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Why causation?

• Explanation for family
• Prognosis
• Recurrence risk and reproductive 

options
• Guide medical management
• Avoid unnecessary investigations
• Promise of new targeted treatments
• Support groups and international 

community
• Prevention

Diagnosis
Targeted 

treatment and 
prevention



Goal: to identify a precise cause of all 
children with genetically determined 
neurodisability

Find new genetic 
causes

Understand 
biology & 
natural 
history

Access to the 
latest genetic 

testing 
technologies

• Prevention 
• Novel 

treatments 
• Improved clinical 

care



Causes of neurodisability

Genetic

• Gross chromosomal imbalance
• Copy number variants
• Monogenic conditions
• Polygenic conditions

Environmental 
factors

• Malnutrition
• Vascular accidents
• Asphyxia
• Polutants
• Alcohol exposure
• Iodine deficiency

Other • Unknown



Intellectual Disability

• Normal (IQ >70)
• Mild ID (IQ 50-70)

– 1-3%
– Behaves genetically as the lower end of the normal distribution
– Polygenic factors plus environment
– Many do not have a single identifiable cause

• Moderate-Severe ID (IQ <50)
– 0.3-0.5%
– Parental intelligence usually normal
– Discontinuity between intelligence of affected and unaffected 

family members
– More common in males than females
– Identifiable genetic cause in >50%



1959 identification of aneuploidy



Karyotype

• Yield is 4%
• Common abnormalities incl.

– Trisomy 21
– Sex chromosome aneuploidy
– Small deletions/duplications

• Yield increased if additional 
features:
– Dysmorphic features
– Growth retardation
– Organ defects

Del 5p: Cri du chat syndrome



1990s - Targeted FISH, 
microdeletion syndromes



1990s – Multiple microdeletion
syndromes



2000s - Molecular cytogenetic 
screening including subtelomeric
chromosome rearrangements



Era of genomic medicine

• Genomic medicine:  an emerging practice of medicine that involves 
using genomic data to better predict, diagnose, and treat disease

• New technologies continue to drive advances in genomic medicine in 
last 10 years and the future



Molecular karyotyping using 
microarray based testing

• Has replaced conventional 
karyotyping for paediatric 
indications

• Whole genome copy number 
analysis

• Detects pathogenic CNVs in 
15% of undiagnosed ID

• Many inherited CNVs 
associated with learning 
problems, behaviour

• Many new syndromes defined
• Does not detect Fragile X 

syndrome



SNP microarray

Deletion Duplication LCSH



1. Pathogenic Copy Number 
Changes

• These are well established ‘pathogenic’ 
copy number change

• Already described and verified in the 
literature

• Include common microdeletion and 
microduplication syndromes, e.g.
– Prader-Willi syndrome
– Angelman syndrome
– 22q11 microdeletion syndrome (VCFS)
– Cri-du-chat syndrome



2. Copy number changes with 
incomplete penetrance

• Known association with  
phenotypic abnormality 

• But also be found in 
phenotypically normal 
parents/healthy controls. 

• Therefore likely to be a 
contributing factor but not in itself 
sufficient to cause the 
abnormality

• 16p11.2 deletion
– IQ low normal/ mild ID
– Language difficulties
– Overweight

• 16p11.2 duplication
– Found in normal individuals
– Increased risk of in dev delay 

and psychiatric disorders

• 15q11.2 deletion
– Found in normal individuals
– Penetrance estimate 10% for 

neurodevelopmental disorders





Concept of penetrance may not be 
appropriate for CNVs

Moreno‐de‐Luca 2013



Controls carrying neuropsychiatric 
CNVs have lower cognitive scores than 
population controls

Stefansson et al. Nature 2014



JAMA 2015



3. Copy number changes of 
unknown significance

• These are changes that have not been described and 
verified in the literature, but which contain genes, 
therefore potentially relevant.

• Standardised workflow to determine pathogenicity:
– Size of CNV
– Inherited vs. de novo
– If inherited, does it track with phenotype in family?
– Gene content
– Information from databases

• Healthy control
• Developmental disability



Cost of sequencing a genome



Target
Enrichment
(e.g. Exome, 
gene panels)

Whole 
genome





• 45/51 (88%) of ID patients had de novo variants (1.71/generation)
• 16/51 (31%) of ID patients had de novo mutations in known ID genes
• Plus 6/51 (12%) of ID patients had de novo mutations in novel genes 

predicted to be disease causing
• = total yield 43%
• 14/20 (70% of controls had de novo variants (1.2/generation)
• Little role for autosomal recessive genes

Lancet 2012; 380: 1674–82



• 100 patients with IQ <50 and parents
• 53/100 patients (53%) had one or more de novo mutations
• 13/100 (13%) of patients had mutations in known autosomal or X-

linked genes
• Additional 22/100 (22%) patients had mutations in candidate ID genes
• = total yield 35%
• No causative autosomal recessive gene mutations detected

2013



26
C Gilissen et al. (2014) Nature

Cumulative            12%                                                    39%                                              70% 



• 1133 children
• UK and Ireland
• 87% ID/DD
• Exome sequencing trios and 

arrayCGH
• Mean per child

– SNVs 19,811
– Indels 491
– CNVs 148
– De novo variant 1.2

• 317 (28%) had pathogenic 
variants in known ID genes

• 35 patients had mutations in 
‘new’ ID genes identified by 
this study

• = total yield 31%
• 17 had mutations in 2 different 

genes (composite phenotype)

2015



ARID1B (1%)
SCN2A
ANKRD11
SATB2
SYNGAP1
CASK
DYRK1A
MED13L
STXBP1

…………………
167 genes 
represented 
only once



• Further data from the DDD 
study + 13 other studies

• Exomes from 7,580 
individuals with 
developmental disability

• 42% have pathogenic de 
novo mutations

• Developmental disorders 
caused by de novo 
mutation have prevalence 
of 1:213 to 1:448 
depending on parental age

J F McRae et al. Nature 1–6 (2017) doi:10.1038/nature21062

Excess of de novo mutations



• ES in 152 consanguineous families with 1 or more child with ID
• Clear genetic cause in 55 families (37%) (50 genes)

– 46AR
– 2 XLR
– 2 de novo

• Plausible genetic cause in another 48 (32%)
• Higher yield in severe ID, additional clinical features and multiplex 

families



11*

47*

11

58

33

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Standard care Exome

Standard Care vs Exome

Diagnosed Undiagnosed

Actual tests done

If more tests done

14% 59%



Our local ID data

• Singleton exomes at VCGS
– funded by MCRI translational genomics grant

• Cohort of 15 children
– Severe ID (non verbal)
– Normal microarray and Fragile X
– No clear syndromal features

• Likely pathogenic mutations found in 7/15 patients (47%)



KT

• 6 year old girl with global 
developmental delay
– Walked at 2 years
– Non-verbal
– Loves water, sensory 

stimulation
• Calcaneovalgus deformity
• Bilateral esotropia
• 2 x UTIs
• Growth parameters all 3rd-

50th centile
• Normal CMA, UMS, FX, MRI

Prominent peri-orbital fullness, short 
palpebral fissures, prominent mid-
face, small mouth and thin upper lip



DDX3X

• DDX3X (XLMR)
• c.1122dupG
• p. Q374fs

• In three large cohorts, 
mutations in 1.9%, 1.1%, 
2.9% of females with ID

• Total 38 females with 35 
distinct mutations
– 19/35 LOF
– 15 missense, 1 in frame 

deletion

2015



Block et al. 2015



Causative mutations in 7/15 
patients

• MAGEL2*
– Heterozygous mutations cause Prader-Willi phenotype and autism

• ASLX3*
– Heterozygous mutations cause Bainbridge-Ropers syndrome

• STXBP1
– Heterozygous mutations cause epileptic encephalopathy and intellectual disability

• DDX3*
– X-linked dominant mutations cause intellectual disability in females

• FOXG1
– Heterozygous mutations cause congenital variant of Rett syndrome

• GAMT
– Autosomal recessive mutations cause cerebral creatine deficiency syndrome
– Therapy including creatine supplementation causes improvement of stabilization of symptoms

• CTNNB1*
– De novo heterozygous mutations cause severe intellectual disability, microcephaly, and 

spasticity
* identified since 2013



Autism
• Frequency 1:100-1:200
• 4:1 male to female gender bias

– higher for Asperger syndrome
– Lower when ID/dysmorphism

• Comormidities
– intellectual disability, epilepsy, motor 

control difficulties, ADHD, tics, 
anxiety, sleep disorders, 
depression, gastrointestinal 
problems

• ASD phenotype extends into the 
subclinical realm – the ‘Broader  
Autism Phenotype’

– Autistic traits are normally 
distributed in clinical cases as well 
as in the general population. 

• Twin concordance
– 50% MZ
– 15% DZ Devlin and Scherer 2013



Bourgeron 2016

The history of the genetics of 
autism from 1975 to 2015



• CNVs detected in 5-10% 
of ASD patients

• De novo and inherited
• Some patients with ASD 

have two or more CNVs 
and they tend to have a 
more severe presentation

• Incomplete penetrance 
(8-100%)

Data from Vorstman et al. NRG 2017



Most common CNV in ASD is 
deletion/duplication at 16p11.2

• Seen in 0.8% ASD
• Also seen in

– ASD with additional 
dysmorphology

– dev delay without ASD
– Non-ASD psychiatric 

disorders
– Some unaffected 

individuals



ASD
Data from WES/WGS

• 18 WES/WGS performed, 
using >4000 families

• 3.6-8.8% of patients carry 
a  de novo causative 
mutation

• Little evidence for 
recessive mutations 
– ? 3%

Bourgeron 2016



• Gaugler (2014) 
estimated the genetic 
contribution to ASD:
– 49%  common 

inherited variants
– 3% rare inherited 

variants
– 3% de novo
– 4% Mendelian 

(dominant, recessive)



Genes associated with ASDs from 
sequencing studies
(Vortman et al. NRG 2017)



ASD Genetic Landscape

ASD‐related 
syndromes

10%

e.g. 
FXS, TS

Rare 
chromosome 
abnormalities

5%

e.g. 
Trisomy 
21, XXY

Rare CNVs

5%

e.g. 
16p11.2, 
22q11.2, 
17p12

Rare 
penetrant 
genes

5%

e.g. 
PTCHD1, 
NRXN1, 

SHANK1/2

Multigenic
including rare 
and common 
variation

? 50% 
unknown

Environment 
effects

% 
unknown

Genes converge in a limited number of biological pathways including chromatin 
remodelling, protein translation, actin dynamics, and synaptic functions 

Complex interplay between common and rare variants:
For some individuals, a single de novo mutation is sufficient to cause autism vs. for 
others, it is the accumulation of many (>1000) risk alleles 



JAMA 2015

(High
Functioning)



The Future I:

We owe it to our families to provide an explanation 
for their child’s disability



The Future II: What about the 
other 50%?

• New genes
• Non-coding DNA
• Complex genetics

– Digenic/polygenic
• Mutation types not 

detected by NGS
– Mosaicism
– Epigenetic
– Trinuclueotide repeats

• Non genetic

Karyotype
4% Microarray

11%

Exome/Gen
ome
35%

Unknown
50%



The Future III

• Biological research and 
improved medical care 
must be accompanied by 
innovations to provide a 
more inclusive world for 
people with 
neurodisabilities


