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“Courage is resistance to fear, mastery of fear - not absence of fear.” 

Mark Twain 
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Abstract 

Copy number variants (CNVs) are genomic structural lesions with more than 

one kilobase. They are considered polymorphisms and used as molecular markers 

when observed at a 1% frequency in populations. CNVs are alterations that involve 

duplication, deletion or triplication of certain genes or genomic portions, and this is the 

reason why CNVs have been associated with several genetic disorders and 

syndromes. Repetitive elements in the genome (e.g.: LCRs, LINEs, SINEs, etc.) 

generate instability of the genome and influence the formation of these variants; 

therefore, it is essential to study their involvement in pathogenic CNV generation.  

This work involved the in silico analysis of the flanking regions of the 

breakpoints of pathogenic CNVs associated with the X-linked intellectual disability 

(XLID) phenotype. The analysis involved a research for XLID genes that were primarily 

associated with defective neurodevelopment and X-linked mental retardation (MRX). 

The selected genes were then researched in a mutational database to retrieve reported 

pathogenic copy number variants that matched the desired phenotype. The 

breakpoints of the pathogenic CNVs were then repeat masked to estimate the 

proportion of repetitive elements in their vicinities. Additionally, features such as 

sequence size and distance between pathogenic and non-pathogenic reported CNV 

breakpoints were investigated.  

Overall, it is clear that both low copy repeats and retrotransposons are major 

contributors to genomic instability. Fifty-one pathogenic copy number variants in the X 

chromosome were found to be associated with a XLID phenotype. Retrotransposons 

such as LINEs and SINEs were found to be frequent in the flanking regions of 

pathogenic CNVs. Some pathogenic breakpoints overlap a repetitive sequence and 

thus could be under the influence of local genomic architecture. Furthermore, a 

significant discrepancy between sequence size was noticed between pathogenic CNVs 

and non-pathogenic CNVs. Both types of CNVs tend to be proximal; however, 

pathogenic CNVs are considerably larger, affecting more genes and regulatory 

sequences than non-pathogenic CNVs.  

 

Keywords: CNV, pathogenic, repetitive elements, structural variant, intellectual 

disability, X chromosome 
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Resumo 

Copy number variants (CNVs) são mutações estruturais presentes no genoma 

com mais de 1000 nucleotídeos. São considerados polimorfismos e usados como 

marcadores moleculares quando observados com uma frequência de 1% nas 

populações. São alterações que englobam a duplicação, deleção ou triplicação de 

determinados genes ou porções genómicas e, por este motivo, podem causar graves 

doenças e síndromes genéticos. Elementos repetitivos no genoma (ex: LCRs, LINEs, 

SINEs, etc.) geram instabilidade e influenciam a formação destas variantes, pelo que o 

estudo do seu envolvimento na origem dos CNVs patogénicos é essencial.  

Este trabalho envolveu uma análise in silico às regiões flanqueantes dos limites 

de CNVs patogénicos associados com fenótipo de atraso mental ligado ao cromosoma 

X (XLID). A análise envolveu a pesquisa de genes XLID primariamente associados a 

defeitos de neurodesenvolvimento e atraso mental associado ao cromossoma X 

(MRX). Os genes selecionados foram posteriormente sujeitos a pesquisa numa base 

de dados mutacional de modo a detetar CNVs patogénicos associados ao fenótipo 

pretendido. Os breakpoints dos CNVs patogénicos foram sujeitos a deteção de 

elementos repetitivos de modo a estimar a proporção de elementos nas regiões 

flanqueantes dos CNVs. Adicionalmente, parâmetros como tamanho de sequência e 

distância entre breakpoints de CNVs patogénicos e não patogénicos foram avaliados.  

No geral, os low copy repeats e os retrotransposões contribuem em grande 

parte para a instabilidade genómica. Mais de cinquenta variações estruturais 

patogénicas no cromosoma X foram associadas ao fenótipo XLID. Retrotransposões 

como LINEs e SINEs foram os elementos que se revelaram mais abundantes nas 

regiões flanqueantes dos CNVs patogénicos. Alguns breakpoints patogénicos 

pertencem à parte da sequência de um elemento repetitivo. Adicionalmente, observou-

se uma discrepância significativa entre o tamanho dos CNVs patogénicos e não 

patogénicos. Apesar de haver proximidade entre os dois tipos de variantes, os CNVs 

patogénicos englobam uma maior parte da sequência genómica, consequentemente 

afetando mais genes e sequências de regulação genómicas. 

 

Palavras-chave: CNV, patogénico, elementos repetitivos, variante estrutural, atraso 

mental, cromossoma X 
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Introduction 

 

1. Copy number variants  

Copy number variants (CNVs) are genomic sequences of large size (from more 

than 1 kb to several Mb) that constitute one of the major sources of variation in the 

human genome [1-3]. CNVs are structural variants and differ regarding the type of 

variation (gains or losses), genomic position and length [4]. Additionally, these variants 

represent changes in gene copy number that may disrupt gene structure and 

regulation; therefore, a gene associated with a specific phenotype may be present in a 

single copy in the genome of an individual while present in several copies in a different 

genome [5, 6].  

The variation of the copy number of a DNA segment can be non-pathogenic  or 

pathogenic [6]. For instance, non-pathogenic variation among individuals includes 

distinct patterns of gene expression associated with physical features (e.g., height and 

body mass index), nutrition, olfactory receptors, immunologic responses, drug 

metabolism, and hormonal dosage [2, 4, 7]. As such, non-pathogenic variation can be 

associated with distinct degrees of adaptation among individuals [4, 6, 8]. On the other 

hand, pathogenic variation includes aberrant lesions involved in diseases such as 

rheumatoid arthritis, Crohn’s disease, asthma, nephronophthisis, azoospermia, 

psoriasis, Parkinson’s disease, neurodevelopmental syndromes (e.g., autism, 

intellectual disability, schizophrenia, etc.) and cancer [7, 9-14].  

 

1.1. Population genetics 

Copy number variants are present in the normal population and due to their size 

they considerably affect more nucleotides per genome than single nucleotide 

polymorphisms (SNPs), contributing to diverse phenotypic traits [6, 8]. Depending on 

the CNV frequency and local SNP density, CNVs can be tagged by nearby SNPs and 

used as a parameter for studies involving linkage disequilibrium among human 

populations [15]. 
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1.2. Forensic genetics  

Recent studies involving global copy number variants underlined their 

importance and utility as genetic markers. Even though CNVs have a high mutation 

rate, through evolutionarily ancient CNVs fixed in populations it is possible to estimate 

global migration routes in both female and male lineages [6]. Therefore, CNV analysis 

could be used as a complementary method in Y chromosome haplogroup analysis and 

mitochondrial DNA (mtDNA) SNP analysis.  

Additionally, CNVs are important in forensic genetics since they might interfere 

with genetic profiling involving short tandem repeats (STRs). For instance, CNV gains 

may lead to an aberrant tri-allelic pattern at the TPOX locus, which is a widely used 

STR marker [16]. On the other hand, a deleterious CNV may give rise to a null allele for 

a given STR locus and consequently be the leading cause for a monosomic STR 

profile [17].  

 

1.3. Molecular mechanisms and repetitive elements 

The breakpoints of copy number variants are classified as recurrent or non-

recurrent. Recurrent rearrangements share the size of the variant, have clustered 

breakpoints and are carried by unrelated individuals, whereas non-recurrent variants 

vary in size, have scattered breakpoints and occur sporadically [10, 18]. It is assumed 

that there are significant differences between the molecular mechanisms underlying the 

formation of these two types of breakpoints.  

The mechanisms originating CNV are extensive and differ regarding complexity 

and basic mechanistic properties. Simple recurrent genomic copy gains or losses may 

result from a single recombination event between highly homologous repeats whereas 

non-recurrent CNVs may involve several segments and result from more complex 

mechanisms. These mechanisms may not depend on high sequence homology, such 

as non-homologous end joining (NHEJ), fork stalling and template switching (FoSTeS) 

and break-induced replication (BIR) (Fig. 1) [18].  
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Fig.1 – Mechanisms of copy number variant formation. Adapted from references [18-20]. 

 

Recombination-induced errors during mitosis or meiosis are the most frequent 

cause of CNV formation. The process of recombination between misaligned directly 

oriented homologous sequences induces the formation of deletions and duplications 

that may negatively affect gene dosage and trigger genomic disorders (Fig. 2) [19, 21].  

 

 

 

Fig. 2 –Schematic representation of duplication and deletion of genes (orange, red and purple blocks) through non-

allelic homologous recombination (NAHR) between directly oriented homologous repeats (green arrows) in misaligned 

chromatids. 
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1.3.1. Low copy repeats  

The simplest and major mechanism underlying CNV formation is non-allelic 

homologous recombination (NAHR) between highly homologous low copy repeats 

(LCRs) [5, 10, 18, 19, 21-24]. These repeats are defined as paralogous segments with 

10-400 kb in size and 95-97% of identity which confer genomic instability and are 

associated with structural rearrangements that cause genomic disorders [10, 18, 19, 

25]. However, there are some requirements for the occurrence of NAHR events 

between LCRs, as displayed in Fig. 3. 

 

 

 

 

Fig. 3 – Optimal LCRs features for the occurrence of NAHR events that lead to CNV formation. Distinct LCR pairs with 

counter features such as homology, size and inter-LCR distance influence NAHR rate and lead to the formation of 

common recurrent (a) or uncommon recurrent (b) copy number variants. A1/A2 and B1/B2 represent recombinant 

LCRs. Both types of LCR are directly oriented. Adapted from Cardoso et al. (2016). 
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18, 19, 21]. As such, common recurrent copy number variants originate from NAHR 

events between directly oriented long LCRs with a high degree of homology and short 

inter-LCR distances (Fig. 3a). On the contrary, rare recurrent CNVs are generated 

through NAHR events between LCRs with exact opposite features (Fig. 3b).  

A particular subclass of abundant and shorter LCRs includes segmental 

duplications which are segments with 1-100 kb in size that share 90-95% of nucleotide 

similarity [10, 19]. These elements are also frequently involved in NAHR events and 

CNV formation.   

 

1.3.2. Transposable elements  

NAHR events that lead to CNV formation may also involve high copy repeats, a 

different class of repetitive sequences that include interspersed repeats which 

constitute about 44-45% of the human genome [19, 26].  

Mobile or transposable elements (TEs) are important interspersed repeats that 

move to different regions in the genome through a copy-paste mechanism [20].  A 

particularly abundant class of TEs includes elements that encode a reverse 

transcriptase and transpose via a RNA intermediate (retrotransposons) whereas a 

second class relies on excision and reintegration via a DNA intermediate (DNA 

transposons) [27-29].  

Moreover, the presence or absence of a specific 100 nucleotide-repeated 

sequence (long terminal repeat, LTR) flanking the TE distinguishes two subclasses of 

retrotransposons (Fig. 4) [27, 29-31].  

 

 

 

 

 

 

 

 

 

Fig. 4 – Classification of interspersed repeats
1
. 

                                                            
1
 LTR – Long terminal repeat; SINE – Short interspersed nuclear element; LINE – Long interspersed nuclear element; 

ERV – Endogenous retrovirus; MIR – Mammalian-wide interspersed repeat; MaLR – Mammalian-apparent LTR; hAT – 

hobo/Ac/Tam3.   
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The structure of most LTR retrotransposons allows autonomous mobilization by 

controlling transcription and integration in the genome, whereas non-LTR 

retrotransposons and DNA transposons may or may not be autonomous TEs [20, 30]. 

For instance, long interspersed repeats (LINEs) are autonomous TEs while short 

interspersed repeats (SINEs) depend on LINEs’ structure to successfully transpose 

(Table 1).  

 

Table 1 – Characteristics of the most abundant and best described classes of retrotransposons and DNA transposons 

in humans. Adapted from references [5, 19, 20, 27, 28, 30-32]. 

 

TE 
class 

Name 
Human 

genomic 
percentage 

Size 
(kb) 

Mechanism 
Coding or 
regulatory 
sequences 

Important 
elements 

RNA-
TEs 

Long interspersed 
nuclear elements (LINEs) 

20% 6-8 
Autonomous 
transposition 

Endonuclease 
and reverse 
transcriptase 

L1  
(abundant 
active TE) 

Short interspersed 
nuclear repeats (SINEs) 

11% 
0.08-
0.4 

Dependent on 
LINEs’ machinery 

(ORF2) 

Mobile 
polymerase III 

promoter  

Alu 
 (abundant 
active TE) 

Endogenous retroviruses 
(ERVs) 

8% 1.5-10 
Autonomous 
transposition   

gag, pol and env 
(viral genes) 

HERV    
(human 
specific) 

DNA-
TEs 

Terminal inverted repeats 
(TIRs) 

3% 0.08-3 Copy and paste  Transposase 

Tc1/Mariner 
and 

hobo/Ac/Tam3 
(genetic tools) 

 

In humans, Alu elements and L1 repeats are the most abundant 

retrotransposons and the only elements that retain retrotransposition activity. However, 

L1 elements are autonomous whereas Alu repeats are non-autonomous and rely on 

L1’s reverse transcriptase to successfully transpose [33]. Alus are very important 

regarding clinical genetics since they cause insertional or deleterious mutagenesis, 

therefore being correlated with genomic disorders such as hemophilia, retinitis 

pigmentosa and breast cancer [34].  

Mammalian LTR retrotransposons are a class of TEs similar to retroviruses 

regarding structure due to the fact they are fossil sequences of viral infections that 

occurred throughout mammalian evolution. However, the env gene is defective and 

non-functional [33]. Human endogenous retroviruses (HERVs) are human specific 

endogenous retroviruses (ERVs) and it has been previously estimated that 12% of the 

human reference genome could be susceptible to HERV-mediated copy number 
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variation; a percentage that is higher than the one known for NAHR mediated by LCRs 

[24]. About 20% of the X chromosome sequence is attributed to susceptibility to HERV-

mediated structural rearrangements [24]. Moreover, there are previous reports of 

pathogenic CNVs occurring due to recombination between HERV elements with 94-

95% of homology [18].  

The hobo/Ac/Tam3 (hAT) transposons are inactive in humans and constitute 

about 1.6% of the human genome, therefore being the major category of DNA 

transposons in humans [35, 36]. The Tc1/Mariner (TcMar) elements are a superfamily 

of small transposons with about 1-5 kb in length that do not require host mechanisms 

to successfully transpose [32]. When these elements integrate into the host genome, 

they insert two nucleotides, whereas hAT elements insert eight nucleotides [28].  

 

2. The X chromosome 

In humans, the X chromosome is 155 Mbp long and comprises about 1250 

genes, many of which involved in neurodevelopmental pathways and brain function 

[37, 38]. For this reason, mutations in genes present at various X chromosome loci are 

likely to induce phenotypic traits associated with neurodevelopmental disorders.  

The human X chromosome is considered an interesting case of study regarding 

copy number variants due to a distinct gene burden between hemizygotic males and 

heterozygotic females. Therefore, X-linked alleles are more susceptible to positive or 

negative selection in mammalian males due to their hemizygotic state [39]. Additionally, 

hemizygosity facilitates the detection of X-linked recessive genetic disorders in male 

humans [40]. In mammals, the process of X-inactivation in females allows the 

transcriptional silencing of the genes present in one of the copies to compensate gene 

dosage and balance gene expression between both sexes [39, 40]. Thus, carrier 

females may escape the adverse effects of a given variant if it is present in the silenced 

X chromosome whereas carrier males will always be affected.  

 

2.1. Repetitive elements on X chromosome 

The X chromosome is highly enriched with repetitive elements, such as intra-

chromosomal segmental duplications and retrotransposons. Interspersed repeats 
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constitute more than half (56%) of the euchromatic DNA sequence of the X 

chromosome (155 Mbp) [40].  

The most abundant retrotransposons in the X chromosome are LINEs, since L1 

elements cover about one-third of the X chromosome [40]. It is suspected that L1 

elements are involved in X chromosome inactivation, although this is still a topic of 

debate between researchers [40, 41].  

 

2.2. X-linked copy number variants 

X-linked copy number variants are an interesting research topic due to different 

modes of inheritance among males and females. A deleterious variant in a male could 

be lethal due to consequential developmental and functional defects [42].  

Assessing the clinical relevance of X-linked CNVs depends on testing the 

patient’s parents. In the case of affected females, the screening of the variant should 

be performed in both parents whereas in affected males only the mother needs to be 

tested. When a CNV is maternally inherited, there is the need of an X-inactivation 

profiling and carrier testing of the mother’s family members [43]. 

 

2.3. X-linked intellectual disability (XLID)  

Intellectual disability is a common and complex neurodevelopmental disorder 

characterized by an IQ<70 and limitations in intellectual functioning and adaptive 

behavior [44-47]. This phenotype is associated with genetic predisposition (about 50% 

of moderate to severe cases) and environmental factors [47]. It has been estimated to 

affect more males than females (ratio 1.4:1) [46].  

Intellectual disability is challenging disorder regarding the definition of the 

underlying genetic background because multiple genes and different types of mutations 

may be involved. Additionally, patients may exhibit an isolated ID phenotype (non-

syndromic) or ID associated with other symptoms (syndromic), which further 

emphasizes the degree of complexity of this genetic disorder [47].   

It was previously estimated that X-linked CNVs constitute about 10% of the 

causes of intellectual disability [43]. Since copy number variants affect a higher 

proportion of the genomic sequence and involve triplication, duplication or deletion of 
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one or more dosage sensitive genes, it is important to investigate these variants and 

understand their effect on XLID genes and how they contribute to the phenotypic 

manifestations observed in affected individuals.  
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Aims  

 

This work was developed to better understand pathogenic copy number 

variants and their relationship with repetitive elements. Therefore, the main aims of this 

work were: 

 To perform a literature review on how copy number variants are 

influenced by local repetitive elements, such as low copy repeats and demonstrate 

that high copy repeats equally contribute to genomic instability; 

 To analyze the breakpoints of pathogenic copy number variants 

associated with a specific clinical phenotype (X-linked intellectual disability, XLID); 

 To perform a comparative analysis between pathogenic (XLID-

associated) and non-pathogenic CNVs regarding their genomic proximity and 

sequence size. 
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Materials and Methods 

 

Selection of XLID genes on the X chromosome 

A comprehensive bibliographic research of X-linked intellectual disability genes 

was performed to select the genes for which structural or sequence aberrations were 

mainly associated with the phenotypic trait of intellectual disability. A complete XLID 

genes list provided by Greenwood Genetic Center [47] in 2015 was used as the main 

information source on this topic, with additional information from the literature used to 

further support the work [10, 37, 45, 46, 48-50]. 

 

Search for pathogenic copy number variations related to XLID 

The 37 selected XLID genes were analyzed in the DECIPHER v9.10 (Database 

of Chromosomal Imbalance and Phenotype in Humans using Ensembl Resources) 

platform (https://decipher.sanger.ac.uk)2 [51] to search for associated pathogenic copy 

number variants. The key parameters considered to the search engine were:  

(i) Specific XLID gene; 

(ii) Intellectual disability phenotype; 

(iii) Three categories of pathogenic CNVs (definitely pathogenic, 

probably pathogenic and possibly pathogenic).  

A total of 47 copy number variants matched the selected criteria. However, 

some of these variants co-segregated with autosomal copy number variants classified 

as either benign or pathogenic. Therefore, to avoid overrepresentation of the degree of 

pathogenicity of XLID-CNVs the pathogenic co-variants (n = 20) were also included in 

the analysis. 

The precise breakpoint coordinates were annotated after redirecting from 

DECIPHER v9.10 [51] to the Ensembl database (GRCh37/hg19 assembly) [52]. 

Additionally, a total of 4 pathogenic X-CNVs associated with the intellectual disability 

                                                            
2 This study makes use of data generated by the DECIPHER community. A full list of centres who contributed to the 

generation of the data is available from http://decipher.sanger.ac.uk and via email from decipher@sanger.ac.uk. 

Funding for the project was provided by the Wellcome Trust. 

 

https://decipher.sanger.ac.uk/
http://decipher.sanger.ac.uk/
mailto:decipher@sanger.ac.uk
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phenotype were selected from two different sources [37, 53]. The breakpoints mapped 

in the NCBI36/hg18 genome version were remapped to the GRCh37/hg19 genome 

assembly using the NCBI Genome Remapping Service. Only remapped coordinates 

with coverage values ≥ 1.00000 and approximate lengths to the target assembly were 

considered.  

 

Repeat masking and proportions of repetitive elements  

To better characterize the flanking regions of the 51 copy number variations, 

two segments of 1 kb distal to the breakpoints (both upstream and downstream) was 

included in the repetitive element analysis, as displayed in Fig. 5. The flanking genomic 

sequences were retrieved using the Ensembl database (GRCh37/hg19 assembly) 

(http://grch37.ensembl.org/Homo_sapiens) [52] and previously subjected to repeat 

masking through the RepeatMasker service (http://www.repeatmasker.org).  

 

 

 

Fig. 5 - Schematic representation of the repeat masked sequence in the flanking regions of pathogenic X-CNVs 

associated with XLID genes. A 2-kb region flanking each breakpoint was subjected to repeat analysis.  

 

Analysis of repeats overlapping the pathogenic breakpoints  

The 51 XLID-associated CNVs and their pathogenic co-variants were subjected 

to scanning of overlapping repeats in their breakpoints. This analysis was performed in 

the UCSC Genome Browser (GRCh37/hg19 assembly) (https://genome.ucsc.edu) 

[54].  

The data of all the segmental duplications was retrieved from the UCSC 

Genome Browser (GRCh37/hg19 assembly).  

http://grch37.ensembl.org/Homo_sapiens
http://www.repeatmasker.org/
https://genome.ucsc.edu/
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Population genetics analysis  

A comparative analysis between the breakpoints of the selected 51 XLID-

associated CNVs, their 20 pathogenic co-variants and non-pathogenic CNVs was 

performed using data presented as supplementary materials, provided by Sudmant et 

al. (2015) [8], in their recent publication on human CNV global diversity and population 

stratification. Only the most proximal non-pathogenic CNVs were selected for each 

breakpoint of each pathogenic CNV. Non-pathogenic variants overlapping the core of 

pathogenic CNVs were only considered if their breakpoints were the most proximal 

CNV in the vicinity of pathogenic breakpoints.  
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Results and Discussion 

 

The results in this work are presented in two sections as follows: 

Section I: Publications resulting from this thesis  

Section II: In silico analysis of the breakpoints of XLID-associated pathogenic CNVs 

 

 

Section I: Publications resulting from this thesis  

Although low copy repeats (LCRs) are primarily associated with NAHR events 

and genomic instability, previous reports suggest that retrotransposons are equally 

highly influential. Thus, a literature review focused on low copy and high copy repeats 

influencing the breakpoints of disease-associated CNVs was performed and 

successfully published in Human Genomics as Cardoso et al. (2016).   
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Section II: In silico analysis of the breakpoints of XLID-associated 

pathogenic CNVs 

 

Selection of XLID genes on the X chromosome 

There are several genes in the current X-linked disability panel. However, only a 

few are directly involved in the phenotype, systematically associated with mental 

retardation and tested routinely in laboratories. The present work involved an 

exhaustive research to select the genes that were more frequently reported to be 

associated with the intellectual disability phenotype, whether syndromic or non-

syndromic. A total of 37 genes (Table 2) are involved in non-syndromic XLID, which 

indicates that ID is an isolated phenotype and the single clinical manifestation; and 

syndromic XLID, where the ID phenotype is an unspecific symptom accompanied by 

other symptoms. 

 

Table 2 – Characteristics of the selected XLID-associated genes [47, 55]. 

 

OMIM ref. Gene Locus Designation Function 
XLID-related clinical 

phenotype
3
 

*302910 CLCN4 Xp22.2 Chloride channel 4 Chloride transport MRX49 (NS); MRX15 (NS) 

*300828 PTCHD1 Xp22.11 
Patched domain-

containing protein 1 

Involvement in 
hedgehog signaling 

pathway 
MRX; X-linked autism 4  

*300075 RPS6KA3 Xp22.12 
Ribosomal protein S6 

kinase 
Cell differentiation and 

maintenance 
Coffin-Lowry syndrome; 

MRX19 (NS) 

*300382 ARX Xp21.3 
Aristaless-related 

homeobox 
Cerebral development 

Partington syndrome; Proud 
syndrome; MRX29; MRX32; 
MRX33; MRX38; MRX43; 
MRX54; MRX76; MRX87      

(all NS MRX) 

*300206 IL1RAPL1 
Xp21.3-
p21.2 

Interleukin-1 receptor 
accessory protein-like 1 

Synaptic regulation MRX21 (NS) 

*300072 USP9X Xp11.4 
Ubiquitin-specific 

protease 9 
Regulation of 

chromosomal alignment 
MRX99 (NS) 

*300096 
TM4SF2/ 
TSPAN7 

Xp11.4 Tetraspanin 7 
Neurite growth 

regulation 
MRX58 (NS) 

*314995 ZNF41 Xp11.3 Zinc finger protein 41 Transcription regulation MRX89 (NS) 

*300573 ZNF674 Xp11.3 Zinc finger protein 674 Transcription regulation MRX92 (NS) 

*314998 ZNF81 Xp11.23 Zinc finger protein 81 Transcription regulation MRX45 (NS) 

*300499 FTSJ1 Xp11.23 FTSJ homolog 1 Translation regulation MRX9 (NS) 

*300463 PQBP1 Xp11.23 
Polyglutamine-binding 

protein 1 
Transcription regulation Renpenning syndrome 1  

*300522 IQSEC2 Xp11.22 
IQ-motif and SEC7 
domain-containing 

protein 2 

Cytoskeletal 
organization & synaptic 

function 
MRX78 (NS) 

                                                            
3
 S - Syndromic mental retardation / NS – Non-syndromic mental retardation 
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*300697 HUWE1 Xp11.22 

HECT, UBA and WWE 
domain containing 1, 
E3 ubiquitin protein 

ligase 

Transferase, ligase and 
binding activity 

MRX (Turner type) (S) 

*300560 
PHF8/ 

ZNF422 
Xp11.22 PHD finger protein 8 Histone demethylation MRX (Siderius type) (S) 

*314690 
KDM5C/ 
JARID1C 

Xp11.22 
Lysine-specific 

demethylase-5C 
Transcription 
repression 

MRX (Claes-Jensen type) (S) 

*300286 
KLF8/ 

ZNF741 
Xp11.21 Kruppel-like factor 8 Signalling pathways MRX (NS) 

*300127 OPHN1 Xq12 Oligophrenin 1 Cytoskeletal modulation 
MRX w/ cerebellar hypoplasia 
and distinctive facial features 

(S) 

*300189 DLG3 Xq13.1 Discs large homolog 3 
Synaptic signalling 

pathways 
MRX90 (NS) 

*300521 KIF4A Xq13.1 
Kinesin family member 

4A 
Cell division and other 

cell processes 
MRX100 (NS) 

*300379 RLIM Xq13.2 
Ring finger protein, LIM 

domain interacting 

Co-regulation of 
transcription factors & 

chrX inactivation 
initiation 

MRX61 (NS) 

*300576 ZDHHC15 Xq13.3 
Zinc finger DHHC 
domain-containing 

protein 15 
Receptor activity MRX91 (NS) 

*300553 BRWD3 Xq21.1 
Bromodomain and WD 

repeat-containing 
protein 3 

Cell morphology 
regulation & 
cytoskeletal 
organization 

MRX93 (NS) 

*300460 PCDH19 Xq22.1 Protocadherin 19 Cell adhesion Juberg-Hellman Syndrome 

*300204 MID2 Xq22.3 Midline 2 
Microtubule 
stabilization 

MRX101 (NS) 

*300142 PAK3 Xq23 
p21 protein-activated 

kinase 3 
Signal transduction & 

cell regulation 
MRX30 (NS) 

*300157 ACSL4 Xq23 
Acyl-CoA synthetase 
long chain family 4 

Fatty acids conversion MRX63 (NS) 

*300304 CUL4B Xq24 Cullin 4B 
DNA repair 

mechanisms & protein 
regulation 

MRX (Cabezas type) (S) 

*312180 UBE2A Xq24 
Ubiquitin-conjugating 

enzyme E2A 
DNA damage repair MRX (Nascimento type) (S) 

*300298 UPF3B Xq24 
UPF3 regulator of 

nonsense transcripts 
homolog B 

Nonsense-mediated 
decay promotion & 

translation regulation 
MRX14 (NS) 

*300395 THOC2 Xq25 
THO complex, subunit 

2 
Neuronal development MRX12 (NS) 

*300267 ARHGEF6 Xq26.3 
Rho guanine nucleotide 

exchange factor 6 

Gene expression, 
cytoskeletal 

architecture & 
apoptosis 

MRX46 (NS) 

*300104 GDI1 Xq28 
GDP dissociation 

inhibitor 1 
Organelle molecular 

trafficking 
MRX41 (NS) 

*300774 RAB39B Xq28 Ras associated protein 
Organelle molecular 

trafficking 
MRX72 (NS) 

*300019 HCFC1 Xq28 Host cell factor C1 Controlling of cell cycle  MRX3 (NS) 

*300138 CLIC2 Xq28 
Chloride intracellular 

channel 2 

Regulation of calcium 
homeostasis in cardiac 

cells 
MRXS32 (S) 

*300005 MECP2 Xq28 
Methyl-CpG-binding 

protein 2 
Neuron maturation 

Rett syndrome; MRXS13 (S); 
MRX (Lubs type) (S) 

 

As shown in table 2, some of the XLID genes are involved in essential biological 

pathways and some are directly involved in synaptic activity and development of the 

nervous system. Therefore, it is plausible that alterations in the copy number of these 

genes will have moderate to severe consequences, depending on the number of genes 

affected.  
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Fig. 6 – Density of repetitive elements, protein coding genes and the selected XLID-associated genes (n=37)
4
.   

 

Fig. 6 displays the XLID genes density on the X chromosome and reveals the 

hotspots. Despite the bias due to the sample size, it is worth mentioning that the 

“hotspots” correspond to previously reported unstable regions of the X chromosome. 

For instance, the Xq28 arm is an unstable region associated with several 

neurodevelopmental disorders and syndromes (e.g. Xq28 microduplication syndrome, 

Rett syndrome, etc.). The Xp11.23-Xp11.22 region is prone to recombination events 

and typically included within a Xp11.2 duplication associated with intellectual disability 

[56].   

 

Search for pathogenic copy number variations associated with XLID 

The search for pathogenic variants on DECIPHER v9.10 revealed 51 CNVs 

from distinct patients and different patterns of inheritance. Possibly, likely and definitely 

pathogenic variants are associated with distinct probabilities regarding the causality of 

XLID. 

                                                            
4 Data retrieved from the Ensembl database (GRCh37/hg19 assembly) (http://grch37.ensembl.org/Homo_sapiens) [52] 

http://grch37.ensembl.org/Homo_sapiens
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Table 3 – Pathogenic copy number variants associated with X-linked intellectual disability genes. 

 

Patient ID 
(DECIPHER 

v9.10) 
CNV 

Inheritance / 
Pathogenicity 

Type 
Breakpoint coordinates (bp) 

(GRCh37/hg19) Associated XLID genes 

 
288745, 
289436, 
289986 

1 
De novo 

constitutive/Possibly 
pathogenic 

Gain X:60,691-155,246,653 All 37 genes 

288698 2 
Unknown/Possibly 

pathogenic 
Loss X:162,424-58,482,394 

PTCHD1, HUWE1, 
USP9X, CLCN4, IQSEC2, 
FTSJ1, KDM5C, ZNF81, 

PQBP1, KLF8, ARX, 
TSPAN7, ZNF41, 

IL1RAPL1, RPS6KA3, 
ZNF674 

289320 3 
De novo 

constitutive/Possibly 
pathogenic 

Gain X:166,304-13,951,437 CLCN4 

288815 4 
Unknown/Definitely 

pathogenic 
Gain X:166,304-155,198,515 All 37 genes 

289471 5 
Unknown/Possibly 

pathogenic 
Gain X:166,304-155,208,397 All 37 genes 

275233 6 
De novo 

constitutive/Definitely 
pathogenic 

Del X:27,546,626-37,473,947 IL1RAPL1 

288399 7 

Maternally inherited, 
constitutive in 

mother/Possibly 
pathogenic 

Loss X:29,538,902-29,637,678 IL1RAPL1 

328709 8 

Paternally inherited, 
constitutive in 
father/Possibly 

pathogenic 

Del X:29,730,735-29,812,525 IL1RAPL1 

289703 9 
Unknown/Possibly 

pathogenic 
Gain X:29,871,994-30,082,735 IL1RAPL1 

314667 10 
Unknown/Probably 

pathogenic 
Del X:29,934,764-30,026,237 IL1RAPL1 

290238 11 

Maternally inherited, 
constitutive in 

mother/Possibly 
pathogenic 

Del X:38,398,928-38,582,588 TSPAN7 

289121, 
289866, 
290096, 
290288 

12 

Paternally inherited, 
constitutive in 
father/Possibly 

pathogenic 

Gain X:38,488,581-38,621,627 TSPAN7 

314823 13 
Unknown/Possibly 

pathogenic 
Dup X:38,488,637-38,547,932 TSPAN7 

332003 14 
Unknown/Probably 

pathogenic 
Del X:38,511,318-38,676,376 TSPAN7 

290181 15 
Unknown/Possibly 

pathogenic 
Loss X:47,330,199-47,334,872 ZNF41 

288574, 
289575, 
290210 

16 
Unknown/Possibly 

pathogenic 
Loss X:47,330,199-47,335,098 ZNF41 

289561 17 
Unknown/Possibly 

pathogenic 
Gain X:47,414,181-48,204,109 ZNF81 

286242 18 
De novo 

constitutive/Definitely 
pathogenic 

Dup X:48,141,481-52,825,564 FTSJ1, PQBP1 

289849 19 
Unknown/Possibly 

pathogenic 
Gain X:48,204,030-52,624,130 FTSJ1, PQBP1 

289272 20 

Maternally inherited, 
constitutive in 

mother/Possibly 
pathogenic 

Loss X:48,289,368-48,349,670 FTSJ1 

289499 21 
Unknown/Possibly 

pathogenic 
Gain X:48,289,368-52,693,971 FTSJ1, PQBP1 

322832 22 
De novo 

constitutive/Definitely 
pathogenic 

Dup X:48,434,450-51,488,014 PQBP1 
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291036 23 

Maternally inherited, 
constitutive in 

mother/Definitely 
pathogenic 

Dup X:53,228,159-54,133,745 
PHF8, HUWE1, IQSEC2, 

KDM5C 

291035 24 

Maternally inherited, 
constitutive in 

mother/Definitely 
pathogenic 

Dup X:53,316,246-54,074,268 PHF8, HUWE1, IQSEC2 

289296 25 

Maternally inherited, 
constitutive in 

mother/Possibly 
pathogenic 

Gain X:53,453,926-53,713,965 HUWE1 

(*) 26 Pathogenic Dup X:66,941,778-67,729,969 OPHN1 

288606 27 
Unknown/Possibly 

pathogenic 
Loss X:67,394,080-67,433,649 OPHN1 

(*) 28 Pathogenic Del X:69,687,275-69,728,100 DLG3 

289249, 
288224, 
288694, 
289428 

29 

Maternally inherited, 
constitutive in 

mother/Possibly 
pathogenic 

Gain X:74,462,973-74,651,635 ZDHHC15 

283470 30 
Unknown/Probably 

pathogenic 
Dup X:74,494,004-74,649,820 ZDHHC15 

314839 31 
Unknown/Possibly 

pathogenic 
Dup X:79,915,497-80,007,002 BRWD3 

290295 32 
Unknown/Possibly 

pathogenic 
Loss X:79,952,082-79,978,501 BRWD3 

289519 33 
Unknown/Definitely 

pathogenic 
Loss X:93,755,145-100,251,990 PCDH19 

287183 34 
De novo 

constitutive/Definitely 
pathogenic 

Dup X:100,809,070-111,920,771 MID2, ACSL4, PAK3 

258495 35 
De novo 

constitutive/Probably 
pathogenic 

Del X:107,010,891-107,143,747 MID2 

327139 36 
Unknown/Definitely 

pathogenic 
Dup X:118,869,558-123,316,206 UPF3B, THOC2, CUL4B 

290060 37 
De novo 

constitutive/Possibly 
pathogenic 

Gain X:119,252,936-126,163,222 THOC2, CUL4B 

300665 38 

Maternally inherited, 
constitutive in 

mother/Definitely 
pathogenic 

Dup X:122,207,979-123,357,995 THOC2 

285178 39 
Unknown/Probably 

pathogenic 
Dup X:122,497,089-122,869,869 THOC2 

289207 40 

Maternally inherited, 
constitutive in 

mother/Possibly 
pathogenic 

Gain X:135,335,340-135,810,683 ARHGEF6 

323519 41 

Imbalance arising 
from a balanced 

parental 
rearrangement/Definit

ely pathogenic 

Gain X:148,094,889-155,208,254 
MECP2, GDI1, CLIC2, 

RAB39B, HCFC1 

288130 42 
Unknown/Possibly 

pathogenic 
Gain X:153,291,208-153,379,847 MECP2 

290190 43 
Maternally 

inherited/Possibly 
pathogenic 

Gain X:153,505,460-153,871,986 GDI1 

(**) 44 Unknown Gain X:153,564,843-153,882,630 GDI1 

(**) 45 Unknown Gain X:153,564,843-153,889,019 GDI1 

314984 46 

Maternally inherited, 
constitutive in 

mother/Possibly 
pathogenic 

Dup X:153,576,880-153,832,734 GDI1 

307704 47 

Maternally inherited, 
constitutive in 

mother/Possibly 
pathogenic 

Dup X:153,576,905-153,832,705 GDI1 

287173 48 
Unknown/Possibly 

pathogenic 
Dup X:153,589,508-154,002,457 GDI1 
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289986 49 
Unknown/Possibly 

pathogenic 
Gain X:153,664,474-153,666,574 GDI1 

288134 50 
Unknown/Possibly 

pathogenic 
Gain X:154,112,938-154,560,384 CLIC2, RAB39B 

288462 51 

Paternally inherited, 
constitutive in 
father/Possibly 

pathogenic 

Loss X:154,118,578-154,560,384 CLIC2, RAB39B 

 

(*) Variants retrieved from Isrie et al (2012) [37] and breakpoints remapped from the NCB36/hg18 assembly to the 

GRCh37/hg19 assembly  

(**) Variants retrieved from Vandewalle et al (2009) [53] 

 

As shown in Table 3, the majority of the selected 51 CNVs include at least one 

of the selected XLID genes.  

Some of the selected XLID-associated variants in the X chromosome co-

express with likely benign, potentially or definitely pathogenic variants located in other 

chromosomes (Appendix I). For the analysis of co-variants, only potentially or 

causative pathogenic variants were considered due to a possible influence on the ID 

phenotypic manifestations. For instance, one of the individuals that manifested the 

XLID phenotype and expressed the CNV-1 variant also revealed a 2.2 kb deletion on 

the Cri du Chat locus (chromosome 5) that could be associated with severe 

developmental delay. As such, the ID phenotype could also be related to this variant. 

However, it is important to remark that other patients expressing the same variant 

(CNV-1) and a XLID phenotype did not reveal a pathogenic co-variant.  

The patient that carried variant 41 (CNV-41) also revealed a causative 

pathogenic variant on chromosome 9 that involved a considerable amount of 

developmental disorders related genes. Therefore, it is unclear if the ID phenotype is a 

consequence of the pathogenic X chromosome variant, the co-variant or both variants. 

The same inconclusive statement can be attributed to variant 17 (CNV-17) and its co-

variant on chromosome 11.  

A patient with the possibly pathogenic CNV-49 variant manifested three distinct 

variants on chromosome 6 and chromosome 22. The loci of two of these variants are 

associated with syndromes that cause developmental delay (22q11 duplication 

syndrome and Phelan-McDermid syndrome); therefore it is unclear if the ID phenotype 

is a consequence of the X-CNV. The CNV-49 variant (2 kb) is located within the Xq28 

duplication syndrome locus (257 kb) and only involves one dosage-sensitive gene 

(GDI1) that is highly expressed in the brain and is associated with XLID [53].  



FCUP 
Influence of repetitive elements on pathogenic copy number variants (CNVs)                            

associated with X-Linked Intellectual Disability (XLID) 

36 

 
The observations indicate that analyses of the variants that co-occur with the X-

linked CNV are still important when the geneticist attempts to establish genotype-

phenotype relationships.  

 

Repeat masking and proportions of repetitive elements 

The analysis of repetitive elements within the breakpoints of the selected 

pathogenic CNVs revealed the prevalence of LINE elements (≈31.0%) and SINE 

elements (≈21.4%). The long terminal repeats (LTRs), DNA elements and other 

elements represent 14.4%, 13.5% and 19.7% of the total repeats on the 51 CNVs, 

respectively. The coverage of each element within its corresponding category is shown 

in Fig. 7.  

 

 

 

Fig. 7 – Frequency of five categories of repetitive elements present in the 51 XLID-associated CNVs. 

 

In general LINE1 are the most abundant repeats (70.6%), followed by Alu 

(64.7%), simple repeats (58.8%), LINE2 (52.9%), ERVL-MaLR (27.5%), MIRs (31.4%), 

hAT-Charlie (25.5%), TcMar-Tigger (19.6%), low complexity repeats (19.6%), ERV 

class I (17.7%), ERVL (17.7%), L3/CR1 (11.8%), small RNAs (5.9%), satellites (2.0%) 

and at last, some unclassified elements which in total represent 2.0% (Fig. 7).  
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Within the SINEs category, about 67.3% of these elements represent Alu and 

32.7% MIR. Alu elements are considered one of the most successful class of 

retrotransposons in the human genome and they account for 11% of the human 

genome [34]. The result of this breakpoint analysis revealed that Alu elements are in 

fact very abundant in the genome and that they are the second most abundant class of 

retrotransposons flanking the breakpoints of pathogenic or potentially pathogenic copy 

number variants. Overall, these elements are naturally abundant in the human 

genome; however it is important to underline that they may generate microdeletions 

through Alu-Alu recombination events. Therefore, it is quite plausible that some of the 

presented smaller variants with a high Alu density nearby the breakpoints suffered 

recombination between two or more homologous Alus.  

The LINEs category included the general and categorical most abundant 

repeats L1 (50.7%), LINE2 (38.0%), the less abundant L3/CR1 (8.5%) and some 

unclassified elements (2.8%), which probably represent L1 or LINE2.   

The autonomous L1 elements are the most abundant transposons in mammals 

and together with the Alu elements constitute the exclusive active transposons in 

humans. Despite the fact that L1 elements are very abundant, only a small amount of 

copies (around 80-100) retain their retrotransposition ability since most of their copies 

are actually defective and inactive [29, 33]. The LINE2 elements also represent a great 

portion of the LINEs category. However, both LINE2 elements and L3/CR1 elements 

represent inactive TEs [33].  

Within the LTR elements, ERV-like sequences with mammalian long terminal 

repeats (ERVL-MaLR) are the dominant repeats (42.4%), followed by 27.3% of ERV 

class I elements and 27.3% of ERVLs. About 3.0% of the LTR elements remained 

unclassified.  

The DNA elements category included DNA transposons such as hAT-Charlie, 

which represents 41.9% of these elements, TcMar-Tigger (32.3%) and some 

unclassified elements (25.6%).  

Other elements detected by RepeatMasker and classified as a category were 

the abundant simple repeats (66.7%), low complexity repeats (22.2%), small RNA 

(6.7%), satellites (2.2%) and some other unclassified repeats (2.2%).  
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Overall, these results suggest that LINE1, Alu, simple repeats and LINE2 

constitute the majority of the repetitive sequences within the flanking regions of the 

breakpoints. Both SINEs and LINEs are associated with insertion mutations, human 

disease and potential involvement in pseudogene formation [57]. Furthermore, Alu 

repeats are preferentially incorporated in genomic regions with high GC content, which 

points to the proximity to functional genes [20],  suggesting influence on nearby genes.  

However, Alus are also very frequent in terms of the human genome, occurring with a 

rate of more than once every 3 kb, so it is expected that such a large portion of these 

elements are present within 4 kb, which is the total sequence size of the analyzed 

flanking regions of the CNV breakpoints. As stated before, LINEs and in particular L1 

are very abundant in the X chromosome [40, 41] and these results clearly show this 

fact since L1 constitute approximately 71% of the analyzed sequences.  

The fact that both LINE1 and Alu preserve retrotransposition activity and 

represent the most abundant elements within a 1 kb radius from the breakpoints of 

pathogenic CNVs suggests their influence on the structural instability.  

 

Analysis of repeats overlapping the pathogenic breakpoints 

In order to further investigate and characterize the precise genomic architecture 

of breakpoints of the pathogenic CNVs, the detailed region of each breakpoint was 

analyzed on UCSC Genome Browser. Repetitive elements of distinct features and 

families were found in the exact location of some of the breakpoints (Appendix II). 

The analysis revealed that some breakpoints of XLID variants lie within one or 

more repetitive sequences. About 12.7% of the breakpoints (n=102) of the 51 XLID-

associated CNVs were lying on a retrotransposon sequence. As would be expected, 

LINEs were the most frequent repeats. Intra-chromosomal segmental duplications that 

frequently generate local instability were found to incorporate some of the pathogenic 

breakpoints.  

It is however important to note that the majority of the selected variants are non-

recurrent and thus estimating their underlying mechanisms of formation is challenging 

and would require extensive research. Homology may have played a role in the 

formation of these variants however as previously stated homology is not implicit in 

DNA repair mechanisms such as non-homologous end joining (NHEJ), which does not 
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require substrate homology and may involve the joining of structural variants of several 

base pairs [19]. 

Thus, although it is very unlikely that these variants resulted from NAHR events 

it is plausible that similar putative variants with different sizes may rise from homology-

based recombination events due to an abundance of intra-chromosomal homologous 

repeats.  

About 15.0% of the breakpoints (n=40) of the 20 pathogenic co-variants were 

found within a repetitive sequence. Despite the small sample size that may bias the 

results, this combined information shows that pathogenic breakpoints may lie within 

repetitive sequences that lead to genomic instability and therefore may trigger the 

formation of new variants.  

 

Population genetics analysis  

In order to visualize the minimum distance between the breakpoints of a XLID-

associated variant and a non-disease associated CNV reported by Sudmant et al. 

(2015) [8] we plotted the corresponding distances in Fig. 8.  
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Fig. 8– Sequence size separating the breakpoints of pathogenic XLID-associated CNVs (N=51) and the breakpoints of 

non-pathogenic CNVs (N=43) (a) and sequence size separating the breakpoints of pathogenic co-variants of XLID-

associated CNVs (N=20) and the breakpoints of non-pathogenic CNVs (N=30) (b). 

 

The 43 non-disease associated CNVs proximal to the breakpoints of the 51 

pathogenic CNVs revealed a minimum distance of 0.8 kb and the maximum distance of 

1.3 Mb.  Overall, 33% of the sequence sizes between a pathogenic breakpoint and a 

non-pathogenic breakpoint were around 1-50 kb whereas sequence sizes longer than 

50 kb and shorter than 100 kb represented 18% (Fig. 8a). Categories above 251 kb 

individually represent approximately or less than 10%. Within the 1-50 kb category, 

34% of the breakpoints were less than 10 kb apart, suggesting that the majority of non-

pathogenic CNVs are very proximal to pathogenic CNVs. The second most prevalent 

category was 31-40 kb (22%), followed by 41-50 kb (19%), 21-30 kb (16%) and finally 

11-20 kb (9%).  

These results suggest proximity between non-pathogenic variants and 

pathogenic variants, therefore underlining the complexity of copy number variants. 

Variants that differ in a few nucleotides can affect individuals in distinct ways; one CNV 

may be involved in normal variation among population whereas the other may cause 

clinical phenotypic manifestations. For instance, a non-pathogenic variant was reported 

only 800 nucleotides apart from pathogenic variant CNV-11 which is associated with an 

autistic and intellectual disability phenotype. However, CNV-11 is a 184 kb deletion 

overlapping a XLID gene (TSPAN7) and a pseudogene whereas the non-pathogenic 

CNV is a 7 kb deletion that does not overlap any gene.  
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Regarding the pathogenic co-variants of the selected XLID-associated CNVs, 

30 non-pathogenic CNVs were selected for the analysis due to their proximity to the 

pathogenic breakpoints. Similarly to X-CNVs, most breakpoints of the pathogenic co-

variants are located in the vicinities of non-pathogenic CNVs (1-100 kb apart) (Fig. 8b). 

About 29% of the sequence size separating both types is 1-50 kb, with a considerable 

proportion (27%) falling within the ≤ 10 kb category. Once again, the complexity of copy 

number variants is underlined in this analysis. In this co-variant analysis, the shortest 

noted distance between both types of breakpoints was 2 kb whereas the longest was 

914 kb.  

This analysis revealed than many non-pathogenic CNVs intersect both types of 

pathogenic CNVs and are within their sequence, consequently challenging the 

understanding of the pathogenicity of a structural variant. It is likely that even though 

these non-pathogenic CNVs intersect pathogenic variants, their sequences are 

comparatively small and do not include promoter regions or biologically important 

genes.  

 

Copy number variant size 

A comparative analysis between the sizes of both types of CNVs was 

performed to validate the influence of the variant size in pathogenicity.  
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Fig. 9 – Size of the selected XLID-associated pathogenic CNVs (n=51).  Sizes of ≥ 1000 kb (1Mbp) are represented in 

the isolated section (a). Size of pathogenic CNVs (n=20) co-segregated with the selected XLID-associated pathogenic 

CNVs (b).  

 

Regarding CNV size, the majority of the selected XLID-associated CNVs were 

found to be 1-100 kb in size (25%) (Fig. 9a). Furthermore, 32% of these variants are 

very large in size (≥ 1 Mbp) and 6% of these CNVs encompass the entire X 

chromosome sequence (155 Mbp) which includes many neurodevelopmental genes. 

The fact that in such a small sample size (n=51) around 32% of the CNVs are very 

large suggests that variant size may be an important factor influencing pathogenicity. It 

would be of interest to perform a more exhaustive analysis with a larger sample to 

confirm this influence.  

Additionally, the same pattern was noted regarding the size of pathogenic co-

variants segregating with the XLID-associated CNVs (Fig. 9b). The majority of variants 

were found to be 1-100 kb in size (50%) and similarly to the XLID variants, the second 

most frequent category was 101-200 kb (30%). Pathogenic variants greater than 1 Mbp 

in size were not reported for the co-variants.  

In conclusion, pathogenic CNVs associated with XLID genes tend to either have 

a small to moderate size (1-200 kb, 37%) or a very large size (1-155 Mbp, 32%).   
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A comparative analysis between the sizes of the different copy number variants 

revealed that pathogenic CNVs tend to be larger in size (Table 4). 

 

Table 4 - Comparative analysis between sizes of non-pathogenic CNVs (X chromosome and autosomes) and 

pathogenic CNVs (selected XLID-associated variants and their co-variants). 

 

 
Coverage 

 
Pathogenic CNVs Non-pathogenic CNVs 

Size XLID variants (n=51) Co-variants (n=20) X chromosome (n=43) Autosomes (n=30) 

1-50 kb 11.8% 40.0% 88.4% 83.3% 

51-100 kb 13.7% 10.0% 2.3% 10.0% 

>100 kb 
 

74.5% 
(42.0% ≥ 1Mbp) 

50.0% 9.3% 6.7% 

 

While non-pathogenic CNVs are mostly 1-50 kb long, most pathogenic variants 

are more than 100 kb in size. Particularly, 42% of the XLID variants with more than 100 

kb are larger than 1 Mbp which considerably affects the genomic sequence. These 

discrepancies between CNV sizes are interesting since larger variants tend to affect a 

wider group of genes and consequently cause disease.  

As shown in table 2, chromosome X encodes crucial genes involved in neuronal 

development and maturation, synaptic signaling pathways, hedgehog signaling 

pathways (required for embryonic development), transcription regulation, cell 

stabilization, DNA repair mechanisms and biochemical pathways involving fatty acids 

that constitute myelin sheaths. Therefore, it is important to remark that copy number 

variants influencing these genes, whether by dosage malfunction or interference in 

gene regulation, will likely cause severe damage and influence embryonic 

development. However, it is still important to remark that smaller variants might still be 

equally damaging depending on the affected genomic regions.  
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Conclusions 

 

Copy number variants are useful but challenging molecular markers due to their 

structural complexity and different levels of phenotypic penetrance among individuals, 

which results in the difficulty in estimating the frequency of pathogenic variants.  

Repetitive elements such as low copy repeats and high copy repeats are deeply 

involved in the formation of these variants and may lead to complex rearrangements 

that may manifest in the form of a clinical phenotype. Requirements for the occurrence 

of NAHR events between highly homologous sequences vary among individuals; 

consequently, the frequency estimation for a given pathogenic CNV that resulted from 

NAHR is challenging. Additionally, less frequent mechanisms (e.g., NHEJ, FoSTeS, 

BIR, etc.) may lead to CNV formation, which in turn adds to the complexity of these 

variants. Whenever a new pathogenic variant is reported several mechanistic ways of 

formation are proposed and hypothesized. However, only a few are confirmed. Crucial 

facts such as hereditability (maternally/paternally inherited, de novo variant) and 

pathogenicity level are missing in most of the reported variants on the online 

databases.  

Genomic sequencing and in silico analysis of the flanking regions of pathogenic 

breakpoints can lead to the detection and better understanding of the unstable genomic 

regions (recombination hotspots) that predispose to these events. If homologous 

repetitive elements are scarce in a specific region, then more complex mechanisms 

(e.g., errors of DNA damage repair mechanisms, etc) may have been involved.  

Despite size being an influencing factor on pathogenicity, small variants can 

also cause severe consequences and lead to profound genomic disorders and 

syndromes. Moreover, these variants are less likely to involve complex molecular 

mechanisms but instead result of a simple recombination event between proximal 

homologous repeats such as LCRs, LINEs or Alus, which are the most abundant 

repeats.  

Regarding the case of X-linked intellectual disability, copy number variants tend 

to behave similarly to other markers. The involvement of repetitive elements and the 

specific mechanisms of XLID-CNV formation are unknown and hard to predict since 

some CNVs seem to be influenced by the repeats and others do not. Some CNVs may 

have been originated through NAHR events between homologous repeats whereas 

other CNVs, particularly non-recurrent variants [18], might have been involved in more 
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complex mechanisms that do not specifically require repeats (e.g., NHEJ, FoSTeS, 

BIR, etc.).  

Additionally, most pathogenic XLID CNVs are very proximal to non-pathogenic 

CNVs on the X chromosome and there is a considerable discrepancy between their 

sequence sizes. XLID-associated pathogenic copy number variants tend to be larger in 

size than non-pathogenic CNVs, therefore affecting more genes. Some pathogenic 

variants involve most of the official XLID genes, which are scattered throughout the X 

chromosome and one particular variant of 155 Mbp was reported in three different 

patients. 

It would be interesting to replicate this particular analysis with a larger sample 

size or a different phenotype to further investigate the correlation between pathogenic 

and non-pathogenic copy number variants whenever more data becomes available in 

the literature. It would also be of interest to do an extensive research and detailed 

characterization of the elements that predispose the formation of structural variants in 

individuals. Currently, some factors are known to influence NAHR events however 

there are still some additional unknown influencing factors that could be very important 

for clinical genetics. The same applies to other molecular mechanisms that lead to 

CNV formation. More important than the size of the CNV itself is the mechanism behind 

its formation and hereditability pattern because it could help to unravel its 

pathogenicity.  

Although copy number variants are still not widely understood and many 

questions raise regarding these structural mutations, it still is a very promising and 

relevant topic of research. In the future, a complete database of all the compiled data 

from exhaustive population studies that have been regularly performed throughout the 

years will be of great interest and it will help many researchers and clinicians.  
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Appendix I: Co-variants expressed with the selected X-CNVs5.   

 

Patient ID 
(DECIPHER 

v9.10) 
X-CNV Type 

Co-variant coordinates (bp) 
(GRCh37/hg19) 

Pathogenicity 
ID related 
phenotype 

289986 1 Del chr5:16,487-235,903 
Possibly 

pathogenic 
SDHA is a DD 

gene 

288698 2 

Del chr2:79,969,663-80,073,712 
Possibly 

pathogenic 
- 

Dup chr18:19,075,518-19,344,079 
Possibly 

pathogenic 
- 

289320 3 Del chrY:16,841,656-59,349,659 
Possibly 

pathogenic 
- 

288815 4 Del chr12:24,136,874-24,295,420 
Possibly 

pathogenic 
- 

290228 12 Del chr20:9,211,722-9,343,865 
Possibly 

pathogenic 
PLCB4 is a DD 

gene 

290181 15 Dup chr8:132,480,029-132,565,953 
Possibly 

pathogenic 
- 

288574 

16 

Dup chr9:260,360-416,483 
Possibly 

pathogenic 
DOCK8 is a DD 

gene 

290210 Dup chr19:42,676,550-43,757,775 
Possibly 

pathogenic 
ERF and MEGF8 

are DD genes 

289561 17 Del chr11:77,251,642-79,935,761 
Definitely 

pathogenic 
ALG8 is a DD 

gene 

289499 21 Dup chr2:2,581,387-3,584,779 
Possibly 

pathogenic 
- 

288606 27 Dup chr3:10,092,320-10,288,971 
Possibly 

pathogenic 
FANCD2 is a DD 

gene 

283470 30 

Dup chr14:26,658,905-27,538,941 
Probably 

pathogenic 
- 

Dup chr5:58,885,448-59,212,327 
Probably 

pathogenic 
PDE4D is a DD 

gene 

290295 32 Dup chr19:366,719-382,893 
Possibly 

pathogenic 
- 

323519 41 Del chr9: 204,183-5,951,402 
Definitely 

pathogenic 

DOCK8, GLIS3, 
MARCA2, VLDLR 

are DD genes 

289983 49 

Del chr6:56,627,396-56,695,989 
Possibly 

pathogenic 
- 

Dup chr22:19,747,556-19,749,395 
Possibly 

pathogenic 
TBX1 is a DD 

gene 

Del chr22:51,161,423-51,172,097 
Possibly 

pathogenic 

SHANK3 is a 
probable DD 

gene 

288134, 
288462 

50 & 51 Del chr4:184,999,811-185,119,826 
Possibly 

pathogenic 
- 

 

 

 

 

 

 

 

                                                            
5 DD is an abbreviation for Developmental Disorder and indicates genes belonging to the Developmental Disorders 

Genotype-Phenotype Database (DDG2P) and confirmed as being associated with developmental disorders.  
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Appendix II: Repetitive elements overlapping some of the breakpoints of XLID-

associated CNVs and co-variants of XLID-associated CNVs.  

 

  
Repeats lying on pathogenic breakpoints 

X-CNV 
Breakpoint coordinate (bp) 

(GRCh37/hg19) 
Repeat type  

Repeat coordinates (bp) 
(GRCh37/hg19) 

2 
chrX:162,424 Simple tandem repeat chrX:154,937-166,217 

chrX:58,482,394 L1PA3 (LINE) chrX:58,482,386-58,482,785 

6 chrX:27,546,626 TA(n) (Simple repeat) chrX:27,546,540-27,546,659 

8 chrX:29,812,525 LTR82B (LTR)  chrX:29,812,481-29,813,195 

9 chrX:30,082,735 MamGypLTR2c (LTR) chrX:30,082,643-30,082,774 

15 & 16 chrX:47,330,199 L1MEA3 (LINE) chrX:47,330,162-47,330,285 

16 chrX:47,334,872 L1M5 (LINE) chrX:47,334,868-47,335,006 

23 chrX:54,133,745 AluSx (SINE) chrX:54,133,521-54,133,824 

24 chrX:54,074,268 L2a (LINE) chrX:54,074,019-54,074,340 

25 chrX:53,453,926 AluSx (SINE) chrX:53,453,654-53,453,935 

26 chrX:67,729,969 L1MCa (LINE) chrX:67,729,693-67,730,074 

36 chrX:123,316,206 AluSx (SINE) chrX:123,316,140-123,316,223 

39 chrX:122,869,869 Tigger10 (TcMar-Tigger) chrX:122,869,636-122,869,910 

43 chrX:153,505,460 
L1MB5 (LINE) chrX:153,505,356-153,505,484 

Segmental duplication chrX:153,481,277-153,519,082 

44 & 45 chrX:153,564,843 Segmental duplication chrX:153,564,285-153,575,614 

48 chrX:154,002,457 L2b (LINE) chrX:154,002,320-154,002,633 

50 chrX:154,112,938 Segmental duplication chrX:154,109,089-154,118,602 

51 chrX:154,118,578 
L2b (LINE) chrX:154,118,568-154,118,613 

Segmental duplication chrX:154,109,089-154,118,602 

 

  
Repeats lying on pathogenic breakpoints 

X-CNV 
Co-variant breakpoint 

coordinate (bp)  
(GRCh37/hg19) 

Repeat type 
Repeat coordinates (bp) 

(GRCh37/hg19) 

1 
chr5:16,487 

L1MC3 (LINE) chr5:16,473-17,482 

Segmental duplication chr5:15,294-19,553 

chr5: 235,903 Segmental duplication chr5:235,806-259,327 

15 chr8:132,565,953 A-rich (Low complexity) chr8:132,565,946-132,566,002 

16 chr19:43,757,775 
LTR16B2 (LTR) chr19:43,757,753-43,758,149 

Segmental duplication chr19:43,757,731-43,758,380 

27 
chr3:10,092,320 AluY chr3:10,092,029-10,092,327 

chr3:10,288,971 AluJb chr3:10,288,965-10,289,266 

 


