deficiency disorders. 

The novel frameshift variant c.363_364del, p.(Ser122Glnfs) identified in our patient is 

predicted to result in a truncated nonfunctional protein lacking all transmembrane domains. 

Preliminary results from functional studies through flow cytofluorimetry have shown a significant 

alteration in the distribution and the quantity of the cluster of differentiation (CD) antigens in the 

plasmatic membrane. In particular, CD73 and CD109 levels were significantly reduced and this 

deficiency was rescued by a lentiviral construct bringing WT ARV1 (not showed). According to 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Palmer%20EE%5BAuthor%5D&cauthor=true&cauthor_uid=27270415
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these results, the pathogenicity of this variant was confirmed. Furthermore, a new scenario has 

opened on the role of ARV1 in GPI synthesis and metabolism with a potentially relevant impact on 

future therapeutic strategies. 

 

To date, only two other ARV1 variants have been reported in the literature (Table1). The 

missense variant c.565G>A, p.(G189R) affects the second transmembrane domain of the protein, 

leading to a loss of function (Alazami et al., 2015; Palmer et al., 2016). The splicing variant 

c.294G>A, p.(Lys59_Asn98del) is predicted to cause the truncation of the Zinc-binding motif of 

AHD, but probably acts as a null allele (Palmer et al., 2016). Accordingly, the phenotype of the 

patient harboring this variant (Patient 4) appears more severe as compared to our patient and those 

carrying the c.565G>A, p.(G189R) variant, especially with regard to seizure onset and survival. On 

this basis, loss of function (LOF) represents the presumable pathologic mechanism behind ARV1 

encephalopathy, with most severe LOF alleles causing the worst clinical phenotypes. However, 

further studies are needed to clarify possible genotype-phenotype correlations. 

This report have expanded the genotypic and phenotypic spectrum of the emerging ARV1 

encephalopathy, supporting the idea that ARV1 should be investigated in syndromic epileptic 

children and included in gene panels for epileptic encephalopathies. We have also suggested that 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Palmer%20EE%5BAuthor%5D&cauthor=true&cauthor_uid=27270415
https://www.ncbi.nlm.nih.gov/pubmed/?term=Palmer%20EE%5BAuthor%5D&cauthor=true&cauthor_uid=27270415
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brain MRI could provide relevant clues towards the diagnosis of this condition, helping in the 

complex differential diagnosis of EEOEs. Hopefully, the growing use of WES in clinical settings 

will allow the identification of further cases, contributing to the phenotypic delineation of ARV1 

encephalopathy and possibly enhancing the clinical management of this condition. 

 

EEF1A2  

Damaging de novo missense variants in EEF1A2 lead to a developmental and degenerative 

epileptic-dyskinetic encephalopathy. Collaborative study with Prof. Michael Kruer, University of 

Arizona (submitted to Human Mutation). 

 

Heterozygous de novo sequence variants in the eukaryotic elongation factor EEF1A2 have been 

described in patients with neurodevelopmental disorders, yet such variants have yet to undergo 

functional genomic validation. Originally, a single patient with intellectual disability (de Ligt, J. et 

al., 2012) and then a second with epileptic encephalopathy (Veeramah et al., 2013) carrying 

EEF1A2 de novo variants were identified by cohort-based whole exome sequencing studies. Since 

then, a series of case reports have described fifteen additional patients with epilepsy and intellectual 

disability and de novo variants in EEF1A2 (Inui et al., 2016; Lam et al., 2016; Lopes et al., 2016; 

Nakajima et al., 2015; O'Roak et al., 2014; Ostrander et al., 2018). We followed up these findings 

with in-depth phenotyping and validation studies. We describe fourteen new patients with de novo 

EEF1A2 missense variants, confirm many as pathogenic variants disrupting protein function, and 

extend the phenotypic spectrum of EEF1A2-associated disease in a total of 29 individuals. 

 The eukaryotic elongation factor 1 alpha family consists of two members, α1 (EEF1A1) and 

α2 (EEF1A2). These translation elongation factors deliver amino acyl-tRNAs to the ribosome, 

growing the nascent polypeptide chain during the elongation phase of protein synthesis. The two 

EEF1A paralogs are highly homologous (>95% sequence identity) and have similar protein 

domains, including a common catalytic guanine nucleotide triphosphate (GTP) hydrolysis domain, 
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structural topologies  (domains I, II, III) and two catalytic motifs (switch I/II), which form the 

catalytic pocket for GTP and cation (Mg++) binding, respectively (Figure 1) (Crepin et al., 2014).   

 

 

 
 
 
Figure 1. A) Distribution of EEF1A2 de novo pathogenic variants described previously or in this study (bold) in 

patients with neurodevelopmental disorders. The number of patients observed with a recurrent variants are shown in 

parentheses (bold, this study), and vertical lines in the bottom panel denote missense variants from the gnomAD dataset 

seen more than once. The majority of pathogenic variants tend to cluster around the Switch I and II domains and these 

functional domains tend to be devoid of missense variants in the general population. B) Structure of eEF1A2 

complexed with GDP showing locations of modeled variants. The locations and orientation of Domain I (green 

cartoon), domain II (teal cartoon), domain III (peach cartoon),  switch I (red), switch II (yellow) and bound GDP (teal 

stick) and Mg++ are shown. Locations of observed variants are shown as sticks with magenta spheres. Positions of ExAc 

variants are shown in orange. 

 
 
Despite their similarity, EEF1A1 and EEF1A2 are differentially regulated and expressed. While 

EEF1A1 is ubiquitously expressed, EEF1A2 expression is predominantly found in brain, muscle 

and heart in humans, rats and mice (Ann et al., 1992; Knudsen et al., 1993; Newbery et al., 2007; 

Pan et al., 2004). Canonically, EEF1A proteins function as integral components of the eukaryotic 

protein synthesis machinery. EEF1A is part of the EEF1 elongation complex, which is made up of α 

and β subunits. EEF1A contributes the α portion, complemented by EEF1 βα, EEF1 ββ and EEF1 

βγ in a 2:1:1:1 ratio (Sasikumar et al., 2012). Some studies have suggested that EEF1A self-

dimerization may be important for EEF1 complex function (Bunai et al., 2006). In addition, 

different faces of the EEF1A protein complex with other proteins, including CDKN2, actin and the 
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guanine exchange factor EEF1G (Gross et al., 2006; Lee et al., 2013; Vanwetswinkel et al., 2003). 

Several of these interactions involve differential phosphorylation of Ser/Thr and Tyr residues 

(Soares et al., 2009). In addition to its canonical function, EEF1A has numerous non-canonical 

functions in normal physiological states including a role in actin bundling (Perez et al., 2014) and 

as a facilitator of nuclear-cytoplasmic trafficking of tRNAs during growth states (Mingot et al., 

2013). Conversely, EEF1A also plays an important role when normal physiology is disrupted by 

various forms of cytotoxic stressors. For instance, EEF1A co-ordinates the integrated stress 

response by preventing premature activation of the GCN2 kinase (Visweswaraiah et al., 2011) and 

activates HSP70 transcription in response to heat shock (Vera et al., 2014). Moreover, EEF1A can 

recognize damaged or misfolded proteins and possesses chaperone activity (Lukash et al., 2004), or, 

alternatively, can facilitate delivery to the proteasome (Chuang et al., 2004). Given their central 

role in both normal cellular physiology and in the response to diverse stressors, the EEF1A proteins 

are conserved throughout the eukaryotic kingdom. Saccharomyces cerevisiae has two genes that 

code for forms of EEF1A, TEF1 and TEF2, thought to arise as a result of an ancestral duplication 

event. TEF1 and TEF2 are 80% identical to the human EEF1A2 protein. Similarly, protein 

alignment between human EEF1A2 and Danio rerio Eef1a2 demonstrates remarkable conservation 

with 94% identity, making both yeast and zebrafish attractive models to further investigate the 

function of EEF1A2.  All patients with heterozygous de novo EEF1A2 variants described thus far 

have exhibited epilepsy and/or intellectual disability (Inui et al., 2016; Lopes et al., 2016; Nakajima 

et al., 2015; O'Roak et al., 2014). Functional studies evaluating how EEF1A2 variants might impair 

protein and ultimately brain function have not been systematically performed. In an effort to bridge 

this gap in current knowledge, we first used zebrafish to delineate the expression pattern of eef1a2. 

Secondly, using heterologous expression and functional complementation in yeast, we assessed a 

number of EEF1A2 variants, and confirmed that these variants likely impair protein function. Our 

clinical data show that pathogenic variants in EEF1A2 lead to a wider phenotypic spectrum than 
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previously appreciated, with fully manifesting individuals exhibiting a developmental and epileptic 

encephalopathy with dystonia-choreoathetosis and neurodegeneration in some cases. 

 Individuals with predicted pathogenic EEF1A2 variants were identified through clinical 

whole exome sequencing (n=8; Ambry Genetics, Aliso Viejo, CA, USA) (Farwell et al., 2015), 

through research targeted reseuncing using molecular inversion probes (MIPs) (n=3) (Carvill et al., 

2015), or by panel-based diagnostic next generation sequencing (n=2). Patients were diagnosed 

with developmental and epileptic encephalopathies (DEEs) as defined by ILAE classification 

criteria (Scheffer et al., 2017) intellectual disability, and/or dyskinetic movement disorders as 

described previously (Carvill et al., 2013). We focused on variants that were non-synonymous or 

altered acceptor/donor splice sites and were not present in the ExAC or gnomAD datasets for 

further analysis and classified variants according to ACMG criteria (Richards et al., 2015). 

 The structural consequences of selected EEF1A2 pathogenic variants were investigated 

using computational modeling. The structure of the GDP-bound form of EEF1A2 (PDB:4C0S), 

GDP-bound form of EEF1A1 (PDB: 1IJF) and the GTP-bound form of EEF1A1 (PDB:3WXM) 

were used for analysis (Crepin et al., 2014). Since most residues were identical between EEF1A1 

and EEF1A2, we did not map EEF1A2 sequences to the EEF1A1 structures. Alignment between 

Domain I of GDP-bound EEF1A2 (amino acid 4-236) to EEF1A with GTP and aPelota (amino acid 

4-224) and domain I of GDP-bound EEF1A2 (amino acid 4-236) to EEF1A1 with GDP (amino acid 

4-236) was performed with Pymol’s align feature. Instability calculations were performed using the 

default settings in FoldX with its empirical forcefield (Schymkowitz et al., 2005). Phosphorylation 

predictions were performed using NetPhos 3.1 Server (Blom et al., 1999). 

 The BY4742 wild type (MAT  αhis3Δ1 leu2Δ0 lys2Δ0 ura3Δ0) yeast strain was purchased 

from TransOMIC (Huntsville, AL, USA). The NATMX4 system was used to delete TEF2 in 

BY4742 by homologous recombination (Goldstein et al., 1999). The NATMX4 cassette was 

obtained by PCR amplification from plasmid p4339 (Goldstein et al., 1999) using primers 

containing 50-55 bp of the sequence upstream and downstream of the TEF2 open reading frame. 
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Deletions were tested for resistance to Noursethricin (clonNAT) and confirmed by PCR. Strain 

MC214 (MAT αura3-52 leu2-3,112 trp1-Δ1 lys2-20 met2-1 his4-713 tef1::LEU2 tef2Δ pTEF2 

TRP1) was kindly provided by Dr. Terri Goss Kinzy.  Yeast strains were grown as indicated in 

YPD medium (1% yeast extract, 2% peptone, 2% D-glucose) or synthetic complete (SC) medium 

(6.7 g/liter yeast nitrogen base, 2% glucose) supplemented appropriately. When indicated, 

rapamycin was added (40 ng/ml). For plasmid shuffling experiments, FAA medium containing 5-

fluoroanthranilic acid at 0.5 g/l was used as previously described (Toyn et al., 2000). EEF1A2 and 

V5 N-terminal TEF2 cDNA sequences and eight V5-tagged variants identified in patients were 

synthesized (Genscript Inc.), confirmed by direct sequencing and introduced into the p416GPD-

URA3 (Mumberg  et al., 1995) vector using BamHI and EcoRI restriction sites, allowing us to 

express them under the strong promoter GPD. The obtained plasmids were then used to transform 

yeast using the lithium acetate method (Ito et al., 1983). To analyze the expression of the different 

EEF1A2/TEF2 variants, protein extracts were obtained from 1.0 units of OD660. Briefly, cells were 

lysed by alkaline extraction (3.5% β-mercaptoethanol in 2M NaoH) and precipitated with 

trichloroacetic acid as described previously (Camougrand et al., 2009). Protein extracts were 

analyzed by SDS-PAGE and western blot using appropriate primary antibodies and a secondary 

antibody conjugated to HRP. The primary antibodies used in these experiments were the following: 

anti-V5 (1:5000, Invitrogen cat no R960) and anti-Pgk1 (1:10000, Molecular Probes cat no 

459250).  

 Full length Danio rerio eef1a2 cDNA was obtained from ThermoFisher Scientific 

(ZGC:92085, CloneID 7046996, Catalog# MDR1734-202778719). Antisense digoxigenin-labeled 

probe was prepared using XmaI to linearize and T7 polymerase following manufacturer’s 

instructions (MEGAscript T7 Transcription Kit, ThermoFisher Scientific, Waltham, MA, USA). 

Embryos were staged as described previously (Kimmel et al., 1995) , and fixed in 4% 

paraformaldehyde. In situ hybridization was performed following standard protocols (Thisse et al., 

2014).  



 

 

 

78 

 We identified sequence variants in EEF1A2 by either targeted or whole exome sequencing 

in fourteen patients with epilepsy and/or a dyskinetic movement disorder dystonia/choreoathetosis).  

Overall, we detected 9 unique missense variants, three of which were recurrent, including the 

p.G70S (n=2), p.E122K (n=3) and p.R266W (n=3) . These variants arose de novo in 13/14 patients, 

while maternal DNA was unavailable for patient 6 with the recurrent p.E122K variant. All 14 

EEF1A2 missense variants occur at highly conserved residues and are predicted to be deleterious by 

in silico prediction tools, and were absent in population-based databases (gnomAD and TOPMED). 

In accordance with the ACMG criteria these variants were classified as pathogenic. 

 We described the clinical features of the fourteen newly identified patients and a clinical 

summary of the fifteen previously reported individuals with de novo pathogenic variants in 

EEF1A2. All patients presented with significant global developmental delay identified in infancy, 

ultimately manifesting as moderate to profound intellectual disability in the majority of individuals. 

Initial fine and gross motor development was only clearly normal in 8/14 (57%) individuals, but 

these individuals did not differ from those with early delays in terms of cognitive outcomes, as most 

still had severe ID and were non-verbal. In an additional previously reported individual with a de 

novo c.370G>A (p.E124K) variant, development was reportedly normal, but then the patient went 

on to develop significant impairment in receptive language (Lam et al., 2016). This patient’s 

cognitive outcome was milder than the majority of other patients, as she was able to speak in 

sentences. All patients demonstrate expressive language impairment, and most patients are 

nonverbal (25/29), although a number of patients could communicate basic needs through signs or 

pictures. Of the 11/29 (38%) patients who achieved walking, the median age was four years (range 

2-7y); though at least half of these individuals required assistance or had an ataxic gait. The 

remaining patients were non-ambulatory. Developmental regression was seen in a subset of patients 

(6/19; 32%), coinciding with seizure onset in one patient. Two patients followed a 

neurodegenerative course and died by age four years. No postmortem tissue was available for 

analysis. 
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Table 1 Genetic and clinical details for patients with EEF1A2 pathogenic or likely pathogenic variants 

Patient 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Variant 

NM_001958 

 

c.49G>C  

p.D17H 

c.208G>

A  

p.G70S 

c.208G>

A 

p.G70S 

c.271G>

A 

p.D91N 

c.293T>

G  

p.F98C 

c.364G>

A 

p.E122K 

c.364G>

A 

p.E122K 

c.364G>

A 

p.E122K 

 

c.374C>

A 

p.A125E 

c.796C>

T 

p.R266

W 

c.796C>

T  

p.R266

W 

c.796C>

T 

p.R266

W 

c.1150G

>C 

p.G384R 

c.1295C

>T 

p.T432M 

Inheritance 

 

De novo De novo De novo De novo De novo Not 

paternal 

De novo De novo De novo De novo De novo De novo De novo Mosaic 

mother 

(<25%) 

 

Disrupted 

protein function  

NR Yes Yes Yes Yes NR NR NR Yes Yes Yes Yes Yes NR 

Sex M M F F F M M F M M F F M F 

Age at study 13y Decease

d 4y 

11y 15y 5y 32y 3y 2y Decease

d 3.75y 

1.3y 8y 10y 5y 15y 

Failure to thrive No Yes No No Yes No No No No Yes No Yes No No 

Acquired 

microcephaly 

No No No No No Yes No No No Yes Yes Yes No No 

Was 

development 

ever clearly 

normal? 

Yes Yes No Yes No Yes Yes Yes Yes No No No Yes  No 

Language 

impairment 

Yes 

nonverba

l 

Yes 

nonverba

l 

Yes  

nonverba

l 

Yes 

nonverba

l 

Yes 

nonverba

l 

Yes 

single 

words 

Yes 

nonverba

l 

Yes 

nonverba

l 

Yes 

nonverba

l 

Yes 

nonverba

l 

Yes 

nonverba

l 

Yes 

nonverba

l 

Yes 

nonverba

l 

Yes 

three 

expressiv

e words 

Ambulatory No No Yes  

with 

assistanc

e 

No Yes 

with 

assistanc

e 

Yes  

ataxic 

No No No No No No No Yes 

Regression age 6 yrs 

(cognitiv

e 

deteriora

tion, 

poor 

visual 

attention

) 

21 mos 

(lost 

ability to 

sit, 

crawl, 

and 

interact 

with 

environ

ment) 

None 4m 

(deterior

ation of 

head 

control, 

interactio

n; 

stopped 

trying to 

roll) 

None NR NR NR 10m 

(protract

ed loss 

of skills 

leading 

to 

vegetativ

e state) 

None None None 5 mos 

(lost 

ability to 

pull to sit 

and 

social 

smile) 

None 

Degree of ID Severe Severe Severe Profound Modera 

te-Severe 

Severe Moderat

e to 

severe 

NR Profound Moderat

e 

Severe Profound Profound Moderat

e-severe 

Epilepsy Yes Yes Yes Yes No Yes Yes Yes Yes Yes No Yes Yes Yes 

Age of seizure 

onset 

6m 21m 1m 4m N/A 3m 4m 2m 1d 4m N/A 1w 1d 35m 

Presenting 

seizure type 

GTCS Myoclon

ic 

Myoclon

ic 

Myoclon

ic 

N/A Focal myocloni

c 

Myoclon

ic 

Myoclon

ic 

Hemiclo

nic 

N/A Clonic Focal Myoclon

ic 

Additional 

seizure types 

Epileptic 

spasms, 

myocloni

c, focal 

Tonic, 

GTCS, 

tonic-

clonic 

Atypical 

absence, 

GTCS 

Tonic, 

GTCS, 

focal 

tonic-

clonic 

N/A Reflex 

myocloni

c 

(startle), 

infantile 

spasms 

Tonic, 

myoclon

o-atonic, 

tonic-

clonic, 

absence 

Tonic, 

atypical 

absence 

Reflex 

myocloni

c - 5m, 

tonic -

2.5y, 

TCS 

<8m, 

focal  - 

8m 

Absence N/A 5y: tonic 5m: 

focal 

status 

epileptic

us, 7m: 

infantile 

spasms; 

4y: tonic 

N/A 

Seizure control Refractor

y 

Refractor

y 

Reduced 

freq 

Seizure-

free from 

14 yr on 

CLB 

N/A At age 

25 under 

good 

control 

with 

VPA 

Refractor

y 

Seizure-

free 

Refractor

y 

Seizure-

free 

N/A Partial 

control 

with 

CLB and 

VPA 

Infreque

nt focal 

seizures 

Good but 

rare 

myocloni

c crises 

with 

fever 

EEG Hypsarrh

ythmia 

GSSW, 

burst-

suppressi

on, 

multifoc

al 

Multifoc

al; 

GPSW; 

PPR 

Multifoc

al with 

runs of 

central 

discharg

es,; 

GPSW 

with 

myocloni

c 

seizures 

Frontopa

rietal 

sharp 

waves, 

occipital 

slow 

waves; 

focal 

theta and 

delta 

9 m: 

frequent 

generaliz

ed 

paroxys

ms; 

14 y: 

symmetri

c 

slowing 

without 

epileptif

orm 

discharg

es 

Slow 

backgrou

nd 

rhythm 

(theta/del

ta) with 

multifoc

al spikes 

Rare 

generaliz

ed 

polyspik

es and 

spike 

waves 

with 

clinical 

manifest

ation 

Irregular 

GSW, 

GPSW 

with 

myocloni

c 

seizures; 

multifoc

al  

discharg

es,  

central 

ictal 

rhythm 

Right 

centrote

mporal 

discharg

es 

Normal Bitempor

al 

epileptif

orm 

discharg

es; 

disorgani

zed 

backgrou

nd 

Multifoc

al 

discharg

es, GSW 

Multifoc

al spikes 

MRI Delayed 

myelinati

on; thin 

corpus 

callosum 

Mild 

cortical 

atrophy 

Normal Normal 

apart 

from 

small 

arachnoi

d cyst 

Normal Normal Normal 

at 2y 

T2 

hyperinte

nsity in 

left 

parieto-

occipital 

region, 

putativel

y related 

Mild 

cortical 

atrophy 

Mega 

cisterna 

magna; 

thin 

corpus 

callosum 

Cerebral 

and 

brainste

m 

atrophy;  

delayed 

myelinati

on; 

persisten

Hypomy

elination; 

diffuse 

cerebral 

and 

cerebella

r 

atrophy; 

thin 

Normal Mild 

cortical 

atrophy 
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N/A = not applicable; NR= not reported/not assessed; VPA = valproate; LEV = levetiracetam; CLB = clobazam; CLZ = 

clonazepam; TPM = topiramate; ZNS = zonisamide; LTG = lamotrigine; CBZ = carbamazepine; PB = phenobarbital; 

CBD = cannabadiol; VGB = vigabatrin; ESM = eslicarbamazepine; FBM = felbamate; PHT = phenytoin; ACTH = 

adrenocorticotrophic hormone; OXC = oxcabarbazepine; FFM = rufinamide; ETX = ethosuximide 

to recent 

seizures 

t T2 

hyperinte

nsity of 

frontal 

lobes; 

thin 

corpus 

callosum 

corpus 

callosum 

AEDs trialed CBZ, 

PB, 

ACTH, 

VGB, 

TPM, 

FBM, 

CBZ, 

LEV, 

CBD oil, 

keto diet, 

VNS; 

ZNS 

improve

d tonic 

seizures 

and LTG 

improve

d tonic-

clonic 

seizures; 

CBZ 

reduced 

nocturnal 

seizures 

VPA, 

PB, 

CLB, 

TPM, 

LTG, 

LEV, 

OXC, 

keto diet, 

FBM, 

RFM 

VPA, 

CLB, 

LEV, 

pyridoxi

ne, ETX, 

ZNS 

VPA, 

CNZ 

PHT, 

LEV, 

LTG, 

PB,  

CLB 

(controll

ed 

seizures) 

VPA (for 

chorea; 

did not 

impact 

chorea) 

VPA 

(controll

ed 

seizures) 

VPA, 

LEV, 

TPM, 

HC, 

CLB, 

CLZ,  

ZNS, 

B6, 

LTG, 

ketogeni

c diet, 

RFN, 

ESM 

LEV 

(controll

ed 

seizures) 

VPA, 

TPM, 

PHT, 

CLB 

LEV 

(controll

ed 

seizures) 

N/A PB, CLB 

(reduced 

seizures)

, VPA 

(reduced 

seizures) 

PB, 

predniso 

lone, 

LEV, 

CLB, 

LTG, 

VPA, 

TPM, 

CBD 

VPA 

(reducted 

seizures) 

Hypotonia Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 

Pyramidal tract 

signs 

No 

 

Ankle 

clonus,  

Hyperref

lexia 

No Hyperref

lexia 

No No No Hyperref

lexia 

Hyperref

lexia 

Ankle 

clonus 

Extensor 

hyperton

ia; 

scissorin

g 

Hyperref

lexia 

Hyperref

lexia 

NR 

Movement 

disorder 

No Yes 

choreoat

hetosis, 

generaliz

ed 

dystonia, 

stereotyp

ies 

No Yes 

dystonia 

Yes 

mild 

dystonia, 

generaliz

ed 

chorea, 

stereotyp

ies 

Yes 

ataxia 

No Yes 

choreoat

hetosis 

No No Yes 

chorea 

Yes 

choreifor

m 

moveme

nts 

No Generali

zed 

dystonia 

vs. 

spasticity 

Behavioral 

features 

No No No No No Yes 

self-

injurious 

in the 

past 

Yes 

autistic 

features 

No No No No No No No 

Dysmorphic 

features 

No No Yes 

Synophr

ys, 

epicanthi

c pleat, 

small 

chin, 

small 

feet 

Yes 

Asymme

tric 

facies, 

hypertelo

rism, 

small 

feet 

No Yes 

Deep-set 

eyes, full 

nasal 

alae and 

tips, full 

lips 

No No No No No Yes 

Low 

forehead, 

enlarged 

nostrils, 

wide 

mouth, 

lowset 

ears with 

hypoplas

tic 

earlobes, 

hypertro

phy of 

tragus, 

antitragu

s, and 

antihelix 

No Yes 

Epicanth

us, 

everted 

inferior 

lip 

Dysphagia 

 

Yes Yes No Yes No No No No Yes Yes No No No NR 

Other features Exotropi

a; 

hypermet

ropia 

Recurren

t 

pneumon

ia; 

intermitt

ent 

hyperpne

a and 

hypopne

a; 

strabism

us, 

esotropia

, 

hyperopi

a 

Swelling 

of dorsal 

surface 

of hands 

and feet 

Recurren

t 

pneumon

ia; 

thoracic 

scoliosis; 

esotropia 

Optic 

nerve 

atrophy 

Recurren

t 

infection

s as a 

child; 

strabism

us 

Obesity Cortical 

visual 

impairm

ent 

Cortical 

visual 

impairm

ent; high 

frequenc

y 

sensorine

ural 

hearing 

loss 

Recurren

t apneic 

episodes; 

respirato

ry failure 

requiring 

mechani

cal 

ventilatio

n 

Develop

mental 

hip 

dysplasia

; 

laryngotr

acheoma

lacia 

with 

tracheost

omy; 

mildly 

dilated 

aortic 

root 

Kyphosc

oliosis; 

amyotro

phy 

Cortical 

visual 

impairm

ent; 

coarctati

on of 

aorta and 

VSD; 

laryngo

malacia 

NR 
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Summary of the clinical features of this case series in comparison to previously reported patients. 

 

 
 Among the patients for whom information regarding muscle tone was available, almost all 

had significant truncal or generalized hypotonia (23/25; 92%). Neonatal hypotonia was noted in 

multiple patients. Movement disorders were observed in the majority of patients (10/17, 59%) and 

most commonly consisted of choreoathetosis and/or dystonia although ataxia was described in some 

patients. Behavioral features were observed in a number of patients (7/19; 37%) and included 

autistic features, aggression, bruxism, and self-injurious behaviors. In many patients, autistic 

features were severe, and included not only poor social responsiveness but a generalized hypo-

responsiveness to the environment. Epilepsy was present in all but two patients (27/29; 93%). 

Median age of seizure onset was four months (range: first day of life to 8 years). Additional data 

about seizure types were available for 20 patients. Myoclonic seizures were the most common 

presenting seizure type. Most patients developed additional seizure types, including generalized 

tonic-clonic, absence, myoclonic, tonic, and epileptic spasms. Seizures were refractory to multiple 

treatments in a majority of patients and no consistently effective anticonvulsant was identified 

across patients. However, patients 8 and 10 achieved seizure-freedom on levetiracetam 

monotherapy, seizures in patients 4 and 12 were reduced or controlled with clobazam, and patients 

6, 12 and 14 experienced a reduction or cessation of seizures with valproate. Common EEG features 

included multifocal discharges and generalized spike- and polyspike-wave, with activation during 

sleep detected in several patients. A burst-suppression pattern was observed in three individuals. 

Neuroimaging data showed variable features, with early life brain MRIs normal for age or 

 This case series Previously reported cases (n=14) 

Failure to thrive 4/14 3/7 

Acquired microcephaly 4/14 5/10 

Was development ever clearly normal? 8/14 - 

Language impairment 14/14 14/14 

Ambulatory 4/14 7/14 

Epilepsy 12/14 14/14 

Hypotonia 14/14 9/11 

Pyramidal tract signs 8/13 2/4 

Movement disorder 7/13 3/4 

Behavioral features 2/14 5/5 

Dysmorphic features 5/14 8/9 

Dysphagia 5/13 2/4 
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exhibiting delayed myelination and/or thin corpus callosum. However, the available longitudinal 

neuroimaging showed cortical and/or cerebellar atrophy in six patients that was severe in several 

cases. Most cases that exhibited developmental regression had evident cortical/cerebellar atrophy if 

serial MRIs were performed, although in some cases the degree of neurodevelopmental disability 

present at baseline made it difficult to know if symptoms had progressed. 

 

 
 
 
 
Although birth parameters were normal for most patients, one patient was noted to have intrauterine 

growth restriction. Four patients had failure to thrive. Acquired microcephaly was also noted in four 

cases. Non-specific dysmorphic facial features were noted in just over half the patients (13/23 – 

57%), but a consistent facial gestalt was not appreciated. Dysphagia, often necessitating 

Structural brain images from patients with EEF1A2 

mutations showing cerebral atrophy and abnormal 

myelination. Sagittal T1-weighted (A) and axial T2-

weighted (B,C) of Patient #11 performed at 1.5 months 

of age show mild diffuse prominence of the 

supratentorial CSF spaces and absent myelination in the 

posterior limbs of internal capsules (arrows, B). (D-F) 

Corresponding MR images performed in the same patient 

at 5.5 years of age reveal cerebral and cerebellar atrophy 

with predominant white matter volume loss, ex vacuo 

ventricular dilatation (asterisks, E, F), thin corpus 

callosum (arrowhead, D) and diffuse enlargement of the 

sulci. The myelination has slightly progressed (arrows, 

E), but there is persistent diffuse hazy elevated T2 signal 

in the deep and subcortical cerebral white matter. Note 

the severe vermian atrophy (empty arrow, D). Sagittal 

T1-weighted (G), axial T2-weighted (H) and coronal 

FLAIR (I) images of Patient #12 performed at 2 years of 

life reveal diminished white matter volume with thin 

corpus callosum (arrow, G), mild ex vacuo 

ventriculomegaly and enlarged CSF spaces, associated 

with markedly reduced myelination. Mild enlargement of 

vermian and cerebellar hemispheric sulci (empty arrows, 

G, I) is also present. (J-L) Corresponding images in the 

same patient at 7 years of age demonstrate progression of 

the cerebral and cerebellar atrophy (empty arrows, J, L) 

and minimal interval deposition of myelin in the 

posterior limbs of internal capsules and deep white 

matter in the temporo-occipital regions (arrows, K). 
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gastrostomy placement and fundoplication, was reported in 7 patients. Notably, three patients had 

significant respiratory dysfunction, including respiratory failure requiring mechanical ventilation in 

two patients. Two of these patients were also noted to have episodes of hyperpnea alternating with 

apnea (Lopes et al., 2016).  

 Mapping variants on the structure of GDP-bound EEF1A2 showed a trend for variants to 

cluster in specific areas within the protein. We assessed the predicted effects of selected mutations 

in silico. These were grouped by protein domain. 

 

 

Switch I region  

The recurrent p.G70S variant is located in the switch I loop and directed away from the GDP 

binding site within the EEF1B/tRNA pocket formed by domains I/II/III.  Using EEF1A1 with 

bound GTP (pdb: 3WXM), the loop adapts a different conformation and is directed towards the 

bound GTP and Mg++. Structurally, the variant is anticipated to alter the position of residue Thr71 
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which coordinates the binding of Mg++.  Since p.G70S is present in a loop and several Ser and Thr 

sites within EEF1A2 are natively phosphorylated before hetero-dimerization we investigated if the 

p.G70S variant is likely to be phosphorylated. Predictions show the position is likely 

phosphorylated (score: 0.81) by an unknown kinase. This score is greater than other experimentally 

determined phosphorylation sites such as the apoptotic signal phospho-Ser21 (score: 0.65) and 

polypeptide degradation signal phospho-Ser205 (score: 0.55) (Sanges et al., 2012; Gandin et al., 

2013). Together this recurrent variant is thus anticipated to disrupt a loop needed for GTP cycling 

and heterodimer formation.            

 

Switch II region  

Many of the observed variants are found within or adjacent to the switch II motif. Switch II 

participates in GTP hydrolysis and GDP dissociation through interactions with switch I and GEF 

binding (Crepin et al., 2014). The variant p.F98C is buried within the switch II helix. Introducing 

the Cys side chain at this position results in a destabilizing effect (4.8 kcal/mol) likely resulting in 

the switch II helix adapting a more disordered structure. Two other observed alterations (p.G384R 

and p.R423C) are not part of the switch II motif but do directly interact with residues in the helix. 

The Gly at position 384 is buried adjacent to the F98 position. Introduction of a large polar Arg 

residue at this position results in severe steric clash with F98 and other residues in switch II. The 

Arg at position 423 is directed at the carboxyl terminal end of the switch II helix. In the GTP bound 

EEF1A1 protein this position is directed away from the helix indicating the Arg423 acts to stabilize 

the helix dipole in the GDP bound state. The variant at position 91 (p.D91N) is buried and 

coordinating interactions with residues near switch I. Evaluating this position in the GTP bound 

form, Asp91 is directed into the Mg++ binding pocket and interacts with residues in the p-loop 

region (Crepin et al., 2014). From structural comparisons between GTP and GDP bound forms, it 

was anticipated that a conformational change of a 180o flip of Asp91 reorganizes residues 

(specifically Lys20, a phosphate binding residue in the p-loop) within the nucleotide binding pocket 
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to facilitate the removal of GDP (Crepin et al., 2014). The variant p.D91N does not change the 

relative size of the amino acid, thus likely does not impact binding or hydrolysis of GTP, however 

the change results in a loss of negative charge and its ability to create a salt bridge with Lys20. This 

suggests that N91 would be unable to create the necessary interactions to sequester Lys20 from 

phosphate binding and drive GDP release. These alterations in the switch II region indicate that 

disruption of switch II stabilization and dissociation of GDP could be a major mechanism 

contributing to EEF1A2-associated disease.  

 

Nucleotide binding pocket  

Residue p.A125 and p.E122 are not in the switch I or II region but instead are adjacent to the 

nucleotide binding pocket. The p.A125E change results in an acidic charged side chain directed 

away from the nucleotide binding pocket. However, the Glu at position 122 is exposed but directed 

towards the bound nucleotide creating a salt bridge with Lys154, a residue which interacts with the 

nucleotide. The variant p.E122K would result in a change in charge at this site and would likely 

perturb the positioning of Lys154, affecting nucleotide binding. The positions do not directly 

interact with the nucleotide but are exposed just outside the binding pocket, implying they would 

impact another function such as interactions with another protein rather than nucleotide binding.  

 

Other domains  

The p.R266W was not found in switch I/II or adjacent to the nucleotide binding site. This variant 

occurs in domain II and in the GDP-bound form is directed towards the GEF/tRNA binding space. 

Evaluating p.R266W in the context of a heterodimerized structure (EEF1A1 and the GEF EEF1B 

and EEF1A1 with the bound surveillance protein Pelota), shows the variant results in a very 

destabilizing environment (3.3kcal/mol [R264W] and >10kcal/mol [R253W], respectively) that 

would likely alter heterodimer formation. We would anticipate p.R266W in EEF1A2 would thus 

alter and hinder heterodimer formation using this interface of the protein.   
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Human and zebrafish elongation factor 1-α2 proteins are 94% identical. The expression pattern of 

zebrafish eef1a2 is unknown, therefore we performed whole-mount in situ hybridization using WT 

3 and 6 days post-fertilization (dpf) larvae. Eef1a2 exhibited a surprisingly limited expression 

pattern in the brain, with transcripts localized to the posterior border of the optic tectum, anterior 

border of the cerebellum, posterior lateral line ganglion and reticulospinal motoneurons of the 

brainstem. Expression of eef1a2 was apparent at 3 dpf and became more prominent at 6 dpf (Figure 

3A). To examine the time course of eef1a2 gene expression, we performed RT-PCR on whole WT 

embryos at various developmental time points and showed expression at all stages (16 cell, shield, 

1-7 dpf) (Figure 3B). Expression at the 16-cell stage, which occurs prior to the activation of zygotic 

expression, indicates a maternal contribution (Yokogawa et al., 2012).  

 

 

 

We then turned to a series of complementation assays to investigate the functional consequences of 

potential EEF1A2 mutations, including a mix of previously reported variants and variants newly 

identified in our cohort. We began by introducing EEF1A2 variants identified in patients into TEF1, 



 

 

 

87 

the yeast counterpart of EEF1A2, and determining whether any of the patient-associated variants 

led to decreased protein stability and/or degradation. Variant steady-state protein abundance was 

slightly diminished for some variants compared to wild-type.  

 

 

 
 

 

 

We asked whether EEF1A2 pathogenic variants impair canonical protein synthesis as measured by 

growth in nutrient-replete conditions. Double knockout of both the TEF1 and TEF2 genes leads to 

global impairment of protein synthesis (Cottrelle et al., 1985) and therefore is lethal in yeast. 

MC214 is a double tef1Δtef2Δ strain unable to synthesize tryptophan. The strain is kept alive by 

exogenous expression of the TEF1 gene from a plasmid that also carries the selectable auxotrophic 

marker TRP1. TRP1, in turn, restores tryptophan synthesis. To test whether EEF1A2 variants impair 

protein synthesis, we used a plasmid shuffling approach in the MC214 strain. We introduced 

EEF1A2 variants identified in patients into a second TEF1-URA3 plasmid, transformed MC214 

cells with this plasmid, and then selected for variants using fluoroanthracilic acid (FAA). FAA is an 

analogue of anthracilic acid, a precursor for tryptophan biosynthesis, and cells actively synthesizing 

Figure 4: Complementation studies of EEF1A2 

variants indicate loss of protein synthesis function (A) 

Representative image from protein extracts obtained from 

2x107 cells and analyzed by western blot using antibodies 

recognizing the V5 epitope or cytosolic protein Pgk1. 

Some variant steady-state protein levels were slightly 

diminished compared to wild-type. Experiments were 

performed at least twice. (B) Plasmid shuffling findings 

using the MC214 strain transformed with TEF2 variants in 

p416GPD. Fresh cultures in SC medium lacking uracil 

were grown overnight and equal numbers of cells were 

deposited on SC-uracil plates with or without 0.5 g/l 

fluoroanthracilic acid (FAA). FAA medium select for 

colonies that have lost pTEF2-TRP1 and only have 

p416GPD derived plasmids. All TEF2 variants assayed 

showed failed growth on FAA plates, indicating a deficit 

in protein synthesis. All experiments were performed in 

triplicate; representative image shown. Note that amino 

acids 159-160 are not found in the yeast TEF2 sequence. 

For consistency, all variants are listed as human residue 

equivalents.  
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tryptophan convert FAA to 5-methyltryptophan, a highly toxic compound that leads to cell death 

(Toyn et al., 2000). Therefore, FAA medium selects for cells that have lost the original TRP1-TEF1 

plasmid and only express the EEF1A2 variant of interest. All variants tested were expressed in yeast 

but exhibited impaired growth in FAA-containing medium, indicating that all of the variants 

assayed  may cause defects in protein synthesis. Subsequently, we sought to determine whether 

patient variants interfered with a second important function of EEF1A2; the cellular responses to 

cytotoxic stressors. The TOR pathway is a central regulator of growth and proliferation. Diverse 

cellular stresses, including nutrient depletion, DNA damage, and oxidative stress among others, 

inhibit TOR and shift cellular programming away from growth. These stressors activate the 

integrated stress response, a highly integrated cellular program that activates autophagy (Kroemer et 

al., 2010), promotes chaperone activity (Starck et al., 2016), and inhibits growth-associated protein 

translation in favor of highly selective translation of stress response proteins such as ATF4 (Silva et 

al., 2016). EEF1A and TOR signaling intersect at the level of the GCN2 kinase (Silva et al., 2016; 

Wengrod et al., 2015). We first generated a yeast strain containing a deletion of the EEF1A2 

ortholog (tef2Δ). Loss of TEF2Δ causes cells to exhibit growth failure when challenged with the 

TOR1 inhibitor rapamycin. Yeast tef2Δ strain transformed with empty plasmid (p416GPD) was 

unable to reverse this deficit. However, when introduced into tef2Δ cells, wild-type TEF2 or N-

terminally V5-tagged TEF2 rescue (complement) this phenotype. We next transformed tef2Δ cells 

with TEF2 modified to incorporate one of the human EEF1A2 variants identified in this study. 

None of these variants were able to complement the growth defect of tef2Δ cells, indicating that all 

of the variants tested may also disrupt cellular stress responses at least when challenged with 

rapamycin. Steady-state protein abundance of the variants was again similar to wild-type under 

these conditions. 
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Finally, we sought to determine whether EEF1A2 variants exert their effects via a dominant-

negative mechanism. We expressed eight different variants in wild-type cells, and scored cells for 

growth defects in both nutrient-rich and rapamycin-treated conditions. We found that variant 

expression did not inhibit growth, indicating that the EEF1A2 pathogenic variants likely do not 

exert a dominant-negative effect.   

 In this study, we report the functional consequences of de novo EEF1A2 missense changes 

and expand the phenotypic spectrum for pathogenic variants. EEF1A2-associated developmental 

and degenerative epileptic-dyskinetic encephalopathy is characterized by epilepsy beginning at a 

median age of 4 months, typically with refractory myoclonic, generalized tonic-clonic, absence, 

tonic seizures and epileptic spasms. Early development is impaired, with global developmental 

delay in infancy, typically evolving to severe to profound intellectual disability. Affected 

Figure 5: EEF1A2 variants subjected to 

rapamycin challenge show loss of function. (A) 

Yeast tef2-Δ strain shows sensitivity to the drug 

rapamycin that is reversed after transformation with 

the plasmid p416GPD carrying a wild-type copy of 

the TEF2 gene. A N-terminal V5-tagged version of 

TEF2 also rescued growth in presence of 

rapamycin. All of the TEF2 variants tested were 

unable to complement the rapamycin sensitivity 

phenotype. Yeast strains were cultured overnight in 

liquid Synthetic Complete (SC) medium lacking 

uracil and equal numbers of cells were deposited on 

YPD plates with or without Rapamycin (40 ng/ml) 

and incubated at 30oC for 48 hours. Representative 

image taken from three independent biological 

replicates. (B) Representative image from protein 

extracts obtained from 2x107 cells and analyzed by 

western blot using antibodies recognizing the V5 

epitope or cytosolic protein Pgk1. All TEF2 variants 

were expressed at levels comparable to that of wild-

type TEF2. Experiments were performed at least 

twice with consistent results. (C) In order to test for 

a possible dominant-negative effect, the same 

experiment described in (A) was performed using a 

wild type strain (BY4742 Note that amino acids 

159-160 are not found in the yeast TEF2 sequence. 

For consistency, all variants are listed as human 

residue equivalents.  
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individuals are often non-verbal and non-ambulatory, although some children are higher 

functioning. Most are hyporesponsive to environmental stimuli, and may receive a diagnosis of 

autism spectrum disorder or can be described as Rett-like (Lopes et al., 2016). Nearly all patients 

have severe truncal hypotonia, with some developing dystonia as well. Choreoathetosis is seen in a 

number of patients. The recognition of acquired microcephaly in some patients suggested a 

progressive course, with early brain imaging demonstrating abnormal myelination and thin corpus 

callosum in some patients. Additionally, serial imaging disclosed a progressive cerebral and 

cerebellar atrophy with prominent white matter volume loss. Some patients show evident 

developmental regression, and a subset experienced a frank neurodegenerative course culminating 

in early death. EEF1A2 pathogenic variants are characterized by marked clinical heterogeneity. 

This variability is evident even for patients with the same variant. For instance, within our cohort 

are the first three patients with a p.R266W variant; a one-year-old male with moderate global 

developmental delay (patient 10), a 3 year-old with severe global developmental delay and 

neurodegeneration (patient 11), and a 10 year-old female with profound intellectual disability 

(patient 12). Patient 10 and 12 had early-onset seizures at 4 months and 1 week respectively, with 

heminclonic and clonic seizures, respectively, and later absence seizures (patient 10) and tonic 

seizures (patient 12). In contrast, at 10 years of age patient 11 has had no seizures and her EEG 

shows no epileptiform abnormalities. Moreover, the occurrence of seizures was not predictive of 

cognitive outcomes, as patient 11 has severe ID despite no apparent seizure activity, while patient 

10 had only moderate ID. This variability was also reflected in the movement disorder, as patient 11 

had chorea patient 12 had choreiform movements while patient 10 did not have any motor features. 

Similarly, we were not able to identify genotype-phenotype correlations when considering the 

location of all 29 pathogenic variants reported to date with either the severity of clinical 

presentation or with any specific clinical feature. Our bioinformatic analyses suggested that several 

EEF1A2 mutants disrupt EEF1 complex formation/dimerization and/or the protein’s ability to cycle 

GTP. Furthermore, EEF1A2 is a fundamental cellular protein, highly conserved throughout 
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evolution. This permitted us to use heterologous expression in yeast to assess disease-associated 

variants. Using this approach, we experimentally confirmed that many EEF1A2 patient-associated 

variants may disrupt protein function in both protein synthesis-dependent and stress-response 

paradigms. Our results are intriguing when considered along with our clinical observations that 

although EEF1A2 patients typically have a severe neurodevelopmental disorder, neurodegeneration 

occurs in a subset of affected individuals. We suspect that defects in synaptic protein synthesis 

during early brain development contribute significantly to the early developmental phenotype as 

seen in an increasing number of neurodevelopmental disorders, but that suboptimal responses to 

cellular stressors may predispose to neurodegeneration in parallel. Follow-up studies in higher 

eukaryotic systems will be valuable for linking disease course with distinct EEF1A2 functions. A 

heterozygous null variant of EEF1A2 has not been identified among the disease-associated variants 

reported to date, nor have any null variants been reported in over 150,000 individuals in GnomAD. 

EEF1A2 is highly intolerant to genomic variation that would lead to loss-of-function (e.g. 

frameshift, splice-site, premature stop, etc.), with an RVIS = -0.76 and pLI =0.96 scoring EEF1A2 

in the top 15th percentile of genes intolerant to variation by two independent models (Petrovski et 

al., 2013; Lek et al., 2016). In mouse models, complete loss of eEF1A2 is lethal by 28 days and 

mice exhibit a muscle wasting phenotype with or without seizures (Davies et al., 2017). These 

observations suggest that heterozygous complete loss-of-function variants may confer a survival 

disadvantage in humans. Together with our results, this suggests that the identified missense 

variants lead to a partial loss of protein function. In sum, we have shown that all of the variants we 

assessed likely impair the normal function of EEF1A2. By confirming the pathogenicity of these 

variants, we have demonstrated that heterozygous de novo pathogenic variants in EEF1A2 lead to a 

developmental epileptic-dyskinetic encephalopathy (a broader phenotype than previously 

appreciated), with neurodegeneration in a subset of individuals. Follow-up studies further 

delineating the molecular consequences of EEF1A2 haploinsufficiency are likely to bring us closer 
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to effective therapies given recent developments in small molecule therapies targeting the integrated 

stress response.  

 

Conclusions 

This study supports the use of WES in clinical setting to improve the diagnostic yield in pediatric 

patients with neurodevelopmental disorders, reducing the diagnostic odyssey for many patients 

whose diagnosis was not established by other established genetic techniques. Even though the choice 

of the diagnostic approach is mainly determined by the studied condition and single-gene testing is 

still a valuable option when a particular monogenic disorder or a condition caused by recurrent 

mutations in a specific gene is suspected, WES represents the more suitable technique when a gene-

panel approach is required. Indeed, when the patient’s clinical features are nonspecific or clinical and 

genetic variability exists, WES is a powerful tool in the hands of the geneticist to achieve the correct 

diagnosis. Furthermore, NGS gene panels represent a hypothesis-driven approach targeting known 

genes linked to one or more diseases of interest and need to be updated periodically since new disease 

genes are being discovered at a fast pace (Tetreault et al., 2015). On the other hand, WES allows to 

sequence the coding regions of all human genes making it possible to identify novel candidate genes 

and offers the possibility to reanalyze the data at different time points, according to changes in the 

clinical status of the patients and advancements in scientific knowledge (Tetreault et al., 2015; Yang 

et al., 2013). 

The detection of rare variants in children with a suspected mendelian genetic disorders 

certainly represents the most common application of WES in clinical practice, especially when a 

laborious and expensive multi-gene testing would be otherwise necessary (Biesecker et al., 2014). 

Indeed, WES is very efficient in the diagnostic process of these patients with good success rates. In 

these circumstances, a ‘virtual panel’ approach may also be used (a list of known disease-causing 

genes which might explain the studied phenotype is used to filter out the identified variants) and WES 

results very efficient, allowing to establish a definite genetic diagnosis in a good portion of the studied 
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subjects (Xue et al., 2014). In several studies, the success rate of clinical WES has been reported to 

be between 20 and 25%, especially when the analysis is focused on known disease-causing genes 

(Atwal et al., 2014; Biesecker et al., 2014; Yang et al., 2014; Yang et al., 2013). Similar findings have 

been observed in the large study conducted within the Deciphering Developmental Disorders project 

(Wellcome Trust Sanger Institute), in which a diagnostic yield of 20% was achieved in 1100 family 

trios sequenced (Frebourg, 2014). However, a higher rate of success has been reported in studies 

primarily focusing on neurological conditions. As an example, a definitive molecular diagnosis was 

established in 45% of the families with children presenting with neurodevelopmental conditions 

studied by Soden et al. (Soden et al., 2014). Similarly, Srivastava et al. achieved a diagnostic yield of 

41% in a cohort of children with neurological conditions (Srivastava et al., 2014). A lower success 

rate has instead been observed in more complex conditions, especially sporadic ID. In this case, WES 

diagnostic rate fell to 16-22% (Van Zelst-Stams et al., 2014). The clinical relevance of these data is 

supported by the evidence that a diagnostic yield of 25% is higher than the diagnostic rate obtained 

through other common genetic methods, such as karyotype and array CGH (15–20%), and similar to 

that observed for single gene or gene panel testing (25%) (Levenson et al., 2014; Srivastava et al., 

2014). Thanks to the development of specific algorithms, the possibility to detect CNVs through WES 

has further increased the diagnostic power of this technique in the clinical setting (Pfundt et al., 2017; 

Retterer et al., 2014; Yang et al., 2013). The results achieved by CNVs detection through WES have 

been compared with those obtainable using array CGH and whole genome sequencing (WGS), 

showing that WES is a very useful and reliable technique for this purpose. In comparison with array 

CGH, WES resulted very efficient in detecting CNVs with two or more exons involved, with a 

detection rate of 73%, and less efficient for single-exon CNVs (detection rate of 50%) (De Ligt et al., 

2013; Poultney et al., 2013). Array CGH still remains the preferred method to detect CNVs in the 

short term thanks to the ease of use and the large availability, and WGS appears to be more powerful 

than WES in detecting different types of genomic aberrations (including CNVs). However, the 

development of new technologies and the full integration of improved CNVs detection methods in 
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sequencing analysis pipelines are improving more and more the success rate of WES in clinical 

settings, supporting an increasing employment of this technique in the next future (Hehir-Kwa et al., 

2015; Pfundt et al., 2016).  

Although WES has proved to be a powerful tool for the identification of disease-causing 

mutations, the interpretation of the identified variants is not always clear-cut. Relevant advances have 

been achieved thanks to the development of specific guidelines (ACMG), which have contributed to 

simplify this complex process. However, most of the identified variants are still classified as VUS 

(variants lacking evident pathogenicity but not clearly recognizable as polymorphisms), despite the 

large availability of public population databases, effect prediction bioinformatic tools, and literature 

references (Xue et al., 2014). This represents a relevant impasse, since VUS are usually included in 

the report by many laboratories but most clinicians don’t take any action due to their lack of obvious 

clinical relevance. However, some expedients may be helpful to clarify the actual meaning of a 

specific VUS, such as the sequencing of additional family members to trace the segregation of the 

variant (e.g., sequencing the parents in case a de novo variant is suspected). Furthermore, some VUS 

can be usually reclassified as new literature becomes available or additional patients carrying the 

same VUS are reported (Hehir-Kwa et al., 2016). 

Sanger sequencing is used by most diagnostic laboratories to confirm the genetic variants 

identified through WES and perform the segregation analysis to provide further evidence of 

pathogenicity for a specific variant (Frebourg, 2014). However, this systematic validation might be 

overcome thanks to the improvements of WES technology. Indeed, several studies have shown a full 

concordacne between WES and Sanger sequencing for high quality variants (Strom et al., 2014; Xue 

et al., 2014). Furthermore, Sanger-based validation might be avoided for variants which have already 

been reported in the literature or public databases (e.g., ClinVar) and whose pathogenicity has been 

clearly demonstrated by functional studies (Tetreault et al., 2015). On the other hand, a sequencing 

confirmation by Sanger is obviously still required in case of novel candidate genes, especially when 

only few cases have been reported and the diagnosis might significantly influence the medical 
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management of the patient, as well as in case of indels (due to the challenging identification of these 

variants through WES and the high false-negative rate) (Xue et al., 2014; Strom et al., 2014). 

 A final consideration should be made on the impact of the molecular diagnosis achieved 

through WES on the management of the patients. Indeed, several studies have confirmed that specific 

treatment strategies can be adopted on the basis of WES data, improving the clinical outcome of the 

studied subject. Drug or dietary treatments may be started according to the peculiar pathophysiology 

of the genetic condition diagnosed in each patient, ranging from rare metabolic disorders to severe 

epileptic encephalopathies with drug-resistant seizures (Meng et al., 2017; Soden et al., 2014; 

Srivastava et al., 2014). When a direct impact on the choice of the most appropriate treatment is not 

feasible, the molecular diagnosis still plays a relevant role in the estimation of the recurrence risk for 

the other family members, sometimes allowing an earlier diagnosis (Biesecker et al., 2014; Srivastava 

et al., 2014). Furthermore, new scenarios are being opened on the application of WES in prenatal 

diagnosis, with obvious advantages arising from the early disease detection and management (Jelin  

et al., 2018). In conclusion, WES currently represents the most versatile and cost-effective application 

of NGS in clinical practice and still plays a pivotal role in the field of gene discovery, continuously 

improving both clinical diagnosis of rare genetic conditions and scientific research. 
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	The amino acid substitution p.P346H in protein bestrophin 1 is predicted to be damaging with a score of 1. Multiple sequenced alignment (Basic Local Alignment Search Tool) shows that the residue at position 346 of bestrophin-1 is highly conserved acro...
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