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Abstract  

Background: Copy Number Variants (CNVs) are an important cause for human diseases. The overall 

aim of this DClinSci research project was to improve the classification and understanding of the impact 

of CNVs. Objectives: (1) Current approaches to clinical interpretation leave a significant proportion of 

CNVs with uncertain clinical significance (class 3). Periodic re-analysis of all Class 3 CNVs in a 

diagnostic laboratory is not feasible. We decided to devise a strategy to facilitate large-scale re-analysis 

for a sub-group of class 3 CNVs. (2) Socioeconomic status (SES) is a major determinant of health and 

related outcomes. Biological factors including genetic variants that may influence SES are only 

beginning to be understood. We decided to study the correlation between pathogenic CNVs and SES.  

Methods and Results:  We curated a large database of CNVs identified at the Manchester Centre of 

Genomic Medicine over a period of ~7 years via array comparative genomic hybridisation performed in 

~16,000 patients. We harmonised clinical class terminology as per current guidance and identified 

~7,000 Class 3 CNVs.  From these CNVs we chose to systematically re-analyse 2,173 class 3 losses 

(CNLs). Then using a gene-focussed approach, with up-to-date disease association information and 

haploinsufficiency scores we generated a shortlist of 204 class 3 CNLs that encompassed gene(s) with 

autosomal dominant disease association predicted to be haploinsufficient or have a loss of function 

disease mechanism. Clinical scientist manual review of these shortlisted CNLs led to reclassification of 

13 class 3 CNLs (~6.4% of the shortlisted cohort) as (likely)pathogenic. We then performed a detailed 

in silico analyses of a single case with class 3 16p13.3 CNL and showed that haploinsufficiency of 

ATP6V0C probably underlies the pathology of this condition. We studied the Index of Multiple 

Deprivation Rank (IMDR) of 473 individuals with (likely)pathogenic autosomal CNVs and known 

inheritance status. The IMDR distribution of families with (likely)pathogenic CNVs was significantly 

different from the general population. Families with inherited CNVs were significantly more likely to be 

living in areas of higher deprivation when compared with families that had individuals with de novo 

CNVs. Conclusions: We present an efficient re-analysis strategy for Class 3 CNLs for diagnostic 

laboratories. Although the value of re-analysis of next generation sequencing data is well established, 

this is the first such study of CNV re-analysis. Our study on correlations between pathogenic CNVs and 

SES provide unique insights into biological determinants of SES. As pathogenic CNVs are relatively 

frequent in the general population, these results have important medical and policy consequences. 
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1.1 DNA variation in the human genome 

Human genetic and genomic variations reflect differences in the DNA sequence between 

different individuals (Frazer et al., 2009; Ku et al., 2010). There are various types of variants in 

the human genome, including single nucleotide variants (SNVs), polymorphic tandem repeats, 

insertions and deletions (indels) of a few nucleotides, larger deletions or gains that change the 

copy number of a segment of DNA (copy number variations (CNVs)), in addition to copy-neutral 

structural chromosomal rearrangements such as inversions and translocations and aneuploidy 

involving the gain and loss of whole chromosomes (Frazer et al., 2009; Ku et al., 2010; Strachan 

and Read, 2011).  

 

These different types of genetic variants can range in size from single nucleotides to thousands 

and millions of bases and can occur within coding regions, non-coding regions or across both 

(Ku et al., 2010). SNVs are the most common of all and as the name indicates they involve a 

change in a single nucleotide at a specific locus. On the other hand, CNVs and structural 

variants (inversions and translocations) affect larger segments of DNA ranging from 50 

nucleotides to millions of bases. In between these extremes of sizes, tandem repeats and indels 

affect a range from few nucleotides (more than one) to a thousand or so (Ku et al., 2010; 

Strachan and Read, 2011). Genetic variants occur through different mechanisms, but generally 

they are a result of errors and mistakes of DNA replication and recombination that occurred 

during cell division (Ku et al., 2010; Strachan and Read, 2011). Genetic variants can also be 

classified as germline or somatic variants (Ku et al., 2010).  

 

Genetic variants contribute to human diversity and play a central role in making individuals 

unique. They also have important implications in health and disease (Ku et al., 2010; Zarrei et 

al., 2015). The rest of this introduction will focus on CNVs, their role in human disease and 

methods to identify them and determine their clinical significance in diagnostic genetic and 

genomic laboratories.  
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1.2 Copy number variation 

CNVs are the most common of all structural variants in the human genome (Stankiewicz and 

Lupski, 2010). They are unbalanced rearrangements that result in increase (gains) or decrease 

(deletions) in the DNA content and therefore alter the diploid status of the genome (Spielmann 

et al., 2018; Zarrei et al., 2015). CNVs involve more polymorphic base pairs than any other type 

of genetic variation including SNVs (Rice and McLysaght, 2017; Zarrei et al., 2015). On 

average, each individual has more than a 1,000 CNVs greater than 450bp in size, most of which 

are inherited, but some occur de novo (Conrad et al., 2010; Rice and McLysaght, 2017). Up to 

10% of the human genome shows structural variation in the general population, which is mainly 

caused by CNVs (Kearney et al., 2011; Lupiáñez et al., 2015; Zarrei et al., 2015). 

 

Although other forms of human genome variation (SNVs and cytogenetically recognisable 

structural variants) have been known for long time, the large-scale presence of CNVs across 

the human genome was only recognised relatively recently (Iafrate et al., 2004; Sebat et al., 

2004; Zarrei et al., 2015). This was mainly due to technical developments and the use of array 

comparative genome hybridisation (aCGH) (Iafrate et al., 2004; Sebat et al., 2004). Initially, 

CNV size was defined as larger or equal to 1Mb (Iafrate et al., 2004), however as microarray 

technology further advanced and resolution improved, CNVs are now defined as any 

unbalanced structural variants larger than 50bp, whereas smaller elements are known as 

insertions or deletions (indels) (Zarrei et al., 2015). 

 

1.2.1 CNV and human disease  

Although CNVs are largely polymorphic, pathogenic disease-causing CNVs with variable 

penetrance have also been identified (Hegele, 2007; Ibn-Salem et al., 2014; Rice and 

McLysaght, 2017; Riggs et al., 2020; Zarrei et al., 2015; Zhang et al., 2009). This can range 

from Mendelian disease to sporadic and complex disorders such as cancer, autism, 

schizophrenia and various other neurodevelopmental disorders (Coughlin et al., 2012; Shaikh 

et al., 2009; Xu et al., 2008; Zarrei et al., 2015). 
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It is estimated that approximately 5% of children are affected by developmental disorders of 

varying severity that result in various combinations of developmental delays, intellectual 

disability, neurological or behavioural problems and congenital malformations (McRae et al., 

2017). CNVs are implicated in ~14% of cases of developmental disorders in children and 

therefore contribute significantly to childhood morbidity (Cooper et al., 2011; Sansovi et al., 

2017). Hence, genome-wide testing of CNVs (losses and gains) is recommended as a first-tier 

test in the investigations of individuals with congenital abnormalities, developmental delays, 

autism spectrum disorders and intellectual disabilities (Riggs et al., 2020)  

 

1.2.2 CNV detection and diagnosis of disease 

The introduction of high resolution chromosomal microarray technologies, such as aCGH and 

single nucleotide polymorphism (SNP) arrays, into clinical practice have revolutionised 

investigations for patients with intellectual disability, developmental delays, autism spectrum 

disorders, epilepsy and multiple congenital abnormalities (Conrad et al., 2010; Hehir-Kwa et 

al., 2010; Miller et al., 2010; Rice and McLysaght, 2017; Riggs et al., 2020; Schaaf et al., 2011). 

 

Microarrays, especially aCGH, have now been used for more than a decade as a first-line 

diagnostic test for the above patient cohorts (Ahn et al., 2013; Miller et al., 2010; Riggs et al., 

2020). Due to the significantly higher resolution and the associated greater diagnostic yield, 

aCGH was considered a major improvement from the use of more traditional cytogenetic 

techniques such as karyotyping and fluorescence in situ hybridization (FISH) (Ahn et al., 2013).  

 

1.2.3 CNVs – mechanisms of pathogenesis 

There are several ways by which structural variants, including CNVs, can be pathogenic and 

cause or predispose to a disease phenotype. These include disruption of the copy number of 

dosage sensitive genes, gene interruption, gene fusion, spatial organisation and position effect 

which includes interfering with regulatory elements, disruption of chromosomal structures, and 

unmasking of recessive alleles (for example, being in trans with a recessive disease causing 

SNV) (Boone et al., 2013; Rice and McLysaght, 2017; Zhang et al., 2009). 
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Copy number disruption of dosage sensitive genes is thought to be the most common 

mechanism of CNV pathogenicity (Rice and McLysaght, 2017). Dosage disruption can happen 

through deletion of the gene, which may result in underexpression, or duplication of the gene 

and possible overexpression. This is supported by the positive correlation between copy 

number of genes and their expression levels in various settings (Henrichsen et al., 2009). The 

PMP22 gene is a typical example of a dosage sensitive gene. Deletion of PMP22 causing 

underexpression is associated with hereditary neuropathy with liability to pressure palsies 

(HNPP) (OMIM #162500) (Zhang et al., 2009). On the other hand, PMP22 duplication causing 

overexpression is associated with Charcot-Marie-Tooth Neuropathy Type 1A (CMT1A) (OMIM 

# 118220) (Zhang et al., 2009). Gene interruption, is another mechanism of CNV pathogenesis 

and can happen when structural variants’ breakpoints are located within functional genes, 

examples include intragenic DMD gene deletions and duplications associated with Duchene 

and Becker muscular dystrophies (Hegde et al., 2008).  

 

Interfering with regulatory elements, such as silencers, promoters, enhancers and Topologically 

Associating Domains (TADs), is another mechanism by which CNVs are known to cause 

human disease (Lupiáñez et al., 2015; Zarrei et al., 2015; Zhang and Lupski, 2015). This is 

especially true when CNVs occur in non-coding regions. Examples include 8kb deletion 

upstream ROU3F4 associated with deafness and deletion/duplications upstream and 

downstream of SOX9 resulting in multiple syndromes including sex reversal and Pierre Robin 

sequence (Benko et al., 2009; de Kok et al., 1996; Zhang and Lupski, 2015). This area is 

gaining more attention now, as our understanding of the human genome regulation is 

improving.  
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1.3 Clinical interpretation of CNVs 

In order to be useful in a clinical setting, pathogenic disease causing CNVs need to be 

differentiated from benign ones. In diagnostic genomic laboratories in the UK, CNVs are mainly 

detected using aCGH and then systematic clinical interpretation is performed in order to 

differentiate disease-causing CNVs from benign ones (de Leeuw et al., 2012; Riggs et al., 2020; 

South et al., 2013). In order to interpret CNVs accurately and consistently, clinical laboratories 

follow the American College of Medical Genetics (ACMG) standards and guidelines published 

in 2011 (Kearney et al., 2011) and recently updated by the publication of the joint consensus 

recommendation of the ACMG and the Clinical Genome Resource (ClinGen) (Riggs et al., 

2020). These guidance are based on multiple criteria including genomic content, CNV size, 

comparison to CNVs in internal and external databases, published literature and familial 

studies.  

 

1.3.1 The five-class system 

As recommended by the ACMG and ClinGen/ACMG guidelines, the clinical significance of 

CNVs is classified into one of five categories: benign (class 1), likely benign (class 2), variants 

of uncertain significance (VUS – class 3), likely pathogenic (class 4) and pathogenic (class 5) 

(Kearney et al., 2011; Riggs et al., 2020) (Figure 1.1).  

 

Figure 1.1 A simplified guide to CNV clinical interpretation 

A simplified overview of the different CNV clinical classes based on local and published guidelines 

(Kearney et al., 2011; Riggs et al., 2020). The criteria are simplified here to represent the concept. The 

different resources are usually used in combination, which varies based on the available/published 

evidence.  

 

Parameter Benign (Class 1) Likely benign (Class 2) 
Variants of uncertain 

significance (Class 3) 
Likely pathogenic  (Class 4) Pathogenic (Class 5) 

Point value (Riggs et 

al 2019)
≤‐0.99 -0.9 to -0.98 -0.89 to 0.89 0.9 to 0.98 ≥0.99

Size

Gene(tic) content 

Reported on 

databases?

Internal databases

Published literature

Tend to be larger

Few genes or none

Varies

Some with genes
Some in non-coding 

regions

Tend to be smaller

Frequently seen

Not common

Not common

Varies

Several genes, disease genes

Listed on Disease databases

Not seen/reported in other patients

Published

Frequently seen



19 
 
 

1.3.2 CNV classes and clinical reporting 

According to the local policy, variants that are classified as pathogenic (class 5) or likely 

pathogenic (class 4) and are thought to be contributing or responsible for the patient’s 

phenotype are summarised on the front page of the clinical report. On the other hand, variants 

that are considered benign (class 1) or likely benign (class 2) are not reported back to the 

referring clinicians as they are considered part of the normal population variation. Class 3 VUSs 

are mostly summarised on the back of the clinical report unless there is a degree of doubt that 

they maybe likely pathogenic and need to be brought to the attention of the referring clinician. 

In these circumstances, class 3 VUS will be summarised at the front of the report with possible 

follow up and family studies’ recommendations. 

 

1.3.3 Criteria and resources for clinical interpretation 

1.3.3.1 CNV size and genomic content 

Genomic content is the most informative criteria used in clinical interpretation of CNVs (Kearney 

et al., 2011; Riggs et al., 2020). Clinical scientists investigate whether the CNV region contains 

or affects any genes or not. If genes are present/affected, they are usually scrutinised for any 

published association with clinical disorders. This includes literature search and checking 

relevant databases such as Online Mendelian Inheritance in Man (OMIM). It is also prudent to 

check if the genes are reported to be dosage sensitive including the use of ClinGen Dosage 

Sensitivity Map. If dosage sensitive, it is important to correlate the CNV type 

(deletion/duplication) and predicted effects (loss/gain) on gene dose with the patient’s 

phenotype based on published information (Conrad et al., 2010; Kearney et al., 2011; Lupiáñez 

et al., 2016; Riggs et al., 2020; Zarrei et al., 2015). For example deletion of a gene, in which 

only gain-of-function pathogenic variants cause disease, is unlikely to be deleterious (Kearney 

et al., 2011; Riggs et al., 2020). 

 

1.3.4 Interrogation of curated public and local databases 

Another important tool in defining CNV pathogenicity is through comparing them to those found 

in apparently healthy individuals or those previously detected in similarly affected patients 
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(Conrad et al., 2010; Hehir-Kwa et al., 2010; Kearney et al., 2011; Lupiáñez et al., 2016; Riggs 

et al., 2020; Zarrei et al., 2015). The Database of Genomic Variants (DGV) is one of the main 

resources that provide an up to date curated catalogue of human genomic structural variants 

identified in DNA samples from healthy controls (MacDonald et al., 2014). More recently, 

gnomAD introduced gnomAD SV based on high resolution SVs created from ~15,000 genomes 

sequenced from diverse populations and providing a catalogue of >433,000 SVs (Collins et al., 

2020). The DECIPHER database (DatabasE of genomiC varIation and Phenotype in Humans 

using Ensembl Resources), on the other hand, provides a catalogue of genomic variants found 

in affected patients in addition to the associated phenotype (Firth et al., 2009). These are the 

most commonly used databases for the interpretation of CNVs. Most genomic laboratories will 

also have local databases whereby any previously identified and classified CNVs would have 

been recorded.  

 

1.4 Class 3 CNVs – the known that is unknown 

Growing number of variants of uncertain significance pose a major challenge for the 

interpretation of CNVs in a clinical setting (Zarrei et al., 2015). Locally, they comprise ~8% of 

all detected CNVs (7,198 variants of uncertain significance identified in ~7 years) and affect 

~27% of all of our referrals (carry a least one class 3 CNV). In general, VUSs pose challenges 

to the scientists, clinicians and importantly to the patients (Hoffman-Andrews, 2017; Lovato et 

al., 2019). For scientists, the process of classifying variants that end up as VUS is usually 

lengthy and time consuming. Moreover, there are also challenges of deciding which VUSs 

should be reported and what kind of follow up testing to be recommended (Ellard et al., 2020). 

For clinicians, issues include decisions on results disclosure, counselling and follow up studies 

(Hoffman-Andrews, 2017). For the patients, challenges include understanding VUSs and 

dealing with uncertainties (Hoffman-Andrews, 2017). A recent meta-analysis have shown that 

patients who receive a VUS are more likely to have genetic test-specific concerns than patients 

with negative results, without any benefits to their medical management (Mighton et al., 2020). 
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As part of the DClinSci innovation proposal (C1), I sent a questionnaire to all of the consultants’ 

clinical geneticists in the developmental delays team who refer to the aCGH service. Nine 

consultants responded and 8 out of the 9 agreed that improving the classification of CNVs and 

reducing the incidence of VUSs will aid in the diagnosis and clinical management of patients. 

In summary, there is a real clinical need to improve the interpretation and classification of CNVs. 

 

1.5 Socioeconomic status 

Socioeconomic status (SES) is a measure of an individual’s or family’s economic and social 

status based on multiple factors including income, education, and occupation (Bradley and 

Corwyn, 2002). SES is a major determinant of health and related outcomes (Marioni et al., 

2014). For example, lower SES confers increased risk for multifactorial disorders like stroke, 

and cardiovascular disease and plays a key role in child health and development (Clark et al., 

2009; Cox et al., 2006). Early life adversity negatively impacts child health and produces lasting 

and deleterious effects on developmental outcomes (Hackman and Farah, 2009). It was 

previously shown that SES is positively associated with health and that low SES can impact an 

individual’s physical and mental health (Bradley and Corwyn, 2002). Also, SES is considered 

an essential predictor of cognitive regression in later age (Singh-Manoux et al., 2005).  

 

Existence of SES health gradient across populations and diseases is well recognised and much 

research has gone into unravelling the multiple pathways by which SES determines health 

(Wang and Geng, 2019). However, biological factors, including genetic variants, that may 

influence SES are only beginning to be understood.  
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1.6 Aims and Objectives 

The overall aim of the research described here was to improve the classification and 

understanding of the impact of CNVs.  

 

There were two main hypotheses that directed our work: 

1. Systematic re-analysis of class 3 CNVs can improve CNV classification and help in 

deciphering biological mechanisms underlying disease pathogenicity 

2. Pathogenic CNVs and SES are correlated. 

 

Our objectives were:   

1. Devise a strategy to facilitate large-scale re-analysis for a sub-group of class 3 CNVs.  

a. Create and curate a large data set of CNVs and their clinical classifications 

b. Annotate all CNVs with gene-centred information including names of genes 

affected by CNVs, their haploinsufficient scores and any associated 

syndromes 

c. Prioritise a shortlist of class 3 CNVs that could undergo a full reclassification 

2. Study the correlation between pathogenic CNVs and SES. 

a. Annotate our curated data set with inheritance information and postcode 

information 

b. Retrieve the index of multiple deprivation rank (IMDR), and its seven 

constituent domains for all of the postcodes 

c. Annotate all the CNVs with the IMDR and constitute domain information 

d. Study the correlation between pathogenic CNVs and SES    

 

1.7 Thesis overview 

1.7.1 Main Thesis 

This thesis forms module C2 of the University of Manchester qualification for the professional 

Doctorate of Clinical Sciences (DClinSci) and is presented in the chapters described below. 
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Please note that this is thesis is submitted as a journal format thesis as chapters 3 and 4 have 

already been peer-reviewed and published (Burghel et al., 2020; Tinker et al., 2020). Chapter 

2, a systematic re-analysis of copy number losses of uncertain clinical significance, will be 

submitted for publication soon after the completion of this thesis. Contributions of co-authors 

and colleagues are summarised at the end of each of the results chapters 2-4.   

 

Please note that the thesis does not contain a separate methods chapter. The reason behind 

this is that each of the results chapters 2-4 contain a detailed description of all the methods 

used for that specific part of the work. Rewriting a separate methods chapter would have either 

replicated the detailed methods already described in the published chapters 3 and 4 or would 

have involved considerable changes to the otherwise a representation of already published 

work. Hence, for chapter 2, which is yet to be published, but written in a scientific paper style, 

detailed methods were also described and included within the chapter itself. Chapter 5 

discusses the overall picture of the work presented in this thesis, some of the limitations and 

ideas for future work. 

 

In addition to the work described here, the appendices include references to certificates and 

outcomes of other requirements to complete the DClinSci.  

 

1.7.2 Appendices 

Appendix A: PGDip (DClinSci Module A) results  

Module A included five taught units of leadership and management in healthcare sciences from 

The University of Manchester Alliance Manchester Business School which were examined 

through the submission of two written essays for each unit. The final marks as ratified by the 

University of Manchester Board of Examiners are presented in this appendix. An overall 

distinction was achieved for module A of the DClinSci. 

 
Appendix B: FRCPath exam results (DClinSci module B) 
 
Importantly, completion of the DClinSci module B (and HSST training) in genomics require 

passing relevant Royal College of Pathologists (RCPath) examinations (Module B). The author 
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passed RCPath Part One (theory) in 2016 (Appendix B1), FRCPath Part One practical in 2017 

(Appendix B2) and FRCPath Part Two oral examination in 2019 (Appendix B3).  

 

Appendix C: DClinSci Module C1 examination feedback 

HSST C1 innovation business case: the research innovation Module C1 was presented to 

Manchester University scientific and lay staff as part of the HSST training and DClinSci C1 

examination. The feedback for the C1 innovation module is presented here. The C1 literature 

review itself formed the basis of the introduction to the thesis therefore it is not repeated here. 

As noted in the appendix, I received excellent feedback and the assessor noted that there were 

no improvements to be made. 

 

Appendix D: Further Qualifications and HSST relevant courses 

The author also achieved Level 5 Certificate in Leadership from the institute of Leadership and 

Management (Appendix D1) and completed a competitive Health Education England funded 

leading transformational culture change course (Appendix D2). The author also completed two 

relevant Genomic Medicine Level 7 courses (University of Manchester) in Economics of 

Genomics and Precision Medicine (Appendix D3) and Ethical, Legal and Social Issues in 

Applied Genomics (Appendix D4). 
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2 A SYSTEMATIC RE-ANALYSIS OF COPY NUMBER 

LOSSES OF UNCERTAIN CLINICAL SIGNIFICANCE FROM 

A REGIONAL GENOMIC DIAGNOSTIC LABORATORY 
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2.1 Introduction 

CNVs are the commonest of all structural variants in the human genome (Stankiewicz and 

Lupski, 2010). They are unbalanced rearrangements that result in increase (gains) or decrease 

(deletions) in the DNA content (Zarrei et al., 2015). Although largely polymorphic and a source 

of variation and diversity, pathogenic CNVs implicated in human diseases have also been 

identified (Rice and McLysaght, 2017; Zarrei et al., 2015). This can range from Mendelian 

disease to sporadic and complex syndromes such as cancer, autism, schizophrenia and 

various other neurodevelopmental disorders (Coughlin et al., 2012; Shaikh et al., 2009; Xu et 

al., 2008; Zarrei et al., 2015). It is estimated that approximately 5% of children are affected by 

developmental disorders of varying severity that result in various combinations of 

developmental delays, intellectual disability, neurological or behavioural problems and 

congenital malformations (McRae et al., 2017). CNVs are implicated in ~14% of cases of 

developmental disorders in children and therefore contribute significantly to childhood morbidity 

(Cooper et al., 2011; Sansovi et al., 2017). The diagnostic yield of array-CGH in diagnostic 

laboratories have been estimated as ~12% (Miller et al., 2010). 

 

Due to the size and complexity of many of the identified CNVs, clinical interpretation remains 

challenging and results in frequent classification of variants of uncertain significance (VUS) 

(Riggs et al., 2020). The latter remains a major issue in the field of clinical genomics and create 

issues for patients and healthcare professionals (Hoffman-Andrews, 2017). A recent meta-

analysis have shown that patients who receive a VUS are more likely to have genetic test-

specific concerns than patients with negative results, without any benefits to their medical 

management (Mighton et al., 2020). 

 

We have previously shown that deeper interrogation of this data can improve clinical 

interpretation, lead to discovery of new genetic disorders and provide novel insights into 

fundamental biology and disease mechanisms (Banka et al., 2015; Kasher et al., 2016; Tinker 

et al., 2020). Previous studies have shown that periodic reassessment of whole exome 

sequencing (WES) and whole genome sequencing (WGS) data helps in the reclassification of 

class 3 variants into more informative categories (benign or pathogenic) and improve diagnostic 
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yield. The level of improvement varied a lot depending on the used methodology (multi-gene 

panels, WES, WGS), time elapsed since initial analysis and cohort phenotype with a variety of 

reported rates of reclassification: 0% (Tan et al., 2020), 2-6% (Hiatt et al., 2018; Salfati et al., 

2019; Sun et al., 2019), around 10% (Bruel et al., 2019; Costain et al., 2018; Das et al., 2014) 

and up to 13% (Wright et al., 2018). However, so far there is no study to demonstrate the value 

of CNVs identified via aCGH.  

 

Re-analysis of aCGH CNV data is timely for many reasons; hundreds of new disease-genes 

have been defined since the start of using aCGH as a first tier test (Bamshad et al., 2019), 

approaches to interpretation have evolved and are more standardised (Riggs et al., 2020), the 

relatively recent computation of reliable haploinsufficiency scores and the availability of rich 

data sets such as Decipher (Huang et al., 2010; Lek et al., 2016; Petrovski et al., 2013). 

However, re-analysis of Class 3 CNVs detected in a diagnostic laboratory can be challenging. 

For example, our centre performed diagnostic array Comparative Genomic Hybridisations 

(aCGH) testing in more than 16,000 cases between 2010 and 2017 and at least one class 3 

CNV were identified in 27% of the cases (unpublished local data). Case-by-case analysis of a 

total of >4,000 cases will therefore, require significant resources and is impractical in a busy 

diagnostic laboratory. We, therefore, decided to devise an approach for efficient systematic 

reanalysis of class 3 CNVs detected in our diagnostic laboratory. For this study we focussed 

on re-analysis of Copy Number Loss (CNL) because, consequences of deletions could be 

assumed by loss of one or more haploinsufficient genes within the deleted region (Collins et 

al., 2021; Rice and McLysaght, 2017). Whereas, interpretation of copy number gains (CNGs) 

of uncertain significance remains challenging and less amenable to group-based analysis 

(Collins et al., 2021; Hurles et al., 2008).    

 

2.2 Material and Methods 

2.2.1 Ethical approval 

This project was designated as service improvement project. Reanalysis of diagnostic genetic 

data is an accepted routine practice and does not require additional patient consent. 
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Furthermore, the Ethics and General Data Protection Regulation (GDPR) team at the University 

of Manchester reviewed the project proposal and considered that this project raises no 

particular research ethics issue and therefore does not require approval from the Research 

Ethics Committee. 

2.2.2 CNV categorisation 

We anonymised and curated a departmental database of results from over 16,000 postnatal 

clinical array-CGH testing performed at MCGM between 2010 and 2017 (data exported 

01/06/2017). The database included information on chromosomal location, clinical 

classification, size, loss or gain status and where available, the inheritance status (de novo or 

inherited from a parent) for each CNV. Historically, different terms have been used in MCGM 

to describe the various CNV classes (Table 2.1). Following manual examination of various 

previous terms, they were all re-assigned to one of the five current classes (benign, likely 

benign, variant of uncertain significance, likely pathogenic and pathogenic) (Kearney et al., 

2011; Riggs et al., 2020). 

  

Table 2.1 CNV categories 

ACMG CNV class Selection of historical terms found in the database 

Benign 
Benign; CNV seen in normal individuals; Normal CNV; Not reported (not 
pathogenic) 

Likely Benign 
Likely Benign; Unlikely significant; Reported (unlikely significance); Likely 
Rare CNV; Not reported (Not plausibly pathogenic) 

Uncertain 
significance 

Uncertain Significance; Unclassified; Unknown significance; Reported 
(Uncertain significance), CNV with unknown significance 

Likely pathogenic Likely pathogenic 

Pathogenic 
Pathogenic; Pathogenic - Causative; Pathogenic - Incidental; Pathogenic - 
Susceptibility Locus; Neurosusceptibility pathogenic; Reported 
(Pathogenic) 

 

CNVs were then split according to the type of imbalance (loss/gain) and the work reported here 

only focussed on CNLs. These were then clustered into three groups based on reported clinical 

classification; Clinically pathogenic (classes 4 and 5), Clinically benign (classes 1 and 2) and 

VUSs (Class 3).  

 

We excluded any CNLs that were greater than 4.8Mb in size. This is ~10% of chromosome 21 

(smallest chromosome) and around the limit of microscopically visible CNVs on karyotyping. 
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These CNLs are likely to have large number of genes which will complicate and confound the 

analysis as previously described (Rice and McLysaght, 2017). To further reduce the number of 

genes to analyse, we trimmed all pathogenic CNLs and class 3 CNLs of any genomic regions 

that they shared with benign ones. Haploinsufficiency of genes found within regions shared 

with benign CNLs are less likely to be responsible for disease. 

2.2.3 CNV annotation 

Based on genomic location, we identified all the genes that overlapped with the three CNL 

groups (minimal CNL coordinates (Human genome build hg19)). In order to identify any genes 

of interest that may drive class 3 CNL reclassification, we annotated all of the genes (based on 

the HUGO gene nomenclature committee (HGNC) name), with information from the online 

mendelian inheritance in man database (OMIM); OMIM number, associated syndrome and 

mode of inheritance (if available/applicable) and also the mutation consequence as per the 

Development Disorder Genotype - Phenotype Database (DDG2P).  

 

A recent genome-wide analysis has shown that genes residing within regions that are 

exclusively affected by pathogenic CNVs are more likely to be haploinsufficient compared to 

those that occur in regions that are exclusively affected by benign CNVs (Rice and McLysaght, 

2017). This biased distribution provided evidence for the potential application of such scores in 

the clinical interpretation and reinterpretation of CNVs. Multiple statistical predictions of 

haploinsufficiency are available including the probability of being loss-of-function (LoF) 

intolerant (pLI), Residual Variation Intolerance Score (RVIS) and the Decipher 

haploinsufficiency (D-HI) score (Huang et al., 2010; Lek et al., 2016; Lessard et al., 2016; 

Petrovski et al., 2013). We also annotated all of the genes with their dosage sensitivity scores 

(pLI, RVIS and Decipher HI) where available. 

2.2.4 Statistical analysis 

Chi squared tests of independence and trend were performed using an online calculator 

(https://www.socscistatistics.com/tests/chisquare/) and statistical significance was set at p-

value <0.05. The tests were performed to examine the associations between three 

haploinsufficiency prediction scores and the clinical classification. 

https://www.socscistatistics.com/tests/chisquare/
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2.2.5 Gene-centric analysis and shortlisting 

Genomic content is the main cause of CNV pathogenicity (Riggs et al., 2020). Therefore, we 

devised a systematic approach to short list genes of interest within class 3 CNLs that may be 

pathogenic upon loss and possibly drive CNL reclassification. All genes within cases that have 

pathogenic CNLs alongside the class 3 CNLs were excluded as well as any genes that occurred 

within common CNLs (occurring in ≥100 cases). These common CNLs are likely to be either 

artefactual or (likely)benign (Figure 2.1). Genes were shortlisted for further analysis if they were 

associated with an OMIM syndrome with autosomal dominant inheritance and/or a loss of 

function consequence as defined by DDG2P. Genes were further shortlisted if they were 

predicted to be haploinsufficient with pLI score ≥0.9 and RVIS score ≤0.01 (Figure 2.1). 

2.2.6 Analysis of shortlisted genes & reclassification 

Genes were further shortlisted manually by a Clinical Scientist. This was based on relevance 

of associated phenotype (Relevant phenotypes included developmental delays, congenital 

anomalies, autistic spectrum disorders etc), mechanism of disease (Loss of function), manual 

review of the array calls (where possible) and any similar CNVs on Decipher. Any CNLs that 

included shortlisted genes after this manual review had a full clinical interpretation following 

local procedures, the recent ClinGen/ACMG guidance and the ClinGen CNV pathogenicity 

calculator (https://cnvcalc.clinicalgenome.org/cnvcalc/) (Riggs et al., 2020). 

 

2.3 Results 

2.3.1 CNV categorisation and shortlisting 

Our database export included 83,993 CNVs (46,984 Gains (CNGs) and 37,009 Losses (CNLs)) 

from 16,358 postnatal cases. We then focussed on CNLs and after standardising terminology 

of classification (as per Table 2.1), we then subdivided them by class; 33,857 benign CNLs, 

2,173 class 3 CNLs and 979 pathogenic CNLs (Figure 2.1). We then applied a size filter and 

excluded any CNLs that were greater than 4.8Mb in size. This left 33,857 benign CNLs, 2,130 

CNLs of uncertain significance and 707 pathogenic CNLs (Figure 2.1). The CNLs were 

distributed across the genome (Supplementary Figure 2.3). 

https://cnvcalc.clinicalgenome.org/cnvcalc/
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Figure 2.1 Systematic CNL analysis 

 

2.3.2 Gene-based shortlisting 

Based on genomic location, we trimmed all pathogenic and class 3 CNLs of any regions that 

they shared with benign CNLs. This was performed to exclude regions/genes in common with 

benign CNLs as they are considered less likely to be pathogenic (Rice and McLysaght, 2017). 

We then identified all the genes within all categories (trimmed coordinates for class 3 and 

pathogenic CNLs). This resulted in 2,611 genes within regions affected by pathogenic CNLs 

and 2,543 genes within regions affected by class 3 CNLs and 433 genes in benign CNLs. All 

genes (based on the HGNC gene name) were then annotated for OMIM information, DDG2P 

information and haploinsufficiency scores (November 2018).  
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2.3.3 Landscape of haploinsufficiency predictions  

We analysed the patterns of haploinsufficiency within each of the CNL groups using the pLI, 

RVIS and D-HI scores as proxy for haploinsufficiency. We found that 78-96% of pathogenic 

CNLs included at least one haploinsufficient gene, while 7-49% of benign CNLs were found to 

have at least one haplosinufficient gene. For class 3 CNLs, 34-55% were found to have at least 

one haploinsufficient gene (Table 2.2). 

 

Table 2.2 CNLs with at least one haploinsufficient gene 

  Predicted Haploinsufficient genes  

CNL class (Total No of CNLs) Unique CNLs (n) pLI (%) RVIS (%) D-HI (%) 

Pathogenic (707) 410 345 (84.1) 394 (96.1) 321 (78.3) 

Class 3 (2,130) 1,489 509 (34.2) 812 (54.5) 516 (34.7) 

Benign (3,3857) 1,314 95 (7.2) 174 (13.2) 643 (48.9) 

 

When the three CNL categories were compared against each other, benign CNLs were found 

to be significantly less likely to contain one or more haploinsufficient genes compared to 

pathogenic CNLs. This difference was significant across the three haploinsufficiency scores; 

pLI ~84% (Pathogenic) compared to ~7% (Benign), RVIS ~96% (Pathogenic) versus ~13% 

(benign) and D-HI ~78% (Pathogenic) compared to ~49% (Benign) (P=<0.00001 X2-Test) 

(Figure 2.2). These differences in distribution of haploinsufficient genes were also significant 

for class 3 CNLs but only for pLI (~34% (class 3) vs ~7% (benign)) and RVIS (~54% (class 3) 

vs ~13% (benign) (P=<0.00001 X2-Test), but not the D-HI score. The latter predicted that 

benign CNLs were more likely to have ≥1 haploinsufficient gene (~49%) compared to class 3 

CNLs (~35%) (P=<0.00001 X2-Test) (Figure 2.2). 
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Figure 2.2 Haploinsufficiency scores enrichment 

Comparison of CNLs with ≥ 1 Haploinsufficient genes across the 3 CNL categories (Pathogenic, uncertain 

significance and benign). Please note that ratios are presented here, while X2-Test p-value is based on 

total numbers. Details Supplementary Table 2.4. 

 

Overall, out of all the genes deleted only in pathogenic CNLs, ~19% were considered to be 

haploinsufficeint by pLI and ~21% by RVIS. Similar patterns were observed for class 3 CNLs 

(pLI ~19% and RVIS ~24%). Using pLI and RVIS, both pathogenic and class 3 CNLs had higher 

levels of haploinsufficient genes compared to benign CNLs (~12% (PLI) and ~16% (RVIS)) 

(Supplementary Table 2.4). In contrast D-HI seems to predict more haploinsufficient genes 

within benign CNLs (~79%) compared to pathogenic CNLs (~55%) and class 3 CNLs (~51%) 

(Supplementary Table 2.4).  

 

Due to the overprediction of haploinsufficient genes using D-HI within benign CNLs, this score 

was excluded from further analysis. On the other hand, enrichment of haploinsufficient genes 

as predicted by pLI and RVIS in pathogenic CNLs confirmed that it is reasonable to use them 

to predict haploinsfficient genes within class 3 CNLs. 

 

2.3.4 Shortlisting of genes within CNLs of uncertain significance 

A total of 2,543 genes (1,794 class 3 CNLs) were annotated for information from OMIM, DDG2P 

in addition to haploinsufficiency scores (pLI and RVIS) (Figure 2.1). Autosomal genes were 

included if they have OMIM disease association (with dominant inheritance) and/or LoF 
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mutation consequence by DDG2P, present in less than 100 cases and not present in patients 

who had other pathogenic CNVs. This resulted in a shortlist of 223 genes (355 CNLs). Following 

that, genes were further shortlisted based on being haploinsufficient as predicted by both pLI 

(score ≥0.9) and RVIS (score ≤0.01) scores but also including DDG2P mutation consequence 

of LoF. This resulted in a list of 123 genes (204 CNLs) (Figure 2.1).  

 

This list was then assessed by clinical scientists and this included; review of original aCGH 

data (where possible) to exclude any likely-artefactual CNLs and non-coding CNLs; examining 

phenotypic information of associated syndrome(s) to include relevant phenotype (e.g. 

developmental delays, congenital anomalies, autistic spectrum disorders etc) and exclude any 

non-relevant/late age of onset phenotypes (such as cancer) and likely mechanism of 

pathogenicity (LoF vs gain of function (GoF)) in addition to similar and overlapping Decipher 

cases. The clinical scientist review resulted in a priority shortlist of 13 genes (19 CNLs). 

 

2.3.5 Re-classifications 

The 19 CNLs had a full CNV interpretation as per the local procedures and latest 

ACMG/ClinGen criteria (Riggs et al., 2020). This resulted in a total of 13 CNL reclassifications, 

all of which were due to genes and disease association (or disease-causing mechanism) 

described post the identification and the original classification and reporting of the CNV. Our 

reclassification rate is 6.4% of the shortlisted CNLs (204 CNLs) and ~0.6% of the starting cohort 

of 2,173 CNLs. All the genes (and reclassified CNLs) are listed in Table 2.3 and described in 

the following sections. 

 

2.3.5.1 Shortlisted genes and reclassified cases 

2.3.5.1.1 NAA15 

Loss of function variants in NAA15 cause autosomal dominant mental retardation 50 (MRD50, 

OMIM #617787) and has a ClinGen haploinsufficiency score of 2 

(https://dosage.clinicalgenome.org/; reviewed February 2019). Our case was identified in 2016 

with a 28kb deletion affecting exons 2-11 of NAA15 (Table 2.3). Referral reasons included 

https://dosage.clinicalgenome.org/


35 
 

severe learning difficulties with mother and brother both affected with severe learning 

difficulties. In 2017, several cases with developmental delays and intellectual disabilities and 

loss of function pathogenic variants in NAA15 were published as part of a large study into the 

biology of neurodevelopmental disorders (Stessman et al., 2017). This was followed by another 

study that described 39 cases, mostly from unrelated families, with intellectual disabilities, 

congenital abnormalities and autistic spectrum disorder associated with loss of function 

pathogenic variants in NAA15 (Cheng et al., 2018). Based on the above evidence, the CNL 

was reclassified as likely pathogenic (Riggs et al., 2020).  

2.3.5.1.2 ZMYND11 

Loss of function variants in ZMYND11 cause autosomal dominant mental retardation 30 

(MRD30, OMIM #616083) has a ClinGen haploinsufficiency score of 3 

(https://dosage.clinicalgenome.org/; reviewed March 2018). Two cases were identified in this 

study in 2014 with deletions affecting ZMYND11; one patient was referred for autistic spectrum 

disorder, attention deficit hyperactivity disorder and moderate learning difficulties and had a 

90kb CNL affecting the first 2 exons of ZMYND11 (Table 2.3). The 2nd case was referred with 

developmental delay and poor language skills and had a 776kb deletion affecting the whole 

gene (and 2 more protein coding genes). Later in the same year, ZMYND11 had the first report 

linking its loss to developmental delays, autism, aggression and complex neuropsychiatric 

features (Coe et al., 2014). Based on the available evidence, both cases were reclassified as 

likely pathogenic (Riggs et al., 2020). 

2.3.5.1.3 ACTB 

Pathogenic variants in ACTB cause autosomal dominant Baraitser-Winter syndrome-1 

characterised by developmental delay, short stature and various dysmorphic features (BRWS1, 

OMIM #243310) and no ClinGen dosage sensitivity score to date 

(https://dosage.clinicalgenome.org/; last reviewed February 2015). Our case was identified in 

2011 with a 556kb CNL resulting in the loss of ACTB (and 6 other protein coding genes). Patient 

had features including short stature, microcornea, inguinal hernia, abnormality of the kidney, 

recurrent infections and intellectual disability (Table 2.3). Although missense ACTB variants 

were linked to BRWS1 for few years, it was not until 2017, when loss of function of ACTB 

https://dosage.clinicalgenome.org/
https://dosage.clinicalgenome.org/
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variants were also shown to lead to a developmental disorders (Cuvertino et al., 2017). This 

CNL was therefore reclassified as pathogenic (Riggs et al., 2020). 

2.3.5.1.4 KMT2C 

Loss of function variants in KMT2C cause autosomal dominant Kleefstra syndrome-2 

characterised by developmental delays, intellectual disability and mild dysmorphic features  

(KLEFS2, OMIM #617768) and has a ClinGen haploinsufficiency score of 3 

(https://dosage.clinicalgenome.org/; reviewed January 2018). Our case was identified in 2014 

with a de novo 2,971kb CNL resulting in the loss of KMT2C (and 44 other protein coding genes). 

Patient had features including hypotonia and growth delays (Table 2.3). Loss of function 

pathogenic variants of KMT2C were shown in 2017 and 2018 to be responsible for KLEFS2 

(Faundes et al., 2018; Koemans et al., 2017). Based on this evidence, this CNL was reclassified 

as pathogenic (Riggs et al., 2020). 

2.3.5.1.5 PHF21A 

Loss of function variants in PHF21A cause autosomal dominant intellectual developmental 

disorder with behavioural abnormalities and craniofacial dysmorphism with or without seizures 

(IDDBCS, OMIM #618725) and has a ClinGen haploinsufficiency score of 2 

(https://dosage.clinicalgenome.org/; reviewed May 2020). Our case was identified in 2015 with 

a de novo 1,446kb CNL resulting in the loss of PHF21A (and 34 other protein coding genes). 

Patient had delayed gross motor development and multiple congenital anomalies (Table 2.3). 

Loss of function truncating variantss of PHF21A were reported in 2019 in association with 

IDDBCS (Hamanaka et al., 2019; Kim et al., 2019). This CNL was reclassified as likely 

pathogenic (Riggs et al., 2020). 

2.3.5.1.6 MYT1L 

Loss of function pathogenic variants in MYT1L cause autosomal dominant mental retardation 

39 (MRD-39, OMIM #613084) and has a ClinGen haploinsufficiency score of 3 

(https://dosage.clinicalgenome.org/; reviewed March 2017). Our case was identified in 2015 

with a de novo 687kb CNL resulting in the loss of exons 1-8 of MYT1L. Patient was referred 

due to unclear speech, truncal obesity, joint hyperextensibiulity and decreased muscle tone 

(Table 2.3). Prior to 2015, there was only one case reported in the literature with a de novo 

https://dosage.clinicalgenome.org/
https://dosage.clinicalgenome.org/
https://dosage.clinicalgenome.org/
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splice-site variant in MYT1L associated with mental retardation (de Ligt et al., 2012). Another 

case was reported in 2015 (De Rocker et al., 2015) and then few more cases in 2017 (Blanchet 

et al., 2017). MRD39 is associated with developmental delays (including impaired language), 

hyperphagia and obesity, hypotonia and autistic features (Blanchet et al., 2017; De Rocker et 

al., 2015). This CNL was therefore reclassified as likely pathogenic (Riggs et al., 2020). 

2.3.5.1.7 PSMD12 and BPTF 

Loss of function pathogenic variants in PSMD12 cause autosomal dominant Stankiewicz-Isidor 

syndrome (STISS, OMIM #617516) characterised by developmental delays, behavioural 

disorders, congenital abnormalities and facial dysmorphism (Küry et al., 2017) while pathogenic 

variants in BPTF are associated with autosomal dominant neurodevelopmental disorder with 

dysmorphic facies and distal limb anomalies (NEDDFL, OMIM #617755) (Stankiewicz et al., 

2017). Both genes are awaiting review by the ClinGen dosage sensitivity curation team 

(https://dosage.clinicalgenome.org/; accessed March 2021).  Our case was identified in 2014 

with a 528kb CNL deleting exon 1 of PSMD12, and exons 1-4 of BPTF (and 2 more protein 

coding genes). Patient referral reasons included poor weight gain, cleft lip and heart murmur 

(Table 2.3). Several cases were reported with deletions affecting both PSMD12 and BPTF with 

features including failure to thrive, developmental delays, dysmorphic features and cardiac and 

skeletal anomalies (Stankiewicz et al., 2017). Based on the above evidence, this CNL was 

reclassified as pathogenic (Riggs et al., 2020). 

2.3.5.1.8 NFIB 

Loss of function pathogenic variants in NFIB cause autosomal dominant acquired 

macrocephaly with impaired intellectual development (MACID, OMIM #618286) and no 

ClinGen dosage sensitivity score to date (https://dosage.clinicalgenome.org/; accessed March 

2021). Three cases (case 9 and 11 are related) were identified in our laboratory between 2013-

2016 (Table 2.3). The CNL in cases 9 and 11 affects exons 1-2 while in case 10 deletes the 

whole gene. Patients had a variety of referral reasons including learning difficulties, 

developmental delay and dysmorphism. Deletions and truncating variants in the NFIB gene 

were reported in 2018 to cause MACID with features including macrocephaly, developmental 

https://dosage.clinicalgenome.org/
https://dosage.clinicalgenome.org/
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delay, muscular hypotonia and behavioural and psychiatric abnormalities (Schanze et al., 

2018). These CNLs was therefore reclassified as pathogenic (Riggs et al., 2020). 

2.3.5.1.9 CSNK2A1 

Pathogenic variants in CSNK2A1 cause autosomal dominant Okur-Chung neurodevelopmental 

syndrome (OCNDS, OMIM #617062) and no ClinGen dosage sensitivity score to date 

(https://dosage.clinicalgenome.org/; accessed March 2021). Two cases were identified in our 

laboratory (2012 and 2014) (Table 2.3). Case 12 has a 421kb CNL which affect exons 1-4 of 

CSNK2A1 (and 14 more protein coding genes). Patient was referred with leaning difficulties, 

dysmorphism and short stature. Case 13 has a 622kb CNL which results in the loss of the 

whole gene (and 17 more protein coding genes). Patient was referred with developmental delay 

with short stature. Pathogenic variants (missense and truncating) in CSNK2A1 were initially 

reported in 2016 (Okur et al., 2016) but several more publications followed on (Chiu et al., 2018; 

Owen et al., 2018; Trinh et al., 2017). Features associated with OCNDS include intellectual 

disabilities, dysmorphic features and short stature (Okur et al., 2016; Owen et al., 2018). These 

CNLs was reclassified as pathogenic (Riggs et al., 2020). 

 

2.3.5.2 Other shortlisted genes 

Although made it to the final list, three more genes (NTRK2, KIF2A and HECW2) affecting 6 

cases (all four of NTRK2 cases are related) remain as class 3. Although variants in these genes 

are linked with relatively related phenotypes; NTRK2 with autosomal dominant obesity, 

hyperphagia, and developmental delay syndrome (OBHD), KIF2A with autosomal dominant 

cortical dysplasia, complex, with other brain malformations 3 (CDCBM3) and  HECW2 with 

autosomal dominant neurodevelopmental disorder with hypotonia, seizures, and absent 

language (NDHSAL) (Table 2.3), the evidence  supporting the  pathogenicity of CNLs was not 

conclusive (Riggs et al., 2020).  

https://dosage.clinicalgenome.org/
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Table 2.3 Prioritised Genes and the associated CNLs that have undergone reclassification 

Gene Case CNV - hg19 (size) Symptoms OMIM phenotype (#) Revised classification 

NAA15 Case 1 Chr4:140251306-140278920 (28kb) Severe Learning Difficulties, Not Dysmorphic, Mum and Brother with Severe Learning Difficulties MRD50 (#617787) Likely Pathogenic 

ZMYND11 
Case 2 chr10:136145-226212 (90kb) Autistic spectrum disorder, attention deficit hyperactivity disorder, moderate learning difficulties 

MRD30 (#616083) 
Likely Pathogenic 

Case 3 chr10:136145-912555 (776kb) Developmental delay, poor language skills, ?Fragile X. Likely Pathogenic 

ACTB Case 4 chr7:5057992-5617869 (556kb) 
Growth parameters 20.4th centile (short stature), small for gestational age,  microcornea, ?immune 
dysfunction, inguinal hernia, abnormality of the kidney, Lacrimal duct aplasia, recurrent infections, 
intellectual disability  

BRWS1 (#243310) Pathogenic 

KMT2C Case 5 chr7:150017071-152988408 (2,971kb) Hypotonia, small for Age KLEFS2 (#617768) Pathogenic 

PHF21A Case 6 chr11:45936922-47383330  (1,446kb) 

Preauricular pit, Abnormality of the musculature, Generalized hypotonia, Abnormality of the nervous 
system, Delayed gross motor development, Partial agenesis of the corpus callosum, Abnormality of the 
skeletal system, Relative macrocephaly, Prominent metopic ridge, Hyperextensibility of the finger 
joints, Tapered finger , Plagiocephaly , Butterfly vertebrae 

IDDBCS (#618725) Likely Pathogenic 

MYT1L Case 7 Chr2:1973125-2659861 (687kb) Unclear speech, truncal obesity. joint hyperextensibiulity. Decreased muscle tone MRD39 (#616521) Likely Pathogenic 

PSMD12 
Case 8 Chr17:65356977-65884868 (528kb) Poor weight gain. Cleft lip in utero repaired. Heart murmur. ?22q11 deletion. 

STISS #(617516) 
Pathogenic 

BPTF NEDDFL (#617755) 

NFIB 

Case 9 Chr9:13974415-14286259 (312kb) Mild learning difficulties, microcephaly 

MACID (618286) 

Pathogenic 

Case 10 Chr9:14074214-14650748 (578kb) 
Global developmental delay. Facial dysmorphism, crowding, high arched palate, Bilateral short fourth 
metatarsals, bilateral clinodactyly 

Pathogenic 

Case 11 Chr9:13974415-14286259 (312kb) Learning difficulties, developmental delay, frequent chest infections and drooling Pathogenic 

CSNK2A1 
Case 12 Chr20:60734-481631 (421kb) Leaning difficulties, dysmorphism, short stature, mother also has Leaning difficulties and dysmorphism 

 OCNDS (#617062) 
Pathogenic 

Case 13 Chr20:60734-683016 (622kb) Developmental delay with short stature Pathogenic 

NTRK2 

Case 14 Chr9:87353048-88124421 (771kb) Developmental delay, in particular gross motor, decreased tone. 

OBHD (#613886) 

Class 3 

Case 15 Chr9:87353048-88124421 (771kb) 
Brother has 9q21.33 deletion and similar symptoms - motor delay, behavioural difficulties, mild 
learning difficulties. 

Class 3 

Case 16 Chr9:87353048-88124421 (771kb) Family history of 9q21.33 deletion in brothers and father Class 3 

Case 17 Chr9:87353048-88124421 (771kb) Global developmental delay and feeding difficulties Class 3 

KIF2A Case 18 Chr5:60905946-61754821 (849kb) 
Significant dysparxia(2nd centile).concerns regarding social communication and interaction. 
overlapping of 2nd and 3rd bilateral toes. 

CDCBM3 (#615411) Class 3 

HECW2 Case 19 Chr2:193360118-197153119 (3,793kb) Moderate/severe learning disability, obesity. NDHSAL (#617268) Class 3 
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2.4 Discussion 

Reassessment of pre-existing genomic data is an accepted valid and clinically useful approach. 

All the previous publications of reassessment of genomic data has focussed on NGS data 

including exome and genome re-analysis (Bruel et al., 2019; Costain et al., 2018; Das et al., 

2014; Hiatt et al., 2018; Sun et al., 2019; Wright et al., 2018). Although CNV analysis has been 

a first-tier genomic diagnostic test for more than decade in the UK, no such re-analysis has 

been reported for CNV data generated by aCGH.  

 

Many of the CNVs  identified in a diagnostic setting are usually rare and unique (Riggs et al., 

2020). Most of diagnostic laboratories will only revisit class 3 variants reactively, for example if 

this was indicated by a clinician or another similar variant was identified in another patient (El 

Mecky et al., 2019). Here, we devised an approach to efficiently facilitate systematic re-analysis 

of class 3 CNLs at a large-scale.  

 

We used an updated OMIM annotations in addition to haploinsufficiency scores to short list 

class 3 CNLs of interest. Our haploinsufficiency score landscape was akin to previously 

published data. Our analysis of pathogenic CNLs (after excluding overlap with benign CNLs) 

have shown that 19.4% of genes within these regions are predicted to be haploinsufficient by 

pLI scores while only 12.4% in the benign CNLs. This is comparable to the results from an 

analysis performed on CNLs obtained from the database of structural variants (dbVar) (3,269 

pathogenic CNLs and 3,699 benign CNLs), whereby they found that 19.5% of the genes 

exclusively observed in pathogenic CNV regions to be haploinsufficient (by pLI) compared to 

12% in benign regions. RVIS scores have shown similar patterns (21.1% for pathogenic CNLs 

and 15.9% for benign ones). On the other hand, D-HI scores indicate haploinsufficient genes 

to be more prevalent in benign CNLs (79%) compared to pathogenic CNLs (55%). D-HI scores 

were predicted based on an evolutionary and functional similarities to ~300 established 

haploinsufficient genes (Huang et al., 2010). In contrast, pLI and RVIS scores were calculated 

for all genes based on comparing observed protein truncating variants with expected ones 

based on gene size (Lek et al., 2016; Petrovski et al., 2013) . These differences in computing 
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these scores could account for the better performance of pLI and RVIS in comparison to D-HI. 

Based on this, we excluded the D-HI scores from further analyses and confirmed that pLI and 

RVIS were robust scores for predicting haploinsufficient genes in our cohort. Further 

comparison of haplosinsufficiency scores has also shown enrichment of haploinsufficient genes 

in class 3 CNLs compared to benign ones. This indicated the increased likelihood of the 

presence of pathogenic deletions amongst the variants of uncertain significance (Class 3 

CNLs).  

 

We then followed a systematic filtering and shortlisting process (Figure 2.1) that resulted in a 

short list of 123 genes. These genes were interrogated by trained clinical scientists reviewing 

associated phenotypes, disease mechanism and array calls. This resulted in a final short list of 

13 genes (19 CNLs) that warranted full reinterpretation according to the latest guidance (Riggs 

et al., 2020). This resulted in 13 CNLs (10 genes) reclassifications to (likely)pathogenic. All the 

reclassifications were due to genes and disease association described post the identification 

and reporting of the class 3 CNLs, apart from ACTB, whereby disease association was known 

prior to the class 3 CNL reporting, however, the loss of function disease mechanism was not 

confirmed until 2017 (post class 3 CNL reporting). The final reclassification rate was ~0.6% of 

the total number of class 3 CNLs identified at the start of this study but importantly ~6.4% of 

the shortlisted 204 CNLs. 

 

The reclassification rate is lower than reported rates of reclassification from most NGS based 

studies (multi-gene panels, WES and WGS) (Bruel et al., 2019; Costain et al., 2018; Das et al., 

2014; Hiatt et al., 2018; Sun et al., 2019; Wright et al., 2018). However, there are no similar 

studies from aCGH data for comparison. This lower rate could be attributed to the more targeted 

nature of aCGH compared to exome and genome analysis. Most aCGH designs include 

backbone coverage and targeted coverage for mainly known disease-causing regions/genes, 

such as the ISCA (International Standards for Cytogenomic Arrays) based arrays used in our 

department. This targeted nature may be responsible for the lower reclassification rate as most 

targeted genes have been included due to known phenotype association.  

 



42 
 
 

Apart from the limitation of the aCGH design, this study has several limitations that may impact 

reclassification rates. The shortlisting of genes was mainly reliant on OMIM phenotype 

associations and haploinsufficient score predictions. The OMIM phenotype associations could 

miss some interesting genes with recent publications compared to literature searches, 

however, the latter is not suitable for automating the process. Haploinsufficient score 

predictions were used as proxy for haploinsufficiency and although are reasonably predictive 

they are not accurate for all genes. An example of which is discussed in Chapter 3. The 

ATP6V0C gene within the class 3 CNL described in chapter 3 has been excluded in this 

analysis due to the stringent haploinsufficiency filtering criteria. Nevertheless, our detailed 

analysis of the reclassified CNL strongly suggested that haploinsufficiency of ATP6V0C is likely 

to underlie the pathogenicity of the variant and the associated 16p13.3 deletion syndrome 

(Chapter 3). Moreover, we haven’t attempted the identification of contiguous gene disorders 

nor reclassification of class 3 CNLs that may disrupt regulatory regions and TADs. We also did 

not attempt the reclassification of class 3 CNVs into benign categories using updated 

population databases. Finally, we have created an equivalent list of genes within the 3 

categories of our CNGs with similar annotations as for CNLs. We will perform a reclassification 

of class 3 CNGs, mainly focussed on up-to-date disease associations. All of these extra 

analyses could potentially increase the reclassification rate. 

 

In conclusion, we have shown that a systematic bulk reanalysis of Class 3 CNLs identified in a 

diagnostic laboratory provided new diagnoses to some patients. 

2.5 Contribution statement 

The study was conceived by Dr Siddharth Banka; the research plan was devised by myself and 

Dr Banka; data collection was done by me; data cleaning was done by me; data analysis was 

done by me and Dr Jamie Ellingford (bioinformatics analysis); manual review of CNVs was 

done by me, Jake Miller, Jonathan Edgerley and Ronnie Wright; and the paper was drafted by 

me and reviewed by Dr Banka. 
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2.6 Chapter 2 Supplementary Material 

 

Supplementary Figure 2.3 Ideograms of CNLs 

A) Class 1 and 2 CNLs, B) Class 3 CNLs, C) Class 4 and 5 CNLs  
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Supplementary Table 2.4 Haploinsufficiency scores and genes according to CNL category 

 Number of genes with available scores Predicted Haploinsufficient genes (%) 

CNL class (Total no 
of genes) 

pLI RVIS  Decipher HI 
pLI  
(%) 

RVIS  
(%) 

Decipher HI (%) 

Pathogenic (2,611) 2,396 2,338 2,554 464 (19.37) 493 (21.09) 1,403 (54.93) 

Class 3 (2,543) 2,287 2,300 2,481 430 (18.80) 559 (24.30) 1,257 (50.67) 

Benign (433) 274 251 409 34 (12.41) 40 (15.94) 322 (78.73) 
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Supplementary Table 2.5: List of the prioritised 123 genes that have undergone scientist review 

Gene OMIM ID (*) 
Number of 
cases 

pLI ≥0.9 
(Yes/No) 

RVIS ≤ 0.01 
(Yes/No) DDG2P consequence OMIM Phenotype # (Inheritance pattern) 

NAA15 608000 9$ Yes Yes LoF 617787 (AD) 

MBD5 611472 6 N/A Yes LoF 156200 (AD) 

PIEZO2 613629 4 No Yes LoF 114300 (AD);108145(AD); 617146 (AR), 248700 (AD) 

TP63 603273 3 Yes Yes LoF; Uncertain 103285 (AD); 604292 (AD); 106260 (AD); 603543 (AD); 129400 (AD); 129400 (AD); 605289 (AD) 

SIX1 601205 3 Yes No LoF; all missense/in frame 608389 (AD); 605192 (AD) 

ZIC2 603073 3 N/A N/A LoF 609637 (AD) 

FOXG1 164874 3 N/A N/A LoF 613454 (AD) 

FREM1 608944 3 N/A N/A LoF 608980; 248450 (AR); 614485 (AD) 

NF1 613113 3 Yes Yes LoF 607785 (AD); 162210 (AD); 162200 (AD); 601321 (AD); 193520 (AD) 

ZMYND11 608668 3 Yes Yes LoF 616083 (AD) 

TBX1 602054 3 Yes No LoF 217095 ; 188400 (AD); 187500 (AD); 192430 (AD) 

SLC2A2 138160 3 No No LoF 125853 (AD); 227810 (AR) 

MITF 156845 2 Yes Yes LoF; Uncertain 617306 (AR); 614456; 103500 (AD); 193510 (AD); 103470 (AD) 

CDH23 605516 2 No Yes LoF; all missense/in frame 601386 (AR); 617540 (AD); 601067 (AR/DR); 601067 (AR/DR) 

MYH8 160741 2 No No LoF; all missense/in frame 608837; 158300 (AD) 

RERE 605226 2 Yes Yes LoF 616975 (AD) 

AUTS2 607270 2 Yes Yes LoF 615834 (AD) 

SATB2 608148 2 Yes Yes LoF 612313 (AD) 

ERCC6 609413 2 No Yes LoF 214150 (AR);133540 (AR); 278800 (AR); 211980 (AR); 613761 ; 616946 (AD); 600630 (AR) 

FOXP2 605317 2 N/A Yes LoF 602081 (AD) 

ATR 601215 2 No Yes LoF 614564 (AD); 210600 (AR) 

ABCC6 603234 2 No Yes LoF 614473 (AR); 264800 (AR); 177850 (AD) 

MYH11 160745 2 Yes Yes LoF 132900 (AD) 

ANKRD11 611192 2 Yes Yes LoF 148050 (AD) 

PIEZO1 611184 2 No No LoF 194380 (AD); 616843 (AR) 

GNAS 139320 2 Yes Yes Activating; LoF 219080; 174800; 166350 (AD); 617686; 103580 (AD); 603233 (AD); 612462 (AD); 612463 (AD) 

MYH9 160775 1 Yes Yes LoF; Uncertain 603622 (AD); 153650 (AD); 153640 (AD); 600208 (AD); 155100 (AD); 605249 (AD) 

CDKN1C 600856 1 No No LoF; GoF 130650 (AD); 614732 (AD) 

ITPR1 147265 1 Yes Yes LoF; DN; LoF; All missense/in frame 206700 (AR, AD); 606658 (AD); 117360 (AD) 
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GJA1 121014 1 No No LoF; All missense/in frame; Uncertain 
600309 (AD); 218400 (AR); 617525 (AD), 241550 (AR),164200 (AD);  257850 (AR); 104100 (AD); 
186100 (AD) 

KIF1A 601255 1 N/A Yes LoF; All missense/in frame 614255 (AD); 614213 (AR); 610357 (AR) 

PLCG2 600220 1 Yes Yes LoF; All missense/in frame 614878 (AD); 614468 (AD) 

ZFPM2 603693 1 Yes Yes LoF; All missense/in frame 610187; 187500 (AD); 616067 (AD) 

TBC1D24 613577 1 No No LoF; All missense/in frame 220500 (AR); 614617 (AR); 616044 (AD); 615338 (AR); 605021 (AR) 

ACTB 102630 1 Yes No LoF; All missense/in frame 243310 (AD); 607371 (AD) 

KMT2C 606833 1 Yes N/A LoF 617768 (AD) 

EHMT1 607001 1 Yes Yes LoF 610253 (AD) 

CTNNB1 116806 1 N/A Yes LoF 114500;617572 (AD); 114550; 155255; 615075 (AD); 167000; 132600 

TCF4 602272 1 Yes Yes LoF 613267 (AD); 610954 (AD) 

DSTYK 612666 1 No Yes LoF 610805 (AD); 270750 (AR) 

TGFB2 190220 1 Yes Yes LoF 614816 (AD) 

LRP4 604270 1 No Yes LoF 212780 (AR); 616304 (AR);  614305 (AR/AD) 

MYT1L 613084 1 Yes Yes LoF 616521 (AD) 

PARN 604212 1 No Yes LoF 616353 (AR); 616371 (AD) 

POU1F1 173110 1 No Yes LoF 613038 (AR/AD) 

DSG1 125670 1 Yes Yes LoF 615508 (AR); 148700 (AD) 

IGF1R 147370 1 No Yes LoF 270450 (AR/AD) 

TTN 188840 1 No Yes LoF 604145; 613765 (AD);  608807 (AR); 603689; 611705 (AR); 600334 (AD) 

RYR1 180901 1 No Yes LoF 117000 (AR/AD); 145600 (AD); 145600 (AD); 255320 (AR); 117000 (AR/AD) 

PSMD12 604450 1 Yes Yes LoF 617516 (AD) 

BPTF 601819 1 Yes Yes LoF 617755 (AD) 

SYNGAP1 603384 1 Yes Yes LoF 612621 (AD) 

LTBP3 602090 1 Yes Yes LoF 601216 (AR); 617809 (AD) 

CHD2 602119 1 Yes Yes LoF 615369 (AD) 

RELN 600514 1 Yes Yes LoF 616436 (AD); 257320 (AR) 

EPHB4 600011 1 Yes Yes LoF 617300 (AD) 

LEMD3 607844 1 Yes Yes LoF 166700 (AD); 166700 (AD) 

SOX5 604975 1 Yes Yes LoF 616803 (AD) 

EXT2 608210 1 No No LoF 133701 (AD); 616682 (AR) 

TWIST1 601622 1 N/A No LoF 123100 (AD); 180750 (AD); 101400 (AD); 617746 (AD) 

MEF2C 600662 1 N/A No LoF 613443 (AD);  613443 (AD) 
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EVC 604831 1 No No LoF  225500 (AR); 193530 (AD) 

EVC2 607261 1 No No LoF 225500 (AR); 193530 (AD) 

TGIF1 602630 1 N/A No LoF 142946 (AD) 

LMX1B 602575 1 No No LoF 161200 (AD) 

CRB1 604210 1 No No LoF 613835;172870 (AD);  600105 (AR) 

ATP8B1 602397 1 No No LoF 243300 (AR); 147480 (AD); 211600 (AR) 

NR2F2 107773 1 N/A No LoF 615779 (AD) 

CD96 606037 1 N/A No LoF 211750 (AD) 

TGFBR2 190182 1 No No LoF 614331; 133239; 610168 (AD) 

TNFRSF13B 604907 1 No No LoF 240500 (AR/AD); 609529  

GATA4 600576 1 No No LoF 607941 (AD); 614430 (AD);615542 (AD);187500 (AD); 614429 (AD) 

SMAD6 602931 1 No No LoF 614823 (AD); 617439 (AD) 

SMAD3 603109 1 No No LoF 613795 (AD) 

SIX3 603714 1 No No LoF 157170 (AD); 269160 

PTHLH 168470 1 Yes No Increased gene dosage; LoF 613382 (AD) 

NRXN2 600566 1 Yes Yes LoF N/A 

NFIB 600728 3 Yes Yes LoF N/A 

CTNNA2 114025 1 Yes Yes LoF N/A 

PHF21A 608325 1 Yes Yes LoF N/A 

OTUD7A 612024 8 Yes No LoF N/A 

NRXN3 600567 2 Yes Yes LoF N/A 

RYR3 180903 1 Yes Yes LoF N/A 

CACNA1C 114205 7 Yes Yes Activating 611875; 601005 (AD) 

NR3C2 600983 4 Yes Yes N/A 605115 (AD); 177735 (AD) 

NTRK2 600456 3 Yes Yes All missense/in frame 617830 (AD); 613886 (AD) 

RANBP2 601181 3 Yes Yes All missense/in frame 608033 (AD) 

ERBB4 600543 3 Yes Yes N/A 615515 (AD) 

ABL1 189980 2 Yes Yes Activating 617602 (AD) 

CSNK2A1 115440 2 Yes Yes Activating 617062 (AD) 

RYR2 180902 2 Yes Yes N/A 600996 (AD); 604772 (AD) 

PRKAG2 602743 2 Yes Yes N/A 600858 (AD); 261740 (AD); 194200 (?AD) 

BMPR2 600799 2 Yes Yes N/A 178600 (AD);178600 (AD); 265450 (AD) 

CFH 134370 2 Yes Yes N/A 126700 (AD); 609814 (AR/AD); 235400 (AR/AD); 610698 
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CACNA1B 601012 2 Yes Yes N/A 614860 (AD) 

AKAP10 604694 2 Yes Yes N/A 115080 (AD) 

COL4A1 120130 1 Yes Yes DN 611773 (AD); 607595 (AD); 614519; 175780 (AD);180000 (AD);269160  

KIF2A 602591 1 Yes Yes DN 615411 (AD) 

COL11A2 120290 1 Yes Yes All missense/in frame; DN 601868 (AD); 609706 (AR);614524 (AR)/AD); 184840 (AD); 215150 (AR) 

SMARCA2 600014 1 Yes Yes All missense/in frame 601358 (AD) 

HECW2 617245 1 Yes Yes All missense/in frame 617268 (AD) 

NEDD4L 606384 1 Yes Yes All missense/in frame 617201 (AD) 

RBPJ 147183 1 Yes Yes All missense/in frame 614814 (AD) 

KIF5C 604593 1 Yes Yes All missense/in frame 615282 (AD) 

DYNC1H1 600112 1 Yes Yes All missense/in frame 614228 (AD);614563 (AD); 158600 (AD) 

AKT3 611223 1 Yes Yes All missense/in frame 615937 (AD) 

PACS1 607492 1 Yes Yes Activating 615009 (AD) 

IGF2BP2 608289 1 Yes Yes N/A 125853 (AD) 

ADAM10 602192 1 Yes Yes N/A 615590; 615537 (AD) 

F2 176930 1 Yes Yes N/A 613679 (AR); 613679 (AR); 614390 (AD);  601367 ; 188050 (AD) 

DPP6 126141 1 Yes Yes N/A 616311; 612956 (AD) 

KCNH2 152427 1 Yes Yes N/A 613688 (AD); 613688 (AD); 609620  

DNM2 602378 1 Yes Yes N/A 160150 (AD); 606482 (AD); 606482 (AD); 615368 (AR) 

ETV6 600618 1 Yes Yes N/A 601626; 616216 (AD) 

ACTN4 604638 1 Yes Yes N/A 603278 (AD) 

SLITRK1 609678 1 Yes Yes N/A 137580 (AD), 613229 (AD) 

LMNB2 150341 1 Yes Yes N/A 616540 (AR), 608709 (AD) 

STK11 602216 1 Yes Yes N/A 175200 (AD); 273300 

MEN1 613733 1 Yes Yes N/A 131100 (AD) 

JPH3 605268 1 Yes Yes N/A 606438 (AD) 

SNRNP200 601664 1 Yes Yes N/A 610359 (AD) 

FLCN 607273 1 Yes Yes N/A 135150 (AD); 114500; 173600 (AD); 144700 

WNK1 605232 1 Yes Yes N/A 201300 (AR); 614492 (AD) 

Above is a list of 123 genes that were prioritised for scientist review (Please refer to Figure 2.1) 
Genes in blue bold font are those that were selected to undergo full CNV reclassification (Table 2.3) 
$ 8 out of the 9 cases with NAA15 loss were deemed artefactual on aCGH data inspection 
LoF: Loss of Function, GoF: Go of Function, AD: Autosomal Dominant, AR: Autosomal Recessive, DR: Digenic Recessive 
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3 HAPLOINSUFFICIENCY OF ATP6V0C POSSIBLY 

UNDERLIES 16P13.3 DELETIONS THAT CAUSE 

MICROCEPHALY, SEIZURES AND 

NEURODEVELOPMENTAL DISORDER1 

  

 
1 This chapter is adapted from Tinker RJ, Burghel GJ, Garg S, Steggall M, Cuvertino S, Banka 

S. Haploinsufficiency of ATP6V0C possibly underlies 16p13.3 deletions that cause 

microcephaly, seizures, and neurodevelopmental disorder. Am J Med Genet A. 2020 

Epub ahead of print.  
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3.1 Abstract 

Introduction: We recently described eight individuals with a novel condition caused by 16p13.3 

microdeletions encompassing TBC1D24, ATP6V0C, and PDPK1 and resulting in epilepsy, 

microcephaly and neurodevelopmental problems. The phenotypic spectrum, the minimum 

overlapping region and the underlying disease mechanism for this disorder remain to be 

clarified.  

 

Results: Here we report a 3.5-year-old male, with microcephaly, autism spectrum disorder and 

a de novo 16p13.3 microdeletion. We performed detailed in silico analysis to show that the 

minimum overlapping region for the condition is ~80Kb encompassing five protein coding 

genes. Analysis of loss of function constraint metrics, transcript-aware evaluation of the 

population variants, GeVIR scores, analysis of reported pathogenic point variants, detailed 

review of the known functions of gene products and their animal models showed that the 

haploinsufficiency of ATP6V0C likely underlies the phenotype of this condition. Protein-protein 

interaction network, gene phenology and analysis of topologically associating domain showed 

that it was unlikely that the disorder has an epistatic or regulatory basis. 

 

Conclusions: 16p13.3 deletions encompassing ATP6V0C cause a neurodevelopmental 

disorder. Our results broaden the phenotypic spectrum of this disorder and clarify the likely 

underlying disease mechanism for the condition. 
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3.2 Introduction  

Copy number variants (CNVs) are an important cause for neurodevelopmental disorders (Coe 

et al., 2014; Cooper et al., 2011; Mefford, 2014). Disease causing CNVs result in diverse 

phenotypes and have significant medical and socioeconomic impact (Burghel et al., 2020; 

Coppola et al., 2019). Variability of CNVs can make their clinical correlation challenging. 

Individuals with overlapping CNVs can help in determining the minimum overlapping regions 

for specific disorders (Kasher et al., 2016). A significant proportion of copy number losses are 

driven by haploinsufficiency of dosage sensitive genes (Rice and McLysaght, 2017). Studying 

CNVs can also provide insights into genetic basis of single gene (Cuvertino et al., 2017; Yagi 

et al., 2003) or complex disorders (Banka et al., 2015). Other mechanisms by which 

chromosome deletions can convey phenotypes include contiguous gene deletions, gene 

interruption, generation of fusion genes, unmasking of deleterious variants resulting in 

recessive phenotypes, epistasis, position effects such as disruption of the regulatory regions of 

the genome and disruption of topologically associating domains (TADs) (Lupski and 

Stankiewicz, 2005; Spielmann et al., 2018; Stankiewicz and Lupski, 2002). 

  

We recently described 8 individuals with epilepsy, microcephaly, neurodevelopmental 

problems and overlapping 205 kb to 504 kb 16p13.3 microdeletions and proposed that it is a 

novel genetic condition (Table 3.1) (Mucha et al., 2019). The defined minimum critical region 

of ~112 kb (GRCh37:Chr16:2,530,000–2,642,000) that included seven known genes - 

TBC1D24, ATP6V0C, AMDHD2, CEMP1, MIR3178, PDPK1 and DQ577714. Since our 

publication, there has been no other peer-reviewed publication on this condition. The 

phenotypic spectrum, the minimum overlapping region and the underlying disease mechanism 

for this disorder remain to be clarified. Here we report an additional individual with an 

overlapping 16p13.3 deletion and a similar phenotype, which further establishes this 

microdeletion syndrome as a distinct entity. We also present in silico work to understand the 

underlying disease mechanism. 
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Table 3.1 Summary of phenotype of patients with 16p13.3 deletions 

Feature  Current Patient (1) Previously reported patients (8) 

Sex Male Females (2), Males (6) 

Age 2  Mean: 13.8 

Neurodevelopment and 
behaviour  

Moderate autistic spectrum disorder 
 

Developmental delay (6) 
Attention deficit hyperactivity disorder (3)  
bipolar disorder (1) 

Seizures  Febrile tonic clonic and absence seizures Generalized tonic–clonic in (6)  

Microcephaly  Yes (0.4th centile) 6 (ranging from 0.4th - 5th centile) 

Additionally features (N/8) 
 

Recurrent infections 
 

Hypotonia (2) 
Short stature (2) 
Strabismus (2) 
Beaked nose (1) 
Failure to thrive (1) 
Hearing loss (1) 
Hypotonia (1) 
Nystagmus (1) 
Pointed chin (1) 
Posteriorly rotated ears (1) 
Prognathism (1) 
Tapering fingers (1) 
Strabismus (1) 
Tubular nose (1) 
Vision loss (1)  
Insomnia (1/8) 

Brain Imagining Normal  
Cerebral & cerebellar atrophy (1) 
Small stable venous anomaly (1) 
Thickening of calvarium (1) 
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3.3 Methods and Results  

3.3.1 Case Report 

The proband is a 3.5-year-old male, born to non-consanguineous parents with no relevant 

family history. His mother’s pregnancy was complicated by antenatal bleeding and placenta 

praevia. He was born via Caesarean section at 38 weeks gestation with a birth weight of 2.41kg 

(-2SD). The immediate postnatal period was uneventful apart from a brief period of 

hypothermia.  

 

At the age of 10 months, the child presented with a tonic-clonic seizure during a febrile illness. 

Subsequently he had multiple febrile tonic-clonic seizures. 24-hour electroencephalograms did 

not show any epileptic activity. A brain magnetic resonance imaging scan at 1 year did not 

identify any abnormality. He has not been formally diagnosed with epilepsy and no anti-epileptic 

treatment has been required to be initiated so far. He first rolled over at the age of 10 months 

but then did not roll over again until several months later. He attained independent walking at 

18 months of age. An Early Social cognitive Battery assessment performed at the age of 38 

months showed his early social interaction and play skills to be impaired. An Autism Diagnostic 

Observation Schedule (ADOS Module 2) performed at 38 months of age showed him to be on 

moderate autism spectrum. Social affect score was 8 and restricted repetitive behaviours score 

of 1 with calibrated severity score of 5, meeting the criteria for autism spectrum disorder.  

Weschsler Preschool and Primary Scale of Intelligence – Fourth UK edition (WPPSI-IV) 

performed at 36 months of age gave a Full Scale Intelligence Quotient of 90 within the average 

range (25th centile). His verbal comprehension index was 91 on the 27th centile; (scaled scores: 

Receptive vocabulary = 10; Information = 7) and Visual spatial index was 97 on the 42nd centile 

(scaled scores: Block Design = 10; Object Assembly = 9). Working memory and vocabulary 

index could not be computed due to lack of compliance but he scored within low average range 

for Picture memory (scaled score of 7) and Picture Naming (scaled score 7).  
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The child also has a history of frequent infections including recurrent upper respiratory tract 

infections, several episodes of glue ear and one episode of enteroviral meningitis. He also 

required tonsillectomy. 

 

At age 2 years, the child’s occipital frontal head circumference was 45 cm (-3SD), weight was 

10.2 kg (-1.8SD) and height was 84.6 cm (-0.25SD). A neurological examination at this age 

was unremarkable. Facially the child is not dysmorphic.  

3.3.2 Array comparative genomic hybridisation  

Array comparative genomic hybridisation (a-CGH) analysis using OGT CytoSure Constitutional 

v3 Array (6x60K) revealed a 220kb loss of chromosome 16p13.3 ([GRCh37] 

16p13.3(2,415,389_2,635,921)x1) (Figure 3.1A).The deletion encompassed eight known 

protein coding genes (CCNF, C16orf59, NTN3, TBC1D24, ATP6V0C, AMDHD2, CEMP1 and 

PDPK1) and two non-protein coding genes (MIR3178 and DQ577714).Targeted a-CGH 

performed on DNA samples of both parents revealed normal results indicating that the 

proband’s deletion had occurred de novo. Comparison of the clinical features of our individual, 

with the phenotypes of previously published individuals (Table 3.1) showed remarkable overlap 

(Mucha et al., 2019). We, therefore, classed this deletion as pathogenic based on the joint 

consensus recommendation of the American College of Medical Genetics and Genomics 

(ACMG) and the Clinical Genome Resource (ClinGen) (Riggs et al., 2020). 

 

3.3.3 In silico analysis and literature review 

Combining our data with the previously published individuals revealed the minimum 

overlapping region for the condition to be ~80Kb (GRCh37:chr16:2,555,682-2,635,921) 

encompassing five protein coding (TBC1D24, ATP6V0C, AMDHD2, CEMP1 and PDPK1) and 

two non-protein coding genes (MIR3178 and DQ577714) (Figure 3.1A). 
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Figure 3.1 The genetic basis of 16p13.3 deletion syndrome 

A) Schematic representation of the reported 16p13.3 microdeletions. Cases 1 to 8 are previously reported. 

Case 9 is the present case.  B) Quantified expression of 5 of the deleted genes in the central nervous 

system (Transcripts Per Million (TPM) with dendrograms representing different groups of central nervous 

system tissue. 

 

To investigate the possible disease mechanism, we first compiled the pLI scores of the seven 

genes in the deleted region (Table 3.2). PDPK1 and ATP6V0C were found to have the highest 

pLI scores of 0.98 and 0.74 respectively. Closer inspection of the gnomAD data revealed that 

the low pLI score of ATP6V0C is, at least in part, likely attributable to the relatively small size 

of this gene (only 3 exons encoding a protein of 155 amino acids). Furthermore, the only 

observed loss of function variant is located in part of its exon 2 that is not included in two out of 

four known transcripts of the gene (Supplementary Figure 3.2).  
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Table 3.2: Summary of the pLI and GeVIR scores of the genes within 16p13.3 microdeletions 

Gene pLI Score 

GeVir scores 

GeVIR% LOEUF% VIRLoF% GeVIR AD LOEUF% AD VIRLoF AD GeVIR AR LOEUF AR VIRLoF AR 

TBC1D24 0 25.12 61.99 41.78 1.37 0.56 0.72 1.15 1.36 2.01 

ATP6VOC 0.74 2.03 34.48 16.03 4.23 0.82 1.71 0.24 1.56 0.68 

AMDHD2 0 71.28 38.87 54.66 0.39 0.7 0.56 0.85 1.65 1.73 

CEMP1 Not Known  97.8 98.21 99.54 0.11 0.2 0.12 0.11 0.15 0.05 

MIR3178 Not Known  Not Known Not Known Not Known Not Known Not Known Not Known Not Known Not Known Not Known 

PDPK1 0.98 21.16 13.21 15 1.53 2.06 1.89 1.02 0.6 0.63 

DQ577714 Not Known Not Known Not Known Not Known Not Known Not Known Not Known Not Known Not Known Not Known 
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Additionally, we compiled loss-of-function observed/expected upper bound fraction scores 

(LOEUF) for the five deleted protein coding genes from gnomAD v2.1.1 

(https://gnomad.broadinstitute.org/) (Karczewski et al., 2020). Scores for non-coding genes and 

CEMP1 were not available. The results were in keeping with the previous pLI scores with both 

ATP6V0C and PDPK1 showing sensitivity to haploinsufficiency with scores of 0.67 and 0.29 

respectively. Next, we obtained Gene Variation Intolerance Ranking (GeVIR) scores for the 

genes in this region (Table 3.2) (Abramovs et al., 2020). GeVIR is also able to prioritize short 

genes, for which loss of function constraint cannot be estimated with confidence. ATP6V0C 

was found to be the highest ranked autosomal dominant disorder gene in GeVIR, followed by 

PDPK1. Next, we quantified the levels of gene expression in selected brain regions using GTEX 

portal (Figure 3.1B) (Supplementary Table 3.3) (Supplementary Figure 3.2) (The GTex 

Consortium, 2015). Expression of ATP6V0C was found to be highest across multiple brain 

tissues. Our analyses thus far indicated that the haploinsufficiency of PDPK1 or ATP6V0C or 

both possibly underlies 16p13.3 deletions that cause microcephaly, seizures and 

neurodevelopmental problems.  

 

Next, we investigated the known functions, animal models and pathogenic point variants in 

these two genes in more detail. PDPK1 (also known as PDK1) encodes a protein kinase that 

is involved in intracellular signalling pathway facilitating cell migration (Bergfeld et al., 2012). 

KO of PDPK1 in murine is incompatible with life but mice with reduced residual PDK1 activity 

are smaller but fertile and without any obvious neurological phenotype (Alvarez-Pérez et al., 

2006). No PDPK1 point variants were detected in ClinVar (Landrum et al., 2016). Three 

possible disease causing missense PDPK1 variants were listed in Human Gene Mutation 

Database (HGMD) (Stenson et al., 2003). However, the associated phenotypes were 

congenital heart defect (Russell et al., 2019), premature ovarian insufficiency  and modification 

of phenotype in Williams syndrome (Masson et al., 2019). None of these phenotypes overlap 

significantly with what has been observed in individuals with 16p13.3 deletions. ATP6V0C 

(ATPase, H+ transporting, lysosomal 16 kDa, V0 subunit C) encodes for a component of 

vacuolar ATPase (V-ATPase), a subunit enzyme that acidifies the intracellular organelles of 

https://gnomad.broadinstitute.org/
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eukaryotes (Bayascas et al., 2008). This process maintains endocytic and exocytic pathways 

(Bayascas et al., 2008). The subunit is present in synaptic vesicles, endosomes, lysosomes, 

clathrin-coated vesicles, and the Golgi complex (Abbas et al., 2020).  ATP6V0C has a neuron-

specific expression at presynaptic vesicles in zebrafish embryos and facilities neurotransmitter 

storage (Wullschleger et al., 2011). ClinVar lists a single missense ATP6V0C variant of 

uncertain significance without any associated clinical data. HGMD listed one de novo frameshift 

ATP6V0C variant in an individual with Dravet syndrome (Carvill et al., 2014). These analyses 

indicated that haploinsufficiency of ATP6V0C is more likely to explain the phenotype caused 

by 16p13.3 deletions. 

 

Next we considered the possibility of an epistatic model to explain the phenotype of 16p13.3 

deletions (Veltman and Brunner, 2010). We first looked for known interactions between the 

protein products of these genes. Protein-protein interaction network analysis was conducted 

using STRING and the gene phenology was studied using PANTHER (Mi et al., 2019). These 

analyses did not reveal any known interactions or obvious functional overlaps (Supplementary 

Table 3.4- Supplementary Table 3.5). Finally, we looked at the possibility of this deletion 

disrupting any TAD boundaries. Analysis of the deleted region by ClinTAD 

(https://www.clintad.com/, accessed April 2020) (Lupiáñez et al., 2016) showed that the 

breakpoints did not overlap with known TAD boundaries.  

 

3.4 Discussion  

We present a boy with microcephaly and autistic spectrum disorder (ASD) with a de novo 

chromosome 16p13.3 deletion, which spans between 2,415,389 and 2,635,921 [GRCh37]. The 

similarity of the phenotype of our individual with our eight recently described individuals and 

overlap of this deletion with the previously defined minimum critical region are strongly 

indicative that this deletion is causal (Mucha et al., 2019). Our observations further establish 

chromosome 16p13.3 deletion syndrome microcephaly, seizures and neurodevelopmental 

problems as a distinct genetic disorder. Of note, this condition should not be confused with 

other non-overlapping 16p13.3 deletions in this region resulting in alpha-thalassemia-

https://www.clintad.com/
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intellectual disability syndrome (Babbs et al., 2020) or Rubinstein-Taybi syndrome (Breuning et 

al., 1993; Hennekam et al., 1993). Epilepsy (including tonic clonic and myoclonic seizures) and 

microcephaly are the most frequent features in all individuals with this syndrome (Mucha et al., 

2019). Notably, although our individual had history of febrile seizures, he has not been 

diagnosed as having epilepsy. The individual described in this study was diagnosed with ASD. 

Reported neuropsychiatric developmental disorders in the disorder include developmental 

delay (DD), Attention deficit hyperactivity disorder (ADHD), Intellectual disability (ID) and 

bipolar disorder (Mucha et al., 2019). Of note, the assessments in our patient suggest social 

communication impairments, but with average range cognitive ability. Additionally, the 

individual in the current individual study and individual 5 of the previous study have an identical 

deletion but sustainable phenotypic variation (Mucha et al., 2019). Individual 5 of the previous 

study has facial dysmorphia, short stature and a venous anomaly on magnetic resonance 

imaging. This is in contrast with the current patient who has none of these features (Mucha et 

al., 2019). This adds further evidence to a phenotypic spectrum the current syndrome of 

ATP6V0C deletions. 

 

Our patient had history of repeated infections. None of the previous individuals have been 

reported to with this phenotype. At present it is not possible to be certain if this observation is 

linked to the 16p13.3 deletion or if it is coincidental. Of interest, PDPK1 has been reported to 

regulate macrophages metabolism, T cells differentiation and B cells haemostasis (Yang et al., 

2016).  

 

Previously the phenotype of this condition was attributed to haploinsufficiencies of TBC1D24, 

ATP6V0C and PDPK1. Our in-silico analyses indicated that haploinsufficiency of either 

ATP6V0C or PDPK1 or both the genes may underlie the microcephaly, seizures and 

neurodevelopmental disorders in individuals with these 16p13.3 deletions. Of the two genes 

haploinsufficiency of ATP6V0C provides a more compelling explanation for the phenotype of 

this condition. It is because of its known function in acidification of synaptic vesicles (Bayascas 

et al., 2008), its high level of expression in brain tissues (Fig 1B), high GeVIR ranking (Table 

3.2) and previous description of an individual with a frameshift variant and epilepsy (Carvill et 
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al., 2014) and a frameshift mutation in ATP6V0C resulting in neurodevelopmental disability in 

the Deciphering Developmental Disorders study (McRae et al., 2017)  

 

Furthermore on assessment we assessed for de novo mutations using the denovo-db database 

(https://denovo-db.gs.washington.edu/denovo-db/) and identified a reported de-novo frameshift 

mutation in ATP6V0C that has been shown to in the Deciphering Developmental Disorders 

study to results in a neurodevelopmental disorder. Of note, the pLI score of ATP6V0C is only 

0.74, which is lower than expected for a gene, loss of function variants in which may cause a 

severe early-onset developmental disorder. However, our transcript-aware evaluation of 

population variants demonstrates that the deletions or loss of function variants that affect all 

the transcripts of this gene may be more deleterious than those variants which affect only some 

transcripts. TBC1D24 encodes a member of the Tre2-Bub2-Cdc16 (TBC) domain-containing 

RAB-specific GTPase-activating protein family (Falace et al., 2010). Bi-allelic TBC1D24 loss-

of-function variants cause Deafness (OMIM 614617) (Rehman et al., 2014), DOORS syndrome 

(OMIM 220500) (Campeau et al., 2014), Rolandic epilepsy with paroxysmal exercise-induced 

dystonia and writer's cramp (OMIM 608105) (Lüthy et al., 2019), Early Infantile Epileptic 

encephalopathy (OMIM 615338) (Duru et al., 2010) and infantile myoclonic epilepsy (OMIM 

605021) (Falace et al., 2010). Heterozygous carriers of TBC1D24 loss-of-function variants do 

not show clinical features such as epilepsy, microcephaly or developmental delay. Of note, a 

heterozygous missense p.(S178L) TBC1D24 variant has been proposed to cause autosomal 

dominant deafness-65 (OMIM #616044) (Azaiez et al., 2014; Zhang et al., 2014). However, the 

proposed mechanism in this variant was gain of function or a dominant-negative. Heterozygous 

loss of TBC1D24 is unlikely to be responsible for the phenotype seen with these deletions. Our 

analyses also indicate that epistatic or regulatory dysregulation are unlikely to explain the 

phenotypes of this condition. However, it is impossible to rule out the contribution to the 

phenotype from loss of other genes within the deletions without further studies.  

 

In summary, we describe an additional individual with a rare chromosome 16p13.3 deletion that 

establishes the condition as a distinct entity and clarifies its phenotypic spectrum. Our analysis 

suggests that the haploinsufficiency of ATP6V0C is likely to underlie the pathology of this 
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condition. Further data and experiments will be needed to prove these assertions conclusively. 

The establishment of a phenotypic and genetic cohorts of patients with ATP6V0C loss of 

function mutations and neurodevelopmental pathology will be required to further elucidate the 

phenotypic spectrum of this emerging condition. 

 

3.5 Contribution statement 

The study was conceived by Dr Siddharth Banka; the research plan was devised by me and Dr 

Banka; the clinical data was collected by Dr Banka, Rory J Tinker, Dr Shruti Garg and Dr 

Maggie Steggall; in silico analyses were performed by me and Dr Sara Cuvertino; and the 

manuscript was drafted by Rory J Tinker and me and reviewed by all co-authors. Rory J Tinker 

(medical student and first author) was co-supervised by me and Dr Banka.  
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3.6 Chapter 3 Supplementary information 

Supplementary Table 3.3 Quantified expression of the deleted genes across neuronal tissue (Transcripts per million) (TPN). 

 Cerebellum Cerebellar  
Nucleus 
accumbens 

Anterior 
cingulate 
cortex 

Frontal 
Cortex 

Cortex 
Substantia 
nigra 

Putamen Caudate Hypothalamus Hippocampus Amygdala 

ATP6V0C 600.0 613.0 312.2 371.1 585.4 531.8 203.7 220.2 256.5 316.6 230.4 225.5 

MIR3178 0 0 0 0 0 0 0 0 0 0 0 0 

TBC1D24 27.8 26.6 6.5 9.9 11.4 11.2 3.199 3.4 4.5 5.9 4.6 5.3 

AMDHD2 23.6 22.4 8.9 9.9 12.9 15.4 7.650 6.7 7.5 7.3 7.3 6.4 

PDPK1 33.1 34.4 18.2 15.4 20.2 17.3 6.605 11.0 14.9 9.6 10.3 9.9 

MCEMP1 0.18 0.18 0.13 0.1 0.2 0.2109 0.1663 0.1 0.2 0.1 0.1 0.1 

Colour scheme: TPN >100 green; 10<TPN<99.9 amber; 1<TPN<9.9 red and TPN<1 uncoloured 
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Supplementary Table 3.4: Phenological sub categorical analysis of the deleted genes biological roles. 

Panther category  Category (N) 

Go Slim Molecular Function  
Catalytic activity (3) 
Transporter Activity (1) 
None function (1) 

Go Slim Biological Process  

Metabolic Process (2) 
Biological Regulation (1) 
Cellular Process (1) 
Response to stimuli (1) 
Signalling (1) 

Go Slim Cellular Component 
Membrane part (1) 
Membrane (1) 

Go Slim Protein Class  

Metabolite interconversion enzyme (1) 
Protein Modifying enzyme (1) 
Protein Binding activity Modulator (1) 
Transporter (1) 

Go Slim Panther Pathways 

P53 pathway (2) 
CCKR signalling map (1) 
inflammation Mediated by chemokine and cytokine signalling pathways (1) 
Insulin /IGF Pathway – protein kinase B signalling cascade (1) 
Interleukin signalling pathway (1) 
N-acetylglucosamine metabolism (1) 
PDGF signalling Pathway (1) 
P13 kinase pathway (1) 
Ras Pathway (1) 
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Supplementary Table 3.5: Gene and phenology specific analysis of the deleted genes. 

Gene PANTHER 
Family/Subfamily 

PANTHER Protein 
Class 

PANTHER GO-Slim Molecular 
Function 

PANTHER GO-
Slim Biological 
Process 

PANTHER GO-
Slim Cellular 
Component 

Pathway 

ATP6V0C V-TYPE PROTON 
ATPASE 16 KDA 
PROTEOLIPID SUBUNIT 
(PTHR10263:SF5) 

ATP synthase ATPase activity 
ATPase-coupled 
transmembrane transporter 
activity 
proton transmembrane 
transporter activity 
active ion transmembrane 
transporter activity 

 Integral 
component of 
membrane 

 

TBC1D24 TBC1 DOMAIN FAMILY 
MEMBER 24 
(PTHR23353:SF6) 

GTPase-activating 
protein 

-   N-acetylglucosamine metabolism->N-
acetylglucosamine-6-phosphate 
deacetylase 

AMDHD2 N-
ACETYLGLUCOSAMINE-
6-PHOSPHATE 
DEACETYLASE 
(PTHR11113:SF14) 

deacetylase hydrolase activity, acting on 
carbon-nitrogen (but not peptide) 
bonds, in linear amides 
deacetylase activity 

amino sugar 
catabolic process 

  

CEMP1 - - -    

PDPK1 3-PHOSPHOINOSITIDE-
DEPENDENT PROTEIN 
KINASE 1-RELATED 
(PTHR24356:SF163) 

Non-receptor 
serine/threonine 
protein kinase  

protein serine/threonine kinase 
activity 

peptidyl-serine 
phosphorylation 
intracellular signal 
transduction
 - 

 CCKR signaling map->PDPK1 
 
PI3 kinase pathway->Activated p110 
 
Insulin/IGF pathway-protein kinase B 
signaling cascade->3-
phosphoinositide-dependent protein 
kinase 1 and 2 
 
Interleukin signaling pathway->3-
phosphoinositide-dependent protein 
kinase 1 and 2 
 
p53 pathway feedback loops 2->3-
phosphoinositide-dependent protein 
kinase 1 and 2 
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Inflammation mediated by chemokine 
and cytokine signaling pathway->3-
phosphoinositide-dependent protein 
kinase 1 
 
Ras Pathway->3-phosphoinositide-
dependent protein kinase 
 
PDGF signaling pathway->3-
phosphoinositide-dependent protein 
kinase 1 and 2 
 
p53 pathway->3-phosphoinositide-
dependent protein kinase 1 and 2 
 
PI3 kinase pathway->3-
phosphoinositide-dependent protein 
kinase 1, active 
 
PI3 kinase pathway->3-
phosphoinositide-dependent protein 
kinase 1 
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Supplementary Figure 3.2: Loss of function ATP6V0C variant on gnomAD 

The low pLI score may be due to the relatively small size of this gene (3 exons encoding a protein of 155 amino acids). The only observed loss of function variant in this gene is 

located in part of exon 2 that is not included in 2 out of 4 known transcripts of the gene . 
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4 PRESENCE OF PATHOGENIC COPY NUMBER VARIANTS 

(CNVs) IS CORRELATED WITH SOCIOECONOMIC 

STATUS2 

  

 
2This chapter is adapted from Burghel GJ, Khan U, Lin WY, Whittaker W, Banka S. Presence 

of pathogenic copy number variants (CNVs) is correlated with socioeconomic status. J Med 

Genet. 2020 Jan;57(1):70-72.  

• Paper selected as the J Med Genet Editor’s Choice.  

• I presented this work at the ESHG conference 2019 (poster – Appendix E1).  

• A layperson summary was published on the websites of the Journal of Medical 

Genetics (Appendix E2) and Manchester University NHS foundation trust (Appendix 

E3).  
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4.1 Abstract 

Socioeconomic status (SES) is a major determinant of health. We studied the Index of Multiple 

Deprivation Rank (IMDR) of 473 families with individuals with pathogenic autosomal copy 

number variants (CNVs) and known inheritance status. The IMDR distribution of families with 

pathogenic CNVs was significantly different from the general population. Families with inherited 

CNVs were significantly more likely to be living in areas of higher deprivation when compared 

to families that had individuals with de novo CNVs. These results provide unique insights into 

biological determinants of SES. As CNVs are relatively frequent in the general population, these 

results have important medical and policy consequences. 

 

4.2 Introduction 

Socioeconomic status (SES) is a measure of an individual’s or family’s economic and social 

status based on factors such as income, education and occupation. SES is a major determinant 

of health and related outcomes (Bradley and Corwyn, 2002; Clark et al., 2009; Cox et al., 2006; 

Hanscombe et al., 2012). Lower SES confers increased risk for multifactorial disorders like 

stroke, and cardiovascular disease and plays a key role in child health and development (Clark 

et al., 2009; Hanscombe et al., 2012). Early life adversity negatively impacts child health and 

produces lasting and deleterious effects on developmental outcomes (Hackman and Farah, 

2009). Biological factors including genetic variants that may influence SES are only beginning 

to be understood. Recently an association between pathogenic copy number variants (CNVs) 

and lower SES in clinically unaffected adults from the United Kingdom (UK) Biobank was 

described (Kendall et al., 2019). However, this study examined a limited spectrum of common 

CNVs and there was no information available on the inheritance of these CNVs (Kendall et al., 

2019). The aim of our study was to investigate the correlation of a wide range of unselected 

pathogenic and likely-pathogenic CNVs, and their inheritance pattern, with SES. 
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4.3 Methods 

4.3.1 Database  

Manchester Centre for Genomic Medicine (MCGM) is a regional genomic diagnostic laboratory 

and receives referrals for genomic testing from the North-West (NW) of England 

(http://www.mangen.co.uk, 2019). MCGM offers array-comparative genomic hybridisation 

(aCGH) as first line of investigation to individuals with developmental disorders and congenital 

malformations to identify disease causing copy number variants (CNVs). 

  

CNVs are the most common type of structural variation in the human genome and involve more 

base pairs than any other type of genetic variation (Stankiewicz and Lupski, 2002). CNVs can 

be classed as losses (deletions) or gains (e.g. duplications or triplications). Depending on their 

phenotypic effect, CNVs can be classed as benign (class 1), likely benign (class 2), variant of 

uncertain significance (class 3), likely pathogenic (class 4) and pathogenic (class 5) (Kearney 

et al., 2011). Likely pathogenic (class 4) and pathogenic (class 5) CNVs have been implicated 

in a wide range of human disorders including intellectual disabilities and neurodevelopmental 

delays (Rice and McLysaght, 2017). These disease-causing class 4 and 5 CNVs, like any other 

CNVs, can be inherited from a parent or they may arise de novo. Inherited CNVs generally 

show reduced penetrance, meaning that the individual carrying the CNVs may not be clinically 

classed as affected. De novo pathogenic CNVs are generally, associated with more severe 

phenotype when compared with the phenotypes of inherited pathogenic CNVs (Veltman and 

Brunner, 2012). 

 

The current aCGH platform used at MCGM is the OGT v3 8x60K array platform with a backbone 

resolution of 180kb and is validated prior to diagnostic use.  Analysis is performed using the 

the CytoSure™ Interpret Software (v4.9).  This tool contains tracks linking information from the 

Database of Genomic Variants, DECIPHER, Online Mendelian Inheritance of Man and the local 

MCGM patient database (https://www.ogt.com, 2019). Interpretation and classification of CNVs 

are conducted using the laboratory standard operating procedures and published guidelines 

(Kearney et al., 2011). 
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We curated an anonymised departmental database of results from over 16,000 postnatal 

clinical array-CGH testing performed at MCGM between 2010 and 2017. Our database 

included information on each identified CNV, its clinical classification, size, loss or gain status, 

the inheritance status (de novo or inherited from a parent) where available and IMDR 

information extracted based on postcode from original data. Details of CNVs are in 

Supplementary Table 4.2. 

 

4.3.2 Data cleaning and filtering  

From the database, we selected all pathogenic (Class 5) or likely pathogenic (Class 4) CNVs. 

From these pathogenic/likely-pathogenic CNVs, we identified CNVs in which complete 

inheritance status was available (De novo vs inherited). From these CNVs we included only 

one proband from each family (to avoid sample bias by double counting). We also excluded 

derivative CNVs resulting from parental balanced translocation (as these CNVs cannot be 

classed as de novo or inherited in the traditional sense) and sex chromosomes CNVs (because 

their phenotype effect is sex dependant). Cases for which IMDR data was unavailable were 

excluded. 

 

4.3.3 Determination of SES  

A number of measures and methodologies to study SES in health-related contexts exist 

(Shavers, 2007). English Indices of Deprivation are one such widely used SES measure in 

health research. They combine seven domains of deprivation for small geographical areas in 

England (referred to as Lower-Layer Super Output Areas or LSOAs) into an overall weighted 

aggregation index of multiple deprivation or IMD.  These seven domains and their associated 

weightings are: income deprivation (22.5%), employment deprivation (22.5%), health 

deprivation and disability (13.5%), education, skills and training deprivation (13.5%), barriers to 

housing and services (9.3%), crime (9.3%) and living environment deprivation (9.3%) 

(https://www.gov.uk/government/statistics/english-indices-of-deprivation-2015). Each of the 

LSOAs is scored and ranked from the most deprived (rank 1) to the least deprived (rank 

https://www.gov.uk/government/statistics/english-indices-of-deprivation-2015
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32,844). LSOAs are categorised into 10 equal groups whereby the first and the tenth deciles 

include the most and the least deprived 10% LSOAs respectively.  Each postcode in England 

falls within an LSOA (http://imd-by-postcode.opendatacommunities.org/). For each CNV, we 

retrieved the index of multiple deprivation rank (IMDR), and its seven constituent domains, 

using the English indices of deprivation 2015 

(https://www.gov.uk/government/statistics/english-indices-of-deprivation-2015). 

  

4.3.4 Statistical analyses  

All the statistical tests were performed using R 3.5.2, unless otherwise specified. Statistical 

significance was set at p < 0.05. Chi-squared tests of independence and trend were performed 

to examine the associations between IMDR deciles (and its seven constituent domains) and 

CNV inheritance (de novo/inherited). To investigate if there was a correlation between age of 

diagnosis and SES, Jonckheere-Terpstra test was used. To explore the joint effect of the CNV 

type (losses/gains) and inheritance on IMDR, we further categorised samples into 4 groups 

based on CNV inheritance and type. Kruskal-Wallis rank sum test was used to test if IMDR are 

different among 4 groups.  Mann Whitney U-tests were used as post-hoc testing for Kruskal-

Wallis rank sum test and FDR (false discovery rate) was used to control the inflation of type I 

error rates. Pairwise fdr-adjusted p values were reported. CNV sizes are defined as the intervals 

between CNV start and end in the million base scale (Mb).  To investigate if CNV sizes differ 

by IMDR group, Kruskal-Wallis rank sum test was used. 

4.4 Results 

We interrogated an anonymised departmental database of results from >16,000 postnatal, 

mostly paediatric (98%), clinical array comparative genomic hybridisations (aCGH) performed 

at the Manchester Centre for Genomic Medicine between 2010 and 2017. This database 

included information on each identified CNV, its clinical pathogenic classification, size, type 

(loss or gain), and where available inheritance status (de novo or inherited from a parent), and 

postcode IMDR of the patient (Supplementary Methods).  

 

http://imd-by-postcode.opendatacommunities.org/
https://www.gov.uk/government/statistics/english-indices-of-deprivation-2015
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We identified 473 unique unrelated cases of pathogenic or likely-pathogenic autosomal CNVs 

(Table 4.1 and Supplementary Table 4.2) with known inheritance status (ninherited=218; ndenovo= 

255) and available postcode information (Supplementary Methods). We then obtained Index of 

Multiple Deprivation Rank (IMDR) (and the seven constituent domains) associated with each 

of these postcodes (https://www.gov.uk/government/statistics/english-indices-of-deprivation-

2015). English Indices of Deprivation is a widely used measure of SES in health research (Lang 

et al., 2016; White et al., 2016) and reflects the SES of the households of the affected 

individuals in this study (Supplementary Table 4.2).  

 

Table 4.1: Frequency of pathogenic copy number variants identified in this study 

Cytogenetic location 
of CNVs 

De novo loss De novo gain Inherited loss Inherited gain Total 

16p11.2 12 2 18 17 49 

1q21.1q21.2 5 1 13 21 40 

22q11.21 30 2 3 0 35 

15q13.2q13.3 0 0 27 1 28 

15q11.2q13.1 11 2 1 6 20 

16p13.11 3 0 8 7 18 

17q12 4 2 1 8 15 

7q11.23 7 4 1 1 13 

16p12.2 1 0 12 0 13 

17p12 1 0 6 4 11 

15q13.3 0 0 8 1 9 

17p11.2 5 3 0 1 9 

3q29 3 0 0 5 8 

2p16.3 3 0 4 0 7 

17p13.3 2 3 1 0 6 

22q13.33 5 0 1 0 6 

21q11.2q22.3 0 4 0 0 4 

4p16.3 1 0 2 0 3 

6q27 2 0 1 0 3 

9p24.3p23 3 0 0 0 3 

16p13.11p12.3 1 0 2 0 3 

20p13 1 0 1 1 3 

22q11.21q11.22 3 0 0 0 3 

22q11.23q13.33 0 3 0 0 3 

2q37.1q37.3 1 1 0 0 2 

5q14.3 2 0 0 0 2 

6p25.3p25.2 1 0 1 0 2 

7p22.1 2 0 0 0 2 

https://www.gov.uk/government/statistics/english-indices-of-deprivation-2015
https://www.gov.uk/government/statistics/english-indices-of-deprivation-2015
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8p23.1 1 0 0 1 2 

9p24.2p23 1 0 1 0 2 

9p24.3p13.1 0 2 0 0 2 

10q26.2q26.3 2 0 0 0 2 

10q26.3 1 0 1 0 2 

11q24.2q25 2 0 0 0 2 

13q12.3q13.1 2 0 0 0 2 

15q11.1q13.1 1 1 0 0 2 

16p13.3 1 0 1 0 2 

17q21.31 2 0 0 0 2 

18p11.32p11.21 0 2 0 0 2 

18p11.32p11.31 0 0 1 1 2 

22q11.1q11.21 0 2 0 0 2 

Other CNVs with 
single instance only  71 28 23 5 127 

Pathogenic copy number variants (CNVs) identified in this study are listed in the descending 

order of their total frequencies in our cohort. Note that the individual CNVs grouped to generate 

frequencies have been grouped according to their chromosomal location and may include 

overlapping CNVs with different breakpoints. Only chromosomal locations with at least 2 CNVs 

in the study have been individually listed here. Full details of all the CNVs and their specific 

locations are provided in Supplementary Table 4.2. 

 

We found that IMDR composition for families with pathogenic or likely-pathogenic CNVs were 

significantly different when compared to the IMDR of the general population of the North-West 

England (px
2
goodness of fit = 1.8x10-8).  Furthermore, families with inherited pathogenic and likely-

pathogenic CNVs were significantly more likely to be living in areas of higher deprivation when 

compared to families that have individuals with de novo pathogenic and likely-pathogenic CNVs 

(px
2
trend= 2.1x10-6) or with the general population of North-West England (px

2
trend= 4.3x10-14) 

(Figure 4.1 and Supplementary Figure 4.2) (Supplementary Results).  
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Figure 4.1: Presence of pathogenic or likely pathogenic copy number variants is correlated with 

SES and is primarily driven by inherited CNVs 

 

This difference was significant across the following deprivation domains of IMDR – income; 

employment; health; education, skills and training (Supplementary Figure 4.3 - Supplementary 

Figure 4.7). There were not significant differences in the following domains - barriers to housing 

and services; and living environment (Supplementary Figure 4.8 - Supplementary Figure 4.9). 

We also performed the Jonckheere-Terpstra test in both de novo and inherited CNVs to see if 

there was any correlation between SES and age of diagnosis. No significant trends were 

identified (p-value = 0.0615 for de novo CNVs and p-value = 0.1615 for inherited CNVs) 

(Supplementary Figure 4.10). IMDR comparisons according to CNV type did not reveal any 

significant difference between CNV Losses and Gains (p=0.52) (Supplementary Results) 

(Supplementary Figure 4.11). There was no evidence of an effect of CNV size on IMDR 

(Supplementary Results) (p-Kruskal-Wallis rank sum test=0.48) (Supplementary Figure 4.12). 

Our data shows that the presence of pathogenic and likely pathogenic CNVs is correlated with 

SES. Notably in our cohort this correlation seems to be driven by partially penetrant inherited 



75 
 
 

CNVs, of low effect-size rather than de novo CNVs that are usually associated with more severe 

and more penetrant phenotypes (Rosenfeld et al., 2013). 

4.5 Discussion and conclusions  

The vast majority of the probands in our cohort are children (98%), and therefore, the IMDR 

dataset reflects the SES of the household in which they are growing up. The parents of children 

with de novo CNV do not carry the CNV and are not affected by the condition of their children. 

On the other hand, at least one of the parents of individuals with inherited CNVs will be carrying 

the same CNV. Almost 51% (n=112) of inherited CNVs in our cohort can be classed as 

recurrent (Supplementary Table 4.2) (Rosenfeld et al., 2013). The penetrance of these 

recurrent CNVs has been estimated to range between 10%-62% (Rosenfeld et al., 2013). 

Based on reported estimated penetrance of these recurrent CNVs, majority of the carrier 

parents of our index cases are likely to be classed as medically unaffected. The high level of 

deprivation observed in our cohort suggests that being a carrier of a low penetrant negatively 

impacts SES even in absence of a medical phenotype. Our observations suggest that there are 

likely sub-clinical effects in individuals who are medically non-penetrant carriers of milder 

pathogenic and likely pathogenic CNVs. This agrees with the recent findings from the UK 

biobank study whereby carriers of pathogenic CNVs had lower levels of household income and 

higher deprivation in the absence of neurodevelopmental disorders (Kendall et al., 2019). 

Lower SES in families with medically relevant inherited pathogenic and likely pathogenic CNVs 

with milder phenotype could therefore be due to cumulative multi-generational consequences 

of these sub-clinical effects. 

 

These results demonstrate that in addition to the primary phenotypes of the pathogenic and 

likely pathogenic CNVs, their secondary socioeconomic, and resultant medical, consequences 

need to be studied especially in families with inherited CNVs. The combined frequency for a 

subset of these pathogenic CNVs in the general population is estimated to be at least 3.8% 

(Crawford et al., 2019) and therefore are significant in the context of public health. The 

correlation of SES with inheritance patterns of pathogenic and likely-pathogenic CNVs, 
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therefore provide further unique insights into biological determinants of SES and has important 

implications for planning of medical and social services. 

 

4.6 Contribution statement 

The study was conceived by Dr Siddharth Banka; the research plan was devised by me and Dr 

Banka; data collection and cleaning was done by me and Unzela Khan; data analysis was 

performed by me, Dr Wei-Yu Lin (statistical analysis) and Dr William Whittaker (IMDR analysis); 

and the manuscript was drafted by me and reviewed by all co-authors. Unzela Khan (MSc 

student) was co-supervised by me and Dr Banka.   
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4.7 Supplementary Results 

4.7.1 Database  

We identified 1,567 pathogenic (Class 5) or likely pathogenic (Class 4) CNVs in our database. 

Complete inheritance status was available for 614 CNVs (324 de novo and 290 inherited). 

Cleaning and filtering of our data left us a final set of 473 IMDR datasets corresponding to 

unique individuals with class 4 and 5 autosomal CNVs with full inheritance information.  This 

included 218 inherited (138 losses and 80 gains) ranging in size between 0.002Mb-13.75Mb 

(median 1.33Mb), 255 de novo (193 losses, 62 gains) ranging in size between 0.006Mb-

13.93Mb (median 3.45Mb) (Supplementary Table 4.2). 

 

4.7.2 Detailed IMDR comparisons 

IMDR comparisons of pathogenic CNVs against the general population: Chi-squared 

goodness of fit test showed that the IMDR spread of our patients was significantly different from 

that of the NW of England population (p=1.8x10-8) (Figure 4.1). 

  

IMDR comparisons according to inheritance:  The difference above is driven by inherited 

CNVs rather than de novo CNVs; the IMDR of patients with de novo CNVs were not too different 

to that of the NW of England population (p=5.1x10-2) while the IMDR of patients with inherited 

CNVs were significantly different to that in the NW of England (p=3.1x10-10) (Figure 4.1).  We 

also found significant differences in IMDR scores between inherited and de novo pathogenic 

CNVs (px
2
df=9=3.3x10-4) (Figure 4.1). Relative to de novo CNVs, inherited CNVs are 2.06 times 

more likely to be living in areas of high deprivation (relative risk ratios = 2.06, p= 1.1x10-5) 

(Figure 4.1) (Supplementary Figure 4.2). This difference was significant across following 

deprivation domains of IMDR – income; employment; health; education, skills and training 

(Supplementary Figure 4.3 - Supplementary Figure 4.7). There were not significant differences 

in the following domains - barriers to housing and services; and living environment 

(Supplementary Figure 4.8 - Supplementary Figure 4.9). 
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Note for Supplementary Figure 4.2 - Supplementary Figure 4.9: The widths of the bars are 

proportional to the number of CNVs. Colours represent decile and number on the stacked bar 

is the proportion of each of the deciles. Number is absent if it is 0:02. P values for two 

independent and trend tests are shown 

 

Supplementary Figure 4.2 Spineplot of IMDR and CNVs 

 

Supplementary Figure 4.3: Spineplot of Income deprivation and CNVs 
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Supplementary Figure 4.4 Spineplot of Employment deprivation and CNV 

 

Supplementary Figure 4.5: Spineplot of Health deprivation and disability and CNVs 
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Supplementary Figure 4.6 Spineplot of Education, skills and training deprivation and CNVs 

 

Supplementary Figure 4.7 Spineplot of Crime and CNVs 
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Supplementary Figure 4.8: Spineplot of Barriers to housing and services and CNVs 

 

Supplementary Figure 4.9 Spineplot of Living environment deprivation and CNVs 
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IMDR comparisons according to age: There was no significant age trend across the different 

IMDR deciles for de novo CNVs (p=0.0615) and for inherited CNVs (p=0.1615) (Supplementary 

Figure 4.10). 

 

Supplementary Figure 4.10 : IMDR comparison by age by Jonckheere-Terpstra test 

This analysis did not reveal significant age trend across the different IMDR deciles for de novo CNVs 

(p=0.0615) and for inherited CNVs (p=0.1615). 

 

IMDR comparisons according to CNV type: IMDR was not significantly different between the 

two CNV types (Losses and Gains) (p=0.52). Of note, de novo CNVs have higher percentages 

of losses (76%) compared to inherited CNVs (63%) (p=0.005). To check the joint effect of the 

CNV type and inheritance on IMDR, we further categorised samples based on inheritance (de 

novo/inherited) and type (losses/gains). There are significant differences in IMDR among 4 

groups (pKruskal-Wallis rank sum test=2.1x10-4) (Supplementary Figure 4.11). Post-hoc pairwise 

comparisons showed that both inherited losses and gains were significantly associated with 

lower IMDR in comparison to de novo losses and gains indicating that the effect mainly resulted 

from mode inheritance rather than CNV type (pfalse discovery rate < 0.05, Supplementary Figure 

4.11).  
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IMDR comparisons according to CNV size: Median CNV sizes ranged from 1.4 to 3.1 Mb 

across IMDR (Supplementary Figure 4.12A). There was no evidence of an effect of CNV size 

on IMDR (pKruskal-Wallis rank sum test=0.48) (Supplementary Figure 4.12B). 

 

 

Supplementary Figure 4.11: Pairwise comparisons using Wilcoxon rank sum test 

 

 

Supplementary Figure 4.12: IMDR and CNV size 

A) Median CNV size across IMDR. B) IMDR comparisons according to CNV inheritance and CNV 

size 
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Supplementary Table 4.2 All CNVs identified in this study 

Chr Cytogenetic 
Location 

Start Stop Size (Kb) Gain
/ 
Loss 

Inheritance Age at 
Diagnosis 
(Months) 

Index of 
Multiple 
Deprivation 
Decile 

Income 
Decile 

Employment 
Decile 

Education 
and Skills 
Decile 

Health and 
Disability 
Decile 

Crime 
Decile 

Barriers to 
Housing and 
Services Decile 

Living 
Environment 
Decile 

1 p36.33p36.32 120840 3235952 3115.11 Loss De Novo 149 4 3 3 5 2 7 9 3 

1 p36.33 564512 1450830 886.32 Loss Inherited 0 1 1 1 1 1 1 2 7 

1 p36.33p36.23 779733 8068387 7288.65 Loss De Novo 10 3 3 2 4 1 8 3 5 

1 p36.33p36.21 779733 14745082 13965.35 Loss De Novo 0 4 9 7 6 8 9 1 1 

1 p36.21p36.12 15422198 21235203 5813.01 Loss De Novo 74 4 4 4 4 4 3 3 7 

1 p35.3p34.3 28529620 36537372 8007.75 Gain De Novo 28 1 1 2 3 1 1 4 2 

1 p34.3 36094966 38501807 2406.84 Loss De Novo 79 9 10 9 9 7 7 10 6 

1 p21.3p12 97154750 120520297 23365.55 Gain De Novo 44 7 8 7 8 5 8 5 5 

1 q21.1q21.2 143700143 149754257 6054.11 Gain Inherited 2 1 1 1 1 1 1 9 1 

1 q21.1 145415156 145799615 384.46 Loss Inherited 45 10 9 9 10 8 7 7 9 

1 q21.1q21.2 145415156 147441119 2025.96 Gain Inherited 23 5 4 5 7 4 6 8 2 

1 q21.1q21.2 145415156 147510582 2095.43 Gain Inherited 42 6 6 5 7 4 5 10 5 

1 q21.1q21.2 145415156 148545664 3130.51 Loss De Novo 0 3 4 5 5 2 1 4 3 

1 q21.1q21.2 145899359 147824212 1924.85 Loss De Novo 131 1 1 1 1 1 6 5 5 

1 q21.1q21.2 145899359 147824212 1924.85 Loss De Novo 48 1 1 2 3 1 1 2 3 

1 q21.1q21.2 145899359 147824212 1924.85 Loss Inherited 57 1 1 2 2 1 1 9 1 

1 q21.1q21.2 145899359 147824212 1924.85 Loss Inherited 9 2 3 3 4 1 1 10 2 

1 q21.1q21.2 146155929 147379627 1223.70 Loss Inherited 75 1 1 1 2 2 3 3 4 

1 q21.1q21.2 146155929 147379954 1224.03 Gain Inherited 72 1 1 1 2 1 5 3 5 

1 q21.1q21.2 146155929 147379954 1224.03 Gain Inherited 34 2 2 2 3 1 1 10 1 

1 q21.1q21.2 146155929 147379954 1224.03 Gain Inherited 49 1 2 1 1 1 3 9 6 

1 q21.1q21.2 146155929 147380106 1224.18 Gain Inherited 67 5 4 3 6 3 5 8 4 

1 q21.1q21.2 146155929 147380942 1225.01 Gain Inherited 145 2 2 1 2 1 2 6 8 

1 q21.1q21.2 146155929 147380942 1225.01 Gain Inherited 49 4 4 4 5 2 3 9 2 

1 q21.1q21.2 146155929 147380942 1225.01 Gain Inherited 38 3 2 2 2 1 5 8 5 

1 q21.1q21.2 146155929 147380942 1225.01 Gain Inherited 9 1 1 1 3 1 2 7 3 

1 q21.1q21.2 146155929 147824212 1668.28 Loss De Novo 18 4 4 4 4 2 4 10 3 

1 q21.1q21.2 146155929 147824212 1668.28 Loss De Novo 2 4 4 3 5 3 4 10 3 
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1 q21.1q21.2 146155929 147824212 1668.28 Gain Inherited 116 3 4 3 2 2 4 7 4 

1 q21.1q21.2 146155929 147824212 1668.28 Loss Inherited 48 4 3 4 6 2 2 8 4 

1 q21.1q21.2 146155929 147824212 1668.28 Loss Inherited 60 5 5 4 5 3 3 10 7 

1 q21.1q21.2 146155929 147824212 1668.28 Gain Inherited 61 2 3 2 2 1 5 9 1 

1 q21.1q21.2 146155929 147824212 1668.28 Gain Inherited 38 2 2 1 1 1 3 7 6 

1 q21.1q21.2 146155929 147824212 1668.28 Loss Inherited 6 4 4 4 4 2 5 7 2 

1 q21.1q21.2 146155929 147824212 1668.28 Gain Inherited 25 1 1 1 1 1 1 10 1 

1 q21.1q21.2 146155929 147824212 1668.28 Gain Inherited 34 1 2 1 3 1 1 10 2 

1 q21.1q21.2 146155929 147824212 1668.28 Gain Inherited 33 2 1 2 1 2 3 10 3 

1 q21.1q21.2 146155929 147824212 1668.28 Loss Inherited 0 2 3 2 2 1 3 5 7 

1 q21.1q21.2 146155929 147887713 1731.78 Gain Inherited 107 8 7 7 6 5 7 10 9 

1 q21.1q21.2 146507649 147380106 872.46 Gain Inherited 87 1 2 2 1 1 2 5 4 

1 q21.1q21.2 146507649 147380942 873.29 Gain De Novo 46 9 9 9 9 6 8 6 9 

1 q21.1q21.2 146507649 147381479 873.83 Gain Inherited 161 10 10 8 9 6 10 10 7 

1 q21.1q21.2 146507649 147381479 873.83 Gain Inherited 101 1 1 1 1 1 4 6 6 

1 q21.1q21.2 146507649 147824212 1316.56 Loss Inherited 0 3 4 3 3 2 3 10 4 

1 q21.1q21.2 146571394 147379954 808.56 Loss Inherited 53 4 5 4 3 2 4 9 6 

1 q21.1q21.2 146571394 147379954 808.56 Loss Inherited 46 1 1 1 1 1 1 9 7 

1 q21.1q21.2 146571394 147379954 808.56 Loss Inherited 13 1 1 2 1 1 1 7 3 

1 q21.1q21.2 146571394 147824212 1252.82 Loss Inherited 50 1 1 1 1 1 2 6 6 

1 q21.1q21.2 146571394 147824212 1252.82 Loss Inherited 47 1 1 1 3 1 2 2 6 

1 q21.3q23.1 154537654 158597824 4060.17 Gain De Novo 109 6 5 5 6 4 7 8 7 

1 q41q42.12 219134834 225090355 5955.52 Loss De Novo 195 9 9 8 8 5 6 10 6 

1 q42.12q42.2 225764891 231962511 6197.62 Loss De Novo 276 9 8 7 9 7 9 10 9 

1 q42.2q42.3 231024479 236037015 5012.54 Loss De Novo 28 2 2 2 2 2 3 7 4 

1 q43 239940368 243128788 3188.42 Loss De Novo 48 1 1 1 1 1 2 4 5 

1 q43q44 243309051 247124412 3815.36 Loss De Novo 2 8 9 8 8 5 10 6 5 

2 p23.3 25204172 27557157 2352.99 Loss De Novo 89 1 1 1 2 1 3 3 6 

2 p16.3 50620243 51037303 417.06 Loss Inherited 124 2 2 1 2 2 3 6 8 

2 p16.3 50822818 50978515 155.70 Loss De Novo 322 7 7 6 9 6 5 10 2 

2 p16.3 50855476 51122200 266.72 Loss Inherited 35 2 2 2 3 2 5 10 4 

2 p16.3 50909746 51251569 341.82 Loss Inherited 51 3 3 3 3 2 2 10 2 

2 p16.3 51013656 51158275 144.62 Loss Inherited 53 8 8 7 7 3 6 10 8 
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2 p16.3 51083418 51251569 168.15 Loss De Novo 2 1 1 1 2 1 1 4 3 

2 p16.3 51166648 51712211 545.56 Loss De Novo 45 4 5 5 6 3 1 10 2 

2 p16.1p15 60882964 62775266 1892.30 Loss De Novo 21 6 6 7 6 4 5 10 1 

2 p12p11.2 78068777 87295729 9226.95 Loss De Novo 44 7 6 6 8 4 7 5 7 

2 q11.1q11.2 95529037 101549409 6020.37 Loss De Novo 97 9 9 10 9 8 10 2 8 

2 q13 111442175 113065741 1623.57 Loss Inherited 8 1 1 1 2 1 5 5 7 

2 q22.3 145201122 145719056 517.93 Loss De Novo 17 1 1 2 2 1 1 3 3 

2 q24.2q24.3 160219774 165409878 5190.10 Loss De Novo 107 5 5 4 7 4 4 10 3 

2 q24.3q31.1 164571160 170645266 6074.11 Loss De Novo 7 4 4 3 5 3 5 10 6 

2 q24.3q31.1 164961109 173644660 8683.55 Gain De Novo 1 6 7 6 7 4 4 10 4 

2 q31.1 173582189 177950555 4368.37 Loss De Novo 11 1 1 1 1 1 1 4 5 

2 q32.3q33.1 195763510 202021245 6257.74 Loss De Novo 0 1 1 1 1 1 1 2 5 

2 q33.3q34 205122897 212885545 7762.65 Loss De Novo 152 3 4 3 1 3 2 5 4 

2 q37.1q37.3 234087038 239195978 5108.94 Gain De Novo 130 5 7 5 3 5 6 2 6 

2 q37.1q37.3 235356485 243087748 7731.26 Loss De Novo 103 3 3 2 3 2 4 7 5 

3 p25.3 10191433 10193448 2.02 Gain Inherited 8 1 1 1 1 1 1 4 5 

3 q13.13q13.32 109679257 118225716 8546.46 Loss De Novo 9 3 3 3 2 2 4 8 6 

3 q23q24 141144001 146628329 5484.33 Loss De Novo 90 2 1 2 2 1 4 10 3 

3 q24 143152382 148863186 5710.80 Loss Inherited 163 2 2 2 2 1 6 8 3 

3 q25.1q25.31 151342335 155574097 4231.76 Loss De Novo 58 3 6 8 2 1 2 2 2 

3 q26.32 175863108 178552811 2689.70 Loss De Novo 7 2 2 3 4 1 1 2 2 

3 q29 195521763 196554028 1032.27 Loss De Novo 32 3 3 2 3 2 4 7 4 

3 q29 195684950 197317103 1632.15 Gain Inherited 84 2 2 2 4 1 3 5 5 

3 q29 195684950 197317103 1632.15 Gain Inherited 31 1 1 1 1 1 2 7 5 

3 q29 195740402 197317103 1576.70 Loss De Novo 58 2 4 3 1 2 2 3 4 

3 q29 195740402 197317103 1576.70 Gain Inherited 162 4 4 4 5 3 3 7 3 

3 q29 195740402 197317103 1576.70 Gain Inherited 63 1 1 1 2 1 1 7 2 

3 q29 195740402 197317103 1576.70 Gain Inherited 57 1 1 1 2 1 1 8 2 

3 q29 195804645 197837069 2032.42 Loss De Novo 22 5 5 5 9 5 4 9 2 

4 p16.3 72320 1333296 1260.98 Loss Inherited 185 1 1 1 2 1 1 4 4 

4 p16.3 72320 4028412 3956.09 Loss De Novo 2 9 9 8 8 7 9 7 9 

4 p16.3 75647 564526 488.88 Loss Inherited 30 2 2 1 2 1 2 7 8 

4 p16.1p11 9814844 48609760 38794.92 Gain De Novo 0 2 2 2 2 1 2 10 5 
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4 p15.33p15.31 14062788 18362091 4299.30 Loss Inherited 39 1 1 1 1 1 1 10 1 

4 q12q13.1 53850058 65512919 11662.86 Loss De Novo 291 7 9 7 9 4 7 6 3 

4 q27q31.21 122266843 143502993 21236.15 Gain De Novo 65 3 3 3 3 2 3 10 3 

4 q32.3q34.3 169088100 179139609 10051.51 Loss De Novo 36 10 10 10 9 7 10 7 6 

4 q35.1q35.2 184717961 190469515 5751.55 Loss Inherited 77 1 1 2 3 1 2 2 2 

5 p15.33 22149 3239621 3217.47 Loss Inherited 17 5 6 5 3 4 7 8 5 

5 p15.33p15.1 22149 15151743 15129.59 Loss De Novo 27 2 1 1 1 2 3 7 7 

5 p15.33p14.3 22149 19606209 19584.06 Gain De Novo 6 5 9 9 7 8 10 1 1 

5 p15.33p14.1 22149 27788732 27766.58 Gain De Novo 15 8 10 10 10 9 9 1 3 

5 p15.33p11 22149 46115173 46093.02 Gain De Novo 25 9 8 8 10 5 10 9 6 

5 p15.33p13.3 2274696 29103194 26828.50 Gain De Novo 16 4 5 5 5 2 9 10 1 

5 p13.2 36877363 37586235 708.87 Gain De Novo 0 1 1 1 1 1 1 5 3 

5 q12.1q13.1 62167701 67066730 4899.03 Loss De Novo 69 8 7 6 10 4 8 9 7 

5 q14.3 88062497 88556592 494.10 Loss De Novo 39 1 1 2 2 1 1 9 1 

5 q14.3 88193289 88450318 257.03 Loss De Novo 22 2 2 2 2 2 1 9 4 

5 q15q23.1 95864493 115563383 19698.89 Loss De Novo 205 8 7 7 8 7 6 10 4 

5 q21.3q23.2 108714679 125896994 17182.32 Loss De Novo 180 1 1 1 1 1 4 9 7 

5 q34 161309644 161681646 372.00 Loss Inherited 433 1 1 1 1 1 1 9 1 

5 q35.2q35.3 174897894 177013956 2116.06 Loss De Novo 0 2 2 3 2 3 6 8 1 

5 q35.3 176625772 176694826 69.05 Loss De Novo 11 4 7 7 9 3 3 6 1 

6 p25.3p25.2 132025 3243890 3111.87 Loss Inherited 0 1 1 1 2 1 1 8 2 

6 p25.3p25.2 132025 4078678 3946.65 Loss De Novo 30 1 1 1 1 2 2 3 3 

6 p25.3p24.3 189601 7133658 6944.06 Loss De Novo 78 3 3 3 3 2 2 10 1 

6 p25.3p25.1 2155698 5875603 3719.91 Loss De Novo 15 4 3 3 4 3 4 10 5 

6 p25.2p25.1 2380260 6062956 3682.70 Loss De Novo 28 8 8 8 9 7 4 9 5 

6 p25.1p22.3 7019804 20740949 13721.15 Gain De Novo 208 1 1 1 1 1 2 9 5 

6 p21.33p21.31 31075418 34427330 3351.91 Gain De Novo 3 8 7 7 7 7 8 10 5 

6 q14.1 80499981 82577828 2077.85 Gain Inherited 34 1 1 1 1 1 1 8 4 

6 q25.3 156115120 157531075 1415.96 Loss De Novo 44 9 9 9 10 9 8 4 7 

6 q27 165033413 170923504 5890.09 Loss De Novo 0 1 1 1 1 1 2 7 3 

6 q27 169450930 170906766 1455.84 Loss Inherited 72 2 2 2 2 1 4 8 4 

6 q27 170103409 170906766 803.36 Loss De Novo 379 10 10 9 10 8 10 10 7 

7 p22.1 5151574 6745570 1594.00 Loss De Novo 6 8 8 7 8 6 7 10 3 
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7 p22.1 5370613 6296827 926.21 Loss De Novo 33 5 5 5 5 4 3 10 2 

7 p14.1p12.1 41518844 51980756 10461.91 Gain De Novo 278 8 8 6 8 8 8 10 7 

7 p12.3p11.2 46523414 56174815 9651.40 Gain Inherited 145 4 4 4 2 4 6 8 2 

7 q11.23 72549388 76214107 3664.72 Loss De Novo 23 1 1 1 1 1 1 4 7 

7 q11.23 72643724 74142342 1498.62 Gain Inherited 77 8 7 6 8 5 7 10 8 

7 q11.23 72645480 74142342 1496.86 Gain De Novo 52 4 4 4 10 2 2 6 3 

7 q11.23 72645480 74142342 1496.86 Gain De Novo 36 9 8 9 9 5 6 8 8 

7 q11.23 72645840 74142342 1496.50 Gain De Novo 24 2 2 2 3 1 3 6 3 

7 q11.23 72649950 74142342 1492.39 Loss De Novo 303 5 5 4 4 4 4 10 4 

7 q11.23 72649950 74142342 1492.39 Loss Inherited 43 1 1 1 1 1 1 7 3 

7 q11.23 72649950 74193397 1543.45 Loss De Novo 0 2 3 3 4 1 1 6 3 

7 q11.23 72766312 74142342 1376.03 Gain De Novo 301 1 1 2 1 1 1 4 1 

7 q11.23 72766312 74142342 1376.03 Loss De Novo 33 2 2 3 2 3 1 9 2 

7 q11.23 72766312 74142342 1376.03 Loss De Novo 22 1 1 1 1 1 2 3 8 

7 q11.23 72766312 74142342 1376.03 Loss De Novo 0 2 2 2 3 2 1 5 2 

7 q11.23 72766312 74142342 1376.03 Loss De Novo 7 3 4 4 4 2 1 10 2 

7 q21.11 79393141 85145078 5751.94 Loss Inherited 41 3 4 5 5 2 1 4 3 

7 q21.11q21.3 83852376 93039621 9187.25 Loss De Novo 61 2 1 2 2 1 4 10 3 

7 q21.3q36.3 94257592 159124141 64866.55 Gain De Novo 29 2 3 2 2 2 1 10 4 

7 q21.3 95325118 96142267 817.15 Loss De Novo 226 4 3 3 5 3 3 10 4 

7 q22.1q31.1 102579883 110065384 7485.50 Loss De Novo 31 2 2 3 2 2 2 2 1 

7 q31.1q31.31 109958035 117946370 7988.34 Loss De Novo 273 3 3 4 2 2 2 4 2 

7 q32.1q36.3 127632552 159128555 31496.00 Gain De Novo 0 9 9 9 7 4 8 9 8 

7 q35q36.1 146405016 148100456 1695.44 Loss Inherited 68 2 2 2 2 2 3 6 6 

7 q36.3 155965227 159124141 3158.91 Loss De Novo 61 1 1 1 1 1 2 7 1 

8 p23.3p23.1 61749 11723203 11661.45 Loss De Novo 14 4 5 3 6 4 6 3 4 

8 p23.1 7074596 12334393 5259.80 Loss De Novo 0 1 1 2 2 1 1 2 2 

8 p23.1 8130572 11181487 3050.92 Gain Inherited 88 8 8 8 9 6 6 6 5 

8 p23.1p11.22 12586532 39133799 26547.27 Gain De Novo 4 2 3 2 3 1 2 9 3 

8 p22q21.2 17145513 86548194 69402.68 Gain De Novo 26 1 1 1 1 1 2 8 8 

8 p21.3p21.2 21779623 23325848 1546.23 Loss De Novo 54 1 1 1 2 1 1 9 2 

8 q11.23q12.1 54909137 58653480 3744.34 Loss De Novo 249 2 2 2 2 1 3 6 1 

8 q24.11 117857424 117868530 11.11 Loss De Novo 55 7 9 6 6 4 3 10 5 
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9 p24.3 204090 1803749 1599.66 Loss Inherited 55 9 8 8 8 8 8 10 6 

9 p24.3p23 204090 9817292 9613.20 Loss De Novo 160 4 5 4 4 2 4 8 7 

9 p24.3p23 204090 10126183 9922.09 Loss De Novo 35 7 9 5 7 4 6 10 7 

9 p24.3p23 204090 10126183 9922.09 Loss De Novo 0 7 6 6 6 4 9 9 7 

9 p24.3p13.1 204090 38815471 38611.38 Gain De Novo 152 8 8 7 7 6 5 10 6 

9 p24.3p13.1 204090 38815471 38611.38 Gain De Novo 50 4 4 3 2 3 7 4 8 

9 p24.3p22.3 948026 15260598 14312.57 Loss De Novo 105 5 6 7 7 2 3 10 5 

9 p24.2p23 3063252 11573652 8510.40 Loss De Novo 26 8 7 7 8 6 10 10 6 

9 p24.2p23 3662381 9195389 5533.01 Loss Inherited 0 1 1 1 1 1 2 4 5 

9 p24.1p23 4856332 12984040 8127.71 Gain De Novo 8 1 1 1 1 1 1 4 1 

9 q21.12q21.13 72464822 75835811 3370.99 Loss De Novo 33 4 4 3 6 2 4 10 3 

9 q22.2q22.31 93301497 95959417 2657.92 Loss Inherited 62 2 2 2 2 1 4 8 4 

9 q22.2q22.32 93686087 96782492 3096.41 Gain Inherited 45 4 4 3 3 2 9 9 7 

9 q34.2q34.3 136005837 140378774 4372.94 Gain De Novo 44 10 10 9 9 9 9 10 10 

9 q34.3 140469159 141073897 604.74 Loss De Novo 3 3 2 2 4 2 4 8 3 

10 p14 7127004 11755025 4628.02 Loss De Novo 222 4 4 4 4 3 5 10 7 

10 p11.22p11.1 34167350 38408613 4241.26 Gain De Novo 234 7 10 10 9 4 10 8 1 

10 q11.22q11.23 49430978 51031850 1600.87 Loss Inherited 186 2 2 2 3 2 3 6 4 

10 q11.23q23.2 52020150 89246167 37226.02 Gain De Novo 23 7 6 5 7 6 6 10 9 

10 q24.31q24.32 102969334 103453028 483.69 Gain De Novo 240 9 9 10 9 8 10 5 4 

10 q24.32q25.3 104752664 116131723 11379.06 Loss De Novo 0 10 10 10 10 7 8 8 9 

10 q26.2q26.3 129167026 135434113 6267.09 Loss De Novo 52 2 4 2 3 1 8 10 1 

10 q26.2q26.3 129391404 135434113 6042.71 Loss De Novo 0 4 4 4 7 3 1 6 4 

10 q26.3 131197502 135434113 4236.61 Loss De Novo 7 1 1 1 2 1 5 5 5 

10 q26.3 131197502 135434113 4236.61 Loss Inherited 14 8 8 8 9 5 6 4 4 

11 p15.1p14.1 18300114 30323877 12023.76 Loss De Novo 25 8 10 8 10 9 8 2 4 

11 p13 31825724 31831382 5.66 Loss De Novo 15 10 10 9 10 8 10 10 7 

11 q22.3q23.3 105289128 116644381 11355.25 Loss De Novo 14 3 3 3 4 3 2 8 3 

11 q24.1q25 123748005 134868420 11120.42 Loss De Novo 8 6 7 5 5 3 9 10 3 

11 q24.2q25 123950746 134868420 10917.67 Loss De Novo 21 10 10 9 10 8 10 10 7 

11 q24.2q25 124540302 134868420 10328.12 Loss De Novo 75 6 6 5 7 4 5 10 4 

11 q24.3q25 128293973 134868420 6574.45 Loss De Novo 198 1 1 1 1 1 1 5 4 

12 p13.33p13.2 230437 11646534 11416.10 Gain De Novo 22 1 1 1 1 1 1 10 1 
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12 p13.33p13.32 244335 4736827 4492.49 Loss De Novo 47 1 1 1 2 1 3 3 6 

12 p12.1p11.22 21536624 28105323 6568.70 Loss De Novo 97 6 5 4 6 3 9 6 7 

13 q12.11q12.12 20407270 23948573 3541.30 Loss De Novo 360 3 3 3 4 1 4 4 4 

13 q12.3q13.1 30848032 32452613 1604.58 Loss De Novo 57 3 2 2 3 1 7 9 9 

13 q12.3q13.1 30848032 32797505 1949.47 Loss De Novo 126 1 2 2 1 1 2 5 2 

13 q13.1q14.13 32753843 46566127 13812.28 Loss De Novo 20 7 7 7 8 4 7 7 9 

13 q13.1q31.1 33786863 83585442 49798.58 Loss De Novo 0 3 4 4 4 1 2 10 2 

13 q14.11q21.1 40814667 55433232 14618.57 Loss De Novo 107 4 4 3 4 3 5 7 4 

13 q33.2q34 106223621 115092581 8868.96 Loss De Novo 34 4 4 4 3 4 4 9 4 

13 q33.3q34 108700491 113028081 4327.59 Loss De Novo 0 4 3 3 5 3 7 6 3 

14 q11.2 21819565 23529619 1710.05 Loss De Novo 81 2 3 2 5 1 3 10 2 

14 q13.1q21.1 34572408 38115804 3543.40 Loss De Novo 149 3 3 4 4 2 1 9 2 

14 q13.2q21.1 35700740 39240633 3539.89 Loss De Novo 30 5 6 5 5 4 6 5 5 

14 q21.1q21.2 38428480 43557024 5128.54 Loss Inherited 108 2 2 1 2 1 8 9 6 

14 q32.2q32.33 101218538 105407712 4189.17 Gain De Novo 32 10 10 10 10 10 10 8 7 

14 q32.32q32.33 103245881 105797981 2552.10 Loss De Novo 17 9 9 9 10 9 8 4 7 

15 q11.1q13.1 20686203 28526437 7840.23 Loss De Novo 13 1 1 2 2 1 1 2 1 

15 q11.1q13.1 20686203 28859765 8173.56 Gain De Novo 41 1 2 2 2 1 1 10 1 

15 q11.1q13.2 20686203 30366138 9679.94 Gain De Novo 392 4 4 5 6 2 4 10 3 

15 q11.2q13.1 22652047 28134489 5482.44 Loss De Novo 0 8 8 8 10 5 9 7 4 

15 q11.2q13.1 22729339 28559437 5830.10 Loss De Novo 2 2 2 2 2 1 3 8 2 

15 q11.2q13.1 23455146 28559437 5104.29 Gain Inherited 73 1 1 2 1 1 1 4 1 

15 q11.2q13.1 23586243 28520316 4934.07 Gain Inherited 146 2 3 2 3 1 1 5 1 

15 q11.2q13.1 23586243 28520316 4934.07 Gain Inherited 48 2 2 2 3 2 5 9 1 

15 q11.2q13.1 23586243 28526437 4940.19 Gain De Novo 16 3 3 3 3 2 3 10 3 

15 q11.2q13.1 23656064 28520316 4864.25 Loss De Novo 15 8 8 7 8 5 4 8 9 

15 q11.2q13.1 23656064 28520316 4864.25 Loss De Novo 0 5 5 5 4 4 4 10 4 

15 q11.2q13.1 23656064 28520316 4864.25 Loss De Novo 5 7 7 5 5 5 9 9 9 

15 q11.2q13.1 23656064 28520316 4864.25 Loss Inherited 32 1 1 1 2 2 1 6 4 

15 q11.2q13.1 23656064 28559437 4903.37 Loss De Novo 13 1 1 2 2 1 1 2 2 

15 q11.2q13.1 23656064 28559437 4903.37 Loss De Novo 26 10 10 9 10 8 10 10 7 

15 q11.2q13.1 23656064 28559437 4903.37 Loss De Novo 0 10 10 8 10 7 7 9 7 

15 q11.2q13.1 23656064 28606275 4950.21 Loss De Novo 2 7 6 5 8 5 5 10 9 
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15 q11.2q13.1 23656064 28795723 5139.66 Gain Inherited 135 1 1 1 1 1 1 2 3 

15 q11.2q13.1 23707435 28520316 4812.88 Loss De Novo 2 4 5 4 5 4 2 10 2 

15 q11.2q13.1 23707435 28520316 4812.88 Loss De Novo 0 1 1 1 1 1 2 10 1 

15 q11.2q13.1 23707435 28520316 4812.88 Gain Inherited 174 6 5 6 5 5 5 8 4 

15 q11.2q13.1 23707435 28726651 5019.22 Gain Inherited 139 2 2 3 2 3 1 9 2 

15 q11.2q13.1 23782549 28520316 4737.77 Gain De Novo 73 2 2 2 2 1 3 8 3 

15 q13.2q13.3 30389992 32861612 2471.62 Loss Inherited 106 3 3 4 2 3 4 9 2 

15 q13.2q13.3 30389992 32899558 2509.57 Gain Inherited 41 1 1 1 2 1 1 7 1 

15 q13.2q13.3 30419801 32861612 2441.81 Loss Inherited 82 1 1 1 1 1 2 4 7 

15 q13.2q13.3 30419801 32899558 2479.76 Loss Inherited 39 3 3 2 3 2 6 7 5 

15 q13.2q13.3 30419801 32899558 2479.76 Loss Inherited 26 9 6 7 10 8 9 8 10 

15 q13.2q13.3 30858990 32432125 1573.14 Loss Inherited 143 5 5 4 4 3 5 9 4 

15 q13.2q13.3 30888776 32426904 1538.13 Loss Inherited 45 2 1 2 1 1 3 7 2 

15 q13.2q13.3 30888776 32443563 1554.79 Loss Inherited 93 1 1 1 1 1 1 4 5 

15 q13.2q13.3 30888776 32445920 1557.14 Loss Inherited 26 1 1 1 2 1 5 3 5 

15 q13.2q13.3 30888776 32509932 1621.16 Loss Inherited 74 2 2 4 4 2 3 3 2 

15 q13.2q13.3 30888776 32702923 1814.15 Loss Inherited 145 2 2 2 1 1 3 4 4 

15 q13.2q13.3 30888776 32702923 1814.15 Loss Inherited 109 4 3 3 8 2 5 8 4 

15 q13.2q13.3 30888776 32702923 1814.15 Loss Inherited 32 1 1 1 1 1 1 8 4 

15 q13.2q13.3 30954724 32443124 1488.40 Loss Inherited 78 1 2 1 1 1 1 10 1 

15 q13.2q13.3 30954724 32443124 1488.40 Loss Inherited 19 5 6 4 6 4 2 6 7 

15 q13.2q13.3 30954724 32443563 1488.84 Loss Inherited 40 4 4 3 4 2 4 10 4 

15 q13.2q13.3 30954724 32443563 1488.84 Loss Inherited 43 3 3 4 6 2 3 10 1 

15 q13.2q13.3 30954724 32443563 1488.84 Loss Inherited 16 1 1 1 1 1 2 6 6 

15 q13.2q13.3 30954724 32445230 1490.51 Loss Inherited 67 1 1 1 1 1 2 8 5 

15 q13.2q13.3 30954724 32509932 1555.21 Loss Inherited 160 5 4 4 6 2 4 10 5 

15 q13.2q13.3 30954724 32509932 1555.21 Loss Inherited 154 3 3 2 3 2 4 6 4 

15 q13.2q13.3 30954724 32509932 1555.21 Loss Inherited 104 1 1 1 1 1 4 5 7 

15 q13.2q13.3 30954724 32509932 1555.21 Loss Inherited 76 8 9 8 8 6 6 6 8 

15 q13.2q13.3 30954724 32509932 1555.21 Loss Inherited 59 1 1 1 2 1 1 10 1 

15 q13.2q13.3 30954724 32509932 1555.21 Loss Inherited 41 1 1 1 1 1 1 2 9 

15 q13.2q13.3 30954724 32509932 1555.21 Loss Inherited 41 2 3 3 2 2 1 8 1 

15 q13.2q13.3 30954724 32509932 1555.21 Loss Inherited 29 9 9 9 9 6 5 5 9 
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15 q13.2q13.3 30954724 32702923 1748.20 Loss Inherited 199 2 2 1 2 1 2 10 3 

15 q13.3 31261891 32702923 1441.03 Gain Inherited 91 7 6 5 8 5 5 10 9 

15 q13.3 31972643 32509932 537.29 Loss Inherited 60 3 2 3 2 4 4 5 3 

15 q13.3 31972643 32635957 663.31 Loss Inherited 0 6 6 5 7 5 4 9 6 

15 q13.3 32064983 32443563 378.58 Loss Inherited 295 2 2 2 3 2 2 7 2 

15 q13.3 32064983 32443563 378.58 Loss Inherited 11 1 1 1 1 1 1 5 5 

15 q13.3 32064983 32450670 385.69 Loss Inherited 46 7 9 7 9 5 10 2 6 

15 q13.3 32064983 32509932 444.95 Loss Inherited 94 3 4 3 4 2 3 10 3 

15 q13.3 32064983 32509932 444.95 Loss Inherited 58 6 7 6 6 3 7 7 5 

15 q13.3 32064983 32509932 444.95 Loss Inherited 31 3 3 3 3 3 8 10 2 

15 q24.1q26.3 75148259 102383479 27235.22 Gain De Novo 0 9 8 8 7 9 9 9 5 

15 q26.3 98907958 100390515 1482.56 Loss Inherited 68 6 5 5 6 6 7 6 5 

16 p13.3 72768 1195490 1122.72 Loss Inherited 108 1 1 1 1 1 3 4 3 

16 p13.3 2108399 2132544 24.15 Loss De Novo 139 2 2 3 3 1 4 5 3 

16 p13.3p12.3 2180265 17676029 15495.76 Gain De Novo 1 1 1 1 1 1 3 6 5 

16 p13.12p13.11 14762141 16525374 1763.23 Loss Inherited 74 5 5 5 8 2 3 7 3 

16 p13.11 14910213 16194575 1284.36 Loss Inherited 32 5 7 6 5 3 5 7 4 

16 p13.11 14910213 16194575 1284.36 Gain Inherited 26 5 6 4 5 4 5 7 5 

16 p13.11 14910213 16420691 1510.48 Loss De Novo 119 9 8 8 9 7 9 9 6 

16 p13.11 14910213 16420691 1510.48 Loss Inherited 53 1 2 1 2 1 2 4 1 

16 p13.11 14910213 16420691 1510.48 Loss Inherited 36 2 4 4 3 1 1 10 1 

16 p13.11 14910213 16525374 1615.16 Loss De Novo 17 2 2 2 3 2 2 4 2 

16 p13.11 14910213 16525374 1615.16 Loss Inherited 14 4 5 5 6 3 3 10 1 

16 p13.11 15022142 16420691 1398.55 Loss Inherited 18 3 3 4 7 1 2 10 3 

16 p13.11 15048732 16194575 1145.84 Gain Inherited 142 1 1 1 1 1 5 7 7 

16 p13.11 15048732 16194575 1145.84 Gain Inherited 133 1 1 1 1 1 1 9 5 

16 p13.11 15048732 16194575 1145.84 Gain Inherited 114 8 9 8 9 5 5 7 7 

16 p13.11 15048732 16194575 1145.84 Gain Inherited 96 1 2 1 1 1 1 10 1 

16 p13.11 15048732 16194575 1145.84 Gain Inherited 49 5 6 5 7 3 2 5 7 

16 p13.11 15048732 16194575 1145.84 Gain Inherited 35 4 4 3 3 2 6 8 5 

16 p13.11 15404476 16194575 790.10 Loss Inherited 102 2 2 2 2 1 3 8 3 

16 p13.11p12.3 15404476 18306841 2902.37 Loss De Novo 25 8 7 8 8 4 9 10 3 

16 p13.11p12.3 15404476 18306841 2902.37 Loss Inherited 136 1 2 2 2 1 1 4 4 
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16 p13.11p12.3 15404476 18306841 2902.37 Loss Inherited 95 3 3 2 5 2 2 10 3 

16 p13.11 15551062 16194575 643.51 Loss De Novo 111 2 2 2 2 2 5 10 1 

16 p13.11 15551062 16311080 760.02 Loss Inherited 48 1 2 1 2 1 4 10 2 

16 p13.11 15551062 16311080 760.02 Loss Inherited 55 1 1 1 1 1 1 10 1 

16 p12.3 16861655 18141015 1279.36 Loss Inherited 10 6 5 6 6 3 7 6 6 

16 p12.2 21838419 22467007 628.59 Loss De Novo 423 9 9 9 7 5 6 7 7 

16 p12.2 21926361 22467007 540.65 Loss Inherited 200 5 5 4 4 3 5 9 9 

16 p12.2 21926361 22467007 540.65 Loss Inherited 146 7 7 5 7 4 8 7 10 

16 p12.2 21926361 22467007 540.65 Loss Inherited 140 6 6 5 6 5 6 8 6 

16 p12.2 21926361 22467007 540.65 Loss Inherited 136 8 8 8 8 4 10 5 6 

16 p12.2 21926361 22467007 540.65 Loss Inherited 69 3 3 3 3 2 4 10 1 

16 p12.2 21926361 22467007 540.65 Loss Inherited 54 9 9 7 10 7 6 7 10 

16 p12.2 21926361 22467007 540.65 Loss Inherited 34 1 1 1 2 1 3 3 8 

16 p12.2 21926361 22467007 540.65 Loss Inherited 20 3 3 3 3 2 2 9 2 

16 p12.2 21959950 22407951 448.00 Loss Inherited 74 1 1 1 1 1 2 6 7 

16 p12.2 21959950 22407951 448.00 Loss Inherited 33 1 1 1 2 1 3 3 6 

16 p12.2 21959950 22467007 507.06 Loss Inherited 152 3 2 2 3 2 9 9 10 

16 p12.2 21959950 22467007 507.06 Loss Inherited 107 4 3 3 5 2 7 9 3 

16 p11.2 28455394 29182200 726.81 Loss De Novo 30 2 2 1 1 2 4 8 3 

16 p11.2 28455394 29182200 726.81 Loss Inherited 59 7 7 7 4 5 9 10 3 

16 p11.2 28682192 29076269 394.08 Loss De Novo 58 10 10 9 10 9 10 10 7 

16 p11.2 28843754 29031071 187.32 Loss De Novo 68 5 7 5 8 6 10 1 3 

16 p11.2 28843754 29031071 187.32 Loss De Novo 0 2 1 2 2 2 5 4 2 

16 p11.2 28843754 29031071 187.32 Loss Inherited 119 5 5 5 7 4 6 9 2 

16 p11.2 28843754 29031071 187.32 Loss Inherited 49 4 5 4 5 4 2 10 2 

16 p11.2 28843754 29031071 187.32 Loss Inherited 60 3 4 3 3 2 9 10 1 

16 p11.2 28843754 29031071 187.32 Loss Inherited 26 2 3 2 4 1 1 6 4 

16 p11.2 29478060 30190593 712.53 Gain De Novo 292 1 2 2 1 1 6 8 1 

16 p11.2 29478060 30190593 712.53 Gain Inherited 54 3 2 2 2 3 5 9 6 

16 p11.2 29592791 30190593 597.80 Gain De Novo 38 1 1 1 1 1 2 6 7 

16 p11.2 29592791 30190593 597.80 Loss Inherited 215 8 7 7 7 7 10 10 4 

16 p11.2 29592791 30190593 597.80 Gain Inherited 125 1 1 1 1 1 5 7 7 

16 p11.2 29592791 30190593 597.80 Gain Inherited 118 3 3 2 2 2 3 9 7 
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16 p11.2 29592791 30190593 597.80 Gain Inherited 81 1 1 1 1 1 1 5 6 

16 p11.2 29592791 30190593 597.80 Gain Inherited 26 8 9 7 9 5 5 6 8 

16 p11.2 29592791 30190593 597.80 Gain Inherited 78 3 2 2 2 1 5 8 5 

16 p11.2 29592791 30190593 597.80 Gain Inherited 45 4 3 3 3 3 6 6 8 

16 p11.2 29592791 30190593 597.80 Gain Inherited 32 2 2 3 2 2 1 7 3 

16 p11.2 29592791 30190593 597.80 Gain Inherited 4 1 1 1 1 1 1 9 3 

16 p11.2 29592791 30190593 597.80 Gain Inherited 15 7 7 6 7 5 5 10 8 

16 p11.2 29592791 30190593 597.80 Gain Inherited 2 4 3 3 5 4 6 5 5 

16 p11.2 29673967 30190593 516.63 Loss De Novo 171 10 10 10 9 9 9 8 9 

16 p11.2 29673967 30190593 516.63 Loss De Novo 160 5 5 5 5 3 8 5 4 

16 p11.2 29673967 30190593 516.63 Loss De Novo 46 7 6 6 8 5 8 8 7 

16 p11.2 29673967 30190593 516.63 Loss De Novo 27 3 4 3 4 2 1 10 6 

16 p11.2 29673967 30190593 516.63 Loss De Novo 38 3 3 2 3 2 3 9 6 

16 p11.2 29673967 30190593 516.63 Loss De Novo 34 4 5 3 3 2 3 10 7 

16 p11.2 29673967 30190593 516.63 Loss Inherited 177 2 2 2 4 1 2 7 4 

16 p11.2 29673967 30190593 516.63 Loss Inherited 115 3 3 2 3 2 5 3 9 

16 p11.2 29673967 30190593 516.63 Gain Inherited 103 4 5 5 3 3 4 10 1 

16 p11.2 29673967 30190593 516.63 Loss Inherited 55 1 1 2 1 1 2 10 1 

16 p11.2 29673967 30190593 516.63 Loss Inherited 73 4 4 3 4 2 3 10 4 

16 p11.2 29673967 30190593 516.63 Gain Inherited 90 2 2 2 2 1 2 10 5 

16 p11.2 29673967 30190593 516.63 Gain Inherited 63 8 8 6 7 5 9 6 10 

16 p11.2 29673967 30190593 516.63 Loss Inherited 22 2 2 2 2 2 3 7 3 

16 p11.2 29673967 30190593 516.63 Gain Inherited 36 1 1 1 1 1 5 3 6 

16 p11.2 29673967 30190593 516.63 Gain Inherited 23 1 2 1 2 1 3 10 1 

16 p11.2 29673967 30190593 516.63 Loss Inherited 15 6 6 6 6 3 7 10 2 

16 p11.2 29673967 30190593 516.63 Gain Inherited 0 4 4 3 2 3 5 8 4 

16 p11.2 29673967 30264952 590.99 Loss De Novo 126 1 1 1 2 1 4 4 6 

16 p11.2 29673967 30264952 590.99 Loss Inherited 96 5 5 5 4 4 4 10 4 

16 p11.2 29673967 30264952 590.99 Loss Inherited 78 2 2 2 3 1 4 10 4 

16 p11.2 29673967 30264952 590.99 Loss Inherited 21 1 1 1 1 1 2 4 7 

16 p11.2 29673967 30264952 590.99 Loss Inherited 0 2 1 2 1 1 3 7 2 

16 p11.2 29673967 30264952 590.99 Loss Inherited 0 1 1 1 1 1 5 8 5 

16 p11.2 29673967 30332569 658.60 Loss De Novo 85 2 3 2 4 1 5 3 4 
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16 p11.2 29673967 30332569 658.60 Loss Inherited 35 1 1 1 1 1 1 8 9 

16 q24.2q24.3 87845657 89547614 1701.96 Loss De Novo 133 1 1 1 1 1 5 7 7 

17 p13.3 1656 948473 946.82 Loss Inherited 88 4 5 3 5 2 2 8 5 

17 p13.3 1656 1965782 1964.13 Loss De Novo 4 9 8 7 8 6 10 7 9 

17 p13.3 1184539 1602513 417.97 Gain De Novo 39 1 2 1 2 1 1 9 2 

17 p13.3 1248825 1422430 173.61 Gain De Novo 86 6 7 5 6 4 3 7 8 

17 p13.3 2456924 3112133 655.21 Gain De Novo 155 7 7 9 8 8 10 2 3 

17 p13.3 2502877 2588761 85.88 Loss De Novo 5 3 3 3 2 2 3 8 4 

17 p12 14111754 15442178 1330.42 Loss De Novo 55 1 1 1 1 1 4 6 6 

17 p12 14111754 15442178 1330.42 Gain Inherited 232 7 7 7 8 4 7 7 9 

17 p12 14111754 15442178 1330.42 Gain Inherited 265 8 9 8 9 5 8 4 7 

17 p12 14111754 15442178 1330.42 Loss Inherited 178 3 3 3 4 3 3 8 2 

17 p12 14111754 15442178 1330.42 Loss Inherited 155 1 1 1 1 1 1 5 6 

17 p12 14111754 15442178 1330.42 Loss Inherited 121 1 2 1 3 1 1 9 1 

17 p12 14111754 15442178 1330.42 Loss Inherited 95 1 2 1 1 1 1 10 1 

17 p12 14111754 15442178 1330.42 Loss Inherited 99 5 6 5 4 3 7 10 2 

17 p12 14111754 15442178 1330.42 Loss Inherited 109 5 5 4 4 3 7 10 4 

17 p12 14111754 15442178 1330.42 Gain Inherited 48 6 6 5 8 4 6 6 5 

17 p12 14111754 15442178 1330.42 Gain Inherited 11 8 8 8 6 6 8 9 5 

17 p11.2 16637872 20219455 3581.58 Loss De Novo 22 2 4 4 3 1 1 10 1 

17 p11.2 16637872 20294010 3656.14 Loss De Novo 46 1 1 1 2 1 1 8 2 

17 p11.2 16637872 20294010 3656.14 Loss De Novo 1 9 9 9 10 6 8 10 5 

17 p11.2 16762073 20219455 3457.38 Gain De Novo 14 8 10 9 10 6 2 9 5 

17 p11.2 16782547 20294010 3511.46 Gain De Novo 170 1 1 1 1 1 2 3 5 

17 p11.2 16782547 20294010 3511.46 Gain De Novo 20 1 1 1 1 1 1 5 5 

17 p11.2 16782547 20294010 3511.46 Loss De Novo 40 8 10 9 10 5 3 4 8 

17 p11.2 16782547 20294010 3511.46 Gain Inherited 2 3 3 3 3 1 5 8 8 

17 p11.2 17375712 19925867 2550.16 Loss De Novo 98 8 8 8 9 5 6 8 9 

17 q11.2 28652130 31021253 2369.12 Loss De Novo 228 8 9 9 8 8 7 9 2 

17 q11.2 29033863 30326952 1293.09 Loss De Novo 9 8 9 8 10 6 5 8 1 

17 q12 34652173 36326362 1674.19 Loss De Novo 31 2 2 1 3 1 1 9 2 

17 q12 34850785 36248926 1398.14 Gain Inherited 55 7 8 6 7 5 6 6 5 

17 q12 34850785 36248926 1398.14 Gain Inherited 11 1 1 1 1 1 1 9 1 
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17 q12 34856305 36248926 1392.62 Gain De Novo 118 5 5 4 4 5 5 9 5 

17 q12 34856305 36248926 1392.62 Gain De Novo 0 5 8 8 8 7 4 1 1 

17 q12 34856305 36248926 1392.62 Gain Inherited 219 1 2 1 1 1 2 8 1 

17 q12 34856305 36248926 1392.62 Gain Inherited 110 1 1 1 2 1 1 9 2 

17 q12 34856305 36248926 1392.62 Gain Inherited 57 1 1 1 1 1 4 9 7 

17 q12 34856305 36248926 1392.62 Loss Inherited 37 1 2 2 2 1 1 10 1 

17 q12 34856305 36248926 1392.62 Gain Inherited 28 5 4 4 6 3 7 8 8 

17 q12 35076189 36101737 1025.55 Loss De Novo 114 3 3 3 4 1 2 10 1 

17 q12 35199438 36326362 1126.92 Gain Inherited 97 1 1 1 2 1 1 9 2 

17 q12 35199438 36326422 1126.98 Gain Inherited 163 6 8 8 8 5 6 2 2 

17 q21.31 42815171 43032872 217.70 Loss De Novo 20 10 10 10 9 8 7 7 8 

17 q21.31 43706895 44694311 987.42 Loss De Novo 22 1 1 1 1 1 1 5 5 

17 q23.1q23.2 58172677 60395815 2223.14 Loss Inherited 103 4 4 4 4 3 3 10 3 

18 p11.32p11.31 149089 5406436 5257.35 Loss Inherited 43 2 2 2 2 1 2 10 5 

18 p11.32p11.21 149089 14081934 13932.85 Gain De Novo 0 9 9 8 9 6 9 9 3 

18 p11.32p11.31 605175 4391041 3785.87 Gain Inherited 77 2 2 3 1 1 3 8 5 

18 p11.32p11.21 1754415 14081934 12327.52 Gain De Novo 294 1 1 1 2 1 1 8 2 

18 q21.2 53050512 53172293 121.78 Loss Inherited 122 1 1 1 1 1 3 2 6 

18 q21.31q23 54532547 78012819 23480.27 Loss De Novo 139 8 9 8 7 7 5 6 7 

18 q22.1q23 64165310 78012819 13847.51 Loss De Novo 92 1 1 1 1 1 1 8 4 

20 p13 60734 1474792 1414.06 Loss Inherited 6 7 8 7 9 4 8 10 2 

20 p13 60734 1935292 1874.56 Loss De Novo 242 5 7 5 8 6 10 1 3 

20 p13 60734 2798659 2737.93 Gain Inherited 29 3 3 3 4 3 2 8 2 

20 p12.3p12.2 5281784 10070297 4788.51 Loss Inherited 57 9 8 8 10 6 6 10 9 

20 q11.22 33898988 34141829 242.84 Loss Inherited 10 6 7 7 8 5 10 2 2 

20 q13.33 61704302 62382472 678.17 Loss Inherited 20 1 1 1 2 1 1 6 1 

21 q11.2q21.3 15485038 29238260 13753.22 Loss Inherited 0 3 3 3 4 1 6 8 7 

21 q11.2q22.3 15485038 48090352 32605.31 Gain De Novo 23 4 5 4 5 3 3 10 3 

21 q11.2q22.3 15485038 48090352 32605.31 Gain De Novo 4 1 1 1 3 1 1 8 1 

21 q11.2q22.3 15485038 48090352 32605.31 Gain De Novo 0 1 1 1 1 1 3 6 7 

21 q11.2q22.3 15485038 48090352 32605.31 Gain De Novo 0 1 3 5 2 1 1 1 1 

21 q22.13q22.3 39111103 45815113 6704.01 Gain Inherited 138 1 1 1 2 1 2 4 1 

21 q22.2q22.3 40558279 48090352 7532.07 Loss De Novo 53 3 4 2 5 1 6 6 4 
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22 q11.1q11.21 16940617 18848020 1907.40 Gain De Novo 2 3 3 3 4 2 3 5 3 

22 q11.1q11.21 17397633 18706059 1308.43 Gain De Novo 134 8 8 7 9 5 7 10 5 

22 q11.21 18628147 21661435 3033.29 Loss De Novo 12 3 3 2 3 2 3 9 6 

22 q11.21 18661699 20311733 1650.03 Loss De Novo 83 1 1 1 1 1 2 2 6 

22 q11.21 18661699 21457610 2795.91 Loss De Novo 63 4 4 4 6 2 8 6 7 

22 q11.21 18661699 21661435 2999.74 Loss De Novo 48 1 1 1 1 1 4 6 5 

22 q11.21 18661699 21661435 2999.74 Loss De Novo 31 9 9 9 10 6 8 10 5 

22 q11.21 18661699 21661435 2999.74 Loss De Novo 9 10 10 10 10 10 8 6 10 

22 q11.21 18661699 21661435 2999.74 Loss De Novo 0 1 1 1 1 1 3 6 7 

22 q11.21 18661699 21808997 3147.30 Loss De Novo 1 2 2 2 2 2 5 6 6 

22 q11.21 18765102 21457610 2692.51 Loss De Novo 53 10 10 9 9 7 5 10 7 

22 q11.21 18765102 21661435 2896.33 Loss De Novo 425 10 9 9 9 8 7 7 8 

22 q11.21 18765102 21661435 2896.33 Loss De Novo 1 2 2 1 2 1 4 4 3 

22 q11.21 18818376 21540347 2721.97 Loss De Novo 135 1 1 1 1 1 4 9 8 

22 q11.21 18818376 21661435 2843.06 Loss De Novo 375 4 2 3 5 4 7 7 5 

22 q11.21 18818376 21883930 3065.55 Loss De Novo 389 8 7 7 8 6 9 8 4 

22 q11.21 18847961 21440515 2592.55 Loss De Novo 2 4 3 3 4 3 5 9 5 

22 q11.21 18847961 21440515 2592.55 Loss De Novo 0 1 1 2 2 1 2 1 5 

22 q11.21 18847961 21457610 2609.65 Loss De Novo 34 4 3 3 4 2 6 9 6 

22 q11.21 18847961 21468411 2620.45 Loss De Novo 2 1 1 1 3 1 2 2 4 

22 q11.21 18847961 21468411 2620.45 Loss Inherited 3 1 1 1 1 1 1 9 5 

22 q11.21 18894820 20279641 1384.82 Gain De Novo 119 5 6 5 6 3 3 9 3 

22 q11.21 18894820 20279641 1384.82 Gain De Novo 4 4 5 5 4 3 7 2 3 

22 q11.21 18894820 21025719 2130.90 Loss De Novo 367 1 1 1 2 1 3 6 6 

22 q11.21 18894820 21025719 2130.90 Loss De Novo 71 10 10 10 10 10 10 3 10 

22 q11.21 18894820 21025719 2130.90 Loss De Novo 0 2 2 2 1 2 3 8 3 

22 q11.21 18894820 21407681 2512.86 Loss De Novo 2 2 2 3 5 1 1 2 1 

22 q11.21 18894820 21440515 2545.70 Loss De Novo 56 3 2 3 3 3 4 8 1 

22 q11.21 18894820 21440515 2545.70 Loss Inherited 0 5 6 5 6 2 9 10 2 

22 q11.21 18894820 21457610 2562.79 Loss De Novo 443 6 5 5 7 4 6 10 5 

22 q11.21 18894820 21457610 2562.79 Loss De Novo 7 7 5 6 9 5 8 8 3 

22 q11.21 18894820 21457610 2562.79 Loss De Novo 0 3 3 2 3 2 5 9 4 

22 q11.21 18894820 21457610 2562.79 Loss Inherited 0 2 2 2 3 2 5 9 1 
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22 q11.21q11.23 19058830 25528036 6469.21 Gain De Novo 112 7 6 6 8 4 9 8 9 

22 q11.21 19399499 20311733 912.23 Loss De Novo 140 4 4 3 5 2 6 10 6 

22 q11.21 19747275 21457610 1710.34 Loss De Novo 32 9 9 9 9 6 9 4 9 

22 q11.21 21081284 21457610 376.33 Loss De Novo 33 1 1 1 2 1 1 6 1 

22 q11.21 21081284 21759580 678.30 Loss De Novo 82 4 3 3 8 2 5 8 4 

22 q11.21q11.22 21759521 22905025 1145.50 Loss De Novo 59 7 7 7 6 4 6 10 4 

22 q11.21q11.22 21759521 22905025 1145.50 Loss De Novo 1 10 10 9 10 7 8 6 10 

22 q11.21q11.22 21759521 22905025 1145.50 Loss De Novo 10 1 1 1 1 1 2 2 6 

22 q11.23q13.33 24685145 50241148 25556.00 Gain De Novo 7 1 1 1 1 1 3 3 8 

22 q11.23q13.33 24754813 50681161 25926.35 Gain De Novo 0 6 6 6 7 3 8 10 3 

22 q13.2q13.33 42924458 51178213 8253.76 Loss De Novo 74 9 9 9 9 6 8 5 4 

22 q13.2q13.33 44073850 51178213 7104.36 Loss De Novo 15 1 1 2 1 2 1 8 1 

22 q13.31q13.33 45096595 51178213 6081.62 Loss De Novo 21 3 3 3 3 2 4 10 4 

22 q13.33 50241089 51178213 937.12 Loss De Novo 43 2 1 2 1 2 3 8 6 

22 q13.33 51121858 51178213 56.36 Loss De Novo 32 4 4 3 5 3 4 10 4 

22 q13.33 51123497 51134355 10.86 Loss Inherited 135 2 2 2 4 1 1 3 4 
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CNVs are a common cause of human disease, especially neurodevelopmental disorders, and 

have been investigated in diagnostic setting for more than a decade (Coughlin et al., 2012; 

Rice and McLysaght, 2017; Riggs et al., 2020; Zhang et al., 2009). This has profoundly 

improved investigations for a wide range of patients including those with intellectual disability, 

developmental delays and congenital abnormalities (Conrad et al., 2010; Hehir-Kwa et al., 

2010; Riggs et al., 2020; Schaaf et al., 2011). Nevertheless, the pathogenic mechanisms of 

CNVs are complex with variable expressivity and incomplete penetrance associations and so 

we are far from understanding their true and full impact  (Collins et al., 2021; Riggs et al., 2020; 

Zarrei et al., 2015; Zhang et al., 2009). The overall aim of this work was to improve the 

interpretation of CNVs and our understanding of their impact. 

   

5.1 Improving interpretation of CNVs 

In Chapter 2, I have presented an efficient re-analysis strategy for Class 3 CNLs in diagnostic 

laboratories. Although the value of re-analysis of next generation sequencing data is well 

established, this is the first such study of CNV re-analysis. The overall rate of class 3 CNLs 

reclassification in this study (~0.6%), may appear low but, there are no comparable published 

studies of reclassification of aCGH data. Of note, our strategy prioritised ~200 CNLs for manual 

reanalysis from an overall list of ~2,000 CNLs. This reduction demonstrates the utility of the 

approach presented here and the level of reclassification in the priority short list was ~6.4%.  

 

Notably, this work focussed on deletions only (CNLs). This is because the consequences of 

deletions could be assumed by loss of one or more haploinsufficient genes within the deleted 

region (Collins et al., 2021). However, the impact of gains is more difficult to assess in a group-

based analysis (Collins et al., 2021; Hurles et al., 2008). However, triplosensitive genes/regions 

are being curated by the ClinGen dosage sensitivity group (https://dosage.clinicalgenome.org/, 

accessed March 2021). In future, this, in addition to up-to-date disease associations, will make 

a strategy similar to what is presented here, feasible for assessing gains as well. 

 

https://dosage.clinicalgenome.org/
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Most of CNV pathogenicity can be explained by their effect on dosage-sensitive disease genes 

(Rice and McLysaght, 2017) which led us to a gene-focussed approach of reclassifying class 

3 CNLs. However, CNVs are known to cause human disease by affecting regulatory regions 

such as promoters, and TADs and their boundaries (Lupiáñez et al., 2015; Zhang and Lupski, 

2015). A systematic reinterpretation of 922 deletion cases from Decipher database has shown 

that up to 11% of deletions effect could be attributed to effects on TADs (Spielmann and 

Mundlos, 2013). Assessment for disruption of TADs boundaries could improve clinical 

interpretation of CNVs (Lupiáñez et al., 2016).  

 

Published evidence in the literature from reviewing WGS and WES data have shown that 

downgrading class 3 variants into benign categories form a considerable part of reclassification 

rates (Das et al., 2014; Hiatt et al., 2018). We expect a substantial proportion of Class 3 CNVs 

to be benign, but at present there is insufficient evidence to downgrade them. Mapping against 

up-to-date population databases, such as database of genomic variants (DGV) (MacDonald et 

al., 2014) and gnomAD SV (Collins et al., 2020) can help to downgrade any CNVs that are now 

known to be common in the general population.  

 

In this work, we focussed only on autosomal CNVs because of extra considerations needed for 

reviewing X-linked class 3 CNVs including the sex of the cases and also the lower sensitivity 

of constraint scores, such as pLI, to predict X-linked haploinsufficiency. These X-linked 

constraint scores limitations relate to multiple factors such as the presence of heathy female 

heterozygote carriers of (likely)pathogenic variants in the control populations and the presence 

of less X-chromosomes (~25% less assuming relatively equal male/female representation) 

compared to autosomes (Havrilla et al., 2019; Ziegler et al., 2019). However, incorporating X-

chromosome CNVs in future re-analyses could further improve the reclassification rates.    

 

Our study focussed on coding CNLs affecting genes with known OMIM phenotype associations. 

This may miss interesting genes with recent publications. Moreover, although haploinsufficient 

scores are reasonable predictors of haploinsufficiency, they are not perfect for all genes and 

they could be less accurate for shorter ones (Karczewski et al., 2020).  Our work with ATP6V0C, 
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a relatively small gene with 3 exons (155 codons), illustrates this issue. Other than that, using 

cut-off scores, pLI and RVIS create a binary divide of haploinsufficient and non-haploinsufficient 

genes (Lek et al., 2016; Petrovski et al., 2013). Although useful for characterising a set of genes 

as haploinsufficient, binary divisions do not reflect the reality of a continuous spectrum of the 

selective pressure against dosage variation (Karczewski et al., 2020). More recent 

haploinsufficiency scores, such as the loss-of-function observed/expected upper bound fraction 

(LOEUF), provides a continuous measure of intolerance to LoF variants and is based on the 

largest cohort for a score of its type (Karczewski et al., 2020). It is therefore more accurate and 

allows the classification of genes on a spectrum of intolerance to LoF variation (Karczewski et 

al., 2020). Follow up work is underway looking at genes with no current OMIM associations that 

also include LOEUF scores to help in shortlisting these genes. As part of this work we already 

identified 12 extra genes that now have relevant OMIM disease associations that have been 

published since our OMIM data interrogation in November 2018. These genes and their 

associated CNLs are now undergoing full reclassification. The rest of this work and the deeper 

interrogation of the data may help in identifying novel genetics syndromes and/or may provide 

insights into disease mechanisms (Banka et al., 2015; Cuvertino et al., 2017; Kasher et al., 

2016; Tinker et al., 2020). Extra analysis, including more complex methodologies that account 

for regulatory and epistatic gene to gene interactions, could be applied to try and identify novel 

contiguous gene disorders.  

 

Our work on the ATP6V0C case described in chapter 3 exemplifies the potential of this extra 

work. This case was originally reported in our laboratory as a class 3 CNL and was excluded 

as part of the work in chapter 2 due to low pLI score (0.74) and lack of OMIM disease 

association (*108745).  Although interesting, our interpretation of the role of ATP6V0C in the 

novel 16p13.3 microdeletion syndrome is mainly based on in silico analysis which also indicates 

that point variants in ATP6V0C could be disease causing. We have now identified three 

missense SNVs in ATP6V0C in patients recruited as part of the 100,000 Genomes project. In 

silico analysis using multiple prediction tools indicated a possibly damaging effect of these 

variants. Upon contacting submitting clinicians, we collected further information that reveals 

similar but more severe phenotype in the three patients including severe intellectual disability 
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(3/3) and epilepsy (2/3). We hypothesis that these ATP6V0C missense variants could result in 

a dominant negative effect that may be more deleterious than haploinsufficiency. Studies of in 

vitro and in vivo models are ongoing to investigate the potential functional impact of our 

ATP6V0C variants, understand the disease mechanism and investigate potential treatments.   

 

5.2 Beyond clinical implications 

Our work in chapter 4 has found that individuals with inherited (likely)pathogenic CNVs were 

significantly more likely to be living in areas of higher deprivation when compared to individuals 

with de novo (likely)pathogenic CNVs or with the general population of North-West England. 

This indicates that the inheritance of (likely)pathogenic CNVs and lower SES are correlated. 

This may appear counterintuitive as de novo CNVs are often associated with more severe 

phenotypes in comparison to inherited CNVs (Vulto-van Silfhout et al., 2013). More than half of 

the inherited CNVs in our cohort can be classed as recurrent with penetrance estimated to 

range between 10%-62% (Rosenfeld et al., 2013). Our cohort is almost completely paediatric 

(~98%) and based on reported penetrance, up to 72% of their carrier parents would be classed 

as not demonstrating a medical phenotype. SES of our paediatric cases reflects that of their 

parents and the high level of deprivation observed in our cohort suggests that being a carrier 

of a low penetrant CNV negatively impacts SES even in absence of a medical phenotype (or a 

milder one).  

 

We speculate that even clinically unaffected individuals may have relatively lower cognitive 

abilities and therefore it is possible that the lower SES in families with medically relevant 

inherited (likely)pathogenic CNVs with milder phenotype is likely to be due to cumulative multi-

generational consequences of relatively lower intellectual disabilities. 

 

Early life deprivation can have a significant impact on the future life of young people (Belsky et 

al., 2019; Woods et al., 2005), which is in addition to any impact caused by the 

(likely)pathogenic CNV and its associated phenotype. The combined frequency of recurrent 
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CNVs in the UK is estimated to be at least 3.8% (Crawford et al., 2019) which means that these 

results could be of significance in the context of public health. 

 

Our results demonstrate the need to quantify the secondary social and medical consequences 

of lower SES of individuals with (likely)pathogenic CNVs. These results have important 

implications for planning of medical and social services and provide unique insights into 

biological determinants of SES. 

  

Fundamentally, the results of this work do not establish a causal relationship between CNVs 

and SES but only presents a correlation. The study is limited by the relatively small cohort and 

the limitation of a single geographic location (North west of England). It will be very interesting 

to try and expand this work and replicate the analysis in other regions within the UK. If the 

findings are replicated on bigger population within the UK (data from other Genomic Laboratory 

Hubs (GLHs)), this may indeed provide significant evidence for further considering the 

secondary social impact of CNVs. This study can also be replicated in other parts of the world. 

The relationship between genetic factors and SES is complex and evidence correlating various 

genetic variants with cognitive abilities, educational attainment, other social aspects and SES 

is variable and circular (Belsky et al., 2019; Figlio et al., 2017; Marioni et al., 2014; Queirós et 

al., 2015; Trzaskowski et al., 2014; von Stumm and Plomin, 2015; Woods et al., 2005) similar 

to the age-old debate of ‘nature v nurture’ .  

 

Our novel results in this area demonstrate the need for larger studies to uncover the pattern of 

multi-morbidities in individuals with (likely)pathogenic CNVs. 
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7 Appendices 

7.1 Appendix A: PGDip (DClinSci Module A) results 

This thesis forms module C2 of the University of Manchester Higher Specialist Scientific 

Training (HSST). Module A included five taught units which were examined through the 

submission of two written essays for each unit. The final marks as ratified by the university of 

Manchester Board of Examiners are presented below. 
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7.2 Appendix B: FRCPath exam results (DClinSci module B) 

7.2.1 Appendix B1: FRCPath Part 1 theory 
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7.2.2 Appendix B2: FRCPath Part 1 practical 
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7.2.3 Appendix B3:  FRCPath Part 2 oral exam 

 

 

 

 



120 
 
 

7.3 Appendix C: DClinSci Module C1 examination feedback 
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7.4 Appendix D: Further Qualifications and HSST relevant courses 

7.4.1 Appendix D1 – Level 5 Certificate in Leadership 
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7.4.2 Appendix D2 – Leading Transformational Culture Change 
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7.4.3 Appendix D3 – Economics of Genomics and Precision Medicine  

 

7.4.4 Appendix D4 – Ethical, Legal and Social Issues in Applied Genomics 
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7.5 Appendix E: Further presentations from Chapter 2 

7.5.1 Appendix E1: ESHG 2019 poster presentation 
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7.5.2 Appendix E2 – SES publication layperson blog (Journal of Medical Genetics) 

 

https://blogs.bmj.com/jmg/2019/09/25/presence-of-pathogenic-copy-number-variants-cnvs-is-

correlated-with-socioeconomic-status/ 
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7.5.3 Appendix E3 – SES work publication on MFT website 

 

 


