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Sex and X-chromosome architecture of  
neurodevelopmental disability. 

 
                              Jozef Gecz 
                                 UK, September 12, 2018 

The University of Adelaide 
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Golden Age of Disease Gene Discovery  
1986-2016 

 

The American Journal of Human Genetics 100, 695–705, 2017 

Human Genome 

Next Generation 
 Sequencing 

PCR 

>4 300 genes 
 
>5 982 diseases 
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Novel Gene-Phenotype Discoveries 2010-2015  

The American Journal of Human Genetics 100, 695–705, 2017 

HGMD database: 
http://www.hgmd.cf.ac.uk/ac/index.php 
 
ClinVar: 
https://www.ncbi.nlm.nih.gov/clinvar/ 

Trait 1 = Epilepsy 

Trait 2 = CP 

Trait 3 = ID 

Trait 4 = Autism 



7 

Neurodevelopmental disabilities	  

Group of disorders in 
which the development 
of the central nervous 
system is disturbed.  
 
•  neuropsychiatric problems 
•  impaired motor function 
•  learning  
•  language  
•  non-verbal communication 
	  

Nature,	  July	  2012	  

~1 in 20 individuals (life-time, not all genetic) 
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Neurodevelopmental disabilities	  

Group of disorders in 
which the development 
of the central nervous 
system is disturbed.  
 
•  Intellectual disabilities 
•  Autisms 
•  Epilepsies  
•  Movement disorders (CP) 
•  Mood & Behavior 
•  Speech & Language 
	  

EPI 

ID ASD 

CP 

LNG HEAR VIS 

BEH 

OTHR 

~1 in 20 individuals (life-time, not all genetic) 

‘Splitting’ 
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Neurodevelopmental disabilities	  

Group of disorders in 
which the development 
of the central nervous 
system is disturbed.  
 
•  Intellectual disabilities 
•  Autisms 
•  Epilepsies  
•  Movement disorders (CP) 
•  Mood & Behavior 
•  Speech & Language 

NDDs 

~1 in 20 individuals (life-time, not all genetic) 

‘Lumping’ 
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Neurodevelopmental disabilities	  
~1 in 20 individuals (life-time, not all genetic) 

Trait 1 = Epilepsy 

Trait 2 = CP 

Trait 3 = ID 

Trait 4 = Autism 

NDDs 

‘Lumping’ 
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Neurodevelopmental disabilities	  

•  Excess of Males 

•  Female Protective Model 

•  Highly Heterogeneous 
•  1000s of genes 

•  Variable Clinical Expressivity  

•  Highly Co-morbid 

•  Increased Cancer Risk 

~1 in 20 individuals (life-time, not all genetic) 

NDDs 

Common Features 
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Neurodevelopmental disabilities	  
~1 in 20 individuals (life-time, not all genetic) 

Nijmegen: http://www.genomediagnosticsnijmegen.nl/index.php/en/  
SFARI: https://gene.sfari.org/autdb/HG_Home.do 
PanelApp: https://panelapp.genomicsengland.co.uk/ 

•  ID     > 1053 genes 

•  Epilepsy      > 239 genes 

•  ASD     > 1197 genes 

•  Movement  > 275 genes 

•  CP     > 44 genes 

‘Conservative’ gene lists 

~1 in 7 children 
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One gene (mutation)  
several & variable outcomes (Pleiotropy/Polyphenism). 

Trait 1 = Epilepsy 

Trait 2 = ID 

Trait 3 = Autism 
Trait 4 = CP 
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One gene (mutation)  
several & variable outcomes (Pleiotropy/Polyphenism). 

Trait ~ NDD 

Non-penetrant 
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One gene (mutation)  
several & variable outcomes (Pleiotropy/Polyphenism). 
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The Scientist, October 2015 

Sex (XX/XY)-specific Genetic Architecture  
of Human Disease. 

Ober et al NRG 2008 

Cardiovascular 

Asthma 
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Sex (XX/XY)-specific Genetic Architecture  
of Human Disease. 

N	  Engl	  J	  Med.	  2012	  Oct	  4;367(14):1321-‐31	  

Phenotypic Heterogeneity of Genomic Disorders

n engl j med 367;14 nejm.org october 4, 2012 1325

(CDR2) deletion, 3q29 (DLG1) duplication, 15q11.2 
(NIPA2) deletion, 22q11.2 (TBX1) duplication, 
15q13.3 (CHRNA7) deletion, and 16p11.2 (TBX6) 
duplication20 — and rare copy-number variants 
that are potentially pathogenic, although their 
pathogenicity has not been proved, such as 6q16 
(SIM1) duplication, 15q13.3 BP4–BP5 duplication, 
and 15q24 (PTPN9) duplication.

Sex Bias in Genomic Disorders
On the basis of the partition between syndromic 
and phenotypically variable genomic disorders, 
we tested for a sex bias (see the Methods section 
in the Supplementary Appendix). We found a sig-
nificant male bias among children with genomic 
disorders characterized by phenotypic variation, 
as compared with children whose disorders were 
associated with syndromic features (P<0.001 by 
the Mann–Whitney test) (Fig. 2A). This bias was 
observed with or without consideration of the 
presence of additional large copy-number vari-
ants (Fig. S9 in the Supplementary Appendix).

Additional Variants

Next, we tested for the presence of additional large 
copy-number variants at a second site (Fig. S10 and 
S11 in the Supplementary Appendix). Of the 2312 
affected children known to carry a primary variant, 
200 (8.7%; 87 girls and 113 boys) carried at least 
1 additional large variant affecting an autosome. 
We observed a total of 211 second-site variants 
(median size, 1.37 Mb), with similar numbers of 
duplications and deletions (108 and 103, respec-
tively) (Table S5 in the Supplementary Appendix). 
In cases in which the second-site variant was also 
previously associated with a genomic disorder 
(45 of 200, or 22.5%), the rarer variant was con-
sidered to be the primary-site variant,22 since its 
rarity suggested that it was more likely to have a 
severe effect than the more common variant (Table 
S6 and Fig. S10 and S12 in the Supplementary Ap-
pendix). Similarly, a third-site large variant, result-
ing in an overall median variant burden of 2.5 Mb, 
was observed in 11 of 200 affected children (5.5%) 
(Table S7 in the Supplementary Appendix).
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Figure 2. Sex Bias in Genomic Disorders Associated with Phenotypic Variation and the Correlation between the Inheritance of Variants 
and Incidence of Second-Site Variants.

Panel A shows the proportion of boys with all 72 genomic disorders, including syndromic copy-number variants and those with variable 
features. Boys were more likely than girls to be affected with disorders of phenotypic heterogeneity (P<0.001 by the Mann–Whitney test). 
Panel B shows the percentage of inherited first-site copy-number variants and the incidence of rare variants at second sites for a representa-
tive set of genomic disorders. Each data point represents a genomic disorder. A strong correlation was observed (Spearman correlation 
coefficient, 0.68; P<0.001) when genomic disorders affecting more than five children were analyzed. The two categories of syndromic 
disorders and disorders with phenotypic heterogeneity cluster separately according to the percentage of inherited first-site variants. Seven 
genomic disorders are represented by a single data point at coordinates 0, 0, and two disorders by a single data point at 0, 5. (Additional 
information regarding variants that are not represented in this figure is provided in Fig. S16 in the Supplementary Appendix.) AS denotes 
Angelman syndrome, PWS Prader–Willi syndrome, and WBS Williams–Beuren syndrome.

The New England Journal of Medicine 
Downloaded from nejm.org by Jozef Gecz on November 21, 2015. For personal use only. No other uses without permission. 

 Copyright © 2012 Massachusetts Medical Society. All rights reserved. 
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March	  2010	  

J	  Veltman	  and	  H	  Brunner,	  NG	  News	  and	  Views,	  March	  2010	  

42/21,127	  	  	  	  	  	  	  	  	  	  	  	  	  Affected	  
• 	  10/42	  	  	  	  	  	  	  	  	  	  	  Second	  hit	  

	  	  8/14,839	  	  	  	  	  	  	  	  	  	  	  	  	  	  Controls	  

2nd hit (e.g. CNV or SNV). 
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~ 5.12% – Background risk for NDD 

11% 

8.45% 

12.3% 

2nd hit (e.g. CNV or SNV). 

Wilfert	  et	  al.,	  Gen	  Med,	  2017	  
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? 

•  Protein  
•  Translation – Ribosome Assembly 
•  Post Transl Modification 
•  Ubiquitin Proteasome Degradation 
•  Stability - Multi Protein Complexes 
•  Substrate availability 

? •  RNA  
•  Transcr and Processing 
•  eQTL, sQTL 
•  mRNA export to Cyto 
•  mRNA QC = NMD 
•  mRNA stability 

? 

One gene (mutation)  
several & variable outcomes (Pleiotropy/Polyphenism). 

Environment (Epigenetics)? 
(e.g. early life exposures) 
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Identical DNA = different outcome! 
(Epigenetic/Polyphenism?) 

 
 
 

Var 

WT/Var 

Unaffected father with  
a variant has an 

affected daughter 

WT/Var WT/Var 

WT/Var WT/Var WT/Var 

Unaffected mother with 
a variant has an 
affected son 

Unaffected parents  
have MZ twins with  

only one twin affected 



23 

PCDH19 – cell adhesion, axon bundling, transcription  
 
 
 
 

Families	  

+/+	  +	  

+/mut	  

mut	  

+	   +/mut	  

+	   mut	  

+	   +/mut	  

/+	  +	  +/+	  +	  

+/del	  

	  	  &	  	  
	  	  	  	  	  	  	  singletons	  
	  

Depienne	  et	  al	  Plos	  Genet,	  2009	  

Dibbens	  et	  al.	  Nat	  Genet,	  2008	  

Variable penetrance 

qter 

pter 
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Kristy Kolc 

PCDH19 Girls Clustering Epilepsy 
(same mutation/same genotype = different outcome) 

 
 
 

Kolc	  et	  al.,	  Mol	  Psych,	  2018	  
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Kristy Kolc 

PCDH19 Girls Clustering Epilepsy 
(same mutation/same genotype = different outcome) 

 
 
 

Kolc	  et	  al.,	  Mol	  Psych,	  2018	  

Seizures 

Cognitive outcomes 

Autism Other behaviours 

LOF  

Non-penetrant 

Movement 
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Kristy Kolc 

PCDH19 Girls Clustering Epilepsy 
(same mutation/same genotype = different outcome) 

 
 
 

Kolc	  et	  al.,	  Mol	  Psych,	  2018	  
Pederick.,	  et	  al.,	  Neuron	  2018	  

Wild type Pcdh19 Mutant Pcdh19 
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X-chromosome NDD gene identification 
1992	  –	  ATRX	  (XNP)	  –	  ATRX	  plus	  other	  sy-‐	  and	  non-‐syndromic	  ID	  	  
1996	  –	  AFF2	  (FMR2)	  –	  non-‐syndromic	  ID	  &	  auHsm	  	  

1999	  –	  RSK2	  –	  Coffin-‐Lowry	  and	  non-‐syndromic	  ID	  (MRX19)	  
2002	  –	  ARX	  	  	  ~	  10	  disHnct	  clinical	  presentaHons	  (ID	  and	  epilepsy)	  

2007/2010/2011	  –	  UPF3B	  	  	  -‐	  ID,	  auHsm,	  ADHD,	  schizophrenia	  
2008/2009	  –	  PCDH19	  	  	  -‐	  epilepsy,	  ID,	  female	  only	  (?),	  some	  not	  affected	  (5-‐20%)	  

2002/2010/2013	  –	  PHF6	  	  	  -‐	  BFLS,	  T-‐ALL+	  other	  cancers,	  mulJple	  isolated	  females	  

2012	  –	  HCFC1	  	  	  -‐	  non-‐syndromic	  ID	  and	  cobalamin	  (B12)	  disorder	  

2010/2014	  –	  IQSEC2	  	  	  -‐	  non-‐syndromic	  ID	  (M)	  and	  epilepHc	  encephalopathy,	  more	  females	  
2013	  –	  ZC4H2	  	  	  -‐	  syndromic	  ID	  and	  cerebral	  palsy,	  males	  and	  females	  affected	  

qter 

pter 

2014/2015	  –	  USP9X	  	  	  -‐	  non-‐syndromic	  and	  syndromic	  ID,	  predominantly	  females	  

2015	  –	  STAG2	  	  	  -‐	  syndromic	  ID	  with	  behavioral	  problems	  

2004/2016	  	  –	  DLG3	  	  	  -‐	  non-‐syndromic	  ID,	  coding	  and	  non-‐coding	  mutaHons	  

2009	  –	  HUWE1	  	  	  -‐	  duplicaHons	  and	  point	  mutaHons,	  sy	  and	  non-‐syndromic	  ID	  
2011	  –	  CCDC22	  	  	  -‐	  syndromic	  ID	  –	  tracked	  by	  expression	  profiling	  

2015	  –	  RNF113A	  	  	  -‐	  syndromic	  ID,	  trochothiodysrophy	  
2015	  –	  THOC2	  	  	  -‐	  non-‐syndromic	  ID,	  epilepsy,	  severe	  developmental	  delay	  	  

1999	  –	  GRIA3	  –	  non-‐syndromic	  ID	  

2003	  –	  PQBP1	  	  	  several	  clinical	  presentaHons	  (sy	  and	  non-‐sy	  ID)	  

2009	  –	  SLC9A6	  	  	  -‐	  syndromic	  ID	  –	  Angelman-‐like	  

2015	  –	  DDX3X	  	  	  -‐	  syndromic	  and	  no-‐syndromic	  ID,	  females	  predominantly	  affected	  

2004	  	  –	  CDKL5	  	  	  -‐	  syndromic	  ID,	  predominantly	  females	  

•  >130 NDD genes 
•  no function enrichment 
•  1 gene = multiple disorders 

2016	  –	  CLCN4	  	  	  -‐	  epilepHc	  encephalopathy,	  ID,	  behavioral	  problems,	  males	  and	  females	  affected	  
2017	  –	  GPKOW	  	  	  -‐	  microcephaly,	  IUGR,	  male	  lethal	  	  

2012	  –	  HCFC1	  	  	  -‐	  non-‐syndromic	  ID	  (M),	  B12	  deficiency	  

2018	  –	  SLC9A7	  	  	  -‐	  non-‐syndromic	  ID	  by	  GOF	  as	  deleHons	  are	  not	  ID	  pathogenic	  	  	  

•  7-10% of ID 
•  males and females 
•  X DOES NOT drive sex bias 
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Seizures 
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•  mRNA export to Cyto 
•  mRNA QC = NMD 
•  mRNA stability 

? 

One gene (mutation)  
several & variable outcomes (Pleiotropy/Polyphenism). 

Polygenic Risk? 
(e.g. common alleles) 
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Polygenic Risk 
(common alleles/SNPs). 

7.7% of variance in risk to 
severe ID is attributable to 
inherited common genetic 

variation. 

Our results demonstrate that 
common genetic variation 

affects both overall risk and 
clinical presentation in disorders 

typically considered to be 
monogenic. 

Niemi	  et	  al.,	  Nature,	  in	  press	  

DDD UK study 
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Polygenic Risk 
(common alleles/SNPs). 

August	  2018	  

Coronary artery disease, atrial fibrillation, type 2 diabetes, inflammatory bowel 
disease, and breast cancer. 
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Diagnostic rates based on whole-
exome sequencing in classes of 
paediatric genomic diseases.	  

Current state of Paediatric Genomics 

Wright et al. NRG 2018 

8 – 76% success 
of WES 
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Some NDDs like Cerebral Palsies are not 
(routinely) genetically tested 

Cohort 
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Cerebral palsy 

CP affects muscular  
movement & mobility 

~ 11 new CP diagnoses/week in Australia  
(320 000 births/pa) 

Nelson & Blair, NEJM 2015:      Western Australia 1980 - 2009 

Caesarean delivery does not affect  
CP prevalence. 

The Myth: 
 

Cerebral Palsy 
 is due to  

birth asphyxia … 
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CP multi-omics investigations 
(Adelaide) 
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5. Methyl Capture-seq 
 - 10x pairs of CP discordant MZ twins 
     (ongoing) 

1. WES (SNVs)     ~14% resolved 
McMichael et al., Molecular Psychiatry, 2015 

2. WES (CNVs)    ~ 3.7% resolved 

3. RNA-seq 
     ~5%  
     resolved 

Van Eyk et al., Translational Psychiatry, 2018 

4. WGS  - 24 WES trios       ~ 4% resolved 
     - 200 singletons      ongoing … 
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>1 in 4 cases 
 

with relevant genetic 
finding 

CP multi-omics investigations 
(Adelaide) 
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Equality of access to genomic testing. 

$25M project, 80 partners 

AGHA (Australian Genomics Health Alliance; 2016-2020) 
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Evidence generation 

Usual	  care	   WES	  

DiagnosHc	  yield	   11%	   58%	  

Change	  in	  
Management	  

4%	   16%	  

Cost	  per	  diagnosis	   AU$27,050	   AU$6,003	  

Diagnosis 
N=48 

No diagnosis 
N=32 

N=80 
Infants 

? Monogenic 
disorder 

* Stark et al (2016,2017) Genet. Med. 

18 months later… 
A diagnosis restores reproductive confidence  
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>USD$4billion 
invested by >14 
governments in 

national genomic 
medicine 
initiatives 

Over the next 5 
years, genomic 
data from more 
than 60million 
patients will be 

generated from 
healthcare 

Are we ready for 
the volume, 

complexity and 
responsibility to 

share on a global 
scale? 
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“No one country can do this alone” 
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When looking back 

•  NDDs are genetic (not only) and considerably heterogeneous 

•  Chromosomal sex (that is XX or XY) matters for many NDDs 

•  NDDs co-occur, often also with cancer and heart disorders 

•  Early and precise diagnosis makes a big difference 
•  Equality of access to genetic (genomic) testing is an issue  
    of fundamental importance 

•  NDDs are life-long & need a lot of compassion & support 

•  Personalised (‘HD’) medicine has been slowly coming 
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