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ABSTRACT 

Neurodevelopmental disorders (NDDs) are a group of chronic diseases in which the 

development of the central nervous system is impaired, resulting in disability at the 

neuropsychiatric, motor and/or intellectual level. Some of these disorders are considered 

syndromic. For instance, intellectual disability (ID) may present comorbidity with other 

neurological conditions (such as seizures or behavioral problems), dysmorphic features 

and/or internal organ anomalies. The vast majority of syndromic NDDs have a genetic 

origin and are considered to be rare, affecting less than 1 in 2000 people. However, 

globally, these diseases represent a serious social and health issue. Even though the 

majority of them are monogenic, many of them remain with an unknown molecular basis. 

Next-generation sequencing technologies have played a critical role in the optimization 

of the diagnosis of NDDs during the last decades. In this thesis, we have used a 

combination of whole-exome sequencing (WES) and functional studies to establish the 

diagnosis of 9 cases tentatively diagnosed as Opitz C, a clinical entity that encompasses 

patients with very different molecular causes. 

 

We identified the genetic origin of the disorder in the 7 tested families, which happened 

to be different variants in different genes for each of them. We showed that WES is a 

powerful approach to identify the molecular basis of ultra-rare NDDs. A significantly 

higher diagnosis yield was reached compared with other studies, potentially explained 

by a deep analysis of the sequencing data using in silico predictors, followed by the 

performance of specific functional studies for each case. We identified four different 

variants putatively affecting splicing patterns of different genes (ASXL1, KAT6A, PIGT 

and FOXP1) and tested them directly using fibroblasts obtained from patients or 

indirectly using a mini-gene splicing assay. We assessed the effect of variants in DPH1 

in protein function combining a biochemical technique with a protein structural model and 

we established a correlation between the results of the tests and the severity of the 

patients’ phenotype. We contributed to the delineation of a recently described syndrome 

caused by germline mutations in TRAF7 by gathering and describing a cohort of 45 

patients. We also performed a transcriptomics analysis on fibroblasts from different 

patients carrying TRAF7 mutations, which showed alterations in the expression of 

different genes that might contribute to the phenotype. Aiming to characterize truncating 

mutations in MAGEL2, which are responsible for Schaaf-Yang syndrome (SYS), we 

performed different experiments that suggest a potential toxic effect of the produced 

truncated form of the protein, which lacks its most relevant functional domain. Finally, as 

a first step to establish a relevant in vitro model of SYS, we reprogrammed fibroblasts 



  

from different patients to induced pluripotent stem cells (iPSCs), which can be then 

differentiated to relevant neural cell types and brain organoids to further study the 

pathophysiological mechanisms underlying this disease. 
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1. NEURODEVELOPMENTAL DISORDERS 

During the development of the human brain, many different cell types have to proliferate, 

differentiate into specialized cell types, migrate to specific locations and form 

connections between them. It is a highly complex and tightly regulated process that will 

form an organ capable of complex language, cognition and emotion (1).  

Neurodevelopmental disorders (NDD) encompass a series of chronic diseases in which 

the development of the central nervous system (CNS) is perturbed. These disorders, 

with onset in the developmental period, affect a large and heterogeneous group of 

patients who may present disability at the neuropsychiatric, motor and/or intellectual 

level, impairing normal functioning. Many different causes can be the origin of the 

functional limitations that define NDDs, which can have genetic, metabolic, nutritional, 

structural and/or immunological origin (2). According to the Diagnostic and Statistical 

Manual of Mental Disorders (DSM-5), neurodevelopmental disorders include (Figure 1): 

intellectual developmental disorders, communication disorders, autism spectrum 

disorder (ASD), attention deficit/hyperactivity disorder (ADHD), specific learning 

disorder, and motor disorders (3). However, NDDs can rarely be treated as independent 

entities, as the co-occurrence of different neurodevelopmental disorders in one single 

individual is more frequent than it would be expected by chance (4), making them difficult 

to diagnose in some cases.  

 

Figure 1. Neurodevelopmental disorders based on Diagnostic and Statistical Manual for Mental 

Disorders, 5th Edition (DSM-5) (3).  

https://paperpile.com/c/lpwDbX/mqbP
https://paperpile.com/c/lpwDbX/hqsJ
https://paperpile.com/c/lpwDbX/BxLo
https://paperpile.com/c/lpwDbX/sJLF
https://paperpile.com/c/lpwDbX/BxLo
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The prevalence of intellectual disability (ID) and developmental delay (DD) in the general 

population is 1-3% (5) and approximately 50% of the DD/ID cases have a genetic origin 

(6) (Figure 2). ASD phenotypes are present in 0,7% of people (7) while congenital 

malformations (not always associated with cognitive dysfunction) are observed in 2-3% 

of the general population (8).   

 

Figure 2. Causes of ID and their respective percentages. [Adapted from Marrus & Hall (6)]. 

There is a wide range of syndromes that cause ID/DD phenotypes coupled with different 

kinds of congenital malformations. However, their prevalence in the general population 

is very low, reason why the majority of them are classified as rare disorders. A certain 

disorder is considered as rare when it affects less than 1 in 2000 individuals and as ultra-

rare if it affects no more than one person in 50000 (9). To date, almost 7000 different 

rare disorders have been described. Despite the low prevalence of each single disorder, 

as a group they have a big impact on society, as it is estimated that 6-8% of the EU 

population are rare disease patients (10). These percentages show how, as a whole, 

rare diseases represent a serious global issue both at a health and social levels. 

Around 80% of rare diseases have a genetic origin (10) and the majority of them are 

monogenic (11). In 2017 it was estimated that the molecular origin of more than half of 

the identified rare genetic diseases was still unknown (12), but this percentage has been 

decreasing over the last years and the same tendency is expected to be maintained in 

the future (13). Nevertheless, even for those rare genetic diseases which have a clearly 

identified disease-causing gene, diagnosis and patient management can be very 

challenging due to the frequently observed phenotypic variability among different 

mutations (14).  

  

https://paperpile.com/c/lpwDbX/UDMx
https://paperpile.com/c/lpwDbX/4XmP
https://paperpile.com/c/lpwDbX/y4SY
https://paperpile.com/c/lpwDbX/4ugn
https://paperpile.com/c/lpwDbX/4XmP
https://paperpile.com/c/lpwDbX/nKADr
https://paperpile.com/c/lpwDbX/Hd4k
https://paperpile.com/c/lpwDbX/Hd4k
https://paperpile.com/c/lpwDbX/13il
https://paperpile.com/c/lpwDbX/FlD7
https://paperpile.com/c/lpwDbX/Bzgf
https://paperpile.com/c/lpwDbX/62Se


 

 

 
2. DIAGNOSIS OF ULTRA-RARE NEURODEVELOPMENTAL DISORDERS 

5 

2. DIAGNOSIS OF ULTRA-RARE NEURODEVELOPMENTAL DISORDERS 

It is estimated that approximately half of the patients suffering from rare diseases are 

undiagnosed, while the waiting time for those who have been diagnosed is 5-6 years on 

average, reaching several decades in some cases of ultra-rare diseases (15). During this 

time, commonly called “diagnostic odyssey”, patients and their families face a long 

journey, usually full of uncertainty, hope and perseverance. The key to success of the 

diagnostic odyssey of ultra-rare NDDs is close collaboration of multidisciplinary teams, 

including clinical, bioinformatic and genetic experts.  

 

2.1 Clinical diagnosis 

In clinics, developmental delay is described in patients when two or more features of the 

developmental process are substantially delayed. These aspects include gross and fine 

movement, cognitive function, language/speech, social skills and activities of daily life 

related to personal care. The presence of DD becomes evident when a child fails to 

reach the developmental milestones associated with his/her specific age group. The 

concept “developmental delay” is reserved for children under five years old, while 

“intellectual disability” is used for older patients when IQ can be more accurately tested 

(16,17).  

It is estimated that DD/ID occurs can be classified in four groups depending on its 

severity: mild, moderate, severe and profound. Approximately 95% of the DD/ID cases 

account for phenotypes ranging from mild to moderate. These patients require limited 

assistance and can live independently in an environment providing moderate aid and are 

normally diagnosed during early educational years due to low academic performance. 

Severe ID affects about 3.5% of patients, who show obvious delay related to 

development. They do need daily assistance and supervision but are generally able to 

learn simple routines and comprehend speech, although their communication skills are 

usually impaired. Finally, the remaining 1.5% of the cases are considered to present 

profound ID. They normally present several physical limitations and extremely limited 

oral communication, which make them completely dependent on a caretaker figure. Both 

severe and profound ID are identified within the first two years of life and frequently 

present comorbid conditions (18).  

Between 30% and 40% of the ID cases are associated with other conditions that can be 

syndromic or not. The syndromic DD/ID cases also present with additional neurological 

https://paperpile.com/c/lpwDbX/ILhs
https://paperpile.com/c/lpwDbX/G9jO+UrBz
https://paperpile.com/c/lpwDbX/k8tS
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conditions, associated dysmorphic features or both (17,19). A particular feature is 

considered as dysmorphic when it is present in less than 5% of the population and it has 

been developed through malformation, deformation or disruption mechanisms. They can 

be divided into major and minor anomalies depending on the degree of alteration of the 

physical appearance and normal function. Some of the most frequent major dysmorphic 

features are orofacial clefts, neural tube defects and limb anomalies. Minor anomalies 

mostly occur in the head, face and hands. Usually, patients display a distinctive 

constellation of anomalies that constitutes a specific phenotype that differs from the 

standard (20). In DD/ID cases it is crucial to perform an exhaustive clinical assessment 

of these dysmorphic features that should include the description of the following 

anatomical regions: head shape, eyes, hair, nose, ears, mouth, jaw, neck, trunk area, 

genitalia and upper and lower limbs. Examination of other internal organ abnormalities, 

like the heart or the brain, caused by anomalous development should also be performed 

to develop a complete phenotypic description of the patient (21). 

Given the intrinsic phenotypic heterogeneity present in the majority of ultra-rare NDDs, 

it is essential to try to use standardized terms to describe the observed clinical traits. 

They help to reduce ambiguity and misinterpretation across the scientific community and 

improve the implementation of automated analyses and classification, reducing time and 

errors. With this aim, the Human Phenotype Ontology (HPO) (22) was launched in 2008 

and has been actively revised and updated since then. The HPO is a “comprehensive 

resource that systematically defines and logically organizes human phenotypes” 

functioning as a translational bridge between genomic data and the diseasome (Figure 

3). It has different translational and research applications, such as the interpretation of 

sequencing data in diagnostics, discovery of novel gene-disease associations and cohort 

analytics to improve disease phenotypic delineation. Nowadays, the great majority of 

phenotype-driven genomic diagnostics software use HPO-based computational disease 

models (22). 

https://paperpile.com/c/lpwDbX/UrBz+xhg1
https://paperpile.com/c/lpwDbX/pFs2
https://paperpile.com/c/lpwDbX/RapU
https://paperpile.com/c/lpwDbX/RetQu
https://paperpile.com/c/lpwDbX/RetQu
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Figure 3. The HPO as a central resource to connect genomic and diseasome data through 

standardized phenomic descriptions. It facilitates data integration between molecular biology and 

human disease. [Adapted from Kölher et al. (23)]. 

While it is essential to perform a deep and systematic clinical phenotyping of the patient, 

it is important to highlight that the phenotype can be incomplete at the moment of the 

first clinical evaluation. For this reason, the performance of additional examinations 

(periodical follow-ups) looking for new traits is highly advisable and might guide the 

diagnostic process. Also, an exhaustive clinical description can help in a retrospective 

manner when genetic laboratory results are ambiguous (16). 

 

  

https://paperpile.com/c/lpwDbX/rYsz
https://paperpile.com/c/lpwDbX/G9jO
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2.2 Genetic diagnosis 

There are cases in which an exhaustive phenotyping leads to a directed clinical 

suspicion, then the appropriate test according to the associated genetic alteration is 

performed. In the case that a chromosomal or genomic alteration is suspected, different 

molecular cytogenetic techniques can be used. Traditionally, the most used one has 

been the karyotype that allows the detection of large gains or losses of genetic material 

and large structural reorganizations, present in about 3-5% of DD/ID patients and/or 

congenital malformations (24). Aiming to improve the diagnosis rates, other techniques 

have been implemented, for example fluorescent in-situ hybridization (FISH), that allow 

the precise detection of translocations, and multiplex ligation-dependent probe 

amplification (MLPA), that allows the detection of microdeletions and microduplications 

in specific genomic regions (25). Then, the use of whole genome arrays including single 

nucleotide polymorphisms (SNP) and compared genomic hybridization arrays (aCGH) 

significantly increased the diagnostic rates of patients with DD/ID, ASD or congenital 

malformations (26).  

If the clinical features can be clearly associated with a specific disease linked to variants 

in a specific gene, the faster and most cost-effective approach would be performing a 

screening of the whole candidate gene through Sanger sequencing. This sequencing 

technique allows the generation of very high quality long reads, however a starting 

hypothesis is needed as its discovery power is very limited. 

When there is not a clear clinical suspicion the strategy to follow usually consists of 

performing some molecular cytogenetic techniques, such as karyotipe and aCGH, to 

discard the possibility of chromosomal or genomic rearrangements. If the result is 

negative, an hypothesis-free NGS analysis should be carried out aiming to identify a 

point mutation or small deletion/insertion. 

 

2.2.1 Next-generation sequencing techniques 

Not much more than a decade ago, the diagnostic process of patients suffering from rare 

NDDs mainly involved many years of documentation of the clinical phenotype and 

performance of biochemical and imaging tests. In some cases, these investigations led 

to a suspected particular clinical disorder and different genetic studies were performed 

using a set of laboratory techniques with low individual efficiency. As could be expected, 

the success rates were considerably low. The appearance of next generation sequencing 

https://paperpile.com/c/lpwDbX/AS3p
https://paperpile.com/c/lpwDbX/hsLT
https://paperpile.com/c/lpwDbX/RwqB
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(NGS) technologies represented a before and an after in the NDDs diagnostic field. 

During their early years they were mostly restricted to particular cases and frequently 

used by diagnosis research groups due to its low performance and high prices. However, 

the dramatic technical improvements and cost decrease during the last decade has 

made their inclusion possible as routine genetics diagnostic tools. 

The incorporation of these novel genetic diagnostic tests, together with the improvement 

of the bioinformatic tools necessary for the analysis of the output data, had led to a 

significant decrease of the average time needed for rare NDDs patients to get a 

diagnosis. This has also led to a rapid increase in the identification of novel genes linked 

to neurodevelopmental disorders. These tools have also shown that, in some particular 

clinically defined syndromes, there is no common molecular cause. However, in some 

cases, these clinical entities are still useful as clinical or phenotypical “labels”. The Opitz 

C syndrome (OCS; OMIM # 211750) is an example of such situations. OCS is an ultra-

rare syndromic neurodevelopmental disorder that was first clinically described by Opitz 

et al in 1969 (27). After deep genetic study, Opitz C syndrome has been redefined as a 

clinical entity without a common molecular basis, as thoroughly discussed in Urreizti et 

al. (28). 

There are several different NGS platforms ranging from gene panels, which include some 

key candidate genes, to the sequencing of the whole genome (WGS). In research, the 

most commonly used strategies are sequencing of the whole exome (WES) and WGS. 

In the clinical environment, custom gene panels for specific groups of disorders are still 

frequently used, together with the clinical exome. The clinical exome is a gene panel 

including around 6000 different genes previously associated with disease according to 

data from different Mendelian disorders databases, such as OMIM (29). Gene panels 

are an intermediate approach between the screening of one single gene and the analysis 

of the whole exome. They are still a popular tool in clinics as they present a high 

sensitivity detecting variants in several candidate genes while reducing the complexity 

of the analysis and data interpretation. The main limitation of gene panels is that the 

analysis is restricted to a particular group of genes, meaning that the posterior re-

analysis of newly described genes is not possible. 

WES is a very powerful approach to identify the disease-causing mutation. Even though 

the 20000 protein-coding genes contained in the human exome only represent 1-2% of 

the whole genome, it is estimated that approximately 85% of the described monogenic 

disorders are associated with variants in coding regions (30). Compared to gene panels, 

it has the advantage of being a much less restrictive approach, as it is hypothesis-free 

https://paperpile.com/c/lpwDbX/w7pR
https://paperpile.com/c/lpwDbX/gfFT
https://paperpile.com/c/lpwDbX/hjhk
https://paperpile.com/c/lpwDbX/lWTz
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and has a much higher discovery potential. Thus, it allows the discovery of variants in 

genes that have never been associated with disease and the posterior reanalysis of 

recently described genes in unsolved cases. This advantage is particularly relevant in 

highly heterogeneous disorders, like NDDs, where new associated genes are frequently 

identified. However, WES presents disadvantages compared to gene panels as the 

volume of output data is significantly larger, adding complexity to the processing and 

interpretation steps. Also, the probability of finding variants with unknown significance 

(VUS) and incidental findings (IFs) increases, hindering the variant interpretation process 

(31). 

WGS covers the entire genome of an individual. Although the coverage (number of reads 

of a certain region) is lower than in WES, it is more uniform (32). WGS provides the 

possibility of detecting deep intronic variants and copy number variants (CNV), 

overcoming the limitation that WES presents for the detection of large indels or CNVs. It 

is well known that some deep intronic variants can affect normal splicing patterns and/or 

interfere with regulatory domains or non-coding RNAs normal function that control the 

expression patterns of other genes. Like the data obtained from WES, WGS data can 

also be reanalysed over time. Apart from a relatively higher economic cost compared to 

WES, the identification of a huge amount of VUS in poorly known genome regions is one 

of the main limitations of WGS, as it leads to an increase in the time and resources 

needed for the analysis of the data.  

 

2.2.2 Variant interpretation 

A crucial part of the genomic approach to the diagnosis of genetic diseases is the 

interpretation of the variants identified through NGS. Thousands of variants are identified 

per exome (33) and millions when performing a WGS (34) (Figure 4). The identified 

single-nucleotide variants (SNVs) and indels are filtered according to different criteria 

related to mutation type, minor allele frequency in the general population (MAF) and 

associated clinical phenotype. To systematically prioritize and classify such numbers of 

variants according to their putative pathogenic consequences, in 2015 the American 

College of Medical Genetics (ACMG) published the “ACMG Standards and Guidelines” 

as a resource for clinical geneticists (35) (Figure 4). 

 

 

https://paperpile.com/c/lpwDbX/WZgJ
https://paperpile.com/c/lpwDbX/lmoH
https://paperpile.com/c/lpwDbX/ZbvH1
https://paperpile.com/c/lpwDbX/vU36
https://paperpile.com/c/lpwDbX/kExz
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Figure 4. Genomic approach to the diagnosis of rare monogenic neurodevelopmental disorders 

following the ACMG guidelines. [Adapted from Stenton et al. (36)]. 

One of the criteria proposed by the ACMG is based on population data, so that the 

presence of the same variant or other variants with similar consequences in databases 

such as ClinVar (37), HGMD (38) and OMIM (29), that contain disease-associated 

mutations, would lean the scale to the pathogenic side. Similarly, its frequency and the 

number of homozygous individuals in control population databases, such as gnomAD 

(39), is also considered.  

Then, computational and predictive data should also be carefully considered. There are 

many different in silico predictors that allow variant classification according to 

pathogenicity based on the type of amino acid change, the conservation of the specific 

residue across different species and possible alterations of the splicing pattern. The ones 

that are more frequently used are CADD (40), SIFT (41), Mutation Taster (42), PolyPhen-

2 (43) and PROVEAN (44). Apart from predictive data, well-established functional 

studies that show deleterious effects are considered as strong evidence. Unfortunately, 

strong and robust functional evidence supporting the pathogenicity is not always 

available. Part of the work presented in this thesis has been carried out aiming to fill this 

knowledge gap in different particular ultra-rare neurodevelopmental disorders.  

Another important evidence is segregation data, which allows the validation of the 

inheritance pattern of the identified variants. It provides strong evidence in inherited 

disease cases where the variant cosegregates with the disease in multiple affected 

family members or, in the case of de novo variants, if it is absent in both parents. 

https://paperpile.com/c/lpwDbX/JxIm
https://paperpile.com/c/lpwDbX/cId8
https://paperpile.com/c/lpwDbX/MmwQ
https://paperpile.com/c/lpwDbX/hjhk
https://paperpile.com/c/lpwDbX/B2xo
https://paperpile.com/c/lpwDbX/xvU2
https://paperpile.com/c/lpwDbX/mRn2
https://paperpile.com/c/lpwDbX/PBiA
https://paperpile.com/c/lpwDbX/VSeU
https://paperpile.com/c/lpwDbX/geOh
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Segregation analyses are also key to elucidate if compound heterozygous mutations are 

in cis o in trans.  

Finally, as mentioned before, adding the clinical description of the patient using HPO 

terms can reinforce the association of a particular variant, especially when the patient’s 

phenotype is characteristic of mutations in a specific gene.  

Consideration of all these criteria recommended by the ACMG guidelines leads to the 

classification of each variant into one of the following categories: “Benign”, “Likely 

Benign”, “VUS”, “Likely Pathogenic” and “Pathogenic” (Figure 4).  It is estimated that the 

use of NGS techniques coupled with careful variant interpretation lead to the 

establishment of a clear genetic diagnosis for approximately 25-68% of tested NDD 

patients (45). 

 

2.2.3 Functional validation studies 

The interpretation of the specific contribution that a novel variant may have to the 

patient’s phenotype could be challenging. For instance, nonsense or frameshift variants 

are usually assumed to be loss-of-function (LoF) alleles as the encoded transcript would 

lead to the production of a peptide lacking functionally relevant domains or the nonsense-

mediated decay (NMD) mechanism could be triggered. Nevertheless, truncating 

mutations in last exons escape this process and, in some cases, may behave as benign 

or gain-of-function (GoF) alleles (46). In the case of missense mutations, the complexity 

is even higher as they can result in many different possible scenarios (e.g., hypomorphic, 

hypermorphic, neomorphic, antimorphic…). As said before, functional in silico predictors 

can be useful tools to predict the pathogenicity of the identified variants. However, their 

results should be taken cautiously as they can return incorrect predictions, depending on 

the algorithms, previous knowledge on the protein structure, function and binding to other 

partners, etc. (47). These incorrect predictions can lead not to wrong clinical 

interpretation of variants. 

Functional studies constitute essential tools to complement in silico predictions, as they 

provide experimental data that can help to elucidate and understand the effect of a 

variant at an in vitro, ex vivo and/or in vivo level. These functional validation studies 

(Figure 5) can be performed using a wide range of approaches, such as study of splicing 

patterns, mutation correction and phenotype rescue, detection of relevant biomarkers 

levels, generation of knockout (KO) cellular or animal models, etc. It is worth mentioning 

https://paperpile.com/c/lpwDbX/OtUwp
https://paperpile.com/c/lpwDbX/boxZ
https://paperpile.com/c/lpwDbX/noZR
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that the performance of experiments to check the functionality and pathogenicity of a 

variant not only benefits that specific patient who will receive an accurate molecular 

diagnosis, but they may also help to elucidate the molecular mechanisms of the disease, 

crucial for posterior design and development of therapeutic strategies. 

 

Figure 5. Examples of functional validation approaches frequently used to investigate the 

pathogenicity of VUS. Image created with Servier Medical Art.  
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2.2.3.1 Cellular models of disease: iPSCs 

Cellular models constitute an effective tool to study the molecular mechanisms of genetic 

diseases, as well as to perform preliminary tests of different therapeutic strategies. 

Obviously, they present several limitations, like an incomplete representation of the 

whole organism reaction to certain compounds. Traditionally, human cell cultures have 

been limited to immortalized cell lines obtained from tumour biopsies (HeLa, HEK297, 

SaOs cells, etc)  and primary cell lines obtained directly from patients (mainly, but not 

limited to, lymphoblasts and fibroblasts, due to their accessibility). Despite being useful 

tools, it is noteworthy that immortalized cell lines may present genetic and epigenetic 

aberrations and oncogene expression and that it can be difficult to obtain primary cells 

from patients, especially the relevant cell type for each specific disease (e.g. cells from 

the CNS in neurodevelopmental disorders). 

In 1998, a new and promising path was opened for disease modeling with the derivation 

of human embryonic stem cells (hESCs) (48). However, this model presented several 

barriers, including strong ethical concerns regarding the use of hESCs in research. The 

discovery of methodologies that allow direct reprogramming of somatic cells to induced 

pluripotent stem cells (iPSCs) (49,50) has reshaped the approach to disease modelling 

and therapeutic strategy design of many diseases (51), overcoming hESCs limitations. 

The high potential of iPSCs resides in their capacity to be differentiated to many different 

cell types (Figure 6). Also, iPSCs present the exact same genomic background that the 

cells they have been differentiated from, usually fibroblasts from patients and controls. 

In this sense, it is important to consider that different individual iPSC lines may show 

variability in their potential to differentiate into other cell types, which might be caused by 

differences in the genetic background and the reprogramming history of each line (52).  

https://paperpile.com/c/lpwDbX/2NSV
https://paperpile.com/c/lpwDbX/EUZJ+Q0u5
https://paperpile.com/c/lpwDbX/ZfZ3
https://paperpile.com/c/lpwDbX/SxPU
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Figure 6. General picture of iPSCs reprogramming and differentiation processes and their main 

applications: in vitro disease modelling and cellular therapy. Image created with Servier Medical 

Art. [Adapted from Hockemeyer & Jaenisch (52)]. 
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3. GENES RELATED TO THE OPITZ C CLINICAL ENTITY  

In this thesis different patients that were clinically diagnosed with Opitz C syndrome were 

genetically diagnosed using WES aiming to identify the genetic origin of this ultra-rare 

neurodevelopmental condition. Since its description, more than 60 patients have been 

diagnosed with OCS, all of them showing highly variable multi-systemic manifestations, 

including developmental delay, trigonocephaly due to premature fusion of the metopic 

suture, midline dysmorphologies, hypotonia, seizures, limb malformations and 

congenital anomalies (53,54). Our group started to gather a cohort of OCS patients in 

2011 in collaboration with Dr. G. Neri and  Dr. J. Opitz himself, and genetically diagnosed 

seven of them before the start of the present work in 2017. The identified variants were 

located in different genes, namely ASXL1, TRAF7, MAGEL2, KCNB1, RYR1 and 

CDK13. Below, the genes that were previously identified and have been more deeply 

studied at a functional level in this thesis and their preliminar associations with disease 

are described. 

 

3.1 ASXL1 and Bohring-Opitz syndrome 

The ASXL1 gene (Additional sex combs like transcriptional regulator 1; OMIM * 612990) 

is located in the chromosomal region 20q11.21 and belongs to the Enhancer of trithorax 

and Polycomb gene family. It encodes the ASXL1 protein, which is 1543 amino acids 

long and plays a crucial role in chromatin remodelling, by promoting histone 

methylation (55) and deubiquitination (56). It acts as a transcriptional activator or 

repressor depending on the cellular context and regulates HOX genes during axial 

patterning (57). GoF variants have been associated with acute lymphoblastic leukemia 

(58), myelodysplastic syndromes and chronic myelomonocytic leukemia (59). On the 

other hand, LoF variants disrupt normal hematopoiesis, but are not associated with 

tumorigenesis (57).  

Germinal mutations in the ASXL1 gene are the genetic cause of Bohring-Opitz syndrome 

(BOS, OMIM # 605039). BOS is a severe neurodevelopmental syndrome characterized 

by intrauterine growth retardation (IUGR), failure to thrive, nevus flammeus, deep 

psychomotor delay, seizures, severe hypotonia and flexion deformities of the upper 

limbs. These deformities lead to a clinically recognizable feature known as the “Bohring-

Opitz syndrome posture” (60–62). The patients show trigonocephaly, characteristic 

dysmorphologies and congenital anomalies, resembling other syndromic forms of DD 

https://paperpile.com/c/lpwDbX/1Qhe+ntds
https://paperpile.com/c/lpwDbX/6zvK
https://paperpile.com/c/lpwDbX/P4i2
https://paperpile.com/c/lpwDbX/lpH6
https://paperpile.com/c/lpwDbX/Z3qZ
https://paperpile.com/c/lpwDbX/0v9b
https://paperpile.com/c/lpwDbX/lpH6
https://paperpile.com/c/lpwDbX/l5tJ+Hwt6+4CTE
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like the Opitz C syndrome (63,64). In fact, due to the high degree of overlapping, it was 

proposed that both pathologies were the same syndrome with a very wide severity 

spectrum, going from mild phenotype (OCS) to a more severe one (BOS) (63).  

More than 50 cases of BOS have been reported in the literature and approximately half 

of them harboured de novo mutations in the ASXL1 gene (62,65–73). The identified 

germline disease-causing variants are heterozygous nonsense or frameshift mutations 

and mostly clustered to the centre of the protein (Figure 7), however the exact molecular 

mechanisms underlying these variants are still poorly known.  

 

Figure 7. Representation of ASXL1 with mutations reported in Bohring-Opitz syndrome patients. 

Mutations in bold have been reported more than once. HARE-HTH: HB1, ASXL, restriction 

endonuclease HTH domain (aa 11–86); ASXH: ASX homology domain (aa 255–364); NR box: nuclear 

receptor box (aa 1107–1112); PHD: plant homeodomain (aa 1503–1540). Image created with Servier 

Medical Art.  

Although the BOS phenotype appears to be well-defined, some patients have been 

clinically diagnosed with BOS but tested negative for ASXL1 mutations. This situation 

could be explained by genetic heterogeneity of the syndrome (65), somatic mosaicism 

or a need to improve the actual clinical diagnostic criteria for BOS (62). 
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3.2 TRAF7 and role in tumorigenesis 

The TRAF7 gene (TNF receptor associated factor 7; OMIM * 606692) maps to the 

16p13.3 chromosomal region, has 21 coding exons and only 1 known protein-coding 

transcript which translates to the TRAF7 protein (Ensembl data). TRAF7 is one of the 

seven members of the tumour necrosis factor receptor-associated factor (TRAF) protein 

family. TRAF proteins act as signalling adaptors directly binding to the cytoplasmatic 

domain of receptors of several families. In addition, most of them have E3 ubiquitin ligase 

activity that can activate downstream signalling events. The signalling pathways in which 

these proteins participate are involved in a wide range of cellular processes, such as cell 

survival, proliferation, migration, differentiation, cytokine production and autophagy. 

Tumour necrosis factor (TNF) family ligands lead to the transduction of these cellular 

signals through activation of different effectors, such as nuclear factor-κBs (NF-κBs), 

mitogen-activated protein kinases (MAPKs), or interferon-regulatory factors (IRFs) 

(74,75). At a structural level, TRAF proteins share several conserved domains (Figure 

8). A RING finger domain is present at the N-terminus in all of them, except for TRAF1, 

and constitutes the core of the ubiquitin ligase catalytic domain. At the C-terminus, there 

is a TRAF domain, crucial for oligomerization and interaction with their partners (74,75). 

However, this characteristic TRAF domain is not present in TRAF7; instead, seven 

repeats of the WD40 domain are found (76). 

 

Figure 8. The different members of the TRAF family and their protein domains.  Image created 

with Servier Medical Art. 

https://paperpile.com/c/lpwDbX/vwK8+jv34
https://paperpile.com/c/lpwDbX/vwK8+jv34
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3. GENES RELATED TO THE OPITZ C CLINICAL ENTITY 

19 

TRAF7 activation involves homodimerization through its Zn fingers and coiled-coil 

domains (77). In a Tumour necrosis factor-alpha (TNFɑ) induced response (Figure 9), 

the WD40 repeats domain is crucial for the interaction of TRAF7 with MEKK3, which in 

turn promotes TRAF7 stabilization through phosphorylation and subsequent self-

ubiquitination (77). This interaction also promotes the activation of several cellular 

components such as JNK, p38 and NF-kB (78,79). Additionally, this domain is essential 

for the negative regulation of the proto-oncogene c-Myb by sumoylation (80). The Zn 

RING and Zn fingers domains promote caspase-mediated apoptosis and ubiquitination 

of NEMO and the NF-kB subunit p65, leading to lysosomal degradation and a decrease 

of NF-kB pathway activity (78). Knocking-down TRAF7 in primary neuronal cells led to 

increased active caspase-3 protein levels and a decreased number of apoptotic primary 

neurons (81). Through the regulation of NEMO, TRAF7 is also involved in MyoD1 

regulation, promoting a decrease in myogenesis (82).  

 

 

Figure 9. TRAF7 protein roles and functions in TNFɑ induced response.  Image created with 

Servier Medical Art. 

TRAF7 also plays an important role in the Toll Like Receptor 2 (TLR2) signalling 

pathway. Together with TRAF6, they promote the activation of NF-kB due to the 

recognition of pathogen-associated molecular patterns, being of great relevance in 

innate immunity pathways (83).  

Somatic point mutations in TRAF7 have been linked to the development of different 

tumour types. So far, more than 70 different mutations have been identified in different 

types of meningioma (84–88). Mutations in TRAF7 have been also identified in 

https://paperpile.com/c/lpwDbX/XsSd
https://paperpile.com/c/lpwDbX/XsSd
https://paperpile.com/c/lpwDbX/1j53+Rzxv
https://paperpile.com/c/lpwDbX/7z9t
https://paperpile.com/c/lpwDbX/1j53
https://paperpile.com/c/lpwDbX/jGRH
https://paperpile.com/c/lpwDbX/3Pme
https://paperpile.com/c/lpwDbX/VXrF
https://paperpile.com/c/lpwDbX/qfiW+f3uo+tFpa+kWwm+CMkp
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intraneural perineuriomas, adenomatoid tumours of the male and female genital tract, 

well-differentiated papillary mesothelioma of the peritoneum (89–91), diffuse pleural 

mesothelioma (92) and localized pleural mesothelioma (93). TRAF7 mutations seem to 

genetically characterize a group of neoplasms that develop from cells that wrap vital 

organs such as the brain, the peripheral nerves, the testis, the uterus and the fallopian 

tube (89). The great majority of the tumour-related mutations in TRAF7 reported so far 

are heterozygous, mostly missense and 88% of them are restricted to the WD40 repeats 

domain at the C-terminus of the protein. The molecular mechanisms by which TRAF7 

somatic missense variants promote tumorigenesis in the different cancer types are 

nowadays an open research topic. For instance, a recently published study (94) showed 

that TRAF7 loss-of-function leads to proteostasis dysregulation and hyperactivation of 

RAS-related GTPases, causing aberrant actin cytoskeletal organization and promoting 

oncogenic transformation in meningiomas. This new proposed mechanism put the focus 

on the function of the WD40 domain as a scaffolding structure important for the 

interaction with small GTPases (95), instead of the most extensively described one as a 

modulator of the NF-𝜅B pathway (96), at least in tumorigenesis.  
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3.3 MAGEL2 and MAGEL2-related disorders 

The MAGEL2 gene (MAGE family member L2; OMIM * 605283) is a maternally silenced 

single-exon protein-coding gene contained in the Prader-Willi region (15q11-q13). In 

adult humans, its expression is mostly restricted to the CNS [according to GTEx data 

(97)], but it is also present in cells of mesodermal origin, involved in muscle, bone and 

fat tissues development (98). In adult animal mice, Magel2 expression is enriched in the 

hypothalamus and the amygdala, especially enriched in the ventromedial, arcuate, 

tuberal, lateral, anterior and paraventricular hypothalamic nuclei (99). The MAGEL2 

gene encodes the MAGEL2 protein, one of the largest proteins of the Type II MAGE 

protein family.  

MAGEL2 has three relevant structural and functional elements (Figure 10): a highly 

proline-rich with an unknown function, a U7BS domain, which is a binding site for USP7 

(100,101), and a MAGE Homology Domain (MHD). The MHD is the characteristic 

domain of the MAGE protein family and it confers high specificity to their protein-protein 

interactions (102). In particular, MAGEL2 recognizes and binds to its partners TRIM27 

and VPS35 through this domain (103).  

Figure 10. MAGEL2 protein described roles and functions. Image created with Servier Medical 

Art. 

The role of MAGEL2 in the retrograde endosomal transport is its most extensively 

studied cellular function (Figure 10). MAGEL2, TRIM27 and USP7, form the MUST 

complex that is recruited to endosomes (100,103), which participate in the sorting of 

protein cargoes through retrograde and recycling pathways (104). The retromer complex 

https://paperpile.com/c/lpwDbX/BgK1
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https://paperpile.com/c/lpwDbX/nw3d
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recruits the MUST complex, via MAGEL2-VPS35 binding, and the WASH regulatory 

complex (SHRC) to the endosomal membrane. Then, TRIM27 activates the SHRC 

complex, through WASH polyubiquitination, promoting the formation of endosomal F-

actin patches. These localized branched patches are crucial for endosomal protein 

sorting, as they demarcate discrete domains within the endosome where specific 

proteins are segregated and sorted to their respective destinations (100,103). A well-

coordinated trafficking network is key to ensure an appropriate cell distribution and a 

correct function of a wide variety of proteins.  

It has also been proposed that MAGEL2 is involved in the centrosome-related 

cytoskeletal rearrangements during neurite outgrowth driven by Fez proteins and BBS4 

(Figure 10), by protecting them from proteasomal degradation (105). 

MAGEL2 shows a highly circadian expression pattern in humans and mice, being one of 

many clock-controlled genes (106,107). Consistent with Magel2 expression in the 

hypothalamus and the role of the suprachiasmatic nucleus of the hypothalamus as a 

central pacemaker in mammals, Magel2-deficient mice showed reduced amplitude of 

activity and increased daytime activity, together with progressive infertility in males and 

other endocrine alterations (108). Also, MAGEL2 contributes to the regulation of the 

ubiquitination balance of CRY1, crucial in the circadian rhythm feedback loop (107) 

(Figure 10).  

 

3.3.1 Prader-Willi syndrome 

The Prader-Willi locus is a complex chromosomal region that contains genes that are 

differentially expressed depending on their parental origin (Figure 11A). The PWS region 

comprises 6Mb on the long arm of chromosome 15, 2.5Mb of which contain five protein-

coding genes and more than 80 non-coding RNA genes of exclusive paternal expression 

and two maternally expressed protein-coding genes (109,110).  

https://paperpile.com/c/lpwDbX/94jYP+L6RMj
https://paperpile.com/c/lpwDbX/3JkWl
https://paperpile.com/c/lpwDbX/s59xX+bPkj
https://paperpile.com/c/lpwDbX/zGj3r
https://paperpile.com/c/lpwDbX/bPkj
https://paperpile.com/c/lpwDbX/txaL+oZGTj
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Figure 11. A) Chromosome map of PWS region (15q11-q13). Protein-coding genes are 

represented as ovals and RNA genes as rectangles. B) Possible genetic causes of Prader-Willi 

syndrome. In brackets, the frequency in which each phenomenon is observed in PWS patients. 

Image created with Servier Medical Art. 

When the paternal alleles of these maternally silenced genes are not expressed, it 

causes an haploinsufficiency situation that results in Prader-Willi syndrome (PWS; OMIM 

# 176270). This lack of expression of the paternal allele can be caused by several 

molecular causes (Figure 11B) with different prevalence: deletion of paternal 15q11-q13 

(65-75%), maternal uniparental disomy of chromosome 15 (mUPD) (20-30%) and 

defects of the PWS-IC (PWS imprinting centre) (1-3%) (111). The individual contribution 

that the loss of expression of each gene contained in the PWS region has on the typical 

phenotype observed in patients remains unclear. 

https://paperpile.com/c/lpwDbX/BBCcZ
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Prader-Willi syndrome was described almost 70 years ago, and nowadays, it is still under 

extensive characterization and study. It is a complex imprinting disorder that causes 

major alterations in the endocrine, cognitive and neurologic systems, behaviour and 

metabolism of the affected individuals. PWS is a rare genetic disease that shows a 

prevalence of 1 in 10,000-30,000 live births, equally affecting both sexes and all ethnic 

populations (111). Children with PWS show severe hypotonia, feeding difficulties, failure 

to thrive and developmental delays during early infancy. Older children and adults 

present other clinical traits such as early-onset obesity, characteristic facial features, 

hypogonadism, hyperphagia/ obsession with food, obsessive/compulsive behaviour, 

mild mental retardation, sleep disturbances, high pain threshold, short stature related to 

growth hormone (GH) deficiency, hypopigmentation and small hands and feet (112). The 

obesity that these patients tend to develop can become one of the leading life-

threatening conditions in this genetic condition (111). 

 

3.3.2 Schaaf-Yang syndrome 

Truncating mutations in the paternal allele of MAGEL2 were first described as disease-

causing in four patients with a PWS-like phenotype, but normal methylation patterns at 

15q11-q13 (113). The phenotypic differences observed in the patients compared to 

typical PWS cases led to the delineation of a new disease named Schaaf-Yang 

syndrome (SYS; OMIM # 615547). Since then, more than 150 cases of SYS carrying 

more than 50 different variants have been reported in the literature (113–132). These 

variants are mostly nonsense or frameshift mutations and predominantly located at the 

C-terminal end of the protein, meaning that there is a partial or a total lack of the MHD, 

compromising the functions that MAGEL2 carries out through this domain. 

SYS was initially considered a PWS-like phenotype as the patients manifest overlapping 

clinical phenotypes with PWS patients (Figure 12). But there are some characteristics 

that support that SYS should be considered a differential diagnosis of PWS, especially 

during the early life period. Overlapping phenotypes include neonatal hypotonia, ID, DD, 

feeding difficulties, different hormonal disbalances and sleep disorders. However, some 

of the standardized criteria considered for PWS (e.g., hypopigmentation, characteristic 

facial dysmorphisms, small hand and feet, hyperphagia, obesity and obsessive-

compulsive behaviour) are not frequent in SYS patients. For instance, childhood 

hyperphagia and increased weight gain present in 67% of PWS patients, are only present 

in 22% of SYS patients (133). In contrast, SYS cases show more severe ID and DD, 

https://paperpile.com/c/lpwDbX/BBCcZ
https://paperpile.com/c/lpwDbX/4k9h
https://paperpile.com/c/lpwDbX/BBCcZ
https://paperpile.com/c/lpwDbX/0vhFm
https://paperpile.com/c/lpwDbX/0vhFm+ip5k3+SxsEe+hZiUi+pJEMy+E8iiq+kPUR4+GqetV+sVP7v+x0Vo3+7Kpys+FrIqk+VosEu+AAvAF+0lpQ0+fmgq7+RCd04+XlE9d+BGxX9+IVzim
https://paperpile.com/c/lpwDbX/kOZb
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ASD typical behaviours and joint contractures more frequently than PWS patients 

(110,134,135). In adulthood the differences in the phenotypes of these two syndromes 

might become less apparent than in childhood, making them more difficult to discern at 

a clinical level (136). 

 

Figure 12. Phenotypic overlap between MAGEL2-related syndromes: PWS and SYS.  

Endocrine and metabolic alterations in PWS have been widely studied, being 

hypogonadism and GH deficiency the most prevalent (111). The last one had been 

reported in more than 300 patients and GH therapy is recommended as an early 

intervention for PWS (137,138). A review of the literature on endocrine abnormalities in 

MAGEL2-related syndromes has been recently published (133) highlighting GH, thyroid-

stimulating hormone (TSH), adrenocorticotropic hormone (ACTH), antidiuretic hormone 

(ADH) and gonadotropins as the most common hormonal deficiencies in SYS. These 

endocrine alterations are thought to be caused by hypothalamic impairment and might 

lead to hypoglycemia.  

An update of the clinical and genetic data of all the published SYS cases have been 

conducted as part of this thesis in close collaboration with the clinical expert Dr Serrano 

from Hospital Sant Joan de Déu. 

 

3.3.3 In vitro and in vivo models of MAGEL2-related syndromes 

Human MAGEL2 gene and its murine homologue have a similar genomic organization. 

The gene in mice is located in chromosome 7, in a syntenic region to the human PWS 

cluster and it is also expressed only from the paternal allele. Moreover, both MAGEL2 

forms are intronless and contain a CpG island that can be found in its 5’-UTR. The 

https://paperpile.com/c/lpwDbX/oZGTj+cDJKm+ElQkr
https://paperpile.com/c/lpwDbX/BQxB
https://paperpile.com/c/lpwDbX/BBCcZ
https://paperpile.com/c/lpwDbX/O1LzO+DMFCe
https://paperpile.com/c/lpwDbX/kOZb
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proteins encoded by the human and the mouse genes have a 77% similarity (139). Two 

different KO mouse models have been generated to study Magel2 loss.  

In the first mouse model, generated by Dr. Wevrick team in 2007, the coding sequence 

of the gene was replaced by a LacZ reporter leaving the original promoter intact (140). 

Several publications report extensive phenotyping of this KO mouse (98,108,140–143), 

the most relevant observed phenotypes are summarized in Table 1. Quantitative 

proteomics of the hypothalamus of these mice showed several components of the dense 

secretory granules (SG) to be downregulated (99). SG are exocytic organelles involved 

in the processing and release of hormones and neuropeptides in neuroendocrine cells 

(144). Decreased SG protein levels were also observed in different PWS in vitro models 

caused by impaired endosomal protein trafficking and subsequent lysosomal 

degradation, resulting in a reduction of circulating bioactive hypothalamic hormones (99).  

Table 1. Relevant phenotypes observed in MAGEL2-related syndromes mouse models.  

  Magel2 Knock-out  Truncated Magel2  

Phenotype Wevrick et al Muscatelli et al Ieda et al 

Neonatal mortality 10% 50% - 

Suckling defects NA + NA 

Neonatal failure to thrive and pre-wean 

growth retardation 
+ + + 

Increased leptin plasma levels, reduced 

leptin sensitivity 
+ NA NA 

Weight gain, decreased lean mass with 

increased adiposity 
+ NA - 

Abnormal behaviour in novel environments + + NA 

Progressive infertility and decreased 

olfactory discrimination 
+ NA NA 

Decreased locomotor activity, muscle 

dysfunction and decreases bone mineral 

content 

+ NA NA 

Growth hormone axis impairment + + NA 

Decreased oxytocin + + NA 

Decreased serotonin + NA NA 

Blunted circadian rhythm, decreased 

orexin levels 
+ NA NA 

 

https://paperpile.com/c/lpwDbX/rKhc
https://paperpile.com/c/lpwDbX/GoBd
https://paperpile.com/c/lpwDbX/zGj3r+GoBd+cfca+WKEA+i3Ui+OHMd
https://paperpile.com/c/lpwDbX/nw3d
https://paperpile.com/c/lpwDbX/wyNO
https://paperpile.com/c/lpwDbX/nw3d
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A second mouse model was generated in 2010 by deleting the promoter and the majority 

of the coding sequence of Magel2 (146). This model has not been so deeply 

characterized as the previously mentioned, a comparison of the observed phenotypes in 

both models can be found in Table 1. Impaired oxytocin (OXT) production in the 

hypothalamus was one of the highlights of the model, being the prohormone maturation 

the main issue (146). A daily dosage regimen of subcutaneous injections of OXT for 7 

days after birth restored suckling activity, prevented the appearance of abnormal social 

behaviour and spatial learning deficits and led to partial anatomical and functional 

restoration of the central OXT system in the animals throughout adulthood (147), 

suggesting that it should be considered as a potential therapeutic approach for SYS and 

PWS (148,149). In fact, a phase 2 clinical trial has already been carried out in PWS 

patients, who after a short course of repeated intranasal OXT administration showed 

improved oral feeding and social skills (150). 

More recently, Ieda et al. (151) generated two additional mouse models to study Magel2. 

In an attempt to model the putative toxic effects of the truncated form of the protein, they 

generated a transgenic mouse overexpressing the N-terminal region of Magel2, 

including part of the Proline-Rich protein domain. They observed a high rate of fetal and 

neonatal death, probably caused by the strong ubiquitous overexpression of the 

truncated form in various organs. They also generated a genome-edited mouse carrying 

a 234 bp deletion on Magel2 (c.1690_1924del) that encodes a truncated form of the 

protein [p.(Glu564Serfs*130)], mimicking an equivalent situation to that observed in SYS 

patients. They could detect the presence of a shorter transcript in the brain at cDNA 

levels and maintenance of the normal imprinting pattern. However, the model failed to 

recapitulate the SYS phenotype (Table 1), as no obvious abnormal traits were observed 

in the Magel2P:fs individuals, except for mild neonatal growth retardation. 

 

3.4 Other genes identified in Opitz C patients 

Six other genes had been identified as disease-causing in the OCS patients that were 

diagnosed along this thesis. All of them play crucial roles within the cell and have already 

been associated with different ultra-rare neurodevelopmental disorders. In principle, all 

these genes do not belong to the same functional pathway nor present a clear functional 

connection between them. Making it difficult to find a plausible explanation for the many 

phenotypic similarities found in those patients that led to their categorization within the 

same clinical diagnosis. 

https://paperpile.com/c/lpwDbX/xZc6u
https://paperpile.com/c/lpwDbX/xZc6u
https://paperpile.com/c/lpwDbX/JmTyC
https://paperpile.com/c/lpwDbX/hbFx+0rr1
https://paperpile.com/c/lpwDbX/W4Fz
https://paperpile.com/c/lpwDbX/orvh
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The main aim of this thesis is to genetically diagnose a group of patients affected by 

severe syndromic neurodevelopmental disorders and contribute to the elucidation of the 

underlying pathophysiological molecular mechanisms.  

To address this general aim, the following specific objectives were defined: 

1) Identification of causal genes of patients clinically diagnosed as Opitz C syndrome 

and functional validation of some of the identified disease-causing variants. 

• To perform whole exome sequencing analysis in eight affected families to identify 

and validate the molecular cause of the disease. 

• To functionally evaluate the effects of the variants predicted to affect splicing in 

KAT6A, PIGT, ASXL1 and FOXP1 genes, using fibroblasts from patients or mini-

gene splicing assays. 

• To test the effects on protein activity caused by recessive variants in DPH1. 

 

2) Characterization of heterozygous TRAF7 germline variants at phenotypic and 

molecular levels. 

• To gather a cohort of patients carrying TRAF7 germline missense mutations to 

improve the clinical delineation of the novel TRAF7-syndrome. 

• To perform an analysis of the transcriptomic profile in TRAF7 patients’ fibroblasts 

to elucidate the pathways that may be affected by the mutations. 

 

3) Functional characterization of MAGEL2 truncating mutations and generation of an in 

vitro model for SYS. 

• To investigate putative changes in transcriptomic and metabolomic profiles and 

A𝛃1-40 peptide excretion levels that might contribute to the molecular definition of 

the SYS phenotype in fibroblasts. 

• To explore the effects of a truncating MAGEL2 variant in protein stability and 

subcellular localization. 

• To reprogram fibroblasts to iPSCs and characterize its pluripotency as a first step 

to generate relevant in vitro neural models for SYS.  
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REPORT OF THE SUPERVISORS ON THE CONTRIBUTION OF THE PhD 

CANDIDATE TO THE ARTICLES INCLUDED IN THIS THESIS 

Title of the thesis: “Combining exome sequencing and functional studies to identify 

causal genes of ultra-rare neurodevelopmental disorders” 

Author: Laura Castilla-Vallmanya 

Supervisors: Dr Susanna Balcells Comas and Dr Roser Urreizti Frexedas  

Susanna Balcells Comas and Roser Urreizti Frexedas acting as PhD supervisors of the 

thesis entitled “Combining exome sequencing and functional studies to identify causal 

genes of ultra-rare neurodevelopmental disorders” presented by Laura Castilla-Vallmanya 

as a compendium of 10 research articles, detail the precise contribution of the PhD 

candidate to each publication below. 

 

CHAPTER 1: Identification of disease-causing variants in patients clinically 

diagnosed with Opitz C syndrome and Bohring-Opitz syndrome and functional 

validation 

ARTICLE 1 

Title: Extending the phenotypic spectrum of Bohring-Opitz syndrome: Mild case confirmed 

by functional studies 

Authors: Eyby Leon, Jullianne Diaz, Laura Castilla-Vallmanya, Daniel Grinberg, Susanna 

Balcells & Roser Urreizti 

Journal: American Journal of Medical Genetics Part A Number: 182A (2020)   

Pages: 201-204 Impact Factor (2020 JCR Science Edition): 2.802 

Contribution of the PhD candidate: The candidate designed and performed the 

molecular experiments related to the functional validation of the disease-causing variant 

affecting the normal splicing pattern. She analysed and created the figure related to the 

molecular results included in the manuscript. She also participated in the drafting of the 

manuscript and in the revisions after the feed-back from co-authors. 
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ARTICLE 2 

Title: De Novo PORCN and ZIC2 Mutations in a Highly Consanguineous Family 

Authors: Laura Castilla-Vallmanya, Semra Gürsoy, Özlem Giray-Bozkaya, Aina Prat-

Planas, Gemma Bullich, Leslie Matalonga, Mónica Centeno-Pla, Raquel Rabionet, Daniel 

Grinberg, Susanna Balcells & Roser Urreizti 

Journal: International Journal of Molecular Sciences Number: 22 (2021)         

Pages: 1549  Impact Factor (2021 JCR Science Edition): NA 

Contribution of the PhD candidate: Laura Castilla-Vallmanya handled the biological 

samples and actively participated in the analysis of the WES data, the posterior validation 

of the identified candidate variants and the interpretation of the obtained results. She 

participated in the elaboration of the tables included in the main text and as supplementary 

material. She also actively participated in the drafting of the manuscript and in the 

implementation of the modifications suggested by co-authors and reviewers. 

 

ARTICLE 3 

Title: The ASXL1 mutation p.Gly646Trpfs*12 found in a Turkish boy with Bohring-Opitz 

Syndrome 

Authors: Roser Urreizti, Semra Gürsoy, Laura Castilla-Vallmanya, Guillem Cunill, Raquel 

Rabionet, Derya Erçal, Daniel Grinberg & Susana Balcells 

Journal: Clinical Case Reports Number: 6 (2018) Pages: 1452-1456    

Impact Factor (2018 JCR Science Edition): NA 

Contribution of the PhD candidate: The candidate performed the manual sequencing 

of the whole ASXL1 gene and carried out the analysis and interpretation of the obtained 

chromatograms. After variant identification, she cloned and sequenced the PCR fragment 

to unequivocally confirm the mutation. She also critically revised the manuscript.  
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ARTICLE 4 

Title: Five new cases of syndromic intellectual disability due to KAT6A mutations: 

widening the molecular and clinical spectrum 

Authors: Roser Urreizti, Estrella Lopez-Martin, Antonio Martinez-Monseny, Montse 

Pujadas, Laura Castilla-Vallmanya, Luis Alberto Pérez-Jurado, Mercedes Serrano, Daniel 

Natera-de Benito, Beatriz Martínez-Delgado, Manuel Posada-de-la-Paz, Javier Alonso, 

Purificación Marin-Reina, Mar O’Callaghan, Daniel Grinberg, Eva Bermejo-Sánchez & 

Susanna Balcells 

Journal: Orphanet Journal of Rare Diseases Number: 15 (2020)            Pages: 44 

Impact Factor (2020 JCR Science Edition): 4.123 

Contribution of the PhD candidate: Laura Castilla-Vallmanya participated in the 

analysis and validation of the Whole Exome Sequencing data of Patient 1. She 

participated in the validation and interpretation of the results and in the drafting of the 

manuscript, contributing to the elaboration of figures and tables and critically revising the 

manuscript. 

 

ARTICLE 5 

Title: Case report of a child bearing a novel deleterious splicing variant in PIGT 

Authors: Samantha Mason*, Laura Castilla-Vallmanya*, Con James, P. Ian Andrews, 

Susana Balcells, Daniel Grinberg, Edwin P. Kirk & Roser Urreizti 

Journal: Medicine  Number: 98 (2019)  Pages: 8                  

Impact Factor (2019 JCR Science Edition): 1.552 

Contribution of the PhD candidate: The candidate handled the biological samples and 

isolated the DNA from peripheral blood or fibroblasts. She analysed and validated the 

Whole Exome Sequencing data. She participated in the interpretation of the sequencing 

results and in the experimental design of the functional validation of the splicing mutation, 

which she then carried out. She also performed the RT-qPCR analyses. She created the 

figures related to the analysis of PIGT alternative transcripts included in the main text and 

to the RT-qPCR data included as supplementary material. She also participated in the 

drafting of the manuscript and its revision. 
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ARTICLE 6 

Title: A De Novo FOXP1 Truncating Mutation in a Patient Originally Diagnosed as C 

Syndrome 

Authors: Roser Urreizti, Sarah Damanti, Carla Esteve, Héctor Franco-Valls, Laura 

Castilla-Vallmanya, Raul Tonda, Bru Cormand, Lluïsa Vilageliu, John M. Opitz, Giovanni 

Neri, Daniel Grinberg & Susana Balcells 

Journal: Scientific Reports  Number: 8 (2018)  Pages: 694    

Impact Factor (2018 JCR Science Edition): 4.011 

Contribution of the PhD candidate: Laura Castilla-Vallmanya participated in the 

analysis and validation of the Whole Exome Sequencing data. She also participated in the 

elaboration of some of the supplementary material included in the publication and in the 

drafting and revision of the manuscript. 

 

ARTICLE 7 

Title: DPH1 syndrome: two novel variants and structural and functional analyses of seven 

missense variants identified in syndromic patients 

Authors: Roser Urreizti, Klaus Mayer, Gilad D. Evrony, Edith Said, Laura Castilla-

Vallmanya, Neal A. L. Cody, Guillem Plasencia, Bruce D. Gelb, Daniel Grinberg, Ulrich 

Brinkmann, Bryn D. Webb & Susanna Balcells 

Journal: European Journal of Human Genetics Number: 28 (2020)    Pages: 64-75 

Impact Factor (2020 JCR Science Edition): 4.246 

Contribution of the PhD candidate: The candidate participated in the analysis of the 

Whole Exome Sequencing data of Patient 1 and 2 of the publication, the validation of the 

identified candidate variants and the interpretation of the results. She also participated in 

the manuscript writing and revision after co-authors and reviewers' comments. 
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CHAPTER 2: Characterization of TRAF7 germline variants at a phenotypic and 

molecular level 

ARTICLE 8 

Title: Phenotypic spectrum and transcriptomic profile associated with germline variants in 

TRAF7 

Authors: Laura Castilla-Vallmanya, Kaja K. Selmer, Clémantine Dimartino, Raquel 

Rabionet (...), Susanna Balcells, Stanislas Lyonnet, Daniel Grinberg, Jeanne Amiel, Roser 

Urreizti & Christopher T. Gordon. 

Journal: Genetics in Medicine Number: 22 (2020)  Pages: 1215-1226 

Impact Factor (2020 JCR Science Edition): 8.822 

Contribution of the PhD candidate: Laura Castilla-Vallmanya prepared the RNA 

samples from fibroblasts to perform the transcriptomics analysis and performed all the RT-

qPCR and cell viability experiments. She analysed the obtained transcriptomics results 

through the different techniques and actively participated in their biological interpretation. 

She elaborated all the figures related to molecular data and drafted that part of the 

manuscript, including the critical discussion of them. Finally, she also participated in the 

revision and modifications on the final version of the manuscript after the feed-back from 

co-authors and journal reviewers. 

 

CHAPTER 3: Functional characterization of MAGEL2 truncating mutations and 

generation of an in vitro model for Schaaf-Yang syndrome 

ARTICLE 9  

Title: Advancing in Schaaf-Yang syndrome pathophysiology: from bedside to subcellular 

analyses of truncated MAGEL2 in patients’ fibroblasts 

Authors: Laura Castilla-Vallmanya, Mercedes Serrano, Mónica Centeno-Pla, Héctor 

Franco-Valls, Raúl Martínez-Cabrera, Aina Prat-Planas, Elena Rojano, Pedro Seoane, 

Miriam Navarro, Clara Oliva, Rafael Artuch, Raquel Rabionet, Daniel Grinberg, Susanna 

Balcells & Roser Urreizti 

Journal: To be submitted to Journal of Medical Genetics 
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Contribution of the PhD candidate: The candidate actively contributed to the 

recompilation, revision and interpretation of the previously published genetic and clinical 

data. She also participated in the experimental design and carried out the experiments 

related to heterologous expression of the mutated form of the protein and to the 

measurement of Aβ1-40 excretion levels. She also prepared the RNA and cellular extract 

samples for the transcriptomics and metabolomics analyses. She actively participated in 

data analysis and interpretation of the results of all the molecular experiments, elaborated 

the tables and figures included in the manuscript and drafted the first version of the 

manuscript. She also implemented the modifications suggested by the co-authors. 

 

ARTICLE 10 

Title: Generation of human iPSC lines from two Schaaf-Yang Syndrome (SYS) patients 

Authors: Laura Castilla-Vallmanya, Daniel Grinberg, Susanna Balcells, Roser Urreizti & 

Isaac Canals 

Journal: To be submitted to Stem Cell Research 

Contribution of the PhD candidate: Laura Castilla-Vallmanya carried out the 

reprogramming of the two iPSC lines included in the article. She performed all the 

characterization experiments to ensure total reprogramming, analysed the results and 

prepared the results summary figure. She also drafted the first version of the manuscript 

and carried out the modifications after revision of the rest of the co-authors. 

 

Barcelona,  

 

 

 

Roser Urreizti Frexedas   Susanna Balcells Comas 
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Identification of disease-causing variants in patients clinically diagnosed with Opitz C 
syndrome and Bohring-Opitz syndrome and functional validation 

CHAPTER 1: Identification of causal genes of patients clinically diagnosed as 

Opitz C syndrome and functional validation of the identified disease-causing 

variants 

 

Article 1: Extending the phenotypic spectrum of Bohring-Opitz syndrome: Mild 

case confirmed by functional studies 

Summary:  

Bohring-Opitz syndrome (BOS) has been described as a clinically recognizable genetic 

syndrome since 1999. Clinical diagnostic criteria were established in 2011 and include 

microcephaly, trigonocephaly, distinctive craniofacial dysmorphic features, facial nevus 

flammeus, failure to thrive, and severe developmental delays. The same year, different de 

novo heterozygous nonsense mutations in the ASXL1 were found in affected individuals. 

Since then, several cases have been reported confirming the association between this 

chromatin remodeling gene and BOS. Most affected individuals die in early childhood 

because of unexplained bradycardia, obstructive apnea, or pulmonary infections. Those 

that survive usually cannot walk independently and are nonverbal. Some have had 

success using walkers and braces in late childhood. While few are able to speak, many 

have been able to express basic needs using communication devices as well as gestures 

with associated basic vocalizations. In this article, we present a mild case of BOS with a 

de novo pathogenic mutation c.1720-2A>G (p.I574VfsX22) in ASXL1 detected on whole-

exome sequencing and confirmed by functional analysis of the messenger RNA splicing 

pattern on the patient's fibroblasts. She has typical dysmorphic features and is able to run 

and walk independently as well as to communicate with basic sign language. 

 

Reference: 

Leon E, Diaz J, Castilla-Vallmanya L, Grinberg D, Balcells S, Urreizti R. Extending the 

phenotypic spectrum of Bohring-Opitz syndrome: Mild case confirmed by functional 

studies. Am J Med Genet Part A. 2020; 182A: 201–204. doi: 10.1002/ajmg.a.61397 
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Identification of disease-causing variants in patients clinically diagnosed with Opitz C 
syndrome and Bohring-Opitz syndrome and functional validation 

Supplementary information for: 

Extending the phenotypic spectrum of Bohring-Opitz syndrome: 

Mild case confirmed by functional studies 

Eyby Leon, Jullianne Diaz, Laura Castilla-Vallmanya, Daniel Grinberg, Susanna Balcells 

& Roser Urreizti 
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Supplemental Table 1: De novo variants identified in our patient.  

1 Disease associated with mutations in this gene according to OMIM. 
2 Pattern of inheritance of the associated disease.  
inh: Inheritance; MAF: Minimum allele Frequency; PP2: PolyPhen2; SF: SIFT; B: Benign; T: Tolerated 

  

GENE Position cDNA Protein 
Pathology1 (MIM; 

inh2) 
Origin 

GnomAD 
MAF 

(Hom) 
dbSNP 

Pathogenicity 
predictors 
(PP2/SF) 

ASXL1 20:31022233 c.1720-2A>G p.Ile574Valfs*22 
Bohring-Opitz 

syndrome (#605039; 
AD) 

de 
novo 

- rs376029425 -/- 

STAG1 3:136323195 c.253G>A  p.(Val85Ile) 
Mental retardation 47 

(#617635; AD) 
de 

novo 
- - B/T 

BACH1 
21:30698444_ 
30698444delA 

c.299_300del  p.(Glu101Argfs*13) - 
de 

novo 
- - -/- 
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Article 2: De Novo PORCN and ZIC2 Mutations in a Highly Consanguineous 

Family 

Summary:  

We present a Turkish family with two cousins (OC15 and OC15b) affected with syndromic 

developmental delay, microcephaly, and trigonocephaly but with some phenotypic traits 

distinct between them. OC15 showed asymmetrical skeletal defects and syndactyly, while 

OC15b presented with a more severe microcephaly and semilobal holoprosencephaly. All 

four progenitors were related and OC15 parents were consanguineous. Whole Exome 

Sequencing (WES) analysis was performed on patient OC15 as a singleton and on the 

OC15b trio. Selected variants were validated by Sanger sequencing. We did not identify 

any shared variant that could be associated with the disease. Instead, each patient 

presented a de novo heterozygous variant in a different gene. OC15 carried a nonsense 

mutation (p.Arg95*) in PORCN, which is a gene responsible for Goltz-Gorlin syndrome, 

while OC15b carried an indel mutation in ZIC2 leading to the substitution of three residues 

by a proline (p.His404_Ser406delinsPro). Autosomal dominant mutations in ZIC2 have 

been associated with holoprosencephaly 5. Both variants are absent in the general 

population and are predicted to be pathogenic. These two de novo heterozygous variants 

identified in the two patients seem to explain the major phenotypic alterations of each 

particular case, instead of a homozygous variant that would be expected by the underlying 

consanguinity. 

 

Reference: 

Castilla-Vallmanya, L.; Gürsoy, S.; Giray-Bozkaya, Ö.; Prat-Planas, A.; Bullich, G.; 

Matalonga, L.; Centeno-Pla, M.; Rabionet, R.; Grinberg, D.; Balcells, S.; et al. De Novo 

PORCN and ZIC2 Mutations in a Highly Consanguineous Family. Int. J. Mol. Sci. 2021; 

22:1549. doi: 10.3390/ijms22041549 
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Identification of disease-causing variants in patients clinically diagnosed with Opitz C 
syndrome and Bohring-Opitz syndrome and functional validation 

Article 3: The ASXL1 mutation p.Gly646Trpfs*12 found in a Turkish boy with 

Bohring-Opitz Syndrome 

Summary: 

In line with a recent study showing that ASXL1 mutations found in the common population 

cannot be ruled out as pathogenic, we have identified the ASXL1 p.Gly646Trpfs*12 

mutation—present in 132 individuals in ExAC—as a very probable cause of the disease 

in a Bohring-Opitz syndrome patient. 

 

Reference: 

Urreizti R, Gürsoy S, Castilla-Vallmanya L, et al. The ASXL1 mutation p.Gly646Trpfs*12 

found in a Turkish boy with Bohring-Opitz Syndrome. Clin Case Rep. 2018; 6:1452–1456. 

doi: 10.1002/ccr3.1603 
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Identification of disease-causing variants in patients clinically diagnosed with Opitz C 
syndrome and Bohring-Opitz syndrome and functional validation 

Article 4: Five new cases of syndromic intellectual disability due to KAT6A 

mutations: widening the molecular and clinical spectrum 

Summary:  

Background: Pathogenic variants of the lysine acetyltransferase 6A or KAT6A gene are 

associated with a newly identified neurodevelopmental disorder characterized mainly by 

intellectual disability of variable severity and speech delay, hypotonia, and heart and eye 

malformations. Although loss of function (LoF) mutations were initially reported as causing 

this disorder, missense mutations, to date always involving serine residues, have recently 

been associated with a form of the disorder without cardiac involvement. 

Results: In this study we present five new patients, four with truncating mutations and one 

with a missense change and the only one not presenting with cardiac anomalies. The 

missense change [p.(Gly359Ser)], also predicted to affect splicing by in silico tools, was 

functionally tested in the patient’s lymphocyte RNA revealing a splicing effect for this allele 

that would lead to a frameshift and premature truncation. 

Conclusions: An extensive revision of the clinical features of these five patients revealed 

high concordance with the 80 cases previously reported, including developmental delay 

with speech delay, feeding difficulties, hypotonia, a high bulbous nose, and recurrent 

infections. Other features present in some of these five patients, such as cryptorchidism 

in males, syndactyly, and trigonocephaly, expand the clinical spectrum of this syndrome. 

 

Reference: 

Urreizti, R., Lopez-Martin, E., Martinez-Monseny, A. et al. Five new cases of syndromic 

intellectual disability due to KAT6A mutations: widening the molecular and clinical 

spectrum. Orphanet J Rare Dis 15, 44 (2020). doi: 10.1186/s13023-020-1317-9 
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Identification of disease-causing variants in patients clinically diagnosed with Opitz C 
syndrome and Bohring-Opitz syndrome and functional validation 

Article 5:  Case report of a child bearing a novel deleterious splicing variant in 

PIGT 

Summary:  

Rationale: Trio family-based whole exome sequencing (WES) is a powerful tool in the 

diagnosis of rare neurodevelopmental diseases, even in patients with the unclear 

diagnosis. There have been previous reports of variants in the phosphatidylinositol glycan 

anchor biosynthesis class T (PIGT) gene associated with multiple congenital anomalies, 

with a total of 14 affected individuals across 8 families. 

Patient concerns: An 18-month-old boy of Greek ancestry presented with global 

developmental delay, generalized tonic clonic seizures, hypotonia, renal cysts, esotropia, 

bilateral undescended testes, bilateral vesicoureteric reflux, marked cardiac 

dextroposition, bilateral talipes equinovarus, and dysmorphic features. 

Diagnosis: WES revealed 2 compound heterozygous variants in the PIGT gene, c.[494-

2A>G]; [547A>C]/p.[Asp122Glyfs∗35]; [Thr183Pro]. The splicing mutation was 

demonstrated to lead to the skipping of exon 4. 

Interventions: Seizures, infections, and other main symptoms were treated. 

Outcomes: The patient died at 2 years of age before the molecular diagnosis was 

achieved. Genetic counseling has been offered to the family. 

Lessons: Most of the clinical features of the patient are in agreement with the previously 

described PIGT cases corroborating the usefulness of WES as a diagnostic tool. 

 

Reference: 

Mason, Samantha; Castilla-Vallmanya, Laura; James, Con; Andrews, P. Ian; Balcells, 

Susana; Grinberg, Daniel; Kirk, Edwin P.; Urreizti, Roser. Case report of a child bearing a 

novel deleterious splicing variant in PIGT, Medicine 2019, 98(8):14524. doi: 

10.1097/MD.0000000000014524 
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syndrome and Bohring-Opitz syndrome and functional validation 

Article 6: A De Novo FOXP1 Truncating Mutation in a Patient Originally Diagnosed 

as C Syndrome 

Summary:  

De novo FOXP1 mutations have been associated with intellectual disability (ID), motor 

delay, autistic features and a wide spectrum of speech difficulties. C syndrome (Opitz C 

trigonocephaly syndrome) is a rare and genetically heterogeneous condition, 

characterized by trigonocephaly, craniofacial anomalies and ID. Several different 

chromosome deletions and and point mutations in distinct genes have been associated 

with the disease in patients originally diagnosed as Opitz C. By whole exome sequencing 

we identified a de novo splicing mutation in FOXP1 in a patient, initially diagnosed as C 

syndrome, who suffers from syndromic intellectual disability with trigonocephaly. The 

mutation (c.1428 + 1 G > A) promotes the skipping of exon 16, a frameshift and a 

premature STOP codon (p.Ala450GLyfs*13), as assessed by a minigene strategy. The 

patient reported here shares speech difficulties, intellectual disability and autistic features 

with other FOXP1 syndrome patients, and thus the diagnosis for this patient should be 

changed. Finally, since trigonocephaly has not been previously reported in FOXP1 

syndrome, it remains to be proved whether it may be associated with the FOXP1 mutation. 

 

Reference: 

Urreizti, R., Damanti, S., Esteve, C. et al. A De Novo FOXP1 Truncating Mutation in a 

Patient Originally Diagnosed as C Syndrome.  Sci Rep. 2018; 8: 694 (2018). doi: 

10.1038/s41598-017-19109-9 
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Article 7: DPH1 syndrome: two novel variants and structural and functional 

analyses of seven missense variants identified in syndromic patients 

Summary:  

DPH1 variants have been associated with an ultra-rare and severe neurodevelopmental 

disorder, mainly characterized by variable developmental delay, short stature, dysmorphic 

features, and sparse hair. We have identified four new patients (from two different families) 

carrying novel variants in DPH1, enriching the clinical delineation of the DPH1 syndrome. 

Using a diphtheria toxin ADP-ribosylation assay, we have analyzed the activity of seven 

identified variants and demonstrated compromised function for five of them 

[p.(Leu234Pro); p.(Ala411Argfs*91); p.(Leu164Pro); p.(Leu125Pro); and p.(Tyr112Cys)]. 

We have built a homology model of the human DPH1–DPH2 heterodimer and have 

performed molecular dynamics simulations to study the effect of these variants on the 

catalytic sites as well as on the interactions between subunits of the heterodimer. The 

results show correlation between loss of activity, reduced size of the opening to the 

catalytic site, and changes in the size of the catalytic site with clinical severity. This is the 

first report of functional tests of DPH1 variants associated with the DPH1 syndrome. We 

demonstrate that the in vitro assay for DPH1 protein activity, together with structural 

modeling, are useful tools for assessing the effect of the variants on DPH1 function and 

may be used for predicting patient outcomes and prognoses. 

 

Reference: 

Urreizti R, Mayer K, Evrony GD, Said E, Castilla-Vallmanya L, Cody NAL, Plasencia G, 

Gelb BD, Grinberg D, Brinkmann U, Webb BD, Balcells S. DPH1 syndrome: two novel 

variants and structural and functional analyses of seven missense variants identified in 

syndromic patients. Eur J Hum Genet. 2020; 28(1):64-75. doi: 10.1038/s41431-019-0374-

9.  
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CHAPTER 2: Characterization of TRAF7 germline variants at a phenotypic and 

molecular level 

 

Article 8: Phenotypic spectrum and transcriptomic profile associated with germline 

variants in TRAF7 

Summary:  

Purpose: Somatic variants in tumor necrosis factor receptor–associated factor 7 (TRAF7) 

cause meningioma, while germline variants have recently been identified in seven patients 

with developmental delay and cardiac, facial, and digital anomalies. We aimed to define 

the clinical and mutational spectrum associated with TRAF7 germline variants in a large 

series of patients, and to determine the molecular effects of the variants through 

transcriptomic analysis of patient fibroblasts. 

Methods: We performed exome, targeted capture, and Sanger sequencing of patients with 

undiagnosed developmental disorders, in multiple independent diagnostic or research 

centers. Phenotypic and mutational comparisons were facilitated through data exchange 

platforms. Whole-transcriptome sequencing was performed on RNA from patient- and 

control-derived fibroblasts. 

Results: We identified heterozygous missense variants in TRAF7 as the cause of a 

developmental delay–malformation syndrome in 45 patients. Major features include a 

recognizable facial gestalt (characterized in particular by blepharophimosis), short 

neck,pectus carinatum, digital deviations, and patent ductus arteriosus. Almost all variants 

occur in the WD40 repeats and most are recurrent. Several differentially expressed genes 

were identified in patient fibroblasts. 

Conclusion: We provide the first large-scale analysis of the clinical and mutational 

spectrum associated with the TRAF7 developmental syndrome, and we shed light on its 

molecular etiology through transcriptome studies. 

Reference: 

Castilla-Vallmanya L, Selmer KK, Dimartino C, et al. Phenotypic spectrum and 

transcriptomic profile associated with germline variants in TRAF7. Genet Med. 

2020;22(7):1215-1226. doi:10.1038/s41436-020-0792-7 
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Supplementary information for: 

Phenotypic spectrum and transcriptomic profile associated with 
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Christopher T. Gordon 

 

Supplementary Figure S1. Pedigree of the familial case (patients 24-26). 
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Supplementary Figure S2. TRAF7 syndrome facial composite. The image was generated at 

Face2gene (https://www.face2gene.com) using one photo from each of 19 children with TRAF7 

syndrome. 

 

Supplementary Figure S3. MTT viability assay. Fibroblasts from four patients and six controls 

were exposed to TNFα (10 ng/ml) for 24 hours or 48 hours. Data represent the relative cell viability 

(mean ± SD) of three independent experiments (in triplicate). Significant differences are indicated 

by * (p-value <0.05, One Way ANOVA test). 

 

Supplementary Table S1. Detailed clinical features of patients studied in this report. ABR=auditory 

brainstem response; CMA=chromosomal microarray analysis; EEG=electroencephalogram; 

GERD= gastroesophageal reflux disease; ID=intellectual disability; IPS=integrated prenatal 

screening; MEP=motor evoked potential; NA=not available; NAp=not applicable; ND=not done; 

PPV=positive pressure ventilation; SGA=small for gestational age; SSEP=somatosensory evoked 

potential; VEEG=video electroencephalogram; VER=visual evoked response; VUS=variant of 

unknown significance; ES=exome sequencing. 
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Supplementary Table S2. Characteristics of the TRAF7 variants identified in the 43 index cases. 

1Parentheses around patients 1, 2 and 4 indicate that their variants should be considered of unknown 

significance. 2cDNA coordinates refer to NM_032271.2.  

Patient 
number1 

Mutation 
(cDNA)2 

Mutation 
(protein) 

gnomAD PolyPhen2 (score) 

(1) c.981C>A p.(Asp327Glu) absent Pos.Dam (0.56) 
(2) c.1089C>A p.(Asp363Glu) absent benign (0.008) 
3 c.1097C>T p.(Ser366Phe) absent Prob.Dam (0.976) 
(4) c.1109C>T p.(Ala370Val) absent Pos.Dam (0.913) 
5 c.1148A>C p.(Gln383Pro) absent Prob.Dam (0.999) 
6, 7 c.1204C>G p.(Leu402Val) absent Prob.Dam (1) 
8 c.1211T>A p.(Val404Asp) absent Prob.Dam (0.999) 
9, 10 c.1223G>A p.(Gly408Asp) absent Prob.Dam (0.999) 
11 c.1328T>G p.(Leu443Arg) absent Pos.Dam (0.942) 
12 c.1494G>T p.(Lys498Asn) absent Prob.Dam (1) 
13, 14 c.1555C>T p.(Leu519Phe) absent Prob.Dam (0.998) 
15-18 c.1570C>T p.(Arg524Trp) absent Prob.Dam (1) 
19, 20 c.1673C>T p.(Ser558Phe) absent Prob.Dam (0.998) 
21 c.1673C>A p.(Ser558Tyr) absent Prob.Dam (0.999) 
22, 23 c.1708C>G p.(His570Asp) absent Pos.Dam (0.921) 
24 c.1851C>G p.(Phe617Leu) absent Prob.Dam (1) 
27 c.1849T>C p.(Phe617Leu) absent Prob.Dam (1) 
28 c.1850T>C p.(Phe617Ser) absent Prob.Dam (1) 
29 c.1873C>G p.(Leu625Val) absent Prob.Dam (0.998) 
30 c.1885A>C p.(Ser629Arg) absent Pos.Dam (0.606) 
31 c.1936G>C  p.(Val646Leu) absent Prob.Dam (1) 
32-44 c.1964G>A p.(Arg655Gln) absent Prob.Dam (0.997) 
45 c.1975G>T p.(Gly659Trp) absent Prob.Dam (1) 
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Supplementary Table S3. Summary of phenotypes associated with TRAF7 variants in the core 

cohort of 42 cases (patients 3 and 5-45). *, three patients born significantly prematurely are included 

within the total number of cases with patent ductus arteriosus. 

 
Total (n=42) 

Pregnancy/Birth 
 

Preterm born 10 

Fluid accumulation 8 

Feeding difficulties 24 

Short stature 12 

Low weight 5 

Microcephaly, macrocephaly 5, 5 

Cognitive development, speech 
 

Speech delay 29 

Intellectual disability  23 

Austism spectrum disorder 6 

Motor development 
 

Motor delay 30 

Hypotonia 17 

Epilepsy 7 

Brain MRI 
 

Prominence of ventricles 10 

Cysts 5 

Hemorrhaging, hematoma or hygroma 3 

Cerebellar anomalies 3 

Corpus callosum anomalies 4 

Periventricular white matter anomalies 4 

Dysmorphic craniofacial features 
 

Blepharophimosis 33 

Epicanthus 20 

Telecanthus 14 

Ptosis 19 
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Hypertelorism 17 

Up- or downslanting palpebral fissures 11 

Ear anomalies 27 

Bulbous nasal tip 17 

Anteverted nares 7 

Wide and/or flat nasal bridge 11 

Micro- and/or retrognathia 13 

Skull shape anomalies 18 

Craniosynostosis 3 

Tall, wide or prominent forehead 11 

Oral cavity, teeth, pharynx, upper respiratory tract 
 

Palatal anomalies 15 

Dental anomalies 9 

Limbs, extremities 
 

Contractures or joint limitation (other than fingers/toes) 8 

Hypermobility 4 

Dislocation or subluxation 3 

Deviation of fingers (radial, ulnar) 10 (6, 4) 

Camptodactyly 10 

Brachydactyly 6 

Syndactyly 5 

Palmar crease abnormalities 7 

Overlapping toes  10 

Pes planus 10 

Varus anomalies 5 

Valgus anomalies 5 

Sandal gap 5 

Long first toes 4 

Other skeletal 
 

Short neck 24 

Pectus carinatum  17 
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Other chest shape anomalies 10 

Vertebral anomalies 14 

Scoliosis, kyphosis, lordosis 7 

Rib anomalies 5 

Delayed bone age 4 

Cardiac 
 

Patent ductus arteriosus 24* 

Atrial septal defect 9 

Ventricular septal defect 6 

Valvular defects (bicuspid aortic, mitral defects) 10 (6, 4) 

Hearing 
 

Hearing loss (conductive, sensorineural, mixed, unknown) 21 (9, 2, 2, 8) 

Eyes, vision 
 

Refractive errors 10 

Strabismus 10 

Optic disc or nerve anomalies 5 

Urogenital 
 

Kidney abnormalities 10 

Cryptorchidism 7 

External genitalia abnormalities (male, female) 5 (3, 2) 

Other phenotypes 
 

Hernias (inguinal, umbilical, hiatal) 11 (7, 3, 1) 

Progressive thinning of scalp hair (female, male) 3 (2, 1) 

Inverted nipples 6 

Keratosis pilaris 3 

Lower limb edema 3 

Recurrent infections 4 
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Supplementary Table S4. Detailed list of DEGs identified in TRAF7 syndrome patient fibroblasts by 

RNA-Seq. Only those DEGs with an adjusted p-value <0.05 and |log2 fold change| in expression ≥1 are 

listed. 

TNFα - 

Gene Ensembl Gene ID Log2 FC FC FDR 
PCOLCE2 ENSG00000163710 2,20 4,60 9,76E-04 

CFD ENSG00000197766 2,19 4,56 1,34E-03 

ABI3BP ENSG00000154175 2,11 4,31 1,98E-05 

KLF4 ENSG00000136826 1,90 3,74 1,26E-03 

ACKR3 ENSG00000144476 1,89 3,71 4,74E-03 

DMKN ENSG00000161249 1,89 3,71 1,40E-02 

GPC6 ENSG00000183098 1,85 3,60 1,24E-02 

PIM1 ENSG00000137193 1,77 3,41 2,00E-04 

RARRES3 ENSG00000133321 1,64 3,11 3,19E-02 

RHOB ENSG00000143878 1,64 3,11 1,52E-02 

ADA ENSG00000196839 1,60 3,03 6,67E-03 

MCUB ENSG00000005059 1,57 2,98 5,62E-04 

ATOH8 ENSG00000168874 1,55 2,94 5,61E-03 

ANK2 ENSG00000145362 1,51 2,84 2,16E-03 

SCCPDH ENSG00000143653 1,39 2,62 1,39E-05 

DCLK1 ENSG00000133083 1,38 2,60 4,43E-03 

HRH1 ENSG00000196639 1,37 2,58 2,47E-03 

C6orf132 ENSG00000188112 1,36 2,56 4,30E-14 

TCF7 ENSG00000081059 1,35 2,55 3,83E-02 

METRNL ENSG00000176845 1,34 2,54 3,29E-05 

GPCPD1 ENSG00000125772 1,33 2,52 9,03E-05 

EBF1 ENSG00000164330 1,33 2,51 3,19E-02 

DENND3 ENSG00000105339 1,32 2,50 9,14E-03 

HSD3B7 ENSG00000099377 1,31 2,47 5,84E-04 

NFIA ENSG00000162599 1,30 2,47 2,76E-02 

ARHGAP26 ENSG00000145819 1,29 2,44 2,61E-03 

KAZALD1 ENSG00000107821 1,24 2,36 1,50E-02 

LAMC1 ENSG00000135862 1,23 2,35 1,48E-03 

STS ENSG00000101846 1,22 2,32 1,73E-03 

S100A10 ENSG00000197747 1,20 2,30 1,47E-02 

BASP1 ENSG00000176788 1,18 2,26 1,40E-03 

ZNF703 ENSG00000183779 1,15 2,22 1,79E-02 

VIM ENSG00000026025 1,09 2,13 5,31E-05 

C15orf39 ENSG00000167173 1,08 2,11 2,04E-03 

MCM2 ENSG00000073111 1,07 2,10 3,21E-02 

ARNTL2 ENSG00000029153 1,05 2,08 1,22E-02 

FYCO1 ENSG00000163820 1,04 2,05 8,46E-03 

AFAP1L1 ENSG00000157510 1,03 2,04 3,62E-02 

FOXP1 ENSG00000114861 1,02 2,03 7,08E-03 

PIDD1 ENSG00000177595 -1,03 0,49 9,87E-04 



 

  

 
RESULTS: Chapter 2 

174 

RFX3 ENSG00000080298 -1,04 0,49 1,46E-03 

ARMC9 ENSG00000135931 -1,05 0,48 2,03E-02 

C14orf37 ENSG00000139971 -1,06 0,48 5,84E-03 

TMEM2 ENSG00000135048 -1,06 0,48 3,31E-02 

PGM2L1 ENSG00000165434 -1,10 0,47 3,54E-02 

STC2 ENSG00000113739 -1,15 0,45 5,68E-03 

FRK ENSG00000111816 -1,18 0,44 2,67E-02 

UAP1L1 ENSG00000197355 -1,18 0,44 4,77E-04 

PTK7 ENSG00000112655 -1,20 0,43 4,07E-03 

BACE2 ENSG00000182240 -1,25 0,42 5,95E-03 

BDH1 ENSG00000161267 -1,27 0,41 1,65E-04 

SRPX2 ENSG00000102359 -1,30 0,41 5,61E-03 

ARHGEF28 ENSG00000214944 -1,30 0,41 1,29E-03 

KIAA1549 ENSG00000122778 -1,30 0,41 1,07E-02 

MSI2 ENSG00000153944 -1,34 0,39 1,42E-05 

ENPP1 ENSG00000197594 -1,36 0,39 7,75E-03 

MDGA1 ENSG00000112139 -1,37 0,39 2,76E-02 

HLA-B ENSG00000234745 -1,38 0,39 1,84E-03 

SLC22A17 ENSG00000092096 -1,38 0,38 7,92E-03 

EHD3 ENSG00000013016 -1,40 0,38 1,50E-02 

EDN1 ENSG00000078401 -1,44 0,37 2,19E-02 

KHDRBS3 ENSG00000131773 -1,45 0,36 1,27E-02 

SYNGR2 ENSG00000108639 -1,47 0,36 3,38E-04 

MMP16 ENSG00000156103 -1,49 0,36 9,87E-04 

DNAJC6 ENSG00000116675 -1,56 0,34 4,40E-04 

PARD6G ENSG00000178184 -1,61 0,33 1,46E-03 

TLE4 ENSG00000106829 -1,62 0,33 2,61E-03 

PIK3CD ENSG00000171608 -1,63 0,32 6,06E-03 

TRIM16L ENSG00000108448 -1,64 0,32 1,07E-03 

FIGN ENSG00000182263 -1,75 0,30 5,31E-05 

IFI6 ENSG00000126709 -1,77 0,29 8,49E-03 

COL27A1 ENSG00000196739 -1,85 0,28 1,35E-04 

P2RX6 ENSG00000099957 -1,94 0,26 2,11E-12 

WNT5A ENSG00000114251 -2,04 0,24 3,42E-03 

ANGPT1 ENSG00000154188 -2,07 0,24 9,95E-08 

KIF26B ENSG00000162849 -2,20 0,22 4,32E-04 

TNFα + 

Gene Ensembl Gene ID Log2 FC FC FDR 
CFD ENSG00000197766 2,12 4,34 2,89E-03 

CCDC69 ENSG00000198624 1,96 3,89 1,00E-02 

PCOLCE2 ENSG00000163710 1,96 3,88 5,86E-03 

EFEMP1 ENSG00000115380 1,85 3,59 4,07E-02 

DMKN ENSG00000161249 1,77 3,41 3,18E-02 

ABI3BP ENSG00000154175 1,74 3,33 1,21E-03 

GPC6 ENSG00000183098 1,72 3,30 3,01E-02 

SYPL2 ENSG00000143028 1,70 3,25 3,91E-02 
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MITF ENSG00000187098 1,68 3,21 3,10E-03 

TCF7 ENSG00000081059 1,67 3,17 8,02E-03 

NR1H3 ENSG00000025434 1,65 3,14 1,97E-03 

KAZALD1 ENSG00000107821 1,64 3,12 6,09E-04 

ANK2 ENSG00000145362 1,60 3,03 1,26E-03 

NFIA ENSG00000162599 1,58 2,99 5,87E-03 

CAMK1D ENSG00000183049 1,58 2,99 2,95E-02 

MCUB ENSG00000005059 1,56 2,94 9,56E-04 

ADA ENSG00000196839 1,54 2,90 1,33E-02 

EBF1 ENSG00000164330 1,39 2,61 2,95E-02 

AC009549.1 ENSG00000270607 1,34 2,52 1,75E-02 

STS ENSG00000101846 1,33 2,52 6,09E-04 

MTMR9LP ENSG00000220785 1,33 2,52 1,69E-02 

ADTRP ENSG00000111863 1,33 2,51 1,45E-02 

HSD3B7 ENSG00000099377 1,30 2,46 1,04E-03 

SMAP2 ENSG00000084070 1,25 2,38 3,21E-03 

C8orf48 ENSG00000164743 1,25 2,38 2,69E-02 

SUOX ENSG00000139531 1,21 2,32 1,30E-02 

ABCA6 ENSG00000154262 1,18 2,26 3,18E-02 

FYCO1 ENSG00000163820 1,16 2,24 3,21E-03 

RNF150 ENSG00000170153 1,10 2,15 2,01E-02 

SCCPDH ENSG00000143653 1,10 2,14 1,72E-03 

HELLS ENSG00000119969 1,09 2,13 4,42E-02 

CEP120 ENSG00000168944 1,08 2,12 3,01E-03 

LARGE1 ENSG00000133424 1,07 2,10 4,58E-02 

PARP16 ENSG00000138617 1,02 2,03 5,36E-03 

ADGRL2 ENSG00000117114 1,01 2,01 8,47E-03 

CARMIL1 ENSG00000079691 1,01 2,01 6,94E-03 

NDRG1 ENSG00000104419 -1,01 0,50 1,06E-03 

KIF21A ENSG00000139116 -1,03 0,49 1,21E-03 

PRKCA ENSG00000154229 -1,04 0,48 2,85E-02 

FRMD6-AS1 ENSG00000273888 -1,05 0,48 4,36E-02 

DNAJC6 ENSG00000116675 -1,05 0,48 4,15E-02 

MALT1 ENSG00000172175 -1,09 0,47 4,40E-04 

TANC1 ENSG00000115183 -1,09 0,47 8,06E-03 

STARD13 ENSG00000133121 -1,10 0,46 5,52E-03 

CCDC102A ENSG00000135736 -1,14 0,45 1,00E-02 

ARHGAP29 ENSG00000137962 -1,14 0,45 3,01E-03 

ADAMTS12 ENSG00000151388 -1,16 0,45 1,11E-02 

SRPX2 ENSG00000102359 -1,17 0,45 2,05E-02 

ARHGEF19 ENSG00000142632 -1,17 0,44 2,18E-02 

GADD45A ENSG00000116717 -1,22 0,43 5,86E-03 

BACE2 ENSG00000182240 -1,23 0,43 9,57E-03 

MARCH9 ENSG00000139266 -1,24 0,42 2,69E-02 

PTK7 ENSG00000112655 -1,26 0,42 3,10E-03 

ITM2C ENSG00000135916 -1,29 0,41 7,41E-03 
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MSI2 ENSG00000153944 -1,31 0,40 2,53E-05 

SYNGR2 ENSG00000108639 -1,32 0,40 2,38E-03 

TLE4 ENSG00000106829 -1,34 0,39 2,43E-02 

MMP16 ENSG00000156103 -1,35 0,39 5,44E-03 

ABCC3 ENSG00000108846 -1,35 0,39 1,90E-02 

PLOD2 ENSG00000152952 -1,36 0,39 2,82E-02 

WNT5B ENSG00000111186 -1,37 0,39 9,06E-03 

FRK ENSG00000111816 -1,38 0,38 7,40E-03 

RRAD ENSG00000166592 -1,41 0,38 1,66E-02 

STC2 ENSG00000113739 -1,42 0,37 4,40E-04 

SNHG26 ENSG00000228649 -1,42 0,37 1,24E-02 

TRIM16L ENSG00000108448 -1,46 0,36 6,06E-03 

RCAN1 ENSG00000159200 -1,47 0,36 3,48E-02 

ENPP1 ENSG00000197594 -1,49 0,36 3,82E-03 

PIK3CD ENSG00000171608 -1,49 0,36 1,90E-02 

SGIP1 ENSG00000118473 -1,49 0,36 4,59E-02 

AC037198.2 ENSG00000276107 -1,51 0,35 1,07E-03 

SLC22A17 ENSG00000092096 -1,51 0,35 3,99E-03 

SNORA12 ENSG00000212175 -1,56 0,34 2,89E-03 

EDN1 ENSG00000078401 -1,62 0,33 9,09E-03 

S1PR3 ENSG00000213694 -1,64 0,32 4,24E-02 

LBH ENSG00000213626 -1,64 0,32 4,21E-02 

PARD6G ENSG00000178184 -1,64 0,32 1,73E-03 

COL7A1 ENSG00000114270 -1,69 0,31 1,15E-02 

GAS6 ENSG00000183087 -1,71 0,31 4,40E-04 

KHDRBS3 ENSG00000131773 -1,80 0,29 1,53E-03 

CYR61 ENSG00000142871 -1,82 0,28 1,78E-03 

LRRN3 ENSG00000173114 -1,88 0,27 1,51E-02 

CPXM2 ENSG00000121898 -1,93 0,26 1,28E-02 

ANGPT1 ENSG00000154188 -1,94 0,26 1,22E-06 

IL6 ENSG00000136244 -1,98 0,25 4,59E-02 

GNA14 ENSG00000156049 -2,14 0,23 1,56E-02 

NR4A2 ENSG00000153234 -2,21 0,22 1,82E-02 

IL1A ENSG00000115008 -2,28 0,21 6,99E-03 

WNT5A ENSG00000114251 -2,32 0,20 6,98E-04 

LTB ENSG00000227507 -2,45 0,18 5,57E-07 
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Supplementary Table S5. Genes selected for qPCR validation. T = transcriptomic criteria, i.e., high differential expression in the RNA-Seq data; F = functional 

criteria, i.e., for most, alteration in a relevant human disease or animal model. Note that KRAS, SPTAN1, CASK, MAPK11 and RIT1 did not meet the log2 fold 

change threshold for inclusion in the detailed DEG list in Supplementary Table S4. 

    - TNFα    + TNFα        

Gene Ensembl Gene ID Log2FC FC FDR   Log2FC FC FDR   Validated Selection 
Criteria 

CFD ENSG00000197766 2.19 4.56 1.34E-03  2.12 4.34 2.89E-03  Yes T 

GPC6 ENSG00000183098 1.85 3.6 1.24E-02  1.72 3.3 3.01E-02  Yes T/F 

KAZALD1 ENSG00000107821 1.24 2.36 1.50E-02  1.64 3.12 6.09E-04  Yes T 

FOXP1 ENSG00000114861 1.02 2.03 7.08E-03  - - -  No F 

KRAS ENSG00000133703 0.85 1.8 1.07E-12  0.64 1.56 7.22E-07  No F 

SPTAN1 ENSG00000197694 0.51 1.43 3.67E-02  - - -  No F 

KIF26B ENSG00000162849 -2.2 0.22 4.32E-04  - - -  Yes T 

ANGPT1 ENSG00000154188 -2.07 0.24 9.95E-08  -1.94 0.26 1.22E-06  Yes T 

WNT5A ENSG00000114251 -2.04 0.24 3.42E-03  -2.32 0.2 6.98E-04  Yes T 

CASK ENSG00000147044 - - -  -0.84 0.56 3.12E-02  Yes F 

MAPK11 ENSG00000185386 -0.68 0.62 1.02E-03  -0.69 0.62 1.21E-03  No F 

RIT1 ENSG00000143622 -0.49 0.71 4.41E-02   - - -   No F 
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Supplementary Table S6. Complete list of significant IPA pathways and functions. Categories are 

ordered according to their p-values. A cutoff of 0.05 was chosen.  

Enriched signaling and metabolic canonical pathways 
Adipogenesis pathway 

Axonal Guidance Signaling 

UDP-N-acetyl-D-glucosamine Biosynthesis II 

Chemokine Signaling 

Wnt/Ca+ Pathway 

Renin-Angiotensin Signaling 

Thrombin Signaling 

Neuropathic Pain Signaling In Dorsal Horn Neurons 

Role of NFAT in Cardiac Hypetrophy 

Synaptic long term potentiation 

GP6 Signaling Pathway 

Mouse Embryonic Stem cell Pluripotency 

Regulation of The Epithelial-Mesenchymal Transition Pathway 

GNRH Signling 

Basal Cell Carcinoma Signaling 

Endothelin-1 Signaling 

Human Embryonic Stem Cell Pluripotency 

RAN Signaling 

Role of Macrophages, Fibroblasts and Endothelial Cells in Reumathoid Arthitis 

Ovarian Cancer Signaling 

Adrenomedullin signaling pathway 

Role of Wnt/GSK-3β Signaling in the Pathogenesis of Influenza 

Apelin Endothelial Signaling Pathway 

Sterm motility 

Molecular Mechanisms of Cancer 

Role of NANOG in Mammalian Embryonic Stem Cell Pluripotency 

Protein Kinase A Signaling 

PPARα/RXRα Activation 

Hepatic Fibrosis/Hepatin Stellate Cell Activation 

Role of Tissue Factor in Cancer 

PCP Pathway 

Polyamine Regulation in Colon Cancer 

Colorectal Cancer Mestastasis Signaling 

UVA-Induced MAPK Signaling 

Glioblastoma Multiforme Signaling 

Aldosterone Signaling in Epithelial Cells 

Role of Osteoblasts, Osteoclasts and Chondrocytes in Rheumatoid Arthritis 

Neuroprotective Role of THOP1 in Alzheimer's Disease 

LXR/RXR Activation 

Paxillin Signaling 

Glioma Signaling 

Cardiac Hypertrophy Signaling 

Breast Cancer Regulation by Stathmin1 

Melatonin Signaling 

UDP-N-acetyl-D-galactosamine Biosynthesis II 

IL-15 Production 

GPCR-Mediated Integration of Enteroendocrine Signaling Exemplified by an L Cell 

fMLP Signaling in Neutrophils 

CREB Signaling in Neurons 

G-Protein Coupled Receptor Signaling 

Integrin Signaling 
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Sonic Hedgehog Signaling 

RANK Signaling in Osteoclasts 

Gαq Signaling 

Glioma Invasiveness Signaling 

CD28 Signaling in T Helper Cells 

B Cell Receptor Signaling 

Glycogen Degradation II 

Bile Acid Biosynthesis, Neural Pathway 

EIF2 Signaling 

PKCθ Signaling in T Lymphocytes 

PI3K Signaling in B Lymphocytes 

14-3-3-mediated Signaling 

P2Y Purigenic Receptor Signaling Pathway 

VEGF Signaling 

Inhibition of Angiogenesis by TSP1 

Tec Kinase Signaling 

GPCR-Mediated Nutrient Sensing by Enteroendocrine 

Glycogen Degradation III 

UDP-D-xylose and UDP-D-glucuronate Biosynthesis 

Putrescine Biosynthesis III  

Regulation of IL-2 Expression in Activated and Anergic T Lymphocytes 

Apelin Cardiomyocyte Signaling Pathway 

Gap Junction Signaling 

Clathrin-mediated Endocytosis Signaling 

 

Enriched Cellular Functions and Physiological System Development 
Cancer 

Organismal Injury and Abnormalities 

Endocrine System Disorders 

Cellular Movement 

Gastrointestinal Disease 

Cardiovascular System Development and Function 

Reproductive System Disease 

Organismal Development 

Renal and urological system development and function 

Embryonic development 

Organismal Survival 

Cell Death and Survival 

Organ Morphology 

Renal and Urological Disease 

Tissue Development 

Cell-To-Cell Signaling and Interaction 

Cellular Assembly and Organization 

Organ Development 

Hematological Disease 

Immunological Disease 

Cellular Development 

Cellular Growth and Proliferation 

Nervous System Development and Function 

Respiratory Disease 

Carbohydrate Metabolism 

Neurological Disease 

Cell Morphology 

Hepatic System Disease 

Tissue Morphology 
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Gene Expression 

Hair and Skin Development and Function 

Developmental Disorder 

Dermatological Diseases and Condtions 

Lipid Metabolism 

Small Molecule Biochemistry 

Cardiovascular Disease 

Connective Tissue Disorders 

Inflamattory Response 

Skeletal and Muscular Disorders 

Hereditary Disorder 

Metabolic Disease 

Connective Tissue Development and Function 

Skeletal and Muscular System Development and Function 

Hematological System Development and Function 

Immune Cell Trafficking 

Cellular Compromise 

Nucleic Acid Metabolism 

Molecular Transport 

Cell Signaling 

Tumor Morphology 

Amino Acid Metabolism 

Post-Translational Modification 

Organismal Functions 

Auditory and Vestibular System Development and Function 

Lymphoid Tissue Structure and Development 

Visual System Development and Function 

Ophthalmic Disease 

Hematopoiesis 

Humoral Immune Response 

Auditory Disease 
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Phenotypic spectrum and transcriptomic profile associated with germline variants in 

TRAF7 

Castilla-Vallmanya et al. 

Supplementary Discussion: 

Differentially expressed genes in TRAF7 syndrome patient fibroblasts. 

To gain a better understanding of the pathogenic role of syndromic TRAF7 variants, patient 

fibroblasts were compared with controls at a transcriptomic level. As a first approach, 17 genes 

were selected and analyzed by qPCR. Nine of these genes had been found to be altered in 

TRAF7-silenced cells in previous studies.1 From these nine, only three showed differential 

expression in fibroblasts bearing TRAF7 syndromic variants compared to controls. In 

particular, FLNB was significantly increased in patients compared to controls (over 2-fold) 

independently of the treatment, as opposed to TRAF7 knock-down, which has been shown to 

lead to a reduction of FLNB expression.1 FLNB is an actin-binding protein that regulates 

dynamic changes of the cytoskeleton and has essential scaffolding functions. Given the 

skeletal malformations present in patients with TRAF7 variants, it is interesting that alterations 

in FLNB cause several skeletal dysplasias, including spondylocarpotarsal synostosis 

syndrome (OMIM #272460), Larsen syndrome (OMIM #150250), atelosteogenesis types I 

(OMIM #108720) and III (OMIM #108721) and boomerang dysplasia (OMIM #112310).2 

IGFBP7 (also known as angiomodulin) was, on the other hand, underexpressed in patient 

fibroblasts independently of the treatment, while it was found overexpressed in TRAF7-

depleted cells.1 It is a matrix-bound factor, with knockdown causing vascular patterning defects 

in zebrafish3 or inhibition of cardiogenesis in embryonic stem cells.4 A homozygous variant in 

humans causes retinal arterial macroaneurysm with supravalvular pulmonic stenosis (OMIM 

#614224).5 Reduced expression of IGFBP7 may contribute to the cardiovascular defects in 

TRAF7 syndrome patients. TRAF7 syndrome patient fibroblasts also expressed lower levels 

of NOTCH3. Notch3 knockout mice have defects in arterial differentiation and vascular smooth 

muscle cell maturation.6 Toxic neomorphic variants in NOTCH3 cause the cerebral 

arteriopathy CADASIL (OMIM #125310),7 while C-terminal truncating variants cause lateral 

meningocele syndrome (OMIM #130720), which includes craniofacial, skeletal and cardiac 

defects that partly overlap with those of the TRAF7 syndrome.8 Given that the direction of gene 

expression changes in patient cells versus TRAF7-silenced cells can be divergent (FLNB, 

IGFBP7), the same (NOTCH3) or unchanged in patients, it is difficult to conclude on the basis 

of these experiments whether the TRAF7 variants are more likely gain or loss of function. The 
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differences could stem from the cell types studied; previous studies on TRAF7-silencing were 

performed in an immortalized cell line1 while we have analyzed primary fibroblasts.  

Six other genes tested are downstream targets of NF-B and are involved in processes such 

as inflammation, tumorigenesis and negative regulation of apoptosis.9 From these, two genes 

showed significantly reduced expression in patient fibroblasts, namely BCL2 and PTGS2. 

BCL2 is an anti-apoptotic factor that is deregulated in several human cancers.10 PTGS2 

encodes COX2, which catalyzes the formation of the prostaglandin precursor PGH2 and is 

generally considered as an inflammation mediator.11 The expression of PTGS2 was reduced 

to one third in the patient fibroblasts without TNF treatment. Interestingly, COX2 deficiency 

has been associated with inefficient closure of the ductus arteriosus in mice12 and we observed 

patent ductus arteriosus in the majority of TRAF7 syndrome patients, suggesting a pathogenic 

effect of COX2 deficiency in this context.  

To further characterize the gene expression landscape in patients bearing syndromic TRAF7 

variants, we performed RNA-Seq of skin fibroblasts. Consistent with previous data suggesting 

that TRAF7 modulates the activity of several transcription factors, the expression of many 

genes was affected in patient cells. Pathway enrichment analysis of the identified DEGs 

highlighted pathways involved in the development and function of the nervous system, which 

could partly explain the intellectual disability present in patients harboring TRAF7 variants. 

Interestingly, the cardiovascular system category was also enriched for DEGs; congenital heart 

defects are frequent in TRAF7 syndrome patients. Several DEGs are especially interesting 

due to the role they play in specific cellular processes and the effects that their alteration can 

produce. ANGPT1, WNT5A and KIF26B were the most downregulated genes in patient 

fibroblasts under basal conditions. ANGPT1 encodes angiopoeitin 1 and homozygous knock-

out in mice leads to severe vascular malformations and embryonic lethality.13 Conditional 

knock-outs in mice have shown roles for Angpt1 in cardiac morphogenesis14,15 and its 

deregulation may contribute to the cardiovascular anomalies observed in our cohort. Wnt5a is 

required for the outgrowth of limbs and craniofacial and genital structures in mice,16 and 

variants in WNT5A cause autosomal dominant Robinow syndrome (OMIM #180700), a 

condition which shares some skeletal features with the patients we report here.17 KIF26B 

encodes a kinesin required for kidney development in mice,18 and interestingly, together with 

WNT5A and ROR, it shapes a crucial noncanonical WNT pathway, especially relevant in cell 

migration events during embryogenesis.19 CASK, mildly downregulated in the patients, 

encodes a synaptic scaffolding protein. Loss of function variants in this gene are responsible 

for an X-linked syndrome associating intellectual disability, microcephaly and pontine and 

cerebellar hypoplasia (OMIM #300749).20 GPC6, KAZALD1 and CFD were among the most 
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upregulated genes in TRAF7 syndrome patient fibroblasts. GPC6 encodes a member of the 

glypican family of cell-surface heparan sulfate proteoglycans, and GPC6 variants are 

responsible for a rare autosomal recessive condition defined by proximally shortened limbs; 

omodysplasia (OMIM #258315).21 KAZALD1 (also known as IGFPB-rP10) is expressed 

specifically in ossification regions of the head in mice and can promote osteoblast 

proliferation;22,23 KAZALD1 overexpression could therefore play a role in the craniofacial shape 

anomalies observed in TRAF7 syndrome patients. CFD, by far the most upregulated gene, 

encodes the complement factor D, a serine protease that acts in the alternative complement 

pathway. In humans, factor D deficiency leads to an immunologic condition with susceptibility 

to bacterial infections.24 The significance of CFD upregulation in TRAF7 syndrome patient cells 

is unclear. 
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CHAPTER 3: Functional characterization of MAGEL2 truncating mutations and 

generation of an in vitro model for Schaaf-Yang syndrome 

 

Article 9: Advancing in Schaaf-Yang syndrome pathophysiology: from bedside to 

subcellular analyses of truncated MAGEL2 in patients’ fibroblasts 

Summary:  

Background: The ultra-rare neurodevelopmental disorder Schaaf-Yang syndrome is caused 

by truncating mutations in MAGEL2, a gene mapping to the Prader-Willi region (15q11-q13). 

The phenotype observed in SYS patients partially overlaps the one typically observed in 

patients with Prader-Willi syndrome. MAGEL2 is known for playing a role in retrograde 

transport and protein recycling regulation. Our aim is to contribute to the characterization of 

SYS pathophysiology at clinical, genetic and molecular levels. 

Methods: We performed an extensive phenotypic and genetic literature revision of previously 

reported SYS subjects. We analysed the excretion levels of amyloid-β 1-40 peptide, the 

metabolomic profile and gene expression (by mRNAseq) in SYS patient’s fibroblasts compared 

to controls. We also transfected cell lines with vectors encoding wild-type or mutated MAGEL2 

to assess its protein stability and subcellular localization. 

Results:  Based on updated knowledge we offer the first guidelines for clinical management 

of SYS patients. Functional studies show that A1-40 levels in the extracellular media of SYS 

fibroblasts were significantly decreased compared to wild-type. We also found altered 

expression of 132 genes, many of them related to developmental processes and mitotic 

mechanisms. The truncated form of MAGEL2 shows a similar degradation pattern to the WT. 

However, it was significantly switched to the nucleus, compared to a clear cytoplasmic 

distribution of the WT. 

Conclusion: Our guidelines are a useful tool to improve SYS clinical management. A1-40 

excretion level is a promising biomarker for SYS and further experiments are needed to 

understand the implication of mutated MAGEL2 in gene expression and cellular localization 

changes, which suggest a dominant negative or a gain-of function effect of the truncating 

variants. 

Reference: Laura Castilla-Vallmanya, Mercedes Serrano, Mónica Centeno-Pla, Héctor Franco-

Valls, Raúl Martínez-Cabrera, Aina Prat-Planas, Elena Rojano, Pedro Seoane, Miriam Navarro, 

Clara Oliva, Rafael Artuch, Raquel Rabionet, Daniel Grinberg, Susanna Balcells, Roser Urreizti. 

Advancing in Schaaf-Yang syndrome pathophysiology: from bedside to subcellular analyses of 

truncated MAGEL2 in patients’ fibroblasts. To be submitted to Journal of Medical Genetics. 
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Advancing in Schaaf-Yang syndrome pathophysiology: from bedside to 

subcellular analyses of truncated MAGEL2 in patients’ fibroblasts 

 

Laura Castilla-Vallmanya1,2, Mercedes Serrano2,5, Mónica Centeno-Pla1,2, Héctor Franco-
Valls1,2, Raúl Martínez-Cabrera1,2, Aina Prat-Planas1,2, Elena Rojano3, Pedro Seoane2,3, 
Miriam Navarro2,5, Clara Oliva5, Rafael Artuch2,5, Raquel Rabionet1,2, Daniel Grinberg1,2, 
Susanna Balcells1,2, Roser Urreizti1,2,5 
 

1) Department of Genetics, Microbiology and Statistics, Faculty of Biology, University of Barcelona, 

IBUB, IRSJD, Barcelona, Spain.  

2)Centro de Investigación Biomédica en Red de Enfermedades Raras (CIBERER)- Instituto de Salud 

Carlos III, Spain. 

3)Department of Molecular Biology and Biochemistry, University of Malaga, Malaga, Spain. 

4)Institute of Biomedical Research in Malaga (IBIMA), Málaga, Spain. 

5)Clinical Biochemistry Department, Hospital Sant Joan de Déu, Esplugues de Llobregat, Spain.  

ABSTRACT: 

Background: The ultra-rare neurodevelopmental disorder Schaaf-Yang syndrome is caused 

by truncating mutations in MAGEL2, a gene mapping to the Prader-Willi region (15q11-q13). 

The phenotype observed in SYS patients partially overlaps the one typically observed in 

patients with Prader-Willi syndrome. MAGEL2 is known for playing a role in retrograde 

transport and protein recycling regulation. Our aim is to contribute to the characterization of 

SYS pathophysiology at clinical, genetic and molecular levels. 

Methods: We performed an extensive phenotypic and genetic literature revision of previously 

reported SYS subjects. We analysed the excretion levels of amyloid-β 1-40 peptide, the 

metabolomic profile and gene expression (by mRNAseq) in SYS patient’s fibroblasts compared 

to controls. We also transfected cell lines with vectors encoding wild-type or mutated MAGEL2 

to assess its protein stability and subcellular localization. 

Results:  Based on updated knowledge we offer the first guidelines for clinical management 

of SYS patients. Functional studies show that A1-40 levels in the extracellular media of SYS 

fibroblasts were significantly decreased compared to wild-type. We also found altered 

expression of 132 genes, many of them related to developmental processes and mitotic 

mechanisms. The truncated form of MAGEL2 shows a similar degradation pattern to the WT. 

However, it was significantly switched to the nucleus, compared to a clear cytoplasmic 

distribution of the WT. 

Conclusion: Our guidelines are a useful tool to improve SYS clinical management. A1-40 

excretion level is a promising biomarker for SYS and further experiments are needed to 

understand the implication of mutated MAGEL2 in gene expression and cellular localization 

changes, which suggest a dominant negative or a gain-of function effect of the truncating 

variants. 
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INTRODUCTION 

In 2013, truncating mutations in MAGEL2 (OMIM* 605283) were associated with a new clinical 

entity (1), first described as a Prader-Willi like syndrome and lately named Schaaf-Yang 

syndrome (SYS; OMIM #615547). MAGEL2 is a single-exon gene that encodes one of the 

largest proteins of the Type II MAGE protein family (1249 amino acids long). At a structural 

level, a proline-rich domain is found at the N-terminal region of MAGEL2, whose function 

remains unclear (Figure 1). At the C-terminus, from amino acid 1027–1195, there is a MAGE 

Homology Domain (MHD): a highly conserved 170-amino acid sequence, present in both type 

I and type II MAGEs, crucial for protein-protein interactions (2). Through it, MAGEL2 

recognizes and binds the coiled-coil domain of the E3 ubiquitin ligase, TRIM27. The MHD is 

also crucial for binding VPS35, a subunit of the retromer cargo-selective complex (3). 

MAGEL2, TRIM27 and USP7 form the MUST complex that is recruited to endosomes through 

direct binding of MAGEL2 to VPS35 and plays a role in retrograde endosomal transport (3,4). 

These specialized endosomes participate in endosomal export pathways that deliver 

membrane protein cargoes either to the trans-Golgi network through retrograde pathways or 

to the plasma membrane through recycling pathways (5). MAGEL2 shows a wider expression 

in human fetal tissues than in adult tissues, where it is predominantly present in the brain 

(according to GTEx data (6)). In adult mice, it also becomes mostly restricted to the central 

nervous system (CNS), specifically to the amygdala and the hypothalamus, and predominantly 

in the suprachiasmatic, the paraventricular and the supraoptic nuclei (7–9). 

A dysfunction of the retrograde transport mechanism could be disturbing for many cellular 

processes. Loss of MAGEL2 expression causes a reduction in SG protein levels due to 

impaired endosomal protein trafficking and subsequent lysosomal degradation, resulting in a 

reduction of circulating bioactive hypothalamic hormones (9). A well-coordinated trafficking 

network is also key for the correct regulation of amyloid precursor protein (APP) cleavage (10). 

APP family members are relevant for neuronal differentiation and migration during cortical 

development (11,12) and proper neuromuscular junction formation and neurotransmission 

(13). Many studies support a model where retromer deficiency leads to increased APP 

cleavage, Aβ peptides production and exocytosis (14–16). In addition, protein levels of the 

glucose transporter GLUT1 in the cell membrane are reduced after VPS35 and SNX27 

inhibition, showing that they are also tightly regulated by the retromer (17). 

MAGEL2 is one of the five maternally imprinted protein-coding genes contained in the Prader-

Willi region (15q11-q13). Lack of expression of the paternal alleles in this region causes 

Prader-Willi syndrome (PWS; OMIM #176270) (18). In contrast, point nonsense or frameshift 

mutations in the paternal allele of MAGEL2 are predicted to encode a truncated protein lacking 

https://paperpile.com/c/aLwH7s/ruiSn
https://paperpile.com/c/aLwH7s/7GQ9O
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the MHD domain and have been associated with SYS (1). More than a hundred of SYS patients 

have been reported and phenotypically described in the literature (1,19–37). SYS and PWS 

patients show overlapping clinical phenotypes: neonatal hypotonia, intellectual disability (ID), 

developmental delay (DD), feeding difficulties, and other more specific symptoms such as 

endocrinologic disturbances /hypogonadism and other hormonal disbalances) and sleep 

disorders. However, SYS patients generally do not present some of the clinical criteria for PWS 

diagnosis, such as hypopigmentation, characteristic facial dysmorphisms, small hand and feet, 

hyperphagia, obesity and obsessive-compulsive behaviours, while severe ID, ASD typical 

behaviours and joint contractures are more frequently present in SYS than in PWS (38–40). 

Truncating variants in MAGEL2 have also been associated with Chitayat-Hall syndrome (CHS; 

OMIM 208080) in 6 patients (41). However, a systematic review of all SYS and CHS patients 

showed that there is no discernible difference between both syndromes, either at a clinical or 

genetic level (34). In contrast, two particular MAGEL2 truncating mutations have been 

recurrently identified in patients affected by lethal arthrogryposis multiplex congenita (AMC), a 

much more severe phenotype (21,27,42–44). At the end, there is no specific constellation of 

symptoms pathognomonic or specific for any of these clinical syndromes; furthermore, they 

probably conform to a clinical continuum, therefore denoting the need to address clinical 

denomination according to molecular findings.  

Here, we present a standardized set of guidelines for SYS clinical management based on an 

extensive literature revision, also expanding the clinical and genetic delineation of this rare 

neurodevelopmental condition. We also contribute to the knowledge of the cellular phenotype, 

assessing the effect that a recurrent truncating variant has on MAGEL2 protein stability and 

subcellular localization using heterologous expression vectors. Finally, we characterized 

fibroblasts derived from SYS patients through transcriptomic and metabolomic approaches, 

interpreting the results in the context of molecular and clinical findings.  
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METHODS 

Literature review: A Cochrane Library search and a PubMed database search was performed 

from the date of the first clinical description of pathology associated with variants in MAGEL2 

till June 30, 2021, using the following terms: MAGEL2, SYS, Schaaf-Yang syndrome, and 

different combinations of these terms. Concerning the data extraction, it included first author, 

publication year, molecular data (identified mutation and residues changes, de novo or 

inherited condition), pregnancy and perinatal information, multiorganic clinical data, 

complementary exams information, neuroimaging, and age and cause of death. Unfortunately, 

in some clinical series, much clinical information is not detailed.  

RNA-sequencing and data analysis: Whole RNA was extracted from fibroblasts using the 

High Pure RNA Isolation Kit (Roche). RNA-Seq was performed by LEXOGEN, Inc. using the 

QuantSeq 3’ messenger RNA (mRNA)-Seq FWD kit for library preparation. ExpHunter Suite 

was used to analyse the expression data and perform functional enrichment analyses. 

Cell culture: Fibroblasts were obtained from skin biopsies of seven SYS patients, nine PWS 

patients and eleven controls. Corresponding informed consent and institutional ethics approval 

were obtained (Ethics Committee of the Universitat de Barcelona, IRB00003099). Fibroblasts 

were cultured in Dulbecco's modified eagle medium (DMEM) (Sigma-Aldrich, Merck) 

supplemented with 10% FBS (Gibco, LifeTechnologies), 1% penicillin–streptomycin (Gibco, 

LifeTechnologies) and 1% GlutaMAX (Gibco, LifeTechnologies). Conditioned medium for 

ELISA was only supplemented with 1% penicillin–streptomycin (Gibco, LifeTechnologies) and 

was collected after 72h. HEK293T cells were cultured in DMEM (Sigma-Aldrich, Merck) 

supplemented with 10% FBS (Gibco, LifeTechnologies) and 1% penicillin–streptomycin 

(Gibco, LifeTechnologies). The cDNA sequences of interest (ENST00000650528.1) were 

cloned in the the mammalian expression vector pcDNATM3.1(+) (Invitrogen, ThermoFisher 

Scientific) including a hemagglutinin (HA) tag at the C-terminal end (courtesy of the CRG). The 

vectors were transfected into 60% confluent HEK293T cells using LipofectamineTM 3000 

(Invitrogen, ThermoFisher Scientific) and Opti-MEMTM (Gibco, LifeTechnologies). Cells were 

treated with 10µM MG132 (Calbiochem) or 1µM Bafilomycin (Sigma-Aldrich, Merck) for 16 

hours or 150µM Cycloheximide (Sigma-Aldrich, Merck) for 2, 4, 8 or 12 hours prior to total 

protein extraction.  

Protein extraction and western blotting: Total protein extraction was performed using RIPA 

buffer supplemented with protease inhibitors (04693159001, Roche, Merck) and N-

ethylmaleimide (Sigma-Aldrich, Merck) and quantified using the PierceTM BCA Protein Assay 

kit (ThermoFisher Scientific). Twenty ug of total protein per lane were run in 10% 
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Acrylamide/Bis-Acrylamide gels, transferred to a PVDF membrane (Millipore, Merck) and 

blocked with 5% skimmed milk in TBS-Tween 1X. Different antibodies were used: Anti-HA tag 

antibody (ab18181, Abcam), Anti-ɑ-Tubulin antibody (T5168, Sigma-Aldrich), Anti-GAPDH 

Antibody (sc-47724, Santa cruz Biotechnology), Anti-Mouse IgG (Fc specific)–Peroxidase 

antibody (A0168, Sigma-Aldrich). Results were visualized using the LAS-4000 Luminescent 

Image Analyzer (Fujifilm) and the LuminataTM Forte Western HRP Substrate (WBLUF0100, 

Millipore). The detected bands were quantified using ImageJ(68). 

Immunocytochemistry: Cells were fixed in 4% PFA, permeabilized with 0,1M Glycine and 

0,1% Triton X-100 in PBS and blocked with 0,3M Glycine, 0,05% Triton X-100 and 10% Normal 

Donkey Serum (#S30-100M, Merck Millipore) in PBS. Coverslips were incubated with anti-HA 

primary antibody (ab18181, Abcam), Donkey Anti-Mouse Cy2 antibody (#715-225-150, 

Jackson Immunoresearch) and DAPI (#D1306, Invitrogen,) and mounted with MOWIOL 

(#475904, Millipore). Images were acquired using a Zeiss confocal microscope LSM 880 and 

analysed with ImageJ(68). 

ELISA analysis: The supernatant of the conditioned medium was obtained after short 

centrifugation. Total protein concentration was quantified using the PierceTM BCA Protein 

Assay kit (ThermoFisher Scientific) and Aβ1-40 and Aβ1-42 amyloid peptide using the Amyloid-

beta (1-40) High Sensitive ELISA and Amyloid-beta (1-42) High Sensitive ELISA (IBL 

International GmbH). 

Metabolomics analyses: Amino acid analysis was performed through ultra-high-performance 

liquid chromatography–tandem mass spectrometry as previously described (72). Gas 

chromatographic/mass spectrometric analyses were used to identify organic acids as 

described in (73). 

Ethical issues: For the three patients whose fibroblasts have been studied, parents gave their 

written informed consent. Their samples and data were obtained in accordance with the 

Helsinki Declaration of 1964, as revised in October 2013 (Fortaleza, Brazil). The study was 

approved by the Institutional Review Board (IRB00003099) of the Bioethical Comission of the 

University of Barcelona (October 5, 2020). 
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RESULTS 

Clinical management of SYS patients 

We performed a systematic revision of all the published patients with SYS (Supplementary 

Table 1) including molecular and phenotypic data, all of them bearing mutations in MAGEL2, 

with the aim of creating a standardized and useful set of guidelines for SYS clinical 

management. 

The literature-based recommendations have been divided into two life periods: perinatal period 

(first 28 days of life) and childhood/adolescence. It includes the most relevant medical 

problems associated with each period and the specific concerns or interventions advisable for 

each of them. A schematic summarized version of the different clinical areas and tests included 

in the guidelines are represented in Figure 1 and a detailed, printable version is supplied as 

Suppl. Table 2. 

For the majority of cases pregnancy was uneventful (only polyhydramnios has been reported 

in some cases), but a high rate of C-sections has been detailed (more than a half of the 

described patients with delivery information available). Clinical symptoms appear early in life 

showing a complex phenotype that includes neuromuscular symptoms, respiratory and 

endocrinological problems, feeding difficulties, and dysmorphic traits. Other clinical issues can 

appear later and may affect almost all the organs and systems, requiring a coordinated 

multidisciplinary approach. 

 

Genetic characterization of SYS variants 

To date, 51 different variants have been associated with SYS (Figure 2), being 

p.(Gln666Profs*47) a recurrent mutational hotspot present in 79 cases (in bold in Figure 2). 

They are mostly truncating mutations and predominantly located in the C-terminal region of 

the protein, meaning that there is a partial or a total lack of the MHD, potentially compromising 

the functions that MAGEL2 carries out through this domain. Three different missense 

mutations and a small deletion, resulting in a form of the protein lacking 7 residues, have also 

been associated with SYS phenotypes. These atypical mutations are not predicted to encode 

a truncated form of the protein, and functional studies have not been performed to support the 

variant pathogenicity, thus their clinical implications remain to be proven (in green in Figure 2).  

 

The truncated form of MAGEL2 caused by variant p.Gln638* remains stable in the cell 

To evaluate the stability and recycling of the truncated form of the MAGEL2 protein, HEK293T 

cells were transfected with an expression vector containing either the WT cDNA sequence of 
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MAGEL2 (MAGEL2-WT) or including the pathogenic truncating variant c.1912C>T; p.Gln638* 

(MAGEL2-Gln638*), which encodes a protein 611 amino acids shorter than the WT form and 

has been reported in six patients (20,21,23,33,45). The WT and MAGEL2 cDNAs were tagged 

with an HA epitope at C-terminus. Blocking of the proteasomal degradation pathway with 

MG132 (Figure 3A) or the lysosomal pathway with Bafilomycin (Baf) (Figure 3B) showed that 

MAGEL2 is mostly degraded via proteasome. Of note, the truncated MAGEL2-Gln638* variant 

is equally expressed in transfected cells and does not present a higher proteasomal 

degradation rate than the WT form (Figure 3, A&B). Additionally, cells were treated with 

Cycloheximide (Cx) to block protein synthesis during 2, 4, 6 and12 hours to evaluate protein 

stability and half-life of the truncated protein compared to the WT form. Similar stability was 

observed in both forms (Figure 3, C&D), supporting the idea that the truncated form MAGEL2-

Gln638* is not degraded and remains stable in the cell. 

 

Presence of variant p.Gln638* affects protein subcellular localization 

To determine the subcellular localization of this truncated form of the MAGEL2 protein, 

HEK293T, SAOS-2 and HeLa cells were transfected with the expression vectors MAGEL2-WT 

or MAGEL2-Gln638*. Immunocytochemistry assays detecting HA showed that in cells 

transfected with the MAGEL2-Gln638* construct, there was a shift of the protein towards the 

nucleus, while the MAGEL2-WT form was mainly located in the cytoplasm (Figure 3 E&F). A 

similar localization pattern was observed in HEK293T, SAOS-2 and HeLa cells, supporting the 

idea that presence of variant p.Gln638*, which leads to the lack of part of the C-terminal 

sequence, affects protein subcellular localization. 

 

SYS fibroblasts show decreased Aβ1-40 peptide excretion levels 

As alterations in MAGEL2 could be affecting APP cleavage and Aβ1-40 peptide production rates, 

levels of Aβ1-40 peptide were measured by ELISA in extracellular medium from SYS, PWS and 

control fibroblasts after 72h. SYS fibroblasts showed significantly decreased excretion levels 

of the processed peptide, both compared to PWS and control fibroblasts. However, no 

differences were observed in the PWS group compared to the control (Figure 4). Aβ1-42 peptide 

was also measured; however, the levels were very low and no differences were observed 

between conditions (data not shown).  

 

 

 

https://paperpile.com/c/aLwH7s/mqgnm+Nnf1F+p32V0+WVgNO+hVDDj
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Fibroblasts from SYS patients show altered gene expression patterns  

To better understand the effect that MAGEL2 truncating mutations may have in gene 

expression patterns, we performed an mRNA whole transcriptomic analysis of skin fibroblasts. 

We used samples from three SYS patients (one of them carrying the nonsense variant 

p.Gln638* and the other two the highly recurrent frameshift variant  p.(Gln666Profs*47)) and 

six healthy donors. Using the ExpHunter Suite, we identified 132 differentially expressed genes 

(DEGs), 76 up-regulated and 56 down-regulated (Supplementary Table 3). The top ten up- 

and down- regulated showing the most significant changes in the expression fold can be found 

in Table 1. 

To explore the different pathways and biological functions that may be affected, we used the 

same software to perform an enrichment analysis on the 132 identified DEGs. Different 

REACTOME categories related to mitosis, such as “Resolution of Sister Chromatid Cohesion” 

and “Mitotic Spindle Checkpoint” were significantly enriched. Consistently, the majority of those 

genes were also enriched in the “Kinetochore” and “Chromosome, centromeric region” 

according to GO cellular components enrichment. Another cluster including 5 genes related to 

“Collagen formation” also appeared in the REACTOME enrichment analysis (Supplementary 

Table 4). 

 

SYS fibroblasts show altered levels of organic acids and amino acids 

Mass spectrometry analysis of metabolites including several organic acids and amino acids in 

SYS, PWS and control fibroblasts showed increased levels of suberic, sebacic, adipic and 

malic organic acids in SYS compared to the other two groups (Figure 5). Regarding amino 

acids, only glutamine showed a robust significant decrease in the SYS group (Figure 5). 

 

We investigated if any of the genes involved in these metabolite’s pathways were differentially 

expressed in SYS fibroblasts using our transcriptomic data. ME1 (ENSG00000065833), coding 

the NADP-dependent malic enzyme protein, was found to be significantly upregulated. No 

additional genes involved in glutamine (GO:0006541) or other organic acids (GO:0006082) 

metabolic processes were differentially expressed in SYS fibroblasts.  
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DISCUSSION 

SYS is an ultra-rare neurodevelopmental syndrome caused by variants in the paternal allele 

of the MAGEL2 gene that lead to the production of a truncated form of the protein. More than 

a hundred cases have been published since it was first described in 2013 (1). However, given 

its low prevalence, the majority of them have been reported as case reports of a single or a 

very reduced group of patients, making it difficult to establish the general clinical and genetic 

picture that defines SYS. Moreover, added to the solitude and burden of having a very rare 

condition, families suffer the lack of clinical guidelines for treatment and follow-up. Evidence-

based recommendations help to reduce inequity in health care and empower both families and 

clinicians facing such a rare disease. To develop the recommendations, we performed an 

extensive revision of all the SYS cases published so far at both phenotypic (Supplementary 

Table 1) and genetic level (Figure 2) and elaborated a comprehensive and detailed follow-up 

programme (reduced version in Figure 1 and printable extended version in Supplementary 

Table 2). Despite the comprehensive revision, to date, no clear underlying phenotype-

genotype correlation is observed with the exception of two particular variants that associate 

with the much more severe phenotype of CMA.  

Genetically, SYS is caused by nonsense or frameshift mutations in the non-silenced paternal 

allele of MAGEL2 that lead to the production of a truncated protein that partially or totally lacks 

the MHD, compromising the functions that MAGEL2 carries out through this domain. Only one 

MAGEL2 missense variant had been previously described as potentially disease-associated 

(34). The patient carried the paternally inherited variant c.1613C>A (p.Ala538Glu), at the 

moment of the study, this change was predicted to be deleterious and disease-causing by in 

silico predictors. But it has to be taken into account that MAGEL2 has been poorly annotated 

and studied until recently. In the new gnomAD release (v 3.1.1), this particular variant has been 

identified in 33 individuals with a highest MAF of 0.03 in Amish and at this moment, a majority 

of in silico predictors consider this variant as “tolerated” (including SIFT, FATHMM-MKL...) 

while other are unable to score it (Polyphen 2, PROVEAN), in general, this variant will be 

classified as Likely Benign according to ACMG classification (46). Clinically, the patient bearing 

this variant presents with DD, ASD, and dysmorphic traits. While her presentation shares some 

traits with SYS, the high frequency of this variant in the Amish populations (and among 

gnomAD controls) would suggest that this is not the main cause of the disease. At this point, 

functional analysis of this particular variant could help to improve her diagnosis as this variant 

could also be modifying her main clinical presentation. After revision of the disease-associated 

variants published so far, we found two missense mutations that have been identified in two 

different SYS patients: p.Pro564Ala and p.Ala997Thr (with 2 and 4 carriers in gnomAD v3.1.1) 

https://paperpile.com/c/SpdvzJ/mLLju
https://paperpile.com/c/SpdvzJ/pqHyW
https://paperpile.com/c/SpdvzJ/rf4UV
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and an in-frame deletion that leads to a reduction of the protein length of 7 amino acids 

(p.Ile600_Gln607del). However, their potential causality is not further discussed and the 

detailed individual clinical evaluations of these patients are not published (27). Functional 

validation of these atypical variants is essential before considering them as disease-causing 

and offering genetic counseling, among other consequences. At this point it is worthy to 

mention that, for years, hg19 genome build had included as “canonical” a shorter version of 

the gene (lacking the N-terminal half), leading to missanotation of multiple variants. This has 

been the reference annotation for gnomAD v 2.1.1, explaining that variants present in the 

general population were considered as “likely pathogenic”. In this work, we have made an 

effort to improve the MAGEL2 mutation annotation to avoid further errors.  In this sense, 

mutations p.Thr76Hisfs*23 and p.Glu131Serfs*17 were previously reported as 

p.Thr679Hisfs*23 and p.Glu734Serfs*17 by McCarthy et al. (27). A thorough revision of these 

changes revealed that they were, indeed, an error. This is relevant since, as will be discussed 

later, our results suggest that the presence of a fragment of the N-terminal domain is relevant 

in the development of the pathology. 

The phenotypic overlap between SYS and PWS suggests that the alteration of MAGEL2 could 

contribute to different aspects of the PWS phenotype. Of note, two patients carrying atypical 

deletions involving MAGEL2, NDN and MKRN3, but not the whole PWS region, did not show 

a full PWS phenotype. One of them only showed mild delayed motor skills and the others 

displayed obesity, developmental delay and high pain threshold (47,48). These cases point 

out that the lack of these three genes alone do not cause the full spectrum of PWS symptoms, 

questioning the causal implications that the loss of MAGEL2 expression may have in the PWS 

phenotype. The more severe phenotype frequently observed in SYS compared to PWS cases 

states a paradoxical situation where the deletion of a whole gene causes a milder phenotype 

than that caused by the presence of a truncated form of the protein. To evaluate if the truncated 

form of the protein is degraded or remains stable in the cell, we compared possible differences 

in the degradation pathways and half-life of the MAGEL2-WT and the MAGEL2-Gln638* 

protein forms. Blocking of the proteasomal and lysosomal degradation pathways showed that 

both forms were degraded via proteasome and the mutant did not show a higher degradation 

rate than the wild-type form (Figure 3 A&B). Also, no differences between the two forms were 

observed regarding protein stability and half-life, supporting the hypothesis that the truncated 

form is expressed and stable and may have a toxic effect (Figure 3 C&D). 

Immunocytochemistry assays in transfected cell lines showed that, while MAGEL2-WT was 

found in the cytoplasm as previously reported (3,4), the MAGEL2-Gln638* was predominantly 

located inside the nucleus (Figure 3 E&F) in different cell lines. This new localization of the 

protein suggests that, in addition to the loss of the MAGEL2 normal functions, SYS-associated 

https://paperpile.com/c/SpdvzJ/mBTj
https://paperpile.com/c/SpdvzJ/mBTj
https://paperpile.com/c/SpdvzJ/cEL6w+3Nncg
https://paperpile.com/c/SpdvzJ/xq1Jh+l5rFM
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mutations could couple new functions, whose consequences are  still unknown, opening a full 

new field of research. 

In Magel2pΔ/m+ mice and PWS patient–derived neuronal cell models, loss of parental MAGEL2 

expression leads to the decreased levels of secretory-granule proteins that lead to reduced 

levels of mature SGs in neurons and circulating bioactive hormones (9), consistent with its 

known role in the regulation of endosomal protein trafficking and recycling (3,4,49). They also 

observed impaired trafficking of M6PR in DPSC-derived neurons from several PWS patients 

and only one SYS patient, indicating impaired endosome-mediated retrograde transport (9). 

Under the hypothesis that this impaired trafficking can also be reflected in an aberrant Aβ 

peptide production and exocytosis (14–16), Aβ1-40 peptide excretion levels of SYS, PWS and 

control fibroblasts were measured. We observed significantly decreased levels of excreted Aβ1-

40 peptide in SYS fibroblasts compared to PWS and control groups, which showed no difference 

between them (Figure 4). This result supports the idea that the truncated form of the protein 

may have a different effect on protein trafficking than the complete loss of the protein itself. 

Dysfunctions in this pathway lead to a dysregulation of Aβ1-40 levels, stating the reduction of 

such levels in fibroblasts from SYS patients as a potential biomarker for the disease. 

Despite being its most deeply studied function, dysregulation of protein trafficking and recycling 

is not the only consequence of MAGEL2 malfunction. In Magel2 null mice brains and cultured 

fibroblasts from SYS patients, mTOR and downstream targets of the mTORC1 complex have 

been found to be upregulated and showed autophagy impairment and increased lipid droplet 

formation (50). To explore if the truncated form of MAGEL2 could also be affecting the 

expression of other genes, we applied an unbiased transcriptomic approach in fibroblasts from 

3 SYS patients and 6 controls. In our analysis we did not observe altered expression patterns 

of mTOR or the downstream targets previously reported (50). However, we identified 132 

DEGs between the two groups. Some of the identified DEGs have a role in developmental and 

neurologic processes, consistent with the features usually present in SYS patients. The most 

clearly overexpressed DEG was HOTAIR, a lncRNA that mediates transcriptional silencing in 

trans. It promotes H3K27 trimethylation and transcriptional silencing of the HOXD locus 

(51,52).  During development, expression of HOX genes must be tightly regulated in a 

spatiotemporal manner to determine body axes and orchestrate organ formation in 

vertebrates. They are also relevant for the guidance of other prenatal and postnatal 

differentiation events and postnatal homeostasis (53,54). Of note, primary fibroblasts conserve 

many features of the embryonic HOX gene expression pattern in vitro and in vivo and reflect 

their position along the axes during development (55). Other DEGs also play an important role 

during development, being involved in core limb development and left-right asymmetry (PITX1) 

https://paperpile.com/c/SpdvzJ/6EJQu
https://paperpile.com/c/SpdvzJ/PcOrn+xq1Jh+l5rFM
https://paperpile.com/c/SpdvzJ/6EJQu
https://paperpile.com/c/SpdvzJ/Hhe6q+YjtYo+cNRE8
https://paperpile.com/c/SpdvzJ/EaDT7
https://paperpile.com/c/SpdvzJ/EaDT7
https://paperpile.com/c/SpdvzJ/ocn0n+lFo9H
https://paperpile.com/c/SpdvzJ/lbXSD+KiM3c
https://paperpile.com/c/SpdvzJ/7xCHn
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(56), embryonic morphogenesis and hindbrain segmentation (RARB) (57), specification of limb 

identity and heart development (TBX5) (58) and development of the neural plate (VANGL2) 

(59). Another group of DEGs are implicated in the central nervous system homeostasis, 

participating in the regulation of neurogenesis (PTPRD (60); SLITRK4 (61)), white matter 

maintenance (ASPA) (62) and in promoting the survival of neuronal cells (CRLF1). 

Interestingly, mutations in CRLF1 cause an autosomal recessive disease called Crisponi/cold-

induced sweating syndrome (CS, MIM#601378), which shows phenotypic overlap with SYS, 

especially in the neonatal period, as patients also show congenital contractures of the limbs, 

hypotonia and developmental delay (63). Loss of function mutations in the KY gene, 

significantly underexpressed in SYS patients’ fibroblasts, have been recently identified in a few 

cases showing myopathic, neurogenic or spastic paraplegia phenotypes (64), an emergent 

and growing disease that may share some clinical features with the neuromuscular affectation 

observed in SYS.  

Different REACTOME categories related to mitosis are enriched within the identified DEGs 

(Supplementary Table 3). The majority of these selected genes are present in the kinetochore, 

according to GO cellular components enrichment. However, further experiments should be 

performed to try to confirm the implication of MAGEL2 in mitosis, and the alteration of these 

genes could be a consequence of the nuclear localization of the truncated protein 

Endocrine and metabolic alterations in PWS have been widely studied (18). However, little is 

known regarding metabolic impairment in SYS. A study including 5 female and 4 male SYS 

patients showed that they present some but not all the endocrine alterations also observed in 

PWS, like GH deficiency and increased ghrelin levels, and a high prevalence of diabetes 

mellitus (28). A recently published review of the literature on endocrine abnormalities in 

MAGEL2-related syndromes (45), showed that the most common hormonal deficiencies 

involve growth hormone (GH), thyroid stimulating hormone (TSH), adrenocorticotropic 

hormone (ACTH), antidiuretic hormone (ADH) and gonadotropins, probably caused by 

hypothalamic impairment and which might contribute to hypoglycemia. The metabolomics 

analysis of SYS and PWS patients was aimed at finding biomarkers that evaluate the 

lysosomal, peroxisomal, mitochondrial, and cytosolic metabolic pathways. Although there is 

no clear evidence of metabolic dysfunctions at the cellular level, the key role of Golgi transport 

in cell metabolism makes it possible for seemingly unrelated metabolic pathways to be 

affected.  

We detected increased levels of malic, sebacic, adipic and suberic organic acids in SYS 

fibroblasts compared both to PWS and control groups (Figure 5). Loss-of-function mutations 

in the mitochondrial malate dehydrogenase, an enzyme that catalyzes the conversion of 

https://paperpile.com/c/SpdvzJ/pPzN8
https://paperpile.com/c/SpdvzJ/o2Y4M
https://paperpile.com/c/SpdvzJ/b7PF9
https://paperpile.com/c/SpdvzJ/NjGvJ
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https://paperpile.com/c/SpdvzJ/GbIEa
https://paperpile.com/c/SpdvzJ/MlbkM
https://paperpile.com/c/SpdvzJ/62ct5
https://paperpile.com/c/SpdvzJ/WL4TN
https://paperpile.com/c/SpdvzJ/bSqe3
https://paperpile.com/c/SpdvzJ/DOKts
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malate to oxaloacetate within the Krebs cycle, lead to the accumulation of malate and a 

phenotype including early-onset generalized hypotonia, psychomotor delay and epilepsy (65). 

Patients suffering from diabetes show increased urinary excretion of adipic, suberic and 

sebacic acids. These increased levels of dicarboxylic acids could be related to oxidation of cis-

polyunsaturated fatty acids via glucose-induced oxidative stress (66). These alterations in 

energetic balance are consistent with some metabolic alterations observed in SYS patients, 

such as frequent hypoglycemic episodes.  

We also observed that glutamine levels were significantly decreased in SYS in comparison 

with the two other groups (Figure 5), while glutamate levels remained unaltered. Glutamine 

acts as a nucleic acid and nucleotide precursor in certain cell types. However, it seems that in 

many contexts its key role relies on providing glutamate, which has a wider range of metabolic 

functions than glutamine itself (67), an example of that is the glutamate/GABA-glutamine cycle 

in neurons (68). In fact, it has been stated that alterations of the GABAergic system may play 

an important role in aspects of the pathophysiology of PWS (69). The reason why glutamine 

levels may be decreased in SYS patients is unknown. One hypothesis could be a dysregulation 

in retrieval and recycling of a glutamine transporter, such as SLC1A5. In fact, the retromer 

promotes the retrieval and recycling of SLC1A5 and the transporter’s degradation is enhanced 

upon retromer knockout (70), suggesting that further studies on that transporter in SYS patients 

derived cell lines could be of interest. 

In conclusion, the increasing number of diagnosed SYS patients has allowed the performance 

of an exhaustive phenotypical delineation of the syndrome and the establishment of a 

standardized set of guidelines, which we think will help to improve their clinical management. 

Also, the revision and correction of the mutations causing SYS has provided a clearer picture 

of their distribution along MAGEL2. The subtle changes in gene expression patterns and 

certain metabolites levels in fibroblasts suggest undescribed effects of the truncated MAGEL2 

form that should further be explored. The overexpression in vitro system could be used to 

improve diagnosis and test the pathogenicity of doubtful missense mutations. Finally, our 

results support the idea that the SYS phenotype might be explained by a dominant negative 

or a gain-of function effect of the truncated protein, rather than by a haploinsufficiency situation. 
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FIGURES 

Figure 1. Schaaf-Yang syndrome clinical management schematic guidelines. In bold, the recommended 

follow-up time for each area.  

Legend: ASD: Autism spectrum disorder; ECG: electrocardiogram; EEG: Electroencephalogram; EMG/NCV: 

electromyogram/nerve conduction velocity; MRI: Magnetic resonance imaging; PSG: Polysomnography Perinatal 

period: Boxes include the medical area of disease. Medical problems and management requirements are detailed 

below. Childhood and adolescence: Boxes include medical area of disease. Medical problems and diagnosis are 

detailed below in bold.  Management recommendations and complementary exams are below, not in bold letters. 

Numbers in black dots state the recommended periodicity for clinical evaluation in months for every specialty. P 

means personalized, for instance Neuroimaging and cardiology, for many patients is recommended at 

diagnosis/birth for all patients, but follow-up depends on comorbidities. Please see Supplementary Table 2 for 

details.  



 

  

208 

 
RESULTS: Chapter 3 

Figure 2. Schematic representation of the position within MAGEL2 of all the variants associated with 

SYS. The number of cases identified carrying each mutation is specified in brackets. In green, atypical 

variants that are not predicted to cause a truncated form of the protein. In purple, variants 

p.Thyr679Hisfs*23 (c.2033delC) and p.Glu734Serfs*17 (c.2199delA), previously misreported as 

c.224delC and c.390delA in (27). 

https://paperpile.com/c/aLwH7s/NQH9Q
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Figure 3. Degradation rate, stability and cellular localization of MAGEL2-WT and MAGEL2-Gln638* 

proteins. A) Representative Western Blot of heterologously expressed MAGEL2 proteins with or without 

MG132 treatment (10µM for 16 hours) (n=3). B) Representative Western Blot of heterologously 

expressed MAGEL2 proteins with or without Baf treatment (1µM for 16 hours) (n=3). C) Representative 

Western Blot of heterologously expressed MAGEL2 proteins with or without Cx treatment (150µM) 

during 2, 4, 6 or 12 hours (n=3). D) Quantification of three independent experiments normalized to the 

expression levels of MAGEL2-WT or MAGEL2-Gln638* without Cx treatment. E) Representative 

confocal 63X images of SAOS-2 cells transfected with MAGEL2-WT and MAGEL2-Gln638* plasmids. 

Cells were stained for MAGEL2-HA (green) to determine protein localization. F) Quantification of the 

MAGEL2-HA nuclear signal in MAGEL2-WT transfected cells versus MAGEL2-Gln638* transfected 

cells. Nuclear fluorescence intensities were normalized against cytoplasmic fluorescence intensities. 

Scale bar represents 15 μm. n= 221 to 6 independent experiments. ****p< 0.00001. 
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Figure 4. A𝛃1-40 peptide levels in SYS, PWS and control fibroblasts extracellular medium. Data obtained 

from at least 3 independent experiments (SYS fibroblasts: n=5; PWS fibroblasts: n=9; Control 

fibroblasts: n=5). Horizontal lines represent mean values and error bars represent the SD.****p< 

0.00001. 

 

 

Figure 5. SYS fibroblasts show altered levels of glutamine and different organic acids. Values from 2 

replicates have been normalized to the mean of the control group. Horizontal lines represent mean 

values and error bars represent the SD.****p< 0.00001. 

  



 

 

211 

 

Functional characterization of MAGEL2 truncating mutations and 
generation of an in vitro model for Schaaf-Yang syndrome 

Table 1. Top ten up- and down-regulated DEGs 

 Gene ID Log2FC FDR  

U
p

-r
e
g

u
la

te
d

 

HOTAIR ENSG00000228630 7.470 8.02E-30  

MTRNR2L1 ENSG00000256618 5.523 1.14E-05  

PTPRD ENSG00000153707 4.625 1.23E-06  

SLITRK4 ENSG00000179542 4.524 8.81E-03  

GATA2-AS1 ENSG00000244300 4.304 1.41E-18  

PITX1 ENSG00000069011 4.234 8.16E-03  

CLDN1 ENSG00000163347 4.145 1.12E-06  

ISL2 ENSG00000159556 4.088 1.93E-03  

RARB ENSG00000077092 4.000 1.49E-02  

VANGL2 ENSG00000162738 3.975 8.09E-07  

D
o

w
n

-r
e
g

u
la

te
d

 

ANGPTL1 ENSG00000116194 -7.084 3.66E-06  

TBX5 ENSG00000089225 -6.982 9.18E-39  

PI16 ENSG00000164530 -6.385 1.29E-03  

TBX5-AS1 ENSG00000255399 -5.457 5.44E-12  

INMT ENSG00000241644 -5.041 2.56E-03  

CRLF1 ENSG00000006016 -5.029 6.80E-04  

ASPA ENSG00000108381 -4.813 1.02E-03  

WISP2 ENSG00000064205 -4.420 3.87E-08  

KY ENSG00000174611 -4.248 1.30E-11  

APOD ENSG00000189058 -4.213 6.00E-05  
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Supplementary information for: 

Advancing in Schaaf-Yang syndrome pathophysiology: from 

bedside to subcellular analyses of truncated MAGEL2 in patients’ 

fibroblasts 

Laura Castilla-Vallmanya, Mercedes Serrano, Mónica Centeno-Pla, Héctor Franco-Valls, Raúl 

Martínez-Cabrera, Aina Prat-Planas, Elena Rojano, Pedro Seoane, Miriam Navarro, Clara 

Oliva, Rafael Artuch, Raquel Rabionet, Daniel Grinberg, Susanna Balcells, Roser Urreizti 

 
Supplementary Table 1. Clinical overview of MAGEL2-related disorders patients 

  21 publications Mejlachowicz 2015 Guo 2019 TOTAL 

Clinical diagnosis SYS/CHS Lethal AMC (SYS)  

Described cases 103 4 1 108 

Protein change See Figure 2 
p.Gln666Serfs*36 (x3); 

p.Leu708Trpfs*7 
p.Gln666S

erfs*36 
 

Phenotype (HPO term) 
HPO term 
identifier    

 

Pregnancy complications         
 

Decreased fetal movement HP:0001558 10/28 4/4  
14/32 

Polyhydramnios HP:0001561 5/10 4/4 1/1 10/16 

Development & Intellectual disability     
 

Intellectual disability HP:0001249 82/82   
82/82 

Autistic behaviour HP:0000729 48/64   
48/64 

Abnormality of brain morphology HP:0012443 18/27  1/1 19/26 

Infantile lethargy/Weak cry 
HP:0001254
HP:0001612 

14/23   13/21 

Neurodevelopmental delay HP:0012758 93/93 - - 91/91 

Respiratory difficulties HP:0002098 52/72 1/1  
51/71 

Apnea HP:0002104 9/14   
9/14 

Sleep apnea HP:0010535 47/68   
47/68 

Respiratory failure requiring mechanical 
ventilation HP:0004887 37/59   

35/58 

Respiratory distress requiring 
endotracheal intubation HP:0004887 16/50   

16/50 

Recurrent respiratory infections HP:0002205 5/6   
5/6 

Feeding difficulties HP:0011968 89/101  1/1 88/100 

Poor suck HP:0002033 68/76   
66/74 

Dysphagia HP:0002015 34/49   
34/49 

Nasogastric tube feeding in infancy HP:0011470 33/50   
33/50 

Gastrostomy tube feeding in infancy HP:0011471 26/52   
25/50 

Hyperphagia HP:0002591 13/53   
13/53 
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Increased body weight/Obesity 
HP:0004324
HP:0001513 

19/66   19/66 

Gastroesophageal Reflux HP:0002020 36/70   
35/68 

Chronic constipation HP:0012450 38/63   
38/63 

Physical characteristics     
 

Neonatal hypotonia HP:0001319 50/56 1/1 1/1 50/56 

Congenital contractures HP:0002803 84/93  1/1 83/92 

Arthrogryposis multiplex congenita HP:0002804 13/29 4/4  
17/33 

Scoliosis HP:0002650 31/55 
  

31/55 

Short stature HP:0004322 31/44   
31/44 

Abnormality of the eye HP:0000478 33/44   
33/44 

Small hands HP:0200055 26/42   
25/40 

Camptodactyly of finger HP:0100490 21/50 4/4  
24/52 

Tapered fingers HP:0001182 14/43   
12/41 

Small feet HP:0001773 13/34   
13/34 

Bilateral club foot HP:0001776 7/19 4/4  
10/21 

Facial dysmorphism HP:0001999 60/66 4/4  
64/70 

Endocrinology     
 

Hypopituiarism HP:0040075 4/10   
4/10 

Growth hormone deficency HP:0000824 16/22   
16/22 

Hypothyroidism HP:0000821 5/15   
5/15 

Hypoglycemia HP:0001943 13/18   
13/18 

Temperature instability HP:0005968 36/52   
36/52 

Diabetes insipidus HP:0000873 3/7   
3/7 

Hypogonadism HP:0000135 35/70  1/1 36/71 

Cryptorchidism HP:0000028 8/12   
8/12 

Other alterations     
 

Congenital heart defect HP:0001627 7/18   
5/16 

Bradycardia HP:0001662 3/4   
3/4 

Epilepsy HP:0001250 23/75   
22/73 

Sleep disturbance HP:0002360 5/5   
5 cases 

Death in infancy/childhood 
HP:0001522
HP:0003819 

12 cases 4 cases 1 case 17 cases 
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Supplementary Table 2.  Standardized guidelines for SYS clinical management. 

Perinatal period 

Medical 
problem 

Description Specific concerns or management 

Respiratory 
difficulties 

NICU frequently needed, mainly due to neonatal depression. 
The need of ventilatory assistance during the perinatal period 
varies from oxigenotherapy to invasive mechanical 
ventilation, from some hours of support to some months. 
Laringeal stridor,  glossoptosis, tracheomalacia and 
pulmonary hypoplasia have also been reported 

NICU. Mechanical ventilation. Evaluation by 
otorhinolaryngologists and pneumologists to rule 
out anatomical abnormalities. 
Respiratory support from oxigenotherapy to 
invasive mechanical ventilation & tracheostomy 

Feeding 
difficulties 

Feeding difficulties with frequent chocking episodes or 
inefficient sucking is very frequent. 
Hypotonia, lethargy, dysphagia and a high palate, all together 
may hinder oral nutrition. 

Nutritionist and specialists in dysphagia are 
needed. Anatomical evaluation to rule out 
malformations. 
Supportive nutritional intervention, from 
nasogastric tube to permanent gastrostomy or 
parenteral nutrition may be required. 

Contractures 
Club feet, arthrogriposis, contractures and other movement 
restrictions are frequently present at birth. 
Fetal akinesia may lead to severe arthrogryposis. 

Early intervention with orthopedic measures may 
probe essential to get a better prognosis. Refer to 
rehabilitation and orthopedic specialists. 

Hormone 
insuficiency 

Several endocrinology disturbances have been detected 
during the perinatal period, such as hipernatremia, diabetes 
insipidus, growth hormone deficiency (GH), hypoglycemia 
and hypocalcemia (see Endocrinology section). 

Check glucose blood levels during the perinatal 
period. Laboratory test at this age should include 
extensive work-up on ions, glucose and hormones 
to rule out prevalent disturbances. Consult with 
child endocrinologist. 

Other 
Evaluation by a geneticist and dysmorphologist is recommended. A detailed physical exam and a standardized 
protocol to rule out organ malformations including echocardiogram, abdominal ultrasound, cranial ultrasound… is 
recommended. 

Childhood and adolescence 

Assessment 

Follow-up / 
Studies 

Specific concerns or interventions 

Endocrinology 
(E) 

6 mo/ 
 
Physical exam 
Lab tests  
Ultrasound 
Neuroimaging 

E1→Failure to thrive during infancy and childhood, but also early overweight, obesity and 
hyperphagia beginning after infancy. Diet intervention may be required. 
E2🡪Short stature is prevalent (from -1.5 SD to -5SD), sometimes needing GH (consider 
obstructive apnea when prescribing GH) 

E3→Diabetes insipidus has been described presenting with polyuria, low urine specific 
gravity, hyposthenuria, and hypernatremia. Substitutive hormone therapy. 

E4→Panhipopituitarism caused by hypoplasia of pituitary gland, but also with normal MRI, 
has been described. Thyroid function, somatomedine C, GH, addrenal hormones, 
testosterone, LH and FSH need to be checked.  Hyperprolactimemia has been detected. 
Treatment with hormones, including GH, levothyroxine and hydrocortisone, may be needed.   
Substitutive hormone therapy. During the adolescence consider estrogens. 

E5→Hypoglicemia. Guarantee glucose intake. 

E6→ Temperature instability. Supportive measures. 

E6→Hypoplastic genitalia, micropenis and cryptorchidism. Testosterone, surgery. 
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Gastro-
enterology 
(G) 

6 mo/ 
 

Physical exam, 
Feeding 
observation 
pHmetry 
Videofluoroscopy 
X-ray 
Lab tests 

G1→Feeding problems are almost constant. Initial feeding difficulties are due to dysphagia, 
recurrent respiratory aspiration and sometimes nasogastric tube and gastrostomy is required. 

G2→Early onset chronic constipation and gastroesophageal reflux are frequent, too. 

G3→Rarely reported: intestinal pseudoobstruction, velopharyngeal insufficiency, eosinophilic 
esophagitis, and food allergies. 

Muscular and 
skeletal system 
(MS) 

12 mo/ 
 
Physical exam 
X-ray 
Electromyogram 
Nerve 
conduction 

MS1→Arthrogriposis is very frequent: contractures shortening of the extremities, elbows, 
knees, hips. Camptodactily, clinodactiyly, brachydactyly of fingers, adducted thumbs. 

MS2→Club feet and equinovaru feet have been repeatedly described. 

MS3→Scoliosis, kyphosis, lordosis and asymmetric thorax. 
Early rehabilitation programs and external orthesis may be needed. Periodical X-ray control 
of hips in non-ambulant children and spine in all, is recommended. Surgery when needed. 

MS4→Less frequently reported:  mesomelic and rhizomelic shortening of limbs, hip dysplasia, 
and distal limb muscle atrophy. 

Development 
& Intellectual 
disability 
(ND) 

6 mo/12 mo 
 
Physical exam 
Developmental 
scales 
Parent-reported 
functional scales 
 

ND1→Abnormal muscle tone and arthrogryposis are very frequent. Hypotonia is the most 
prevalent, with a probable central origin but, in some cases peripheral nerve conduction is 
abnormal. 

ND2→ Gross Motor development may be severely affected with delay in the acquisition of 
head control, sedestation, and walk (not achieved by many patients). 

ND3→ Fine Motor development is also abnormal due to motor abnormalities, arthrogryposis 
and camptodactyly. Propositional use of hands, that rely on cognition and social skills, may be 
altered. 
Rehabilitation programs, early stimulation, and, later, occupational programs are essential.  

ND4→ Social skills and communication are frequently severely affected. Only some patients 
are able to develop scarce language.  

ND5 → ASD traits and behavioral disturbances are very prevalent. ASD trait may interfere 
with communication skills. 
Speech therapists evaluation is recommended for those patients with speech intention 
initiating vocabulary. Alternatives to speak communication such as signs or electronic devices 
may be of help. Psychotherapy may be needed for ASD, to treat not only the communicative 
sphere but also rigidity, reiterative behaviors, hypersensoriality,… 

Epilepsy 
(E) 

12 mo/ 
 
EEG 

E1→ Febrile seizures have been reported. 

E2→ Epilepsy in less than 50% of patients, different typology (partial, generalized), different 
AEDs used with success. 

Neuroimaging 
(NI) 

At diagnosis & if 
new symptoms/ 
 
MRI 

NI1→ Delayed myelination, ventricular enlargement, corpus callosum anomalies (thin, 
dysplasia or agenesia). 

NI2 → Normal or hypoplastic pituitary gland are frequently reported. 

NI3 → Seldom reported: global brain atrophy, increased T2 signal in caudate nucleus or in 
putamen, globus pallidus, hypoplastic vermis, punctate cerebellar haemorrhages. 

Sleep disorders 
(SD) 

12 mo/ 
 
Sleep 
questionnaires 
PSG 

SD1→ Central apnea and/or obstructive apnea has been reported and may worsen cognitive 
and behavioural problems as well as be the cause of premature death.   
PSG is recommended 

Infections 
(I) 

12 mo/ 
 
Lab tests 
Imaging studies 

I1→ Recurrent respiratory infections have been reported in those patients needing 
ventilatory support and in those without support. Chronic lung disease due to repeated 
broncopneumonia or recurrent aspirations has been reported. 
Imaging studies may be required to check lung parenchyma and rule out anatomical 
malformations. Invasive studies may rarely be necessary. 

I2→A predisposition to infections in other organs or systems is not reported. 
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Cardiology 
(C) 

At diagnosis & if 
new symptoms/ 
Physical exam, 
ECG, 
Echocardiogram 

C1→Septal defects have been reported as structural heart anomalies, sometime 
spontaneously solved (ASD) 

C2→ Bradycardia in a 1-month-olg baby was reported. 

Ophtalmology 
(O) 

12 mo/  
 
Physical exam 
Optometric tests 
Funduscopy 
MRI 

O1→Strabismus and nystagmus, as oculomotor disorder have been described. 

O2→ Refractory defects, and optic nerve hypoplasia or atrophy have been described. 

O3→Rare: Xeroftalmia, due to sleeping with eyes open. 
Sight is normally difficult to evaluate in SYS patients. Pediatric ophthalmologists are required. 
Lack of following with eyes has been described, probably ASD traits underlie this symptom. 

Premature 
death 

 
Reported causes of death (n=3) were severe sleep apnea, cardiac arrest in the context of 

epilepsy (SUDEP) and unknown causes 

 

 

Supplementary Table 3. Complete list of DEGs 

Gene ID Gene symbol Combined FDR Mean LogFCs 

ENSG00000228630 HOTAIR 0.00000000 7.4697 

ENSG00000256618 MTRNR2L1 0.00001135 5.5233 

ENSG00000153707 PTPRD 0.00000123 4.6245 

ENSG00000179542 SLITRK4 0.00880923 4.5239 

ENSG00000244300 GATA2-AS1 0.00000000 4.3041 

ENSG00000069011 PITX1 0.00816110 4.2342 

ENSG00000163347 CLDN1 0.00000112 4.1450 

ENSG00000159556 ISL2 0.00193059 4.0878 

ENSG00000077092 RARB 0.01493986 4.0001 

ENSG00000162738 VANGL2 0.00000081 3.9748 

ENSG00000250133 HOXC-AS2 0.00000000 3.7501 

ENSG00000114115 RBP1 0.00010963 3.6565 

ENSG00000251151 HOXC-AS3 0.00002460 3.5799 

ENSG00000170412 GPRC5C 0.00318874 3.5355 

ENSG00000158258 CLSTN2 0.00001884 3.2582 

ENSG00000205403 CFI 0.00481319 3.2156 

ENSG00000176887 SOX11 0.00617501 3.1216 

ENSG00000050344 NFE2L3 0.00406723 3.0615 

ENSG00000118785 SPP1 0.00001245 2.9987 

ENSG00000179348 GATA2 0.00002887 2.8457 

ENSG00000165194 PCDH19 0.00016182 2.8371 

ENSG00000189120 SP6 0.00048115 2.8068 

ENSG00000110328 GALNT18 0.01328474 2.7797 

ENSG00000145794 MEGF10 0.00006520 2.7100 

ENSG00000145569 FAM105A 0.00486515 2.6858 

ENSG00000158164 TMSB15A 0.00000078 2.6185 

ENSG00000213190 MLLT11 0.00000008 2.5159 

ENSG00000116741 RGS2 0.00007873 2.5044 

ENSG00000144355 DLX1 0.00483280 2.5016 

ENSG00000139364 TMEM132B 0.00011399 2.4618 

ENSG00000122378 FAM213A 0.00287714 2.4111 

ENSG00000146250 PRSS35 0.00561639 2.3849 

ENSG00000260549 MT1L 0.00000992 2.1904 

ENSG00000273038 AL365203.3 0.00000000 1.9057 

ENSG00000151725 CENPU 0.00000002 1.8965 
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ENSG00000090530 P3H2 0.00086613 1.8937 

ENSG00000149948 HMGA2 0.00670181 1.8504 

ENSG00000131203 IDO1 0.00013629 1.8327 

ENSG00000138135 CH25H 0.00008401 1.7432 

ENSG00000156970 BUB1B 0.00373261 1.7240 

ENSG00000104368 PLAT 0.00860139 1.7015 

ENSG00000143228 NUF2 0.00632092 1.6711 

ENSG00000114268 PFKFB4 0.00014643 1.6596 

ENSG00000121621 KIF18A 0.00034690 1.6581 

ENSG00000170312 CDK1 0.00213696 1.5856 

ENSG00000115163 CENPA 0.00279515 1.5844 

ENSG00000164687 FABP5 0.00080168 1.5778 

ENSG00000111110 PPM1H 0.00645193 1.5669 

ENSG00000197632 SERPINB2 0.01326318 1.4831 

ENSG00000150995 ITPR1 0.00769409 1.4761 

ENSG00000124813 RUNX2 0.00001473 1.4757 

ENSG00000176971 FIBIN 0.01272529 1.4381 

ENSG00000254726 MEX3A 0.00017300 1.4358 

ENSG00000102096 PIM2 0.00093743 1.4035 

ENSG00000197646 PDCD1LG2 0.01170811 1.3984 

ENSG00000259207 ITGB3 0.00648175 1.3957 

ENSG00000118193 KIF14 0.00636966 1.3816 

ENSG00000152952 PLOD2 0.00006319 1.3715 

ENSG00000050730 TNIP3 0.00404054 1.3498 

ENSG00000168679 SLC16A4 0.00212062 1.3118 

ENSG00000150051 MKX 0.00001061 1.2801 

ENSG00000171812 COL8A2 0.01530689 1.2742 

ENSG00000135048 TMEM2 0.00436512 1.2558 

ENSG00000171502 COL24A1 0.00000125 1.2508 

ENSG00000140263 SORD 0.01645580 1.2443 

ENSG00000188342 GTF2F2 0.00000000 1.2364 

ENSG00000137269 LRRC1 0.00543204 1.2269 

ENSG00000135916 ITM2C 0.00288275 1.2159 

ENSG00000057019 DCBLD2 0.00000000 1.2142 

ENSG00000140945 CDH13 0.00007483 1.1570 

ENSG00000176697 BDNF 0.00008341 1.1214 

ENSG00000067177 PHKA1 0.00188460 1.1207 

ENSG00000154188 ANGPT1 0.00002689 1.1025 

ENSG00000130066 SAT1 0.00760640 1.0727 

ENSG00000103187 COTL1 0.00983754 1.0350 

ENSG00000132429 POPDC3 0.00001490 1.0274 

ENSG00000178695 KCTD12 0.00106130 -1.0194 

ENSG00000188112 C6orf132 0.00000368 -1.0303 

ENSG00000099377 HSD3B7 0.00134145 -1.0580 

ENSG00000176658 MYO1D 0.00404705 -1.1198 

ENSG00000173517 PEAK1 0.00000101 -1.1545 

ENSG00000182179 UBA7 0.00009340 -1.1594 

ENSG00000189320 FAM180A 0.00180989 -1.2136 

ENSG00000138131 LOXL4 0.00469257 -1.2375 

ENSG00000138744 NAAA 0.00357893 -1.2792 

ENSG00000239653 PSMD6-AS2 0.00185430 -1.3232 

ENSG00000138356 AOX1 0.00195770 -1.3434 

ENSG00000157404 KIT 0.00002769 -1.3879 

ENSG00000176928 GCNT4 0.00415318 -1.4183 
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ENSG00000229847 EMX2OS 0.00241163 -1.4284 

ENSG00000266094 RASSF5 0.00012660 -1.4698 

ENSG00000116667 C1orf21 0.00005050 -1.5643 

ENSG00000139132 FGD4 0.00322221 -1.7180 

ENSG00000152117 AC073869.1 0.00144781 -1.7284 

ENSG00000228784 LINC00954 0.00041045 -1.7334 

ENSG00000153993 SEMA3D 0.00004346 -1.7822 

ENSG00000206538 VGLL3 0.00000000 -1.8117 

ENSG00000196935 SRGAP1 0.00000972 -1.9512 

ENSG00000204682 CASC10 0.00032805 -2.0733 

ENSG00000035664 DAPK2 0.00001064 -2.0752 

ENSG00000149292 TTC12 0.00930174 -2.1262 

ENSG00000172348 RCAN2 0.00062630 -2.1702 

ENSG00000287733 novel transcript (lncRNA) 0.00002544 -2.1759 

ENSG00000235505 AP002004.1 0.00073579 -2.1960 

ENSG00000107738 VSIR 0.00000000 -2.2341 

ENSG00000215386 MIR99AHG 0.00000168 -2.2998 

ENSG00000130038 CRACR2A 0.00001310 -2.3839 
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Supplementary Table 3. Significantly enriched REACTOME categories 

ID Description pvalue p.adjust qvalue Gene symbol 
Gene 

Count 

REACTOME 

R-HSA-2500257 Resolution of Sister Chromatid Cohesion 0.0000927 0.0223995 0.0212078 CENPA,KIF18A,NUF2,CENPU,BUB1B,CDK1 6 

R-HSA-141424 Amplification of signal from the kinetochores 0.0002435 0.0223995 0.0212078 CENPA,KIF18A,NUF2,CENPU,BUB1B 5 

R-HSA-69618 Mitotic Spindle Checkpoint 0.0005179 0.0332646 0.0314948 CENPA,KIF18A,NUF2,CENPU,BUB1B 5 

R-HSA-1474290 Collagen formation 0.0001799 0.0223995 0.0212078 P3H2, LOXL4,PLOD2,COL24A1,COL8A2 5 

R-HSA-1474244 Extracellular matrix organization 0.0018623 0.0623008 0.0589862 
P3H2,SPP1,LOXL4,PLOD2,COL24A1, 

COL8A2,ITGB3 
7 

GO Biological Process 

GO:0007517 Muscle organ development 0.0000987 0.0661964 0.0577844 
PITX1,TBX5,RGS2,POPDC3,MEGF10,MKX, 

VANGL2,PI16,CDK1,SOX11 
10 

GO:0050769 Positive regulation of neurogenesis 0.0016499 0.0818553 0.0714535 
RARB,ASPA,RGS2,DLX1,PTPRD,KIT,BDNF, 

SOX11,GATA2 
9 

GO Cellular Components 

GO:0000776 Kinetochore 0.0001378 0.0130901 0.0123286 
RASSF2,CENPA,KIF18A,NUF2,CENPU, 

BUB1B 
6 

GO:0000775 Chromosome, centromeric region 0.0009309 0.0294791 0.0277642 
RASSF2,CENPA,KIF18A,NUF2,CENPU, 

BUB1B 
6 
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Article 10: Generation of human iPSC lines from two Schaaf-Yang Syndrome (SYS) patients 

Summary:  

Truncating heterozygous mutations in MAGEL2 cause Schaaf-Yang syndrome (#OMIM 

6615547; SYS), a rare neurodevelopmental disorder with a high phenotypic overlap with 

Prader-Willi syndrome (#OMIM 176270; PWS). Here, we generated two iPSC lines with mRNA 

reprogramming from fibroblasts obtained from two SYS patients with the heterozygous 

c.1912C>T variant (SYS1) or the highly recurrent variant c.1996dupC (SYS2). We confirmed 

that the reprogrammed iPSC lines have a normal karyotype, express pluripotency markers and 

have the potential to differentiate to the three germ layers. These lines are a valuable resource 

for the generation of relevant in vitro models of SYS. 

 

Reference: 

Laura Castilla-Vallmanya, Daniel Grinberg, Susanna Balcells, Roser Urreizti & Isaac Canals. 

Generation of human iPSC lines from two Schaaf-Yang Syndrome (SYS) patients. To be 

submitted to Stem Cell Research. 
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Lab Resource: Multiple Cell Lines - template 

Title: Generation of human iPSC lines from two Schaaf-Yang Syndrome (SYS) 

patients 

Authors: Laura Castilla-Vallmanya1,2, Daniel Grinberg1,2, Susanna Balcells1,2, Roser Urreizti1,2,3, 

Isaac Canals4 

Affiliations:  

1) Department of Genetics, Microbiology and Statistics, Faculty of Biology, University of Barcelona, IBUB, 
IRSJD, 08028 Barcelona, Spain.  

2) Centro de Investigación Biomédica en Red de Enfermedades Raras (CIBERER)- Instituto de Salud Carlos 
III, Spain. 

3) Clinical Biochemistry Department, Hospital Sant Joan de Déu, 08950, Barcelona, Esplugues de Llobregat, 
Spain.  

4) Neurodevelopment and Neurodegeneration Group, Faculty of Medicine, Lund University, Lund, Sweden. 

Abstract: Truncating heterozygous mutations in MAGEL2 cause Schaaf-Yang syndrome (#OMIM 

6615547; SYS), a rare neurodevelopmental disorder with a high phenotypic overlap with Prader-Willi 

syndrome (#OMIM 176270; PWS). Here, we generated two iPSC lines with mRNA reprogramming from 

fibroblasts obtained from two SYS patients with the heterozygous c.1912C>T variant (SYS1) or the 

highly recurrent variant c.1996dupC (SYS2). We confirmed that the reprogrammed iPSC lines have a 

normal karyotype, express pluripotency markers and have the potential to differentiate to the three 

germ layers. These lines are a valuable resource for the generation of relevant in vitro models of SYS. 

Resource Table:  

Alternative name(s) of stem cell lines 

(Used by researchers) 

SYS1 

SYS2 
Institution Lund University, University of Barcelona 
Contact information of distributor Isaac Canals (isaac.canals@med.lu.se) 

Susanna Balcells (sbalcells@ub.edu) 

Type of cell lines Induced pluripotent stem cells 
Origin Human 
Additional origin info required 

 

SYS1 

Age: 20 years old                                    
Sex: Female                                   
Ethnicity: European                     

SYS2 

Age: 6 years old                                    
Sex: Male                                   
Ethnicity: European                     
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Cell Source  
Fibroblasts 

Clonality 
Clonal 

Method of reprogramming 
Non-modified RNA and microRNA transfection 

Genetic Modification 
NO 

Type of Genetic Modification Non genetically modified 

Evidence of the reprogramming 
transgene loss (including genomic copy 
if applicable) 

Non-applicable (mRNA reprogramming) 

Associated disease  
Schaaf-Yang syndrome (SYS) 

Gene/locus 
SYS1: MAGEL2: Chr15: 23643549-23647867, NM_019066.5: 
c.1912C>T (p.Q638*) 

SYS2 MAGEL2: Chr15: 23643549-23647867, NM_019066.5: 
c.1996dupC (p.Q666Pfs*47) 

Date archived/stock date Not available yet 

Cell line repository/bank Lines have not been registered  

Ethical approval Institutional Review Board (IRB00003099) of the Bioethical 
Comission of the University of Barcelona (October 5, 2020) 

 

Resource utility 

Truncating mutations in MAGEL2 cause a multisystemic disorder called Schaaf-Yang syndrome. Given 

their capacity to differentiate to different cell types, iPSCs are a powerful tool to study multisystemic 

diseases. We generated two iPSC lines from patients with two different mutations in MAGEL2 that 

could be used to generate SYS models. 

Resource Details 

Schaaf-Yang syndrome (#OMIM 6615547; SYS) is a rare developmental disorder, which was first 

considered to be a Prader-Willi-like syndrome due to high phenotypic overlap. However, some 

recurrent and exclusive clinical features such as distal joint contractures, autistic traits and more severe 

intellectual disability and developmental delay, led to its statement as an independent condition (1). 

MAGEL2 is a single-exon gene that maps to 15q11-q13, also known as the Prader-Willi region, which 

encodes a protein consisting of 1249 amino acids. Almost all identified mutations are predicted to 
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cause the translation of a truncated form of the protein lacking the MHD functional domain, located 

at the C-terminal end of MAGEL2 (2).  

Both iPSC lines have been generated from patients that have already been clinically and genetically 

described elsewhere: SYS1 (3) and SYS2 (4).  

We successfully generated and characterized two iPSC lines from fibroblasts obtained from two SYS 

patients, each carrying a recurrent disease-causing mutation in MAGEL2 in heterozygosis (SYS1: 

c.1912C>T and SYS2: c.1996dupC). The StemRNA 3rd Gen Reprogramming Kit (Stemgent®) was used 

to establish the iPSCs lines by transfecting an RNA cocktail containing non-modified reprogramming 

mRNAs (OCT4, SOX2, KLF4, cMYC, NANOG and LIN28 (OSKMNL)), immune evasion mRNAs (E3, K3, B18) 

and double-stranded microRNAs from the 302/367 cluster into fibroblasts. 

Approximately 10-12 days after transfection, iPSC colonies emerged and 6 clones for each line were 

picked and passaged for expansion. One clone of each cell line was selected for further characterization 

and validation. Both lines presented normal growing and iPSC colony morphology (Figure 1A, Table1) 

and were mycoplasma free (Table 1). Both SYS1 and SYS2 were confirmed to be positive for the 

pluripotency stem cell markers OCT4, NANOG and SOX2 through immunofluorescence and microscopy 

(Figure 1B, Table 1). Consistently, expression of pluripotency-associated genes OCT4, NANOG and SOX2 

was highly increased in iPSCs compared to fibroblasts, while expression of a fibroblast gene, DCN, could 

only be detected in fibroblasts but not iPSCs, confirming successful reprogramming of the clones 

towards a pluripotent state (Figure 1C, Table 1). To ensure genome integrity of SYS1 and SYS2, we 

performed a Giemsa-banded karyotyping analysis, which showed normal diploid 46, XX karyotype for 

SYS1 and 46, XY for SYS2 (Figure 1D, Table 1). Moreover, to confirm that the origin of each iPSC line 

was the corresponding fibroblastic line, a microsatellite PCR analysis was performed (available with 

the authors). To further prove the parental origin of the lines, the maintenance of the disease-

associated genotype in the iPSCs was checked by Sanger sequencing (Figure 1E, Table 1) using specific 

primers (Table 2), confirming the presence of the patient-specific mutation. Finally, to demonstrate 

the pluripotent capacity of the cells, we differentiated them into the three germ layers and identify 

cells from each germ layer using immunofluorescence microscopy to detect specific markers (Figure 

1F, Table 1). 
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Materials and Methods  

1) Fibroblasts reprogramming 

Fibroblasts were plated in 4-well plated coated with Laminin-521 (Stem Cell Technologies) and 

maintained in DMEM (ThermoFisher Scientific) supplemented with GlutaMAX (ThermoFisher 

Scientific) at 37oC and 5% CO2 in a humidified atmosphere. The day after, medium was replaced with 

Essential 8TM medium (ThermoFisher Scientific) and cells were transfected with the StemRNA 3rd Gen 

Reprogramming Kit (Stemgent®) RNA cocktail using lipofectamine RNAiMAX (ThermoFisher Scientific) 

for 4 consecutive days. Media was changed daily until ES-like appearing colonies emerge around days 

10-12 after transfection, then colonies were picked and plated in laminin-coated 4-well plates in 

Essential 8TM medium. Cells were passaged using TrypLE™ Select Enzyme (ThermoFisher Scientific) to 

6-well plated coated with Matrigel (Corning, Inc.) for expansion, medium was supplemented with Rock 

inhibitor (Y-27632) (StemCell Technologies) for 24 hours after every passage.  

2) Embryonic body (EB) formation and in vitro differentiation 

For EB formation, iPSCs were detached and distributed in a V-bottom 96-well plate, where were 

maintained in Essential 8TM medium supplemented with Rock inhibitor for 24 hours. Then, the EBs 

were transferred to Matrigel-coated chamber-flasks and the differentiation protocol to the tree germ 

layers was performed as in (5). 

3) Immunofluorescence staining 

Cells were fixed with 4% paraformaldehyde (PFA) for 15 minutes and blocked in potassium-phosphate-

buffered saline with 0.25% Triton X-100 (TKPBS) and 5% Normal Donkey Serum (NDS; Merck Millipore) 

for 1 hour at room temperature. Primary antibodies (Table 2) were incubated at 4ºC in the same 

solution overnight. Secondary antibodies (Table 2) were incubated at room temperature for 2 hours. 

For nuclear staining, 0,5 μg/ml DAPI (Invitrogen) in TKPBS was incubated for 5 minutes. Slides were 

mounted with polyvinyl alcohol mounting medium with DABCO® (Sigma-Aldrich) and left to dry 

overnight. All images were captured with a fluorescence microscope using 20x or 40x objectives and 

analysed with the ImageJ software. 

4) Gene expression 

RNA was isolated with the RNeasy Mini Kit (Qiagen) following manufacturer’s instructions. RNA was 

treated with DNase I (Qiagen) to avoid DNA contamination. A Nanodrop ND-1000 spectrophotometer 
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(Saveen & Werner) was used to quantify the obtained RNA. Then, 1 μg of RNA was reverse transcribed 

using the qScript cDNA Synthesis Kit (Quantabio). RT-qPCRs were performed using TaqMan Universal 

PCR Master Mix and gene-specific TaqMan assays (Table 2) with an iQ5 Real-Time PCR detection 

system (Bio-Rad). 

5) Karyotyping 

SYS1 and SYS2 at passage 8 and 9 after transfection were prepared for karyotyping. Cells were 

incubated with 2ng/ml KaryoMAX™ Colcemid™ (Gibco) in Essential 8TM medium for 45 minutes at 

37oC in the CO2 incubator. Then, cells were harvested using StemPro Accutase and fixed with Carnoy’s 

fixative. Twenty metaphases for each cell line were analysed by Servicio de Medicina Genética y 

Molecular (Hospital Sant Joan de Déu, Barcelona) 

6) Mutation analysis, microsatellites analysis and mycoplasma contamination test 

DNA was extracted using the DNeasy Mini Kit (Qiagen) following manufacturer’s instructions. Mutation 

analysis was performed by PCR amplification using specific primers (Table 2), followed by Sanger 

sequencing performed at the Scientific and Technological Center of the University of Barcelona 

(CCiTUB).  Four specific microsatellites primers (Table 2) labelled with 6FAM were used for PCR and 

subsequent capillary electrophoresis analysis, using GeneScan™ 600 LIZ™ (Applied Biosystems) as size 

standard, was also performed at CCitUB.  Cell culture supernatants were tested using the Mycoplasma 

Detection Kit (Biotools). 
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Additional files: 

Figure 1  

 

Figure 1. Characterization of the generated SYS1 and SYS2 lines from SYS patients. 
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Table 1: Characterization and validation 

Classification Test Result Data 

Morphology  
Photography Bright field  Normal morphology of 

iPSC colony 
Fig. 1A 

Phenotype 

Immunocytochemistry 
Qualitative analysis  

Positive staining of 
pluripotency markers: 
OCT3/4, NANOG and SOX2 

Fig. 1B 

RT-qPCR Quantitative 
analysis  

Relative expression of 
pluripotency markers: 
positive for OCT3/4, 
NANOG and SOX2 and 
negative for DCN 

Fig. 1C 

Genotype 
Karyotype (G-banding) 
and resolution 
 

46, XX and 46XY, 
Resolution 300-500 

Fig. 1D 

Identity 

  

Microsatellite PCR 
(mPCR) OR 

Performed, 7 loci tested, 
100% matched 

Available with 
the authors 

STR analysis 
 

N/A N/A 

Mutation analysis (IF 
APPLICABLE) 

  

Sequencing Heterozygous nonsense 
(SYS1) and frameshift 
(SYS2) mutations 

Fig. 1E 

Southern Blot OR WGS  N/A N/A 

Microbiology and 
virology 

Mycoplasma  
 

Negative Available with 
the authors 

Differentiation potential 

Embryoid body 
formation and 
differentiation 

Endoderm: -fetoprotein 

(AFP); Mesoderm: -

smooth muscle actin (-

SMA); Ectoderm: -III-
tubulin (TUJ1) 

Fig. 1F 

Donor screening 
(OPTIONAL) 

HIV 1 + 2 Hepatitis B,  
Hepatitis C 

N/A  N/A 

Genotype additional 
info (OPTIONAL) 

Blood group genotyping N/A  N/A 

HLA tissue typing N/A  N/A 
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Table 2: Reagents details 

 Antibodies used for immunocytochemistry 

  Antibody Dilution Company Cat #   RRID  

Pluripotency markers 

Mouse anti-OCT3/4 1:100 Santa Cruz Biotechnology 
#sc-5279  

AB_628051 

Rabbit anti-NANOG 1:100 Abcam #ab21624 AB_446437 

Goat anti-SOX2 1:50 R&D Systems #AF2018 AB_355110 

Differentiation Markers 

Rabbit anti-AFP 1:100 Dako #A0008 AB_2650473 

Mouse anti-SMA 1:100 Sigma Aldrich #A5228 AB_262054 

Rabbit anti-TUJ1 1:500 Biolegend #802001 AB_2564645 

Secondary antibodies 

Donkey anti-mouse 
Alexa-488 

1:500 Invitrogen #A21202 AB_141607 

Donkey anti-rabbit 
Alexa-568 

1:500 Invitrogen #A10042 AB_2534017 

Donkey anti-goat Alexa-
647 

1:500 Invitrogen #A21447 AB_141844 

 Primers 

 Target Size of band  Forward/Reverse primer (5′-3′) 
 

Targeted mutation 

sequencing 

MAGEL2 717bp CATCCGACCTGCCCCACA / 

GAGGTCCTGCGCTCTTTAGA  

 Target Assay ID (TaqMan) 

Pluripotency markers 

POUF51 (OCT3/4) Hs01654807_s1 

NANOG Hs02387400_g1 

SOX2 Hs04234836_s1 

Fibroblast marker DCN Hs00754870_s1 

Housekeeping gene YWHAZ Hs01122445_g1 
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1. INTERPRETATION OF THE IDENTIFIED VARIANTS 

This thesis started as part of a collaborative translational project that was set up in 2011 with 

the aim of identifying the genetic cause underlying Opitz C syndrome. To fulfill this objective, 

a cohort of 19 patients from 15 families diagnosed with OCS, or BOS, from all over the world 

was gathered in order to identify the molecular origin of the syndrome. The chosen 

methodology was whole exome sequencing, preferably trio-WES. Of note, all the patients of 

the Opitz C cohort were tested through karyotype and the majority by SNP array or aCGH to 

exclude bigger genetic aberrations that would not be detectable by WES. The diagnostic 

success rate achieved was 93.3% (14/15 families) for the “Opitz C cohort”, as the only cases 

that still remain unsolved are the OC10 siblings. The genetic diagnosis of nine of these patients 

was performed as part of the work presented in this thesis (highlighted in orange in Figure 13).  

 

Figure 13. Pedigrees of the 15 families included in the Opitz C cohort, the identified causal 

gene and the final genetic diagnosis. Different colours represent the initial clinical diagnosis. 

(1): Mental retardation with language impairment and with or without autistic features; BOS: Bohring-Opitz 

Syndrome; CAFDADD: Cardiac, facial, and digital anomalies with developmental delay; SYS: Schaaf-Yang 

syndrome; EIEE26: Early Infantile Epileptic Encephalopathy 26; CCD: Central Core Disease of muscle; DEDSSH: 

Developmental Delay with Short stature, Dysmorphic features and Sparse Hair; MCAHS3: Multiple Congenital 

Anomalies-Hypotonia-Seizures syndrome 3; ARTHS: Arboleda-Tham Syndrome; FHD: Focal dermal hypoplasia; 

HPE5: Holoprosencephaly 5; CHDFIDD: Congenital heart defects, dysmorphic facial features, and intellectual 

developmental disorder. 
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What we observed was that most of the patients carried mutations in different genes, many of 

them already associated with other ultra-rare NDDs, very usually, of recent description (Figure 

13). This scenario is a clear example of the effect that NGS techniques are having on the 

diagnosis of syndromic neurodevelopmental disorders. Our overall results confirm that OCS is 

a very heterogeneous entity without a common genetic cause and could be declared as extinct, 

as already proposed by other authors (152). However, we think that OCS is still a useful clinical 

description that can help clinicians and geneticists to better delineate the clinical spectrum of 

severe NDD patients and potentially accelerate the diagnosis process, as thoroughly 

discussed in Urreizti el al. (28). Also, from a social perspective, OCS can be useful as a clinical 

“label” for families and patients in their first years of life, as stress and uncertainty of being 

undiagnosed can really affect their mental health and wellness until a final molecular diagnosis 

is reached. 

These results also prove that WES is a powerful tool to identify the molecular basis of ultra-

rare NDDs, as it has allowed each patient to be re-diagnosed according to the particular 

molecular cause of his/her disease. Although it is true that genetic testing greatly helps to 

overcome the difficulties encountered in clinical diagnosis, mostly caused by the variable 

phenotypes shown by patients of the same syndrome, it cannot be considered as a substitute. 

In the first instance, a deep and thorough clinical characterization of the patient can orientate 

the genetic testing to be performed in each particular case. Also, in difficult cases where 

genetic testing results are inconclusive or ambiguous, a revision of the clinical description can 

lead to a successful re-analysis of the genetic data and the establishment of the molecular 

diagnosis. Approximately 25-68% of NDD patients studied with NGS techniques obtain a clear 

genetic diagnosis (45). The higher diagnostic yield reached in the Opitz C cohort can be 

explained by deep analysis of the sequencing data followed by functional analyses that have 

been carried out for each particular case. Below, I will discuss the main difficulties that we have 

encountered when establishing a genetic diagnosis for each patient and the tools, strategies 

and considerations that have been crucial to reach such a successful diagnostic rate. 

 

1. INTERPRETATION OF THE IDENTIFIED VARIANTS 

One of the biggest challenges and time-consuming steps of genetic diagnosis through NGS is 

the interpretation of the identified variants. Even after the application of different 

bioinformatic and quality filters, thousands of variants per exome remain as potential 

candidates. To obtain a manageable number of candidates, the resulting variants are filtered 

considering their prevalence in the general population, functional predictors scores and 

https://paperpile.com/c/vhErPg/jIS7Z
https://paperpile.com/c/vhErPg/0eYFP
https://paperpile.com/c/vhErPg/OKlXS
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additional published data on functional studies and segregation within the family, as advised 

by the ACMG guidelines (35). On average, each exome presents around 500 rare coding 

variants that are present in less than 1% of the population (153). When prioritizing the variants, 

it is highly advisable to follow the ACMG nomenclature, including 5 categories ranging from 

“benign” to “pathogenic” (35), as it is used on the majority of sequencing reports allowing 

standardization across different laboratories. There are several user-friendly web tools that 

perform automatic classification of the variants based on the ACMG guidelines criteria, like 

Varsome (154) and wInterVar (155). It is undeniable that they have a strong potential to 

facilitate the understanding of the functional consequences of the filtered variants, smoothing 

the path for their interpretation by clinicians and researchers. However, it is highly advisable 

to perform a careful manual revision of the in silico predictions and previously published 

functional data of the best candidates before taking them as definitive. 

 

1.1 VUS interpretation and IF reporting 

Some of those filtered mutations can be considered as variants of unknown significance 

(VUS) when the evidences supporting pathogenicity or neutrality are not enough to tip the 

balance against one direction or the other. The implementation of NGS-based testing involves 

the appearance of more VUS than other methods, such as gene-panels, as a larger portion of 

the genome is sequenced and a larger number of variants is identified. VUS are normally 

included in the patient’s final report, although its clinical utility is limited. It may be useful in 

some cases when such variants could be modifying the phenotype of the patient or potentially 

explaining part of it, especially in complex cases. Also, new information could appear over the 

years and allow reclassification of a certain VUS to “likely pathogenic” or “pathogenic”.  

It is very important to consider the impact that the reporting of the genetic findings may have 

on the family. It is crucial that they are informed by trained clinicians or genetic counselors that 

can explain the information rigorously and solve all their doubts. The more variants are 

reported to the family, even if they are considered as VUS, the more stress and uncertainty 

they might feel. Reason why it is crucial that geneticists make an extra effort to manually 

classify the most relevant identified variants and avoid total reliance on automatic classification 

systems. 

An illustrative example of the importance of careful variant interpretation and the utility of 

reporting VUS is the case presented in Article 1. In patient OC21, WES showed three de novo 

heterozygous variants: a frameshift mutation in BACH1, a missense mutation in STAG1 and a 

https://paperpile.com/c/vhErPg/D5awm
https://paperpile.com/c/vhErPg/sETbe
https://paperpile.com/c/vhErPg/D5awm
https://paperpile.com/c/vhErPg/qPYhP
https://paperpile.com/c/vhErPg/vfi5G
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splicing mutation in ASXL1. As a result of the identification of the STAG1 variant, patient OC21 

was initially reported with a possible Cornelia De Lange-like phenotype in a large cohort of 

patients with cohesinopathies (156). However, the characteristics of the variant did not match 

the rest of previously reported disease-causing STAG1 mutations (157) and in silico predictors 

classified it as benign, questioning its pathogenicity. We think that this variant should be 

considered as a VUS, which is not the main cause of the disease and probably benign, 

although the possibility of it acting as a modifier of the patient’s phenotype cannot be discarded. 

Regarding the variant in ASXL1, it was a de novo mutation affecting the acceptor splice site at 

intron 12 of the gene, predicted to lead to the appearance of a premature STOP codon and 

the production of a truncated form of the protein, similarly to the variants that had been 

previously associated with Bohring-Opitz syndrome (65,69,158). The fact that the clinical 

presentation of patient OC21 did not strictly meet the clinical criteria for BOS did not totally 

support this hypothesis. However, results from functional studies, which will be discussed 

below, confirmed the effect on splicing of the ASXL1 variant, identifying it as the most probable 

cause of the disease. 

Another challenge related to variant reporting when performing NGS techniques is the 

identification of what is known as incidental findings (IFs), that are those findings unrelated 

to the original purpose of the sequencing test but that have medical relevance for patient care. 

Obviously, IFs are not restricted to the proband when including unaffected family members to 

the analysis, as they may have direct implications for all the sequenced individuals. The ACMG 

published a list including highly penetrant and medically actionable variants in 59 pre-selected 

genes, which is reviewed and updated over time (159). When identified, these variants are 

recommended to be returned to the patient. The genes included in this list are mostly related 

to late-onset medical conditions whose prognosis may improve with frequent monitoring or 

lifestyle changes, such as several cardiovascular conditions or different types of cancers (159). 

Determining which IFs and how should be reported back to the patients is still a highly 

controversial issue (160). Little is known about how people who are not familiar with these 

disorders would react with these findings and deal with the options they would have regarding 

prevention and reproductive choice (161). For this reason, the family should be properly 

informed about the possibility of the identification of IFs, their possible associated 

consequences and that they have the right to decide to get them reported back or not. This 

information has to be provided and discussed during the informed consent process and before 

the performance of the initial genetic diagnostic test. The documents linked to this informed 

consent include the informed decision that the family makes related IFs and that the final 

relevant clinical information should be assessed and reported according to the criteria of 

experts in the field. 

https://paperpile.com/c/vhErPg/qWWAN
https://paperpile.com/c/vhErPg/D2KlN
https://paperpile.com/c/vhErPg/yTQHa+CsniO+rL29i
https://paperpile.com/c/vhErPg/XSpEv
https://paperpile.com/c/vhErPg/XSpEv
https://paperpile.com/c/vhErPg/dHn1x
https://paperpile.com/c/vhErPg/65fvO
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1.2 Advantages of using trio-WES 

Choosing the optimal experimental design is one of the ways to significantly increase the 

diagnostic power of WES. Although analyzing the genomic data of the patient as a singleton 

helps to reduce the economic costs of the sequencing, it results in a significantly increased 

number of detected variants that need to be classified, adding complexity and slowing down 

the diagnostic process. Many studies of big cohorts have demonstrated a variable 

improvement in the diagnostic outcomes when using trio-WES (including the proband and 

both parents) or family-based exome sequencing compared to singletons (162,163). Trio-WES 

reduces the number of uncertain findings and the consequent analytic cost, helps to prioritize 

de novo changes in sporadic cases, drastically reduces the number of required low-throughput 

Sanger cosegregation testing and reduces the overall time to establish a final diagnosis. For 

these reasons, we established trio-WES as the gold standard strategy within the Opitz C 

project.  

In Article 2 we presented a familiar case with two related patients from a highly 

consanguineous family (family OC15), one of them was analyzed as a singleton (Patient 1) 

and the other as a trio (Patient 2). This resulted in the identification of variants in 52 selected 

genes in the first patient and only 12 in the second, showing how the performance of trio-WES 

can lead to a significant reduction in the number of identified uncertain variants. To validate 

these results, we performed the segregation analysis through Sanger sequencing of 16 

heterozygous variants in Patient 1 and only 6 variants in Patient 2, which supposed a decrease 

in the time needed to establish the disease-causing mutation in the second case.  

Despite the familial relationship between the patients, the screening for shared pathogenic 

variants was negative. Instead, each patient carried a de novo variant in an already known 

ID/DD gene; PORCN associated with Focal dermal hypoplasia (FDH; MIM #305600) and ZIC2 

associated with Holoprosencephaly 5 (HPE5; MIM #609637). This demonstrates that, while 

the cost advantage of singleton WES is evident and it yields acceptable diagnostic results in 

highly consanguineous populations, de novo mutations also have a significant prevalence in 

such populations and can be underdiagnosed if this possibility is not taken into consideration. 

De novo mutations represent up to 27.8% of the ID mutations in families from near and Great 

Middle East populations, which show high consanguinity rates and ID is commonly caused by 

recessive mutations (164,165). We strongly recommend trio-WES as a preferred choice to 

avoid misdiagnosis, even in consanguineous families, or, if unavailable, a thorough analysis 

of putative dominant variants and the following study of the segregation pattern of a high 

number of candidates.  

https://paperpile.com/c/vhErPg/XGU93+8dcR9
https://paperpile.com/c/vhErPg/AEc8B+kfQef
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1.3 Interpretation of public reference databases 

It is generally assumed that when diagnosing patients suffering from severe dominant 

disorders with pediatric-onset, the variant causing the disease has to be absent or extremely 

rare in public reference databases. Following the ACMG guidelines for variant interpretation, 

absence from reference populations should be considered as moderate evidence for 

pathogenicity. Thus, if the observed frequency of a variant in the general population is higher 

than the incidence of the associated condition, it should be considered as benign or weakly 

penetrant (35). The rationale behind the significant weight of this criterion in variant 

interpretation is partly based on the assumption that the tested individuals belong to North 

European and North American populations, which are highly represented in reference 

databases. However, this is not the case in other ethnicities and populations that appear to be 

considerably underrepresented in the most used databases, such as gnomAD (39). Although 

other more ethnic-specific databases can be incorporated, such as Iranome (166) and Greater 

Middle East Variome (167), their potential is limited due to a much smaller sample size. 

Considering the ethnicity of the analysed patient is very important in this sense, as some 

variants that are considered rare in some populations can be more frequently found in others. 

We found this was the case for one patient carrying a variant in the ASXL1 gene. As reported 

in Article 3, patient OC16 presented a clinical phenotype meeting all the criteria for BOS 

diagnosis. Under such clear clinical suspicion, we performed manual Sanger sequencing of 

the ASXL1 gene and identified a de novo heterozygous frameshift mutation 

(p.Gly646Trpfs*12), which was similar to other variants identified as disease-causing in BOS 

patients. However, the putative pathogenicity of the identified mutation was questioned due to 

its presence in 132 carriers from the ExAC database (168) (accessed at the moment of the 

study). A revision of the literature showed that it was not the first time that mutations causing 

BOS were present in ExAC (70). This could be explained because ASXL1 is one of the most 

commonly mutated genes during hematopoietic clonal expansion of cells with aging, 

approximately 10% of individuals over 65 years old show pathogenic variants in this gene 

(169,170). The p.Gly646Trpfs*12 identified in our patient is one of the two most frequent LoF 

mutations in ExAC and it is located in a eight-nucleotide G-homopolymer tract, which could 

lead to overrepresentation caused by sequencing errors. Of note, 66% of the carriers of this 

variant in ExAC belong to the Cancer Genome Atlas population and it is considered the most 

commonly associated ASXL1 variant to myeloid malignancies (171). This variant does not 

appear in the gnomAD v.2.1.1 release (39), as it did not pass the quality control filters due to 

the presence of allelic imbalance in many of the carriers. Showing that databases are 

constantly trying to improve their algorithms and criteria to avoid this kind of situation.  

https://paperpile.com/c/vhErPg/D5awm
https://paperpile.com/c/vhErPg/MhWhM
https://paperpile.com/c/vhErPg/x0Kvl
https://paperpile.com/c/vhErPg/DtCq7
https://paperpile.com/c/vhErPg/qYOX8
https://paperpile.com/c/vhErPg/7gMvb
https://paperpile.com/c/vhErPg/jyyDu+fkHz5
https://paperpile.com/c/vhErPg/LjC6T
https://paperpile.com/c/vhErPg/MhWhM
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This example highlights the importance of performing a careful interpretation of the data 

included in reference population databases, considering factors as potential allelic imbalance, 

age and origin of the sequenced cohorts, that could include patients diagnosed with cancer 

(70). This kind of phenomenon is more frequently considered when testing genes with known 

susceptibility to the accumulation of age-related somatic variants, but it could be frequently 

overlooked in genes lacking a good functional characterization. To avoid misdiagnosis caused 

by automated variant assessment, the process should also involve a revision of the already 

existing criteria and consideration of the unique biology of each gene to avoid over-

dependence on variant frequencies. 

 

1.4 Utility of matchmaking tools 

Another way to improve diagnostic rates is using matchmaking tools, such as Genematcher 

(172). They are platforms that promote the establishment of connections between different 

research or diagnostic teams with patients bearing mutations in a gene, usually with none or 

very few precedents in the literature. The collaborations between groups from all over the world 

that might arise from these connections are extremely useful in ultra-rare disorders to be able 

to gather cohorts with a significant number of patients and increase the diagnostic yield (Figure 

14).  

https://paperpile.com/c/vhErPg/7gMvb
https://paperpile.com/c/vhErPg/ER5lk
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Figure 14. Representative pipeline of a typical trio-WES data analysis resulting in the identification of 

several VUS and use of matchmaking tools as a criteria for final selection of the disease-causing 

mutation. Adapted from (173). 

The possibility of studying larger groups of patients has the potential to significantly improve 

the delineation of a certain syndrome both at a clinical and genetic level, even if it has been 

already described, as shown in Article 4 of this thesis. In this work, we provide a detailed clinical 

and genetic description of patient OC14 (Patient 1 in Article 4), who was molecularly re-

diagnosed with KAT6A or Arboleda-Tham syndrome (ARTHS; OMIM #616268), together with 

4 other patients diagnosed by our collaborators. We also performed an extensive revision of 

the almost 80 cases previously published in the literature and presented a clinical overview of 

KAT6A syndromic patients. We think this expansion of the clinical delineation of the KAT6A 

syndrome can contribute to its establishment as a distinctive entity that could be diagnosable 

at a clinical level, increasing the chance of early diagnosis and potentially improving patients’ 

prognosis. From a genetic perspective, four of the patients carried novel de novo heterozygous 

nonsense or frameshift mutations, that clustered with many of the variants already reported in 

the literature, and only one of them presented a missense mutation. As the rest of the missense 

mutation carriers, our patient did not show cardiac alterations. However, congenital heart 

https://paperpile.com/c/xwszox/H2LI
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defects were present in 70% of patients with truncating mutations, suggesting a genotype-

phenotype correlation regarding cardiac features.  

Sharing information with other groups becomes even more crucial when the identified mutation 

is located in a gene that has never been associated with any NDD. In these cases, even if all 

the in silico evidences suggest an association of a certain mutation with the disease, more 

evidence is needed to be stated as disease-causing. Highly reliable evidence would be finding 

a group of other patients carrying equivalent mutations and showing a similar phenotype. 

Needless to say, matchmaking tools are a very efficient tool to gather cohorts of patients with 

undescribed mutations, allowing deep study of the phenotype and delineation of novel 

neurodevelopmental syndromes.  

This was the case for patient OC6 of our cohort who carried a missense mutation in TRAF7, a 

gene that until that moment had only been associated with tumorigenesis (76). Thanks to 

Genematcher, we could establish an active collaboration with several research groups from all 

over the world and gather a cohort of 45 patients. While we were gathering the cohort of 

patients with germline variants in TRAF7 described in Article 8, seven unrelated individuals 

bearing missense variants in TRAF7 and overlapping phenotypes were reported (174), leading 

to the delineation of a new developmental disorder (CAFDADD; OMIM #618164). However, 

the larger size of our cohort allowed further delineation of the phenotypic spectrum of this 

recently identified syndrome, highlighting some major traits that could not be seen in the first 

group of patients.  

Such a large number of patients also allowed us to use the Face2gene platform 

(https://www.face2gene.com/) that uses deep learning algorithms to build computational- 

based classifiers (syndrome gestalts) for each syndrome from a series of facial pictures of the 

patients. Then, when a picture from a new patient is introduced, it will be compared to all the 

syndrome gestalts, generating a list of prioritized syndromes with similar morphology that could 

guide clinicians during the diagnostic process. Deep learning-based platforms of this kind 

are still in their early days; thus, it is crucial that we all collaborate to train the algorithms to be 

able to benefit from their potential in the future.  

 

1.5 Interpreting phenotypic heterogeneity 

In disorders with such a low prevalence, gathering a cohort of patients is usually a challenging 

and long process. It might take several years until a group of patients is large enough to 

perform an accurate and exhaustive delineation of the syndrome, that could be used later on 

https://paperpile.com/c/vhErPg/R519t
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in clinical diagnosis. The increase of the number of published cases of a certain disease 

normally implies a better characterization of its phenotype, but it also brings to light the 

phenotypic heterogeneity observed between different patients. Even in patients with the 

same causal mutation, the disease manifestations may be variable, complicating diagnostic 

and patient management. These differences add a layer of complexity to the diagnostic 

process, especially when trying to solve cases with milder and less clear affectations.  

The advantage of using HPOs as a standardized language to describe phenotypic traits 

is quite evident and especially relevant in cases presenting high phenotypic heterogeneity. A 

recent study in a cohort of neuromuscular disease patients showed that the cases where the 

confirmed variant ranked in the first position increased from 62% to 90% when including seven 

HPO terms to the analysis, compared to using variant data alone (175). Although restricted to 

a specific cohort, it provides a solid example of the utility and potential of using standardized 

phenotypic annotation to improve variant interpretation and prioritization analyses. Also, the 

use of phenotype-driven custom HPO gene panels to filter exome variants generates a shorter 

list of variants to assess that lead to increased success rate, compared with other available 

datasets such as OMIM and Orphanet (153). 

Even in monogenic disorders, identifying the genetic origin of a certain phenotype is not so 

straightforward, as genotype-phenotype correlations are not that clear. Different factors can 

contribute to this non-linear correlation: environmental ones, such as diet, pathogens or 

temperature; or stochastic processes that lead to fluctuations and errors in gene expression 

(176). Additional genetic variation may also have a substantial contribution to phenotype 

variation across individuals, highlighting the importance of the specific genetic background of 

each individual. Genetic variants that can modify the phenotypic consequences of a certain 

primary disease-causing variant are known as genetic modifiers. Usually, genetic modifier 

variants are not disease-causing themselves, but they can increase (enhancer) or decrease 

(suppressor) the severity of disease presentation (Figure 15). The relevance of their effects is 

also variable and might result in significant phenotypic and penetrance variability (14).  

WGS is the most suitable and promising NGS tool to perform studies on modifier variants, as 

it allows a more comprehensive view of the genetic variants present across the whole genome 

of the individual, together with the identification of structural variants. However, the 

identification, prioritization and interpretation of modifier variants is still very challenging. To 

date, there is not any established computational method to improve candidate modifier 

identification but it is an open area for research (14). Nowadays, the experimental approaches 

to detect modifier variants mainly rely on the use of model organisms like yeast and C.elegans, 

which allow high-throughput reverse and forward genetic screenings (177). 

https://paperpile.com/c/vhErPg/VtRHM
https://paperpile.com/c/vhErPg/sETbe
https://paperpile.com/c/vhErPg/tW7Ko
https://paperpile.com/c/vhErPg/zZWlI
https://paperpile.com/c/vhErPg/zZWlI
https://paperpile.com/c/vhErPg/4Q1qG
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Figure 15. Representation of how the presence of a genetic modifier variant (in yellow) can modulate 

the severity of a disease-causing variant (in red) in a monogenic disorder, complicating its 

characterization. Image created with Servier Medical Art. (Adapted from (14)). 

 

1.6 Dealing with unsolved cases 

Despite the  broad range of tools and strategies that can be used to try to identify the disease-

causing variant, there are many cases in which it cannot be identified, which are considered 

as unsolved cases. When dealing with an unsolved case, the periodical reanalysis of the 

existing sequencing data is very important to increase the chances of identifying the disease-

causing mutation. This is due to the rapid improvement of annotation algorithms and the 

constant discovery of novel disease-associated genes. Repeating the annotation process after 

some time including new information from different databases may lead to an increase in the 

diagnostic yield of around 6-10% compared to the initial rates (178,179). Also, the revision of 

the clinical history of the patient can also shed some light as more detailed delineations of the 

phenotypes associated with certain genes may have been published. 

During these years, we have performed several reanalysis of the WES data of the four 

members of the OC10 family, the only one that remains undiagnosed in the Opitz C cohort, 

together with a thorough revision of the clinical phenotype. We also performed WGS in one of 

the index cases. Unfortunately, no suitable new candidates that could explain the phenotype 

observed in the siblings have arisen from these analyses. 

https://paperpile.com/c/xwszox/3vUc
https://paperpile.com/c/vhErPg/RcIh8+35WdV
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Apart from reanalysing the already existing data, another option to try to solve the negative 

cases would be using other techniques. A first approximation could be WGS as it allows the 

analysis of deep intronic or CNV variants not detected by WES. Other techniques that can 

complement WES in unsolved cases are RNA-seq and proteomics, included in the “multi-

omics” approach to the diagnosis of monogenic diseases proposed by Stenton et al. (36). They 

propose a model in which WES/WGS data from inconclusive cases is analysed together with 

transcriptomic and proteomic data. Transcriptomics allows the detection of aberrant transcript 

expression levels, aberrant splicing patterns and mono-allelic expression events and 

proteomics can detect aberrant protein expression. The integration of the results of these 

techniques will help to localize causative variants on the gene-level. For instance, the 

incorporation of RNA-seq in a cohort of undiagnosed patients with muscle disorders increased 

the diagnostic yield by 35%(180). The main limitation of these techniques is tissue selection 

and availability, as there are significant differences on mRNA and protein expression of 

different genes across sample tissues (36). Nonetheless, it is clear that the application of this 

“multi-omics” approach has a great potential to identify more rapidly and precisely the 

molecular cause of monogenic diseases, hence it is an expanding and promising field 

nowadays.

https://paperpile.com/c/xwszox/kOxEr
https://paperpile.com/c/xwszox/kOxEr
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2. VALIDATION AND FUNCTIONAL CHARACTERIZATION OF THE VARIANTS 

After identifying a group of patients with common phenotypes and carrying similar mutations, 

the irrefutable proof that such mutations are the cause of a certain disease is to functionally 

demonstrate their pathogenicity. To do so, different functional studies can be performed as 

an indispensable complement to understand the impact that a certain genetic variant may have 

on the expression levels or the function of the encoded protein. However, the performance of 

functional studies is not only important to test the pathogenicity, but also to better understand 

the cellular mechanisms underlying a certain disease that will allow the design of novel 

therapeutic strategies. These studies normally need an interdisciplinary approach using 

different techniques complementing one to the other to reach a deep and accurate 

understanding of the pathophysiology of the studied disorder. These techniques include in 

silico, in vitro and in vivo strategies. In this thesis, different in silico and in vitro approaches 

have been used to functionally confirm the pathogenicity of different variants (Articles 1, 4 and 

6) or to try to better understand the underlying mechanisms (Articles 7, 8 and 9). 

 

2.1 Validation of splicing variants 

Different approaches can be used to test the effect that a mutation may have on the mRNA 

splicing pattern and the expression of the different gene transcripts. There are some in silico 

tools, like the Human Splicing Finder (181), that use different algorithms to predict the 

functional impact of a certain sequence variation on splicing motifs (Figure 16), including donor 

and acceptor splice sites, branch points and exonic splicing enhancers (ESE) or silencers 

(ESS). Even though they facilitate the filtering of variants when analyzing WES data, their 

results must be taken with caution and an experimental validation of the effect in splicing is 

highly advisable. The experimental approach used mostly depends on whether a cellular 

biological sample of the patient, either fibroblasts from a skin biopsy or lymphoblasts from a 

blood sample, is available for testing or not (Figure 16). Alternatively, mini gene splicing 

assays using exon trapping vectors, such as pSPL3, can be used to experimentally confirm 

the effects on splicing when RNA from the patient is not available. It mainly involves the cloning 

of the reference and variant-containing region into the mini-gene construct, its transfection into 

mammalian cells and the analysis of the resultant RNA products as if it was coming directly 

from the patient (Figure 16). 

 

https://paperpile.com/c/vhErPg/vst4L
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Figure 16. Strategies for functional validation of splicing variants. Image created with Servier Medical 

Art. 

In Article 5, we identified two mutations in the PIGT gene in compound heterozygosity in patient 

OC13. The patient carried a previously reported missense mutation inherited from his father 

and a novel mutation that affected the canonical splice acceptor site of intron 3, of maternal 

origin. To verify the pathogenicity of the novel splicing variant, the effect of the mutation was 

studied in the patient’s fibroblasts by Sanger sequencing analysing the different expressed 

cDNA amplicon lengths and comparing them to a control line. Through this functional 

approach, we could verify that the novel mutation had an effect on the normal PIGT splicing 

pattern that leads to the skipping of exon 4. After the functional validation of this novel variant, 

patient OC13 could be re-diagnosed with multiple congenital anomalies-hypotonia-seizures 

syndrome 3 (MCAHS3, OMIM #615398). 

The same approach was used to confirm the pathogenicity of the ASXL1 splicing variant 

identified in patient OC21 in Article 1, that caused the retention of intron 12. This result was a 

key evidence to consider the variant as disease-causing and diagnose the patient as a mild 

BOS case, extending the phenotypic spectrum of this syndrome. This particular case was also 

discussed with Dr. Bianca Russell, who is in charge of the patient repository and confirmed 

that during the last years more BOS cases have been identified presenting a milder phenotype 

than the one typically associated with this disorder (personal communication). The increasing 

phenotypic heterogeneity observed among BOS patients, highlights the need of finding a 

suitable biomarker that could be tested in cases where pathogenicity of the variant is not clear 

and/or the clinical manifestations are mild or unclear. A biomarker is defined as a measurable 

characteristic that can be objectively evaluated as an indicator of normal biological processes, 

pathogenic processes or pharmacological response to a therapeutic intervention (182). Our 

https://paperpile.com/c/xwszox/Owrr
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group has established different international collaborations to start a project to identify a 

suitable biomarker for BOS, which will hopefully help to shed some light on the 

pathophysiologic mechanisms underlying this syndrome during the upcoming years. 

A mini-gene splicing assay had to be used to test the effect on splicing of the de novo 

mutation in FOXP1 identified in patient OC2 (Article 4), as cells from the patient were 

unavailable. This approach allowed us to confirm the pathogenicity of the variant, which caused 

the skipping of exon 16 and encoded a truncated form of FOXP1 lacking the FOX domain, 

crucial for its transcriptional repression activity (183).  

 

2.2 Effects on protein function of DPH1 variants 

When the identified variant cannot be directly associated with decreased protein levels, the 

functional test to check its pathogenicity can become much more complex. In the best case 

scenario, the affected protein would have a clearly described function and its activity would be 

linked to a parameter that could be more or less easily measured. For instance, this is 

sometimes the case in genetic disorders that compromise the function of an enzyme involved 

in the synthesis or degradation pathway of a certain substrate. Then, the levels of such 

substrates may be directly measured to assess if protein function is impaired due to a certain 

genotype. However, in some cases it is not so straightforward and indirect approaches need 

to be used to evaluate abnormal protein function. 

In Article 7, we used the indirect DT-mediated ADPR assay to test the effect on DPH1 

functionality of 7 pathogenic variants (2 novel and 5 previously described). We observed a 

decrease in protein activity that generally correlated with the severity of the corresponding 

patients’ clinical phenotype. Modeling of the DPH1-DPH2 heterodimer containing the different 

variants and its molecular dynamics simulations also showed an effect on DPH1 structure. 

Therefore, we were able to establish a correlation between the DPH1 loss of activity in an in 

vitro ADPR assay, the in silico modeling and the severity of the phenotype observed in the 

patients.  

Variants p.(Met6Lys) and p.(Pro382Ser), which cause a milder phenotype, showed similar 

activity levels to the wild-type (WT). These results showed that the DT-mediated ADPR assay 

is not suitable to functionally confirm the pathogenicity of these two variants, probably due to 

technical limitations to detect subtle in vitro activity reductions. However, different in silico 

results suggest that these variants could be pathogenic. This brings to light how a particular 

test can be adequate for testing certain mutations but not others, for example due to limited 

https://paperpile.com/c/xwszox/vm2BF
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detection range. Pathogenicity testing through one single technique can lead to 

misinterpretation and rejection of a suitable candidate as cause of the disease, especially when 

trying to evaluate subtle effects. 

It should be emphasized that the diagnostic success reached in the case of family OC12 

strongly relied on the collaboration of interdisciplinar groups from all over the world, both at the 

clinical and experimental level. In this case, it was key finding additional cases of this ultra-rare 

syndrome to improve its clinical delineation and also a biochemical group with solid experience 

in the performance of a functional assay suitable to test DPH1 function in an in vitro model. 

 

2.3 Molecular characterization of TRAF7 germline mutations 

We also wanted to functionally characterize germline mutations in TRAF7 to better 

understand the cellular mechanisms behind this novel syndrome. All the variants described so 

far, in Article 8 and 2 additional publications (174,184), are missense and cluster to the C-

terminus region of the protein, three of them located in the coiled-coil domain and the rest in 

the WD40 repeats. The nature of the mutations suggest that they most likely cause a GoF or 

dominant negative situation, rather than haploinsufficiency. Also, according to gnomAD, 

TRAF7 is predicted to be tolerant to LoF mutations, supporting this hypothesis.  

Despite being of the same kind and affecting the same domains, neurodevelopmental 

mutations are mutually exclusive to the somatic mutations identified in adenomatoid tumors, 

mesotheliomas, meningiomas and perineuriomas (Figure 17). This is particularly striking for 

the variants present in syndromic cases (p.Arg655Gln) and in meningiomas (p.Asn520Ser), 

which are highly recurrent and private within each condition (Figure 17). There are a few 

exceptions to this observation in which the mutation occurs in the same position but the amino 

acid change is different. The fact that, in general, the mutations are not coincident could imply 

that the different TRAF7 variants may have a diverse effect in the activity of mutated protein 

specific to one disease or the other. They could maybe affect in a different manner the 

interactions with its partners or only one of the mutation types may lead to a neomorphic effect. 

One possibility could be that the somatic mutations are not compatible with life when present 

in the germline due to a stronger phenotypic effect. Or it could just be a stocastical artifact.  

It is noteworthy that the eldest patient of the cohort was diagnosed with a meningioma (174), 

thus long-term follow-up of the younger cases is highly recommended to ascertain if germline 

TRAF7 variants increase predisposition to formation of meningiomas or other tumour types. 

The case of TRAF7 is not unique, instead there is a large number of disorders that show 

https://paperpile.com/c/vhErPg/H2wey+aokWx
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diverse levels of developmental defects and cancer predisposition (185), as further discussed 

below. 

 

 

Figure 17. Described somatic and germline missense mutations in the C-terminal end of TRAF7. 

Different colours represent the different associated tumours/diseases (see legend). A label with the 

specific change is shown for those positions mutated in more than 10 cases.  Image created with Servier 

Medical Art. 

Little is known about why missense mutations in TRAF7 cause such a severe developmental 

phenotype. As TRAF7 is involved in signal transduction of several cellular pathways that 

control transcription, our approach to better understand the pathogenic role of germline 

variants was to analyse gene expression levels in skin fibroblasts from patients and controls 

through qPCR and mRNA-seq. The latter is a hypothesis-free approach that has an expanded 

discovery power compared to qPCR, which is restricted to the analysis of a small set of pre-

selected candidate genes.  

Our transcriptomic studies on syndromic variants open the door to further exploration of the 

link between TRAF7 and its putative transcriptional targets that may help to better understand 

TRAF7-syndrome molecular mechanisms. For instance, in our lab we are now analyzing of the 

expression of some of the identified DEGs in TRAF7-silenced fibroblasts trying to elucidate if 

germinal missense mutations are LoF, if the results match those obtained in patient’s 

fibroblasts, or GoF, if they are in the opposite direction. Preliminary results suggest a gain-of-

function effect, but further replicates are still needed. 

https://paperpile.com/c/xwszox/OEVT
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However, the presented transcriptomic analyses also have some limitations that are worth 

mentioning: i) Cell type: Gene expression patterns are very specific and highly variable among 

different tissues and cell types (97). Thus, the potential of using skin fibroblasts to understand 

the phenotype-genotype correlation of a disease without skin affectation can be questioned, 

as further discussed below. It could be more representative to study these patterns in cell types 

from tissues related to the phenotype of the patients, such as neurons, astrocytes or 

cardiomyocytes. ii) Sample size: The limited number of included lines (3 patients and 6 

controls) could have had an effect on the discovery power and the reproducibility of our results. 

As a result of the international collaboration established thanks to the Genematcher platform, 

we received fibroblasts from two patients that could be tested together with our patient OC6 

(patients 6,13 & 33 in Article 8). Two additional lines were received from other groups after the 

mRNAseq was performed, which were included in the subsequent qPCR validation. Despite 

that only 3 lines were included in the NGS experiment, the fact that the two other lines showed 

similar alterations in the selected genes when tested through qPCR, reinforces the validity and 

reproducibility of our results. iii) Sample heterogeneity: Another important factor regarding the 

sample is the age differences of the donors when the skin biopsy was obtained. Patients’ ages 

ranged from 8 to 19 years old, while all the controls were adults except for two of them that 

were 17-19 years old. It has been proven that gene expression levels change with age in skin, 

adipose tissue, blood and brain (186). These changes caused by aging can lead to the 

appearance of false positive or false negative results when comparing gene expression levels 

between the two groups.  

 

2.4 Functional characterization of MAGEL2 truncating variants 

A truncating mutation was previously identified in the paternal allele of the MAGEL2 gene of 

patient OC7 (115). Mutations of this kind had already been associated with Schaaf-Yang 

syndrome (113), evidence that was considered as strong criteria to establish the variant as 

disease-causing. However, not much was known about MAGEL2 and even less about its role 

in the pathogenesis of SYS. For this reason, we were interested in the functional 

characterization of disease-causing variants in MAGEL2.  

In Article 9, we performed an extensive revision of all the SYS cases published so far, aiming 

to improve the general picture of the clinical and genetic landscape of this syndrome. This kind 

of compilation can be very useful especially in ultra-rare disorders, as the majority of cases are 

published as single case reports and the publication of large case series, where the syndrome 

can be more consistently delineated, are not that common. 

https://paperpile.com/c/vhErPg/YOpBw
https://paperpile.com/c/vhErPg/9PF0d
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At a genetic level, we saw that the vast majority of mutations reported in SYS cases were point 

nonsense or frameshift mutations in the paternal allele of MAGEL2. These variants are 

predicted to encode a truncated protein that partially or totally lacks the MHD domain, which is 

crucial for the majority of known functions of MAGEL2. Only four variants of other types have 

been identified in SYS patients, three missense mutations and one in-frame deletion that 

results in a protein form lacking seven residues (122,129). Few or none individual clinical 

details of these patients were reported. Thus, the pathogenicity of mutations that do not cause 

a loss of the C-terminal end of the MAGEL2 protein remains to be proven.  

We also created a set of standardized guidelines aiming to orientate clinicians and improve 

the management of SYS cases. Management guidelines are considered a good tool to 

increase care consistency and efficiency, while closing the gap between scientific evidence 

and what clinicians do. However, they may involve different limitations and opinions about their 

utility are quite diverse across clinicians [discussed in Woolf et al. (187)].  

A relevant question regarding MAGEL2-related syndromes is why the deletion of the whole 

gene (PWS) causes a milder phenotype than the variants that lead to the production of a 

truncated form of the protein (SYS). A similar situation is also observed in patients carrying a 

whole gene deletion of MAGEL2, who present milder phenotypes than typical SYS patients 

(188,189), and in Magel2-KO models that do not recapitulate the whole SYS phenotype, 

lacking characteristic distal joint contractures (140,146). 

A possible explanation could be that the deletion of the complete MAGEL2 paternal copy, 

including the promoter of the gene, may lead to leaky expression of the maternal allele in 

patients with paternal deletion, but not in patients with truncating mutations as the paternal 

allele is mutated but expressed (Figure 18). There is a precedent of epigenetic flexibility on 

the Ndn gene, also included in the PWS region and maternally imprinted, as the maternal allele 

of Ndn was found to be expressed at extremely low levels in absence of the paternal allele in 

a mouse model. Although a high degree of non-genetic heterogeneity was observed, this 

residual expression in some subsets of neurons reduced birth lethality and breathing deficiency 

in about half of the mutant mice (190). This theory is also backed up by the detection of 

MAGEL2 transcripts on brain sections of both PWS patients and a mouse model bearing the 

complete deletion of the paternal copy of the gene and the promoter (191).  

https://paperpile.com/c/xwszox/jpGE+vTIn
https://paperpile.com/c/xwszox/QIDY
https://paperpile.com/c/vhErPg/5wR0A+7cSnB
https://paperpile.com/c/vhErPg/SOA45+Dtnr4
https://paperpile.com/c/vhErPg/JRljf
https://paperpile.com/c/vhErPg/RxQzX
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Figure 18. Schematic representation of the hypothetic leaky maternal expression of MAGEL2 in PWS 

and the expression of a normal amount of MAGEL2 mutated transcripts in SYS, that could contribute to 

differences in severity of the phenotypes. Image created with Servier Medical Art. 

The second possible explanation, which can coexist with the first one, is related to the fact that 

MAGEL2 is a single-exon gene, thus truncating mutations would not be expected to activate 

the NMD mechanism. Then, the truncated protein product would be present in the cell and 

may, potentially, have neomorphic effects that increase the severity of the phenotype in SYS 

patients. Aiming to prove this hypothesis, we heterologously overexpressed the MAGEL2-WT 

and the MAGEL2-Gln638* (variant present in patient OC7) protein forms in a cell line. We saw 

that both isoforms are mainly degraded via proteasome and at similar rates, supporting the 

idea that the truncated form is stable inside the cell and might have a toxic effect. At a cellular 

localization level, we also observed differences, as the MAGEL2-WT presence was mainly 

cytosolic, while MAGEL2-Gln638* location was drastically switched to the nucleus.  

The next steps would be overexpressing other truncating and missense variants reported in 

SYS patients to confirm the reproducibility of the results and the utility of our in vitro system to 

test the pathogenicity of MAGEL2 mutations. It would also be interesting to verify if the 

endogenous truncated form is stable and this switch also happens in fibroblasts from patients 

and not only in our artificial system. But, unfortunately, a suitable commercial antibody for direct 

MAGEL2 detection is not available nowadays. Further research is needed to validate and 

understand the implications of this change of location and to understand the contribution it may 

have on the pathophysiologic mechanism underlying SYS. 

Supporting a higher impact on protein trafficking dysregulation of the truncated form than the 

total lack of MAGEL2 protein. We measured Aβ1-40 peptide excretion levels of SYS, PWS and 

control fibroblasts and observed significantly decreased levels in SYS fibroblasts compared to 

PWS and control groups, which showed similar expression levels. 
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Using fibroblasts from SYS patients, we also performed an unbiased mRNA-seq analysis to 

investigate if the presence of the truncated MAGEL2 protein could also be affecting the 

expression patterns of other genes. Our analysis did not replicate the results obtained by 

Crutcher et al. (192), showing increased alteration in genes of the mTOR pathway, but 

identified 132 DEGs between the SYS and the control groups. Some of the most affected 

genes are known to play a role during development or in neurological homeostasis. Pathway 

enrichment analysis highlighted some functions related to mitosis among the identified DEGs. 

All these results are preliminary and further experiments are needed to validate them in other 

cellular models and understand the real effect of these changes on expression detected on 

SYS fibroblasts. Nevertheless, they are a good starting point to potentially define novel roles 

of MAGEL2 in mitosis and other cellular processes. 

The limitations of these experiments are mainly the same ones discussed for Article 8, 

regarding the relevance of the cell type used (skin fibroblasts), sample size and sample 

heterogeneity. Regarding the mRNA-seq experiments, the sample size and its heterogeneity 

was equivalent to the one discussed in Article 8, three SYS patients and six controls, who were 

mostly adults. However, for the Aβ1-40 peptide measurements we could increase the sample 

size, including six SYS patients, nine PWS patients and six age-matched controls. This 

increase in the number of tested individuals gives additional robustness to our results, 

nevertheless replication in a bigger cohort is highly advisable. 
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3. IN VITRO AND IN VIVO DISEASE MODELS 

One of the limitations that are often encountered when studying a rare syndromic 

neurodevelopmental disorder is the establishment of suitable and relevant disease models. 

An ideal model of a human disorder needs to meet certain requirements (193): i) Construct 

validity, it mimics the genetic aberration responsible for the disease in humans; ii) Face validity, 

its phenotype resembles the one observed in patients; iii) Predictive validity, the model and the 

patient have a similar response to a certain treatment. Using a specific disease model is 

crucial, not only to expand the knowledge about the cellular processes underlying its 

pathophysiology, but also to test safety and efficacy of potential therapeutic approaches. There 

are different strategies that could be used to obtain more reliable results, which mainly involve 

cellular or animal models.  

As said before, the different functional studies performed along this thesis have been mainly 

focused on the use of skin fibroblasts from patients as a model of disease. There are some 

arguments in favour and against their utility as a cellular model. Some of the arguments for the 

use of primary skin fibroblasts are their availability, as they can be isolated from a punch skin 

biopsy that very rarely leads to complications, and robustness in culture, storage and transport. 

They also reflect the genetic background of each specific patient, which can be useful for the 

identification and characterization of modifier variants. Fibroblasts can be genetically 

manipulated through relatively complex but feasible techniques, such as electroporation, 

lentiviral constructs or CRISPR/Cas9 genome editing. Also, different studies have proven their 

usefulness as cellular models for the investigation of the pathogenic mechanisms underlying 

different neurological diseases and potential therapies (194,195). However, some limitations 

of using primary skin fibroblasts as a disease model need to be highlighted and discussed. 

Fibroblasts reflect the chronological and biological aging of the donors (196), meaning that 

selection of age and sex matched patients and controls is very important, which can sometimes 

be difficult to achieve. Cell growth is generally slow, especially in cells from aged individuals, 

implying that sometimes several weeks in culture are needed to get sufficient amounts of 

biological material to perform biochemical tests. Last but not least, fibroblasts expression 

profile, genomic signatures and signaling can be significantly different to the characteristic 

features of the most relevant cell type for each disease (e.g. neurons for neurodevelopmental 

disorders). 
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3. IN VITRO AND IN VIVO DISEASE MODELS 

Animal models, such as rodents and zebrafish, are widely used as a tool to study 

neurodevelopmental disorders. They have shown a strong potential to achieve identification of 

novel disease-causing genes, understanding of the molecular and biological mechanisms 

underlying a disease and development of new therapeutic strategies. However, fundamental 

differences between humans and animal models regarding neural development, genetics and 

disease mechanisms have emerged as a result of the advancement of imaging, genomic and 

genetic technologies (197). These differences may explain why there are cases in which the 

animal model carrying a certain mutation only recapitulates some of the phenotypic 

manifestations, but does not show the full-phenotype observed in patients. However, their 

utility in genetic diagnosis is undeniable, especially when trying to prioritize a variant in a gene 

that has never been associated with disease before. For instance, the existence of a KO model 

exhibiting a similar phenotype, despite only recreating part of the clinical traits, can be 

considered as strong evidence of pathogenicity (35).  

Given the advantages and limitations of using patients’ fibroblasts and animals as disease 

models, the utilization of human neural cellular models is an interesting middle ground 

approach. Being specific and relevant human cell types, they can provide useful and 

complementary information that in primary fibroblasts or animal models would be very difficult 

to obtain.  

With the final aim of generating suitable cellular models for the study of SYS, in Article 10 we 

reprogrammed 2 fibroblastic cell lines to iPSCs, obtained from 2 different SYS patients bearing 

the p.Gln638* (SYS1) and the p.Gln666Profs*47 (SYS2) mutations in MAGEL2. The used 

reprogramming approach led to the emergence of iPSCs colonies in only 10-12 days after the 

last transfection, a significantly shorter time than other methods. This method is non-

integrative, which avoids the need of integrating exogenous pluripotency factors into the target 

cell genome, which could potentially be transcriptionally reactivated giving tumorigenic 

characteristics to iPS-derived differentiated cells (198). Once the iPSC clones were isolated 

and expanded, we performed several characterization experiments to ensure complete 

reprogramming [(reviewed in Tiscornia et al. (199)]. 

In parallel, we also reprogrammed 4 additional fibroblastic cell lines: 2 from control individuals 

and 2 from additional SYS patients, one of them also carrying the recurrent mutation 

p.Gln666Profs*47 and the other the p.Gln1007*. However, the validation experiments to 

confirm all the parameters commented above will be performed during the following months.  

When all the lines are properly characterized, the next step will be differentiating them to 

relevant neural cell types (Figure 19). In the case of SYS, we propose excitatory/inhibitory 
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cortical neurons, hypothalamic neurons and astrocytes as the cell types of greatest interest, 

which could be differentiated following already established protocols based on fully chemically 

defined media (200) or forced expression of transcription factors (201–203). These models 

would help to assess putative impairment in synaptic network formation and in 

excitatory/inhibitory synaptic transmission, effects at a hypothalamic neuron level and the 

putative role of astrocytes in the pathophysiologic mechanisms of SYS.  

Together with the iPSCs from SYS patients, we also reprogrammed fibroblasts from 2 controls 

of a similar age. These patient and control lines may be differentiated in parallel to help uncover 

putative differences that define SYS neural models, like differences in electrophysiology or 

gene expression patterns. However, it is important to highlight that some of these differences 

might be subtle, making it difficult to be sure whether they are related to MAGEL2 variants or 

to intrinsic variability among individuals.  

To overcome this limitation, a complementary approach could be the generation of isogenic 

controls by correcting the mutation of each specific iPSC line using CRISPR/Cas9 (Figure 19). 

This would lead to the obtention of a control line with the exact same genetic background and 

observed differences could be attributed to the specific disease-causing variant. Nevertheless, 

it is important to consider that using a specific isogenic control for each patient line will rapidly 

increase the number of experimental conditions included in every experiment and thus, the 

handling complexity and economic cost derived from it.  

Another option could be using iPSC from a WT individual as the starting material and generate 

the different mutations through CRISPR/Cas9 genome editing. This approach would 

significantly reduce economic and time costs at the expense of not including the genetic 

background of the patients in the cellular model. 

Organoids are another type of cellular model that can be generated from iPSCs and could be 

of great relevance to study the role of MAGEL2 in the brain during development (Figure 19). 

Brain organoids are 3D in vitro models that auto organize themselves recapitulating the typical 

architecture of the developing brain. There are several well-established protocols that could 

be used to generate cortical organoids (204) and hypothalamic arcuate organoids (205) and 

study impairments caused by MAGEL2 variants. It has been proven that cortical organoids 

contain different cell populations in different maturation stages (206). Thus, single-cell RNAseq 

(scRNAseq) could be an interesting approach to obtain information about the different neuronal 

subtypes and evaluate possible alterations in the developmental process in patients compared 

to controls.  
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3. IN VITRO AND IN VIVO DISEASE MODELS 

The generated in vitro models could also be used to test potential therapeutic strategies. Given 

that the maternal allele of MAGEL2 in SYS patients is silenced by methylation, an interesting 

approach that could be considered is the activation of the expression of this healthy allele using 

a CRISPR/Cas9-mediated epigenetic editing system. As previously done in mice with the Oct4 

gene, whose transcription is normally inhibited through hypermethylation at the promoter 

region in NIH3T3 cells (207). 

 

Figure 19. Schematic representation of the outline of the project to obtain in vitro models of SYS using 

fibroblasts from patients as starting material. Image created with Servier Medical Art and 

BioRender.com.
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4. DEVELOPMENT AND CANCER 

The advancements in epigenetic regulation knowledge are bringing to light the similarities 

between development and cancer. In Ref. (185), Bellacosa reviews the founding concepts of 

this idea and the current understanding of this connection. He states that normal development 

and cancer are in general two opposing processes (Figure 20). During development, highly 

coordinated and specific epigenetic instructions promote the generation of all the differentiated 

cell types from an undifferentiated cell, the fertilized egg. While in cancer, aberrant epigenetic 

instructions lead to a progressive decrease in differentiation during tumorigenesis that results 

in the acquisition of undifferentiated features. He also highlights how signaling pathways that 

play a role in normal morphogenesis during development promoting a wide variety of 

processes (e.g. invaginations, angiogenesis and patterning at a tissular level and proliferation, 

differentiation and apoptosis in the cell) are acquired and unbalanced in cancer initiation, 

progression, invasion and metastasis (185). A good example of this phenomenon is that 

alterations in all the genes identified and studied along this thesis (Figure 20) can potentially 

lead either to malformation syndromes or tumorigenesis. 

 

Figure 20. The different functions of the genes identified as disease-causing in the Opitz C cohort 

patients are crucial for normal developmental differentiation and can promote loss of differentiation when 

altered in a tumorigenic context. In general, their functions are related to gene expression modulation 

(in blue), different post-translational modifications (in yellow) and regulation of the retrograde transport 

mechanism (in orange). 
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4. DEVELOPMENT AND CANCER 

Transcription plays crucial roles in neoplasia, for instance its dysregulation can lead to 

decreased expression of genes that promote cellular differentiation or increased expression of 

genes that promote cell division (208). Some of the identified genes act as gene expression 

modulators by activating or repressing transcription (in blue in Figure 20): ASXL1, FOXP1, 

ZIC2 and KAT6A have been reported to be oncogenes in different cancer types as a result of 

GoF variants (58,59,209–211) or expression of chimeric transcripts resulting from 

chromosomal translocations (212); TRAF7 does not directly modulate transcription, but is a 

signaling adaptor of different pathways that regulate transcriptional events (78,79) and 

missense mutations drive different types of neoplasms through poorly known mechanisms 

(89).  

Post-translational modifications tightly regulate the activity of downstream effectors and 

dysregulation can potentially play a role in different human cancers (213). The subgroup of 

genes (in yellow in Figure 20), including PORCN, PIGT and DPH1, are implicated in the 

synthesis of post-translational modifications of different nature and have been positively 

related to oncogenic mechanisms (214–216). 

Finally, retrograde trafficking is not only important for protein homeostasis, thus its 

dysregulation can lead to retrotranslocation of activated transmembrane proteins (e.g. receptor 

tyrosine kinases) to the nucleus promoting enhanced transcription of cancer metastasis drivers 

(217). To date, MAGEL2 (in orange in Figure 20) has not been directly linked to tumorigenesis, 

however MAGE family members are normally expressed by gametes and trophoblasts and 

many of them are aberrantly expressed in various types of human cancer, mediating the 

malignant phenotype (218). 

The dual role in development and cancer is the connecting link between all the genes studied 

in this thesis. This connection might partially explain the phenotypic similarities observed 

among the patients that led to their diagnosis within the same clinical entity, but further 

research is needed before we can settle this question. Either way, close follow-up of patients 

affected by these ultra-rare NDDs is highly advisable, as the effect that developmental 

mutations may have in cancer predisposition and progression is unclear. Further investigation 

of the molecular mechanisms underlying these NDDs would not only provide deeper 

knowledge of their molecular and clinical features, but also could contribute to the development 

of new therapeutic strategies tackling the overlapping features between development 

impairment and cancer. Using cancer drugs for developmental conditions and vice versa will 

hopefully be a feasible strategy in the future (185). This situation would be extremely beneficial 

for patients suffering from rare developmental disorders, given the limited economic resources 

invested in the development of therapeutic approaches to treat them. 
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5.  FINAL REMARKS AND FUTURE PERSPECTIVES 

Advances in the genetic diagnosis field have led to the identification and delineation of a 

significant number of new disorders. To give some numbers, over 2500 new monogenic 

conditions have been added to OMIM during the last decade (219). This huge amount of novel 

phenotypes has led to a new challenge: naming novel genetic disorders. Unlike human 

genes, whose official name and symbol is designated by the HUGO Gene Nomenclature 

Committee (HGNC) (220), there is not a standard way to name genetic conditions. Genetic 

conditions names can be derived from different sources, like the basic genetic or biochemical 

cause of the conditions, the gene which contains the variant that causes the condition, one or 

more major signs of the disorder, the parts of the body affected by the condition or the name 

of a specific physician or researcher, (eponyms). Deciding which is the best criteria to name 

genetic conditions is a very controversial issue that has not been addressed yet.  

On the one hand, from the perspective of a geneticist, it could be argued that naming a 

phenotype after the symbol for the causative gene is the most suitable approach. This seems 

especially logical for those phenotypes that have been identified by reverse phenotyping, 

meaning that a pathogenic gene variant is first identified in a group of patients and then the 

associated phenotype is described. On the other hand, it is true that it gets more complicated 

for disorders with genetic heterogeneity and genes that cause more than one phenotype, which 

account for more than one-third of the known disease genes (219). In these cases, naming the 

disease after the gene symbol could be misleading to the families and their health-care 

providers. There is not an ideal formula to solve this issue, however it would be very useful to 

establish a standardized way of naming emerging genetic conditions to facilitate 

communication between geneticists, clinicians and patients. 

Future perspectives of ultra-rare neurodevelopmental disorders diagnosis involve further 

improvements on NGS techniques and interpretation of the sequencing data, coupled with 

refinements of clinical delineation of each particular disorder. In fact, during the last decade 

we have already seen huge advances in NGS technologies, including better sequencing 

coverage, shorter times to get results, application of automated pipelines and a large decrease 

in economic costs, among others. These advances have already positioned WES as a front-

row diagnostic option in NDD cases. In the upcoming years, if costs keep decreasing following 

the same trend and interpretation of non-coding variants is further optimized, WGS could also 

be included as a routine analysis in clinics. Including RNA-seq and proteomics as part of a 

“multi-omics” approach, in cases where tissue collection is possible, would definitely improve 

diagnostic yields.
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5. FINAL REMARKS AND FUTURE PERSPECTIVES 

Improvement in diagnosis will not only result in the identification of novel disease-causing 

genes, but also in the implementation of improved genetic counseling and design of 

personalised therapeutic strategies. Due to the very complex nature of NDDs, the success of 

potential treatments will depend on the combination of multidisciplinary approaches, including 

genetics, functional genomics, reliable disease models and the identification of measurable 

biomarkers. 

Lastly, I would like to emphasize the impact that being diagnosed has on the life of the patients 

and their families. Receiving an accurate diagnosis helps to avoid additional unnecessary 

clinical investigations or interventions, to choose the best management and therapy options 

for the patient and to improve the prognosis of the disease, especially in cases where early 

intervention can make a big difference. The results of genetic testing might also be crucial for 

genetic counseling and future family planning.  

Nowadays, that the vast majority of NDDs do not have a cure, our aims should be focused on 

providing ways to improve the quality of life of these patients. This includes a reduction of the 

time needed to establish a diagnosis, so that the families can get the answer that they have 

been looking for as soon as possible. Knowing the precise cause and the expected progress 

of the disease is great relief for patients and families. Also, being able to join the patient 

association of a particular disease can be a good opportunity to share different ways to handle 

daily life situations and useful symptomatic treatments. 

 

This work constitutes a humble contribution to the research of ultra-rare neurodevelopmental 

disorders. However, there is still a long road ahead of us and research efforts should be put 

into taking the next steps towards improved diagnostic methods and personalised therapy. 
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CONCLUSIONS 

 

● The combination of whole-exome sequencing and functional studies has allowed the 

establishment of the molecular diagnosis of all but one of the families investigated, 

resulting in a diagnostic yield of 93.3%.  

● Recessive inheritance should not be automatically assumed in cases of developmental 

disorders from highly consanguineous families. 

● Careful interpretation of reference population data considering possible allelic 

imbalance, ethnicity, age and origin of the sequenced cohorts is crucial to avoid 

misdiagnosis. 

● Functional studies based on mRNA have been useful to prove the pathogenicity of 

three novel splicing variants in the ASXL1, PIGT and FOXP1 genes. 

● Variants in DPH1 cause a variable decrease in protein functionally and different 

structural alterations that correlate with the severity of the phenotype.  

● The establishment of a cohort including 45 TRAF7-syndrome patients has allowed the 

delineation of a novel clinically recognizable syndrome caused by germline missense 

mutations in TRAF7. Patients’ fibroblasts show specific alterations in their 

transcriptomic profile. 

● Almost all mutations reported in Schaaf-Yang syndrome patients are nonsense or 

frameshift mutations in MAGEL2 and encode truncated forms of the protein lacking the 

MHD functional domain. A possible toxic neomorphic effect of these truncated forms is 

suggested by experiments performed in fibroblasts and transfected cells. 

● In rare diseases, matchmaking platforms are invaluable tools to establish national and 

international collaborations among clinicians, researchers and families. Collaborative 

work is key to reduce the time needed to receive a robust diagnosis, improve 

phenotypic delineations and unravel their pathophysiological molecular mechanisms. 
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1. NEURODEVELOPMENTAL DISORDERS 

During the development of the human brain, many different cell types have to proliferate, 

differentiate into specialized cell types, migrate to specific locations and form 

connections between them. It is a highly complex and tightly regulated process that will 

form an organ capable of complex language, cognition and emotion (1).  

Neurodevelopmental disorders (NDD) encompass a series of chronic diseases in which 

the development of the central nervous system (CNS) is perturbed. These disorders, 

with onset in the developmental period, affect a large and heterogeneous group of 

patients who may present disability at the neuropsychiatric, motor and/or intellectual 

level, impairing normal functioning. Many different causes can be the origin of the 

functional limitations that define NDDs, which can have genetic, metabolic, nutritional, 

structural and/or immunological origin (2). According to the Diagnostic and Statistical 

Manual of Mental Disorders (DSM-5), neurodevelopmental disorders include (Figure 1): 

intellectual developmental disorders, communication disorders, autism spectrum 

disorder (ASD), attention deficit/hyperactivity disorder (ADHD), specific learning 

disorder, and motor disorders (3). However, NDDs can rarely be treated as independent 

entities, as the co-occurrence of different neurodevelopmental disorders in one single 

individual is more frequent than it would be expected by chance (4), making them difficult 

to diagnose in some cases.  

Figure 1. Neurodevelopmental disorders based on Diagnostic and Statistical Manual for Mental 

Disorders, 5th Edition (DSM-5) (3).  
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The prevalence of intellectual disability (ID) and developmental delay (DD) in the general 

population is 1-3% (5) and approximately 50% of the DD/ID cases have a genetic origin 

(6) (Figure 2). ASD phenotypes are present in 0,7% of people (7) while congenital 

malformations (not always associated with cognitive dysfunction) are observed in 2-3% 

of the general population (8).   

 

Figure 2. Causes of ID and their respective percentages. [Adapted from Marrus & Hall (6)]. 

There is a wide range of syndromes that cause ID/DD phenotypes coupled with different 

kinds of congenital malformations. However, their prevalence in the general population 

is very low, reason why the majority of them are classified as rare disorders. A certain 

disorder is considered as rare when it affects less than 1 in 2000 individuals and as ultra-

rare if it affects no more than one person in 50000 (9). To date, almost 7000 different 

rare disorders have been described. Despite the low prevalence of each single disorder, 

as a group they have a big impact on society, as it is estimated that 6-8% of the EU 

population are rare disease patients (10). These percentages show how, as a whole, 

rare diseases represent a serious global issue both at a health and social levels. 

Around 80% of rare diseases have a genetic origin (10) and the majority of them are 

monogenic (11). In 2017 it was estimated that the molecular origin of more than half of 

the identified rare genetic diseases was still unknown (12), but this percentage has been 

decreasing over the last years and the same tendency is expected to be maintained in 

the future (13). Nevertheless, even for those rare genetic diseases which have a clearly 

identified disease-causing gene, diagnosis and patient management can be very 

challenging due to the frequently observed phenotypic variability among different 

mutations (14).  
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2. DIAGNOSIS OF ULTRA-RARE NEURODEVELOPMENTAL DISORDERS 

It is estimated that approximately half of the patients suffering from rare diseases are 

undiagnosed, while the waiting time for those who have been diagnosed is 5-6 years on 

average, reaching several decades in some cases of ultra-rare diseases (15). During this 

time, commonly called “diagnostic odyssey”, patients and their families face a long 

journey, usually full of uncertainty, hope and perseverance. The key to success of the 

diagnostic odyssey of ultra-rare NDDs is close collaboration of multidisciplinary teams, 

including clinical, bioinformatic and genetic experts.  

 

2.1 Clinical diagnosis 

In clinics, developmental delay is described in patients when two or more features of the 

developmental process are substantially delayed. These aspects include gross and fine 

movement, cognitive function, language/speech, social skills and activities of daily life 

related to personal care. The presence of DD becomes evident when a child fails to 

reach the developmental milestones associated with his/her specific age group. The 

concept “developmental delay” is reserved for children under five years old, while 

“intellectual disability” is used for older patients when IQ can be more accurately tested 

(16,17).  

It is estimated that DD/ID occurs can be classified in four groups depending on its 

severity: mild, moderate, severe and profound. Approximately 95% of the DD/ID cases 

account for phenotypes ranging from mild to moderate. These patients require limited 

assistance and can live independently in an environment providing moderate aid and are 

normally diagnosed during early educational years due to low academic performance. 

Severe ID affects about 3.5% of patients, who show obvious delay related to 

development. They do need daily assistance and supervision but are generally able to 

learn simple routines and comprehend speech, although their communication skills are 

usually impaired. Finally, the remaining 1.5% of the cases are considered to present 

profound ID. They normally present several physical limitations and extremely limited 

oral communication, which make them completely dependent on a caretaker figure. Both 

severe and profound ID are identified within the first two years of life and frequently 

present comorbid conditions (18).  

Between 30% and 40% of the ID cases are associated with other conditions that can be 

syndromic or not. The syndromic DD/ID cases also present with additional neurological 
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conditions, associated dysmorphic features or both (17,19). A particular feature is 

considered as dysmorphic when it is present in less than 5% of the population and it has 

been developed through malformation, deformation or disruption mechanisms. They can 

be divided into major and minor anomalies depending on the degree of alteration of the 

physical appearance and normal function. Some of the most frequent major dysmorphic 

features are orofacial clefts, neural tube defects and limb anomalies. Minor anomalies 

mostly occur in the head, face and hands. Usually, patients display a distinctive 

constellation of anomalies that constitutes a specific phenotype that differs from the 

standard (20). In DD/ID cases it is crucial to perform an exhaustive clinical assessment 

of these dysmorphic features that should include the description of the following 

anatomical regions: head shape, eyes, hair, nose, ears, mouth, jaw, neck, trunk area, 

genitalia and upper and lower limbs. Examination of other internal organ abnormalities, 

like the heart or the brain, caused by anomalous development should also be performed 

to develop a complete phenotypic description of the patient (21). 

Given the intrinsic phenotypic heterogeneity present in the majority of ultra-rare NDDs, 

it is essential to try to use standardized terms to describe the observed clinical traits. 

They help to reduce ambiguity and misinterpretation across the scientific community and 

improve the implementation of automated analyses and classification, reducing time and 

errors. With this aim, the Human Phenotype Ontology (HPO) (22) was launched in 2008 

and has been actively revised and updated since then. The HPO is a “comprehensive 

resource that systematically defines and logically organizes human phenotypes” 

functioning as a translational bridge between genomic data and the diseasome (Figure 
3). It has different translational and research applications, such as the interpretation of 

sequencing data in diagnostics, discovery of novel gene-disease associations and cohort 

analytics to improve disease phenotypic delineation. Nowadays, the great majority of 

phenotype-driven genomic diagnostics software use HPO-based computational disease 

models (22). 
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Figure 3. The HPO as a central resource to connect genomic and diseasome data through 

standardized phenomic descriptions. It facilitates data integration between molecular biology and 

human disease. [Adapted from Kölher et al. (23)]. 

While it is essential to perform a deep and systematic clinical phenotyping of the patient, 

it is important to highlight that the phenotype can be incomplete at the moment of the 

first clinical evaluation. For this reason, the performance of additional examinations 

(periodical follow-ups) looking for new traits is highly advisable and might guide the 

diagnostic process. Also, an exhaustive clinical description can help in a retrospective 

manner when genetic laboratory results are ambiguous (16). 
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2.2 Genetic diagnosis 

There are cases in which an exhaustive phenotyping leads to a directed clinical 

suspicion, then the appropriate test according to the associated genetic alteration is 

performed. In the case that a chromosomal or genomic alteration is suspected, different 

molecular cytogenetic techniques can be used. Traditionally, the most used one has 

been the karyotype that allows the detection of large gains or losses of genetic material 

and large structural reorganizations, present in about 3-5% of DD/ID patients and/or 

congenital malformations (24). Aiming to improve the diagnosis rates, other techniques 

have been implemented, for example fluorescent in-situ hybridization (FISH), that allow 

the precise detection of translocations, and multiplex ligation-dependent probe 

amplification (MLPA), that allows the detection of microdeletions and microduplications 

in specific genomic regions (25). Then, the use of whole genome arrays including single 

nucleotide polymorphisms (SNP) and compared genomic hybridization arrays (aCGH) 

significantly increased the diagnostic rates of patients with DD/ID, ASD or congenital 

malformations (26).  

If the clinical features can be clearly associated with a specific disease linked to variants 

in a specific gene, the faster and most cost-effective approach would be performing a 

screening of the whole candidate gene through Sanger sequencing. This sequencing 

technique allows the generation of very high quality long reads, however a starting 

hypothesis is needed as its discovery power is very limited. 

When there is not a clear clinical suspicion the strategy to follow usually consists of 

performing some molecular cytogenetic techniques, such as karyotipe and aCGH, to 

discard the possibility of chromosomal or genomic rearrangements. If the result is 

negative, an hypothesis-free NGS analysis should be carried out aiming to identify a 

point mutation or small deletion/insertion. 

 

2.2.1 Next-generation sequencing techniques 

Not much more than a decade ago, the diagnostic process of patients suffering from rare 

NDDs mainly involved many years of documentation of the clinical phenotype and 

performance of biochemical and imaging tests. In some cases, these investigations led 

to a suspected particular clinical disorder and different genetic studies were performed 

using a set of laboratory techniques with low individual efficiency. As could be expected, 

the success rates were considerably low. The appearance of next generation sequencing 
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(NGS) technologies represented a before and an after in the NDDs diagnostic field. 

During their early years they were mostly restricted to particular cases and frequently 

used by diagnosis research groups due to its low performance and high prices. However, 

the dramatic technical improvements and cost decrease during the last decade has 

made their inclusion possible as routine genetics diagnostic tools. 

The incorporation of these novel genetic diagnostic tests, together with the improvement 

of the bioinformatic tools necessary for the analysis of the output data, had led to a 

significant decrease of the average time needed for rare NDDs patients to get a 

diagnosis. This has also led to a rapid increase in the identification of novel genes linked 

to neurodevelopmental disorders. These tools have also shown that, in some particular 

clinically defined syndromes, there is no common molecular cause. However, in some 

cases, these clinical entities are still useful as clinical or phenotypical “labels”. The Opitz 

C syndrome (OCS; OMIM # 211750) is an example of such situations. OCS is an ultra-

rare syndromic neurodevelopmental disorder that was first clinically described by Opitz 

et al in 1969 (27). After deep genetic study, Opitz C syndrome has been redefined as a 

clinical entity without a common molecular basis, as thoroughly discussed in Urreizti et 

al. (28). 

There are several different NGS platforms ranging from gene panels, which include some 

key candidate genes, to the sequencing of the whole genome (WGS). In research, the 

most commonly used strategies are sequencing of the whole exome (WES) and WGS. 

In the clinical environment, custom gene panels for specific groups of disorders are still 

frequently used, together with the clinical exome. The clinical exome is a gene panel 

including around 6000 different genes previously associated with disease according to 

data from different Mendelian disorders databases, such as OMIM (29). Gene panels 

are an intermediate approach between the screening of one single gene and the analysis 

of the whole exome. They are still a popular tool in clinics as they present a high 

sensitivity detecting variants in several candidate genes while reducing the complexity 

of the analysis and data interpretation. The main limitation of gene panels is that the 

analysis is restricted to a particular group of genes, meaning that the posterior re-

analysis of newly described genes is not possible. 

WES is a very powerful approach to identify the disease-causing mutation. Even though 

the 20000 protein-coding genes contained in the human exome only represent 1-2% of 

the whole genome, it is estimated that approximately 85% of the described monogenic 

disorders are associated with variants in coding regions (30). Compared to gene panels, 

it has the advantage of being a much less restrictive approach, as it is hypothesis-free 
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and has a much higher discovery potential. Thus, it allows the discovery of variants in 

genes that have never been associated with disease and the posterior reanalysis of 

recently described genes in unsolved cases. This advantage is particularly relevant in 

highly heterogeneous disorders, like NDDs, where new associated genes are frequently 

identified. However, WES presents disadvantages compared to gene panels as the 

volume of output data is significantly larger, adding complexity to the processing and 

interpretation steps. Also, the probability of finding variants with unknown significance 

(VUS) and incidental findings (IFs) increases, hindering the variant interpretation process 

(31). 

WGS covers the entire genome of an individual. Although the coverage (number of reads 

of a certain region) is lower than in WES, it is more uniform (32). WGS provides the 

possibility of detecting deep intronic variants and copy number variants (CNV), 

overcoming the limitation that WES presents for the detection of large indels or CNVs. It 

is well known that some deep intronic variants can affect normal splicing patterns and/or 

interfere with regulatory domains or non-coding RNAs normal function that control the 

expression patterns of other genes. Like the data obtained from WES, WGS data can 

also be reanalysed over time. Apart from a relatively higher economic cost compared to 

WES, the identification of a huge amount of VUS in poorly known genome regions is one 

of the main limitations of WGS, as it leads to an increase in the time and resources 

needed for the analysis of the data.  

 

2.2.2 Variant interpretation 

A crucial part of the genomic approach to the diagnosis of genetic diseases is the 

interpretation of the variants identified through NGS. Thousands of variants are identified 

per exome (33) and millions when performing a WGS (34) (Figure 4). The identified 

single-nucleotide variants (SNVs) and indels are filtered according to different criteria 

related to mutation type, minor allele frequency in the general population (MAF) and 

associated clinical phenotype. To systematically prioritize and classify such numbers of 

variants according to their putative pathogenic consequences, in 2015 the American 

College of Medical Genetics (ACMG) published the “ACMG Standards and Guidelines” 

as a resource for clinical geneticists (35) (Figure 4). 
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Figure 4. Genomic approach to the diagnosis of rare monogenic neurodevelopmental disorders 

following the ACMG guidelines. [Adapted from Stenton et al. (36)]. 

One of the criteria proposed by the ACMG is based on population data, so that the 

presence of the same variant or other variants with similar consequences in databases 

such as ClinVar (37), HGMD (38) and OMIM (29), that contain disease-associated 

mutations, would lean the scale to the pathogenic side. Similarly, its frequency and the 

number of homozygous individuals in control population databases, such as gnomAD 

(39), is also considered.  

Then, computational and predictive data should also be carefully considered. There are 

many different in silico predictors that allow variant classification according to 

pathogenicity based on the type of amino acid change, the conservation of the specific 

residue across different species and possible alterations of the splicing pattern. The ones 

that are more frequently used are CADD (40), SIFT (41), Mutation Taster (42), PolyPhen-

2 (43) and PROVEAN (44). Apart from predictive data, well-established functional 

studies that show deleterious effects are considered as strong evidence. Unfortunately, 

strong and robust functional evidence supporting the pathogenicity is not always 

available. Part of the work presented in this thesis has been carried out aiming to fill this 

knowledge gap in different particular ultra-rare neurodevelopmental disorders.  

Another important evidence is segregation data, which allows the validation of the 

inheritance pattern of the identified variants. It provides strong evidence in inherited 

disease cases where the variant cosegregates with the disease in multiple affected 

family members or, in the case of de novo variants, if it is absent in both parents. 
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Segregation analyses are also key to elucidate if compound heterozygous mutations are 

in cis o in trans.  

Finally, as mentioned before, adding the clinical description of the patient using HPO 

terms can reinforce the association of a particular variant, especially when the patient’s 

phenotype is characteristic of mutations in a specific gene.  

Consideration of all these criteria recommended by the ACMG guidelines leads to the 

classification of each variant into one of the following categories: “Benign”, “Likely 

Benign”, “VUS”, “Likely Pathogenic” and “Pathogenic” (Figure 4).  It is estimated that the 

use of NGS techniques coupled with careful variant interpretation lead to the 

establishment of a clear genetic diagnosis for approximately 25-68% of tested NDD 

patients (45).

 

2.2.3 Functional validation studies 

The interpretation of the specific contribution that a novel variant may have to the 

patient’s phenotype could be challenging. For instance, nonsense or frameshift variants 

are usually assumed to be loss-of-function (LoF) alleles as the encoded transcript would 

lead to the production of a peptide lacking functionally relevant domains or the nonsense-

mediated decay (NMD) mechanism could be triggered. Nevertheless, truncating 

mutations in last exons escape this process and, in some cases, may behave as benign 

or gain-of-function (GoF) alleles (46). In the case of missense mutations, the complexity 

is even higher as they can result in many different possible scenarios (e.g., hypomorphic, 

hypermorphic, neomorphic, antimorphic…). As said before, functional in silico predictors 

can be useful tools to predict the pathogenicity of the identified variants. However, their 

results should be taken cautiously as they can return incorrect predictions, depending on 

the algorithms, previous knowledge on the protein structure, function and binding to other 

partners, etc. (47). These incorrect predictions can lead not to wrong clinical 

interpretation of variants. 

Functional studies constitute essential tools to complement in silico predictions, as they 

provide experimental data that can help to elucidate and understand the effect of a 

variant at an in vitro, ex vivo and/or in vivo level. These functional validation studies 

(Figure 5) can be performed using a wide range of approaches, such as study of splicing 

patterns, mutation correction and phenotype rescue, detection of relevant biomarkers 

levels, generation of knockout (KO) cellular or animal models, etc. It is worth mentioning 
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that the performance of experiments to check the functionality and pathogenicity of a 

variant not only benefits that specific patient who will receive an accurate molecular 

diagnosis, but they may also help to elucidate the molecular mechanisms of the disease, 

crucial for posterior design and development of therapeutic strategies. 

 

Figure 5. Examples of functional validation approaches frequently used to investigate the 

pathogenicity of VUS. Image created with Servier Medical Art.  
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2.2.3.1 Cellular models of disease: iPSCs 

Cellular models constitute an effective tool to study the molecular mechanisms of genetic 

diseases, as well as to perform preliminary tests of different therapeutic strategies. 

Obviously, they present several limitations, like an incomplete representation of the 

whole organism reaction to certain compounds. Traditionally, human cell cultures have 

been limited to immortalized cell lines obtained from tumour biopsies (HeLa, HEK297, 

SaOs cells, etc)  and primary cell lines obtained directly from patients (mainly, but not 

limited to, lymphoblasts and fibroblasts, due to their accessibility). Despite being useful 

tools, it is noteworthy that immortalized cell lines may present genetic and epigenetic 

aberrations and oncogene expression and that it can be difficult to obtain primary cells 

from patients, especially the relevant cell type for each specific disease (e.g. cells from 

the CNS in neurodevelopmental disorders). 

In 1998, a new and promising path was opened for disease modeling with the derivation 

of human embryonic stem cells (hESCs) (48). However, this model presented several 

barriers, including strong ethical concerns regarding the use of hESCs in research. The 

discovery of methodologies that allow direct reprogramming of somatic cells to induced 

pluripotent stem cells (iPSCs) (49,50) has reshaped the approach to disease modelling 

and therapeutic strategy design of many diseases (51), overcoming hESCs limitations. 

The high potential of iPSCs resides in their capacity to be differentiated to many different 

cell types (Figure 6). Also, iPSCs present the exact same genomic background that the 

cells they have been differentiated from, usually fibroblasts from patients and controls. 

In this sense, it is important to consider that different individual iPSC lines may show 

variability in their potential to differentiate into other cell types, which might be caused by 

differences in the genetic background and the reprogramming history of each line (52).  
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Figure 6. General picture of iPSCs reprogramming and differentiation processes and their main 

applications: in vitro disease modelling and cellular therapy. Image created with Servier Medical 

Art. [Adapted from Hockemeyer & Jaenisch (52)]. 
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3. GENES RELATED TO THE OPITZ C CLINICAL ENTITY  

In this thesis different patients that were clinically diagnosed with Opitz C syndrome were 

genetically diagnosed using WES aiming to identify the genetic origin of this ultra-rare 

neurodevelopmental condition. Since its description, more than 60 patients have been 

diagnosed with OCS, all of them showing highly variable multi-systemic manifestations, 

including developmental delay, trigonocephaly due to premature fusion of the metopic 

suture, midline dysmorphologies, hypotonia, seizures, limb malformations and 

congenital anomalies (53,54). Our group started to gather a cohort of OCS patients in 

2011 in collaboration with Dr. G. Neri and  Dr. J. Opitz himself, and genetically diagnosed 

seven of them before the start of the present work in 2017. The identified variants were 

located in different genes, namely ASXL1, TRAF7, MAGEL2, KCNB1, RYR1 and 

CDK13. Below, the genes that were previously identified and have been more deeply 

studied at a functional level in this thesis and their preliminar associations with disease 

are described. 

 

3.1 ASXL1 and Bohring-Opitz syndrome 

The ASXL1 gene (Additional sex combs like transcriptional regulator 1; OMIM * 612990) 

is located in the chromosomal region 20q11.21 and belongs to the Enhancer of trithorax 

and Polycomb gene family. It encodes the ASXL1 protein, which is 1543 amino acids 

long and plays a crucial role in chromatin remodelling, by promoting histone 

methylation (55) and deubiquitination (56). It acts as a transcriptional activator or 

repressor depending on the cellular context and regulates HOX genes during axial 

patterning (57). GoF variants have been associated with acute lymphoblastic leukemia 

(58), myelodysplastic syndromes and chronic myelomonocytic leukemia (59). On the 

other hand, LoF variants disrupt normal hematopoiesis, but are not associated with 

tumorigenesis (57).  

Germinal mutations in the ASXL1 gene are the genetic cause of Bohring-Opitz syndrome 

(BOS, OMIM # 605039). BOS is a severe neurodevelopmental syndrome characterized 

by intrauterine growth retardation (IUGR), failure to thrive, nevus flammeus, deep 

psychomotor delay, seizures, severe hypotonia and flexion deformities of the upper 

limbs. These deformities lead to a clinically recognizable feature known as the “Bohring-

Opitz syndrome posture” (60–62). The patients show trigonocephaly, characteristic 

dysmorphologies and congenital anomalies, resembling other syndromic forms of DD 
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like the Opitz C syndrome (63,64). In fact, due to the high degree of overlapping, it was 

proposed that both pathologies were the same syndrome with a very wide severity 

spectrum, going from mild phenotype (OCS) to a more severe one (BOS) (63).  

More than 50 cases of BOS have been reported in the literature and approximately half 

of them harboured de novo mutations in the ASXL1 gene (62,65–73). The identified 

germline disease-causing variants are heterozygous nonsense or frameshift mutations 

and mostly clustered to the centre of the protein (Figure 7), however the exact molecular 

mechanisms underlying these variants are still poorly known.  

 

Figure 7. Representation of ASXL1 with mutations reported in Bohring-Opitz syndrome patients. 

Mutations in bold have been reported more than once. HARE-HTH: HB1, ASXL, restriction 

endonuclease HTH domain (aa 11–86); ASXH: ASX homology domain (aa 255–364); NR box: nuclear 

receptor box (aa 1107–1112); PHD: plant homeodomain (aa 1503–1540). Image created with Servier 

Medical Art.  

Although the BOS phenotype appears to be well-defined, some patients have been 

clinically diagnosed with BOS but tested negative for ASXL1 mutations. This situation 

could be explained by genetic heterogeneity of the syndrome (65), somatic mosaicism 

or a need to improve the actual clinical diagnostic criteria for BOS (62). 
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3.2 TRAF7 and role in tumorigenesis 

The TRAF7 gene (TNF receptor associated factor 7; OMIM * 606692) maps to the 

16p13.3 chromosomal region, has 21 coding exons and only 1 known protein-coding 

transcript which translates to the TRAF7 protein (Ensembl data). TRAF7 is one of the 

seven members of the tumour necrosis factor receptor-associated factor (TRAF) protein 

family. TRAF proteins act as signalling adaptors directly binding to the cytoplasmatic 

domain of receptors of several families. In addition, most of them have E3 ubiquitin ligase 

activity that can activate downstream signalling events. The signalling pathways in which 

these proteins participate are involved in a wide range of cellular processes, such as cell 

survival, proliferation, migration, differentiation, cytokine production and autophagy. 

Tumour necrosis factor (TNF) family ligands lead to the transduction of these cellular 

signals through activation of different effectors, such as nuclear factor-κBs (NF-κBs), 

mitogen-activated protein kinases (MAPKs), or interferon-regulatory factors (IRFs) 

(74,75). At a structural level, TRAF proteins share several conserved domains (Figure 
8). A RING finger domain is present at the N-terminus in all of them, except for TRAF1, 

and constitutes the core of the ubiquitin ligase catalytic domain. At the C-terminus, there 

is a TRAF domain, crucial for oligomerization and interaction with their partners (74,75). 

However, this characteristic TRAF domain is not present in TRAF7; instead, seven 

repeats of the WD40 domain are found (76). 

 
Figure 8. The different members of the TRAF family and their protein domains.  Image created 

with Servier Medical Art. 



 

 

 
3. GENES RELATED TO THE OPITZ C CLINICAL ENTITY 

19

TRAF7 activation involves homodimerization through its Zn fingers and coiled-coil 

domains (77). In a Tumour necrosis factor-alpha (TNFɑ) induced response (Figure 9), 

the WD40 repeats domain is crucial for the interaction of TRAF7 with MEKK3, which in 

turn promotes TRAF7 stabilization through phosphorylation and subsequent self-

ubiquitination (77). This interaction also promotes the activation of several cellular 

components such as JNK, p38 and NF-kB (78,79). Additionally, this domain is essential 

for the negative regulation of the proto-oncogene c-Myb by sumoylation (80). The Zn 

RING and Zn fingers domains promote caspase-mediated apoptosis and ubiquitination 

of NEMO and the NF-kB subunit p65, leading to lysosomal degradation and a decrease 

of NF-kB pathway activity (78). Knocking-down TRAF7 in primary neuronal cells led to 

increased active caspase-3 protein levels and a decreased number of apoptotic primary 

neurons (81). Through the regulation of NEMO, TRAF7 is also involved in MyoD1 

regulation, promoting a decrease in myogenesis (82).  

 

 

Figure 9. TRAF7 protein roles and functions in TNFɑ induced response.  Image created with 

Servier Medical Art. 

TRAF7 also plays an important role in the Toll Like Receptor 2 (TLR2) signalling 

pathway. Together with TRAF6, they promote the activation of NF-kB due to the 

recognition of pathogen-associated molecular patterns, being of great relevance in 

innate immunity pathways (83).  

Somatic point mutations in TRAF7 have been linked to the development of different 

tumour types. So far, more than 70 different mutations have been identified in different 

types of meningioma (84–88). Mutations in TRAF7 have been also identified in 
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intraneural perineuriomas, adenomatoid tumours of the male and female genital tract, 

well-differentiated papillary mesothelioma of the peritoneum (89–91), diffuse pleural 

mesothelioma (92) and localized pleural mesothelioma (93). TRAF7 mutations seem to 

genetically characterize a group of neoplasms that develop from cells that wrap vital 

organs such as the brain, the peripheral nerves, the testis, the uterus and the fallopian 

tube (89). The great majority of the tumour-related mutations in TRAF7 reported so far 

are heterozygous, mostly missense and 88% of them are restricted to the WD40 repeats 

domain at the C-terminus of the protein. The molecular mechanisms by which TRAF7 

somatic missense variants promote tumorigenesis in the different cancer types are 

nowadays an open research topic. For instance, a recently published study (94) showed 

that TRAF7 loss-of-function leads to proteostasis dysregulation and hyperactivation of 

RAS-related GTPases, causing aberrant actin cytoskeletal organization and promoting 

oncogenic transformation in meningiomas. This new proposed mechanism put the focus 

on the function of the WD40 domain as a scaffolding structure important for the 

interaction with small GTPases (95), instead of the most extensively described one as a 

modulator of the NF-𝜅B pathway (96), at least in tumorigenesis.  
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3.3 MAGEL2 and MAGEL2-related disorders 

The MAGEL2 gene (MAGE family member L2; OMIM * 605283) is a maternally silenced 

single-exon protein-coding gene contained in the Prader-Willi region (15q11-q13). In 

adult humans, its expression is mostly restricted to the CNS [according to GTEx data 

(97)], but it is also present in cells of mesodermal origin, involved in muscle, bone and 

fat tissues development (98). In adult animal mice, Magel2 expression is enriched in the 

hypothalamus and the amygdala, especially enriched in the ventromedial, arcuate, 

tuberal, lateral, anterior and paraventricular hypothalamic nuclei (99). The MAGEL2 

gene encodes the MAGEL2 protein, one of the largest proteins of the Type II MAGE 

protein family.  

MAGEL2 has three relevant structural and functional elements (Figure 10): a highly 

proline-rich with an unknown function, a U7BS domain, which is a binding site for USP7 

(100,101), and a MAGE Homology Domain (MHD). The MHD is the characteristic 

domain of the MAGE protein family and it confers high specificity to their protein-protein 

interactions (102). In particular, MAGEL2 recognizes and binds to its partners TRIM27 

and VPS35 through this domain (103).  

Figure 10. MAGEL2 protein described roles and functions. Image created with Servier Medical 

Art. 

The role of MAGEL2 in the retrograde endosomal transport is its most extensively 

studied cellular function (Figure 10). MAGEL2, TRIM27 and USP7, form the MUST 

complex that is recruited to endosomes (100,103), which participate in the sorting of 

protein cargoes through retrograde and recycling pathways (104). The retromer complex 
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recruits the MUST complex, via MAGEL2-VPS35 binding, and the WASH regulatory 

complex (SHRC) to the endosomal membrane. Then, TRIM27 activates the SHRC 

complex, through WASH polyubiquitination, promoting the formation of endosomal F-

actin patches. These localized branched patches are crucial for endosomal protein 

sorting, as they demarcate discrete domains within the endosome where specific 

proteins are segregated and sorted to their respective destinations (100,103). A well-

coordinated trafficking network is key to ensure an appropriate cell distribution and a 

correct function of a wide variety of proteins.  

It has also been proposed that MAGEL2 is involved in the centrosome-related 

cytoskeletal rearrangements during neurite outgrowth driven by Fez proteins and BBS4 

(Figure 10), by protecting them from proteasomal degradation (105).

MAGEL2 shows a highly circadian expression pattern in humans and mice, being one of 

many clock-controlled genes (106,107). Consistent with Magel2 expression in the 

hypothalamus and the role of the suprachiasmatic nucleus of the hypothalamus as a 

central pacemaker in mammals, Magel2-deficient mice showed reduced amplitude of 

activity and increased daytime activity, together with progressive infertility in males and 

other endocrine alterations (108). Also, MAGEL2 contributes to the regulation of the 

ubiquitination balance of CRY1, crucial in the circadian rhythm feedback loop (107) 

(Figure 10).  

 

3.3.1 Prader-Willi syndrome 

The Prader-Willi locus is a complex chromosomal region that contains genes that are 

differentially expressed depending on their parental origin (Figure 11A). The PWS region 

comprises 6Mb on the long arm of chromosome 15, 2.5Mb of which contain five protein-

coding genes and more than 80 non-coding RNA genes of exclusive paternal expression 

and two maternally expressed protein-coding genes (109,110).  
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Figure 11. A) Chromosome map of PWS region (15q11-q13). Protein-coding genes are 

represented as ovals and RNA genes as rectangles. B) Possible genetic causes of Prader-Willi 

syndrome. In brackets, the frequency in which each phenomenon is observed in PWS patients. 

Image created with Servier Medical Art. 

When the paternal alleles of these maternally silenced genes are not expressed, it 

causes an haploinsufficiency situation that results in Prader-Willi syndrome (PWS; OMIM 

# 176270). This lack of expression of the paternal allele can be caused by several 

molecular causes (Figure 11B) with different prevalence: deletion of paternal 15q11-q13 

(65-75%), maternal uniparental disomy of chromosome 15 (mUPD) (20-30%) and 

defects of the PWS-IC (PWS imprinting centre) (1-3%) (111). The individual contribution 

that the loss of expression of each gene contained in the PWS region has on the typical 

phenotype observed in patients remains unclear. 
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Prader-Willi syndrome was described almost 70 years ago, and nowadays, it is still under 

extensive characterization and study. It is a complex imprinting disorder that causes 

major alterations in the endocrine, cognitive and neurologic systems, behaviour and 

metabolism of the affected individuals. PWS is a rare genetic disease that shows a 

prevalence of 1 in 10,000-30,000 live births, equally affecting both sexes and all ethnic 

populations (111). Children with PWS show severe hypotonia, feeding difficulties, failure 

to thrive and developmental delays during early infancy. Older children and adults 

present other clinical traits such as early-onset obesity, characteristic facial features, 

hypogonadism, hyperphagia/ obsession with food, obsessive/compulsive behaviour, 

mild mental retardation, sleep disturbances, high pain threshold, short stature related to 

growth hormone (GH) deficiency, hypopigmentation and small hands and feet (112). The 

obesity that these patients tend to develop can become one of the leading life-

threatening conditions in this genetic condition (111). 

 

3.3.2 Schaaf-Yang syndrome 

Truncating mutations in the paternal allele of MAGEL2 were first described as disease-

causing in four patients with a PWS-like phenotype, but normal methylation patterns at 

15q11-q13 (113). The phenotypic differences observed in the patients compared to 

typical PWS cases led to the delineation of a new disease named Schaaf-Yang 

syndrome (SYS; OMIM # 615547). Since then, more than 150 cases of SYS carrying 

more than 50 different variants have been reported in the literature (113–132). These 

variants are mostly nonsense or frameshift mutations and predominantly located at the 

C-terminal end of the protein, meaning that there is a partial or a total lack of the MHD, 

compromising the functions that MAGEL2 carries out through this domain. 

SYS was initially considered a PWS-like phenotype as the patients manifest overlapping 

clinical phenotypes with PWS patients (Figure 12). But there are some characteristics 

that support that SYS should be considered a differential diagnosis of PWS, especially 

during the early life period. Overlapping phenotypes include neonatal hypotonia, ID, DD, 

feeding difficulties, different hormonal disbalances and sleep disorders. However, some 

of the standardized criteria considered for PWS (e.g., hypopigmentation, characteristic 

facial dysmorphisms, small hand and feet, hyperphagia, obesity and obsessive-

compulsive behaviour) are not frequent in SYS patients. For instance, childhood 

hyperphagia and increased weight gain present in 67% of PWS patients, are only present 

in 22% of SYS patients (133). In contrast, SYS cases show more severe ID and DD, 
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ASD typical behaviours and joint contractures more frequently than PWS patients 

(110,134,135). In adulthood the differences in the phenotypes of these two syndromes 

might become less apparent than in childhood, making them more difficult to discern at 

a clinical level (136). 

 

Figure 12. Phenotypic overlap between MAGEL2-related syndromes: PWS and SYS.  

Endocrine and metabolic alterations in PWS have been widely studied, being 

hypogonadism and GH deficiency the most prevalent (111). The last one had been 

reported in more than 300 patients and GH therapy is recommended as an early 

intervention for PWS (137,138). A review of the literature on endocrine abnormalities in 

MAGEL2-related syndromes has been recently published (133) highlighting GH, thyroid-

stimulating hormone (TSH), adrenocorticotropic hormone (ACTH), antidiuretic hormone 

(ADH) and gonadotropins as the most common hormonal deficiencies in SYS. These 

endocrine alterations are thought to be caused by hypothalamic impairment and might 

lead to hypoglycemia.  

An update of the clinical and genetic data of all the published SYS cases have been 

conducted as part of this thesis in close collaboration with the clinical expert Dr Serrano 

from Hospital Sant Joan de Déu. 

 

3.3.3 In vitro and in vivo models of MAGEL2-related syndromes 

Human MAGEL2 gene and its murine homologue have a similar genomic organization. 

The gene in mice is located in chromosome 7, in a syntenic region to the human PWS 

cluster and it is also expressed only from the paternal allele. Moreover, both MAGEL2 

forms are intronless and contain a CpG island that can be found in its 5’-UTR. The 
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proteins encoded by the human and the mouse genes have a 77% similarity (139). Two 

different KO mouse models have been generated to study Magel2 loss.  

In the first mouse model, generated by Dr. Wevrick team in 2007, the coding sequence 

of the gene was replaced by a LacZ reporter leaving the original promoter intact (140). 

Several publications report extensive phenotyping of this KO mouse (98,108,140–143), 

the most relevant observed phenotypes are summarized in Table 1. Quantitative 

proteomics of the hypothalamus of these mice showed several components of the dense 

secretory granules (SG) to be downregulated (99). SG are exocytic organelles involved 

in the processing and release of hormones and neuropeptides in neuroendocrine cells 

(144). Decreased SG protein levels were also observed in different PWS in vitro models 

caused by impaired endosomal protein trafficking and subsequent lysosomal 

degradation, resulting in a reduction of circulating bioactive hypothalamic hormones (99).  

Table 1. Relevant phenotypes observed in MAGEL2-related syndromes mouse models.  

  Magel2 Knock-out  Truncated Magel2  

Phenotype Wevrick et al Muscatelli et al Ieda et al 
Neonatal mortality 10% 50% - 
Suckling defects NA + NA 
Neonatal failure to thrive and pre-wean 

growth retardation + + + 

Increased leptin plasma levels, reduced 

leptin sensitivity + NA NA 

Weight gain, decreased lean mass with 

increased adiposity + NA - 

Abnormal behaviour in novel environments + + NA 
Progressive infertility and decreased 

olfactory discrimination + NA NA

Decreased locomotor activity, muscle 

dysfunction and decreases bone mineral 

content 
+ NA NA 

Growth hormone axis impairment + + NA 
Decreased oxytocin + + NA 
Decreased serotonin + NA NA 
Blunted circadian rhythm, decreased 

orexin levels + NA NA 
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A second mouse model was generated in 2010 by deleting the promoter and the majority 

of the coding sequence of Magel2 (146). This model has not been so deeply 

characterized as the previously mentioned, a comparison of the observed phenotypes in 

both models can be found in Table 1. Impaired oxytocin (OXT) production in the 

hypothalamus was one of the highlights of the model, being the prohormone maturation 

the main issue (146). A daily dosage regimen of subcutaneous injections of OXT for 7 

days after birth restored suckling activity, prevented the appearance of abnormal social 

behaviour and spatial learning deficits and led to partial anatomical and functional 

restoration of the central OXT system in the animals throughout adulthood (147), 

suggesting that it should be considered as a potential therapeutic approach for SYS and 

PWS (148,149). In fact, a phase 2 clinical trial has already been carried out in PWS 

patients, who after a short course of repeated intranasal OXT administration showed 

improved oral feeding and social skills (150). 

More recently, Ieda et al. (151) generated two additional mouse models to study Magel2. 

In an attempt to model the putative toxic effects of the truncated form of the protein, they 

generated a transgenic mouse overexpressing the N-terminal region of Magel2, 

including part of the Proline-Rich protein domain. They observed a high rate of fetal and 

neonatal death, probably caused by the strong ubiquitous overexpression of the 

truncated form in various organs. They also generated a genome-edited mouse carrying 

a 234 bp deletion on Magel2 (c.1690_1924del) that encodes a truncated form of the 

protein [p.(Glu564Serfs*130)], mimicking an equivalent situation to that observed in SYS 

patients. They could detect the presence of a shorter transcript in the brain at cDNA 

levels and maintenance of the normal imprinting pattern. However, the model failed to 

recapitulate the SYS phenotype (Table 1), as no obvious abnormal traits were observed 

in the Magel2P:fs individuals, except for mild neonatal growth retardation. 

 

3.4 Other genes identified in Opitz C patients 

Six other genes had been identified as disease-causing in the OCS patients that were 

diagnosed along this thesis. All of them play crucial roles within the cell and have already 

been associated with different ultra-rare neurodevelopmental disorders. In principle, all 

these genes do not belong to the same functional pathway nor present a clear functional 

connection between them. Making it difficult to find a plausible explanation for the many 

phenotypic similarities found in those patients that led to their categorization within the 

same clinical diagnosis. 
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The main aim of this thesis is to genetically diagnose a group of patients affected by 

severe syndromic neurodevelopmental disorders and contribute to the elucidation of the 

underlying pathophysiological molecular mechanisms.  

To address this general aim, the following specific objectives were defined: 

1) Identification of causal genes of patients clinically diagnosed as Opitz C syndrome 

and functional validation of some of the identified disease-causing variants. 

• To perform whole exome sequencing analysis in eight affected families to identify 

and validate the molecular cause of the disease. 

• To functionally evaluate the effects of the variants predicted to affect splicing in 

KAT6A, PIGT, ASXL1 and FOXP1 genes, using fibroblasts from patients or mini-

gene splicing assays. 

• To test the effects on protein activity caused by recessive variants in DPH1. 

 

2) Characterization of heterozygous TRAF7 germline variants at phenotypic and 

molecular levels.

• To gather a cohort of patients carrying TRAF7 germline missense mutations to 

improve the clinical delineation of the novel TRAF7-syndrome. 

• To perform an analysis of the transcriptomic profile in TRAF7 patients’ fibroblasts 

to elucidate the pathways that may be affected by the mutations. 

 

3) Functional characterization of MAGEL2 truncating mutations and generation of an in 

vitro model for SYS. 

• To investigate putative changes in transcriptomic and metabolomic profiles and 

A𝛃1-40 peptide excretion levels that might contribute to the molecular definition of 

the SYS phenotype in fibroblasts. 

• To explore the effects of a truncating MAGEL2 variant in protein stability and 

subcellular localization. 

• To reprogram fibroblasts to iPSCs and characterize its pluripotency as a first step 

to generate relevant in vitro neural models for SYS.  
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