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ID definition 



Epidemiology

•  Intellectual disability is common and affects 1-2 % population 

•  Developmental delay is the commonest referral reason to paediatric 
clinical genetics services 

•  Etiology is poorly understood

•  In some families there is a clear X linked inheritance pattern where males 
are affected and it is inherited through unaffected or mildly affected 
females

•  <90% of cases there is no family history 



Epidemiology
•  IQ has a normal distribution but IQ <50 presence of 

additional group of cases with ID



Epidemiology

Males excess 1.3:1  
Penrose LS 1938   1280 inpatients

•  Replicated in multiple studies internationally 



South Carolina Institutions ���
Anderson et al 1996 



Factor that influence intellectual development 

•  Environmental
–  Prenatal, perinatal and postnatal infections (rubella, CNV, measles, 

toxoplasmosis and sepsis)
–  Drug exposure (fetal alcohol, valproate)
–  Diet (PKU, inborn errors of metabolism)
–  Prematurity

•  Genetics variation
•  High penetrant aberrations of genetic material

–  Chromosomal anomalies trisomy 21, deletions
–  Copy Number Variants 
–  Single gene defects
–  Genetic modifiers of disease severity

•  Culturofamilial factors e.g. parental IQ is a strong predictor within the normal 
range

–  Polygenic 
–  Genetics modifiers of monogenic disease



Fetal Alcohol

Toxin during key stages of development  
Generally affects all organs 
Characteristic face 
Poor concentration  
Poor intellectual development  
Poor growth  



Photomontage Fetal alcohol



Fetal Valproate

Clinical features: epicanthic folds; infraorbital groove; medial deficiency of the eyebrows; 
flat nasal bridge; short nose with anteverted nares; 
smooth or shallow philtrum; long thin upper lip; thick lower lip; 
small, downturned mouth; spina bifida; cardiac malformations; neurodevelopmental delay 
 
 

Spina bifida 30X population risk 
 
  



Special educational need as a function of gestation

MacKay, D.F., Smith, G.C., Dobbie, R. & Pell, J.P. Gestational 
age at delivery and special educational need: retrospective 
cohort study of 407,503 schoolchildren. PLoS Med 7, 
e1000289.  



Empiric recurrence risks  
(IQ <50)

Reference 

 
Male IP 
 
Brother 
 

  
 
Sister 
 

 

  
 
All sibs 

 

Female IP 
 
Brother 
 

  
 
Sister 
 

  
 
All sibs 

 
Turner et al   1971 

 
  

 
  

 
2-9% 

 
  

 
  

 
3.5-4% 

 

Bundey et al 1974 

 
6.7% 

 
3.2% 

 
5% 

 
4.4% 

 
6.3% 

 
5.4% 

 

Herbst et al   1982 

 
6% 

 
2.3% 

 
4.3% 

 
2.9% 

 
5.6% 

 
4.2% 

 

Bundey et al 1986 

 
10% 

 
5% 

 
7.5% 

 
  

 
  

 
  

 

Costeff et al 1987 

 
14% 

 
14% 

 
14% 

 
8.5% 

 
9.6% 

 
9.2% 

 

6-14% 3-8% 2-14% 

     



Mechanism of Disease

•  Environmental
•  Genomics CNV abnormality  
•  X linked recessive
•  Autosomal recessive
•  De novo autosomal 

dominant



Population Genetics

•  Frequency of a disease in the population depends on
– New mutation rate
– Reproductive lethality
–  Sustainability of the disease in the population
– Degree of relatedness of parents

•  Familial conditions tend to be those that do not affect 
fertility 

•  Conditions that do affect fertility tend to be new mutations 
or recessive where parents are unaffected



Is the male excess due to X linked disease

•  ARX data 6.6% mutation in families which were research families and 
phenotypically variable with syndromic and non-syndromic (3.5-12.1 
95%CI) 

•  0.13% in sporadic males with non-syndromic disease (</= 0.45)
•  If the males excess is due to XLMR then mutations should be 1.6% in 

sporadic cohort if the 30% male excess is due to XLMR
•  Observed rates are more in keeping with 10% of male excess is XLID



De novo rates in consanguinous families



Restoring reproductive confidence in families with X-linked 
intellectual disability by finding the causal mutation

 
Carrier status 
Knowledge 

 
No. 

women 

 
Reproductive 

Years * 

 
Women 

with 
children 

(%) 

 
Women 
with no 
children 

(%) 

 
Sons 
(no. 

affected)  

 
Daughters	  

 

Offspring/ 
reproductive 

Year ‡  

 

At risk	  
 

48  
 

673  
 

16 (33) 

†        
32 (66)   

 
8(2) 

           
17 #      

 

1 in 27 
 
Not a 
Carrier 

 
23 

 
123 

 
18(78) 

        
5 (21) 

 
11(0) 

 
7 §   

 

1 in 6 

 

Carrier 
 

19 
 

181 
 

16(84) 
         
3 (16) 

 
11(2) 

 
13 ۞   

 

1 in 7 

G Turner et al Clin Genet 2008  73:188-90 

‡ average rate in NSW = 1 in 11; † for differences pre and post tests, X2 =20.67, df 2, p< .0005;  
§ plus 4 pregnancies, sex unknown; ۞ plus 1 pregnancy, sex unknown 



Investigation of a child with intellectual disability

•  Pedigree
•  Karyotype
•  Microarray analysis <4 Mb resolution
•  X inactivation pattern
•  Selective gene analysis for specific syndromes 



X-linked intellectual disability ?

II:1 II:2

III:1 III:2 III:3 III:4 III:5 III:6 III:7 III:8III:9

IV:1

III:10

IV:2 IV:3 IV:4 IV:5

I:1 I:2

II:3



G-banding

II:1 II:2

III:1 III:2 III:3 III:4 III:5 III:6 III:7 III:8III:9

IV:1

III:10

IV:2 IV:3 IV:4 IV:5

I:1 I:2

II:3

46,XY,der(1)t(1;20)(p36.3;q13.31)mat  

46,XXt(1;20)(p36.3;q13.31) 



1p36 syndrome



Array CGH



Williams syndrome



22q11 syndrome

Cardiac; thymus aplasia; immundeficiency; velopharngeal insufficiency; learning disability  



Smith Magenis syndrome 



Diagnosis of 3q29 deletion

I:1 I:2

II:1 II:2 II:3
•  de novo 3q29 deletion 
•  remember over ascertainment is 

common 



3q29 deletion ���
genome first diagnostics



Penetrance

•  The likelihood that the genotype will predict the phenotype
•  High penetrant variants

–  Rare 
–  Mendelian disease
–  More likely to be de novo

•  Reduced penetrance
–  Associated with disease rather than necessarily completely 

predictive or causative and also present in unaffected cases 
individuals 

–  More likely to be inherited 
–  Less severe



Epidemiology
•  IQ has a normal distribution but IQ <50 presence of 

additional group of cases with ID



•  Penetrance of CNVs depends on 
the nature of the CNV 

•  10% have additional CNV 
•  Reduced penetrant CNV give a 

phenotype in proportion to the 
size and number of additional 
CNVs 

•  Male genome is more susceptible 
to CNVs 

•  Analysis 2,312 / 32,587 sample set 

NEJM 2012 





https://decipher.sanger.ac.uk



https://decipher.sanger.ac.uk

Rare CNVs 



https://decipher.sanger.ac.uk

Rare CNVs 

Population CNVs 



Whibley et al Am J Hum Genetics (2010) 87:173-88

Single gene/exon resolution



Copy number abnormalities on the X chromosome

•  10-15% of cases have significant deletion or duplication
•  MECP2 and HUWE1 regions are the commonest
•  Find single exon deletions are detectable with high resolution array



SLC9A6 / NHE6

AJHG (2008) 82:1003-1010

A B WT RT-PCR: 

A B 
del del 

Exon	  	  	  10	  	  	  	  11	  	  	  	  12	  	  	  	  	  13	  	  	  	  14	  	  	  	  	  	  15	  

Exon	  10	  	  	  	  	  Exon	  15	  
cDNA	  



Family	  115	  
Always	  moving	  
ataxic	  
Shy	  
No	  speech	  
Toileted	  
Microcephaly	  
	  



Family	  115	  
Microcephaly	  
No	  speech	  
Wheelchair	  from	  aged	  15	  
Previously	  very	  mobile	  
InconInent	  
Kyphoscoliosis	  
Flexed	  hand	  postures	  
Moving	  hands	  	  



Christianson syndrome

ChrisIanson	  	  et	  al	  (1999)	  JMG	  36	  759-‐766	  

GOLD	  227	  
2bp deletion H171fs X 
	  
	  



Swedish	  and	  Norwegian	  families	  

E255_256del	  

R468X	  

Gilfillan	  et	  al	  AJHG(2008)	  	  



Aged	  21	  
Severe	  scoliosis	  
Double	  inconInence	  

Gilfillan	  et	  al	  AJHG(2008)	  	  





I:1 I:2

II:1 II:3II:2

III:1 III:2

IV:1 IV:2

a b c

IV:3 Mb

Mb

Log2

Ratio

Log2

Ratio

CNV Call

CN State

a

b

 Genes

43.3 43.4 43.5 43.6 43.7

MAOA MAOB NDP

43.2Mb

Deletion extent

Xarray estimate

SNP GeneChip

estimates

FISH

maximum

minimum

RP195C20

RP5879N19

RP1201D17

RP1262B17

RP127K14

RP6218J18

a b c

Whibley et al Eur J Hum Genet. 18:1095-9 (2010). 
MAOA and MAOB deletion



Mutational mechanisms for monogenic diseases

HGMD 2010   102,433 entries
57,570 missense/nonsense mutations
 9,791 splicing
 8,135 small insertions or indels
74%  of all entries detectable by sequencing strategy

16,080 small deletions
  6,403 large deletions
  1,338 large insertions or duplications 
22% of all entries detectable by array CGH strategy



Tarpey et al Nature Genetics (2009) 41:536-543

19% 

81% Pathogenic 
sequence variant

DLG3  
AP1S2 
CUL4B
ZDHHC9
BRWD3
UPF3B
SLC9A6
MED12
IQSEC
CASK
SYP
ZNF711

A systematic, large-scale resequencing screen of
X-chromosome coding exons in mental retardation
Patrick S Tarpey1, Raffaella Smith1, Erin Pleasance1, Annabel Whibley2, Sarah Edkins1, Claire Hardy1,
Sarah O’Meara1, Calli Latimer1, Ed Dicks1, Andrew Menzies1, Phil Stephens1, Matt Blow1, Chris Greenman1,
Yali Xue1, Chris Tyler-Smith1, Deborah Thompson3, Kristian Gray1, Jenny Andrews1, Syd Barthorpe1,
Gemma Buck1, Jennifer Cole1, Rebecca Dunmore1, David Jones1, Mark Maddison1, Tatiana Mironenko1,
Rachel Turner1, Kelly Turrell1, Jennifer Varian1, Sofie West1, Sara Widaa1, Paul Wray1, Jon Teague1,
Adam Butler1, Andrew Jenkinson1, Mingming Jia1, David Richardson1, Rebecca Shepherd1,
Richard Wooster1, M Isabel Tejada4, Francisco Martinez5, Gemma Carvill6, Rene Goliath6,
Arjan P M de Brouwer7, Hans van Bokhoven7, Hilde Van Esch8, Jamel Chelly9, Martine Raynaud10,
Hans-Hilger Ropers11, Fatima E Abidi12, Anand K Srivastava12, James Cox2, Ying Luo2, Uma Mallya2,
Jenny Moon2, Josef Parnau2, Shehla Mohammed13, John L Tolmie14, Cheryl Shoubridge15, Mark Corbett15,
Alison Gardner15, Eric Haan15, Sinitdhorn Rujirabanjerd15, Marie Shaw15, Lucianne Vandeleur15,
Tod Fullston15, Douglas F Easton3, Jackie Boyle16, Michael Partington16, Anna Hackett16, Michael Field16,
Cindy Skinner12, Roger E Stevenson12, Martin Bobrow2, Gillian Turner16, Charles E Schwartz12,
Jozef Gecz15,17, F Lucy Raymond2, P Andrew Futreal1 & Michael R Stratton1,18

Large-scale systematic resequencing has been proposed as the key future strategy for the discovery of rare, disease-causing
sequence variants across the spectrum of human complex disease. We have sequenced the coding exons of the X chromosome
in 208 families with X-linked mental retardation (XLMR), the largest direct screen for constitutional disease-causing mutations
thus far reported. The screen has discovered nine genes implicated in XLMR, including SYP, ZNF711 and CASK reported here,
confirming the power of this strategy. The study has, however, also highlighted issues confronting whole-genome sequencing
screens, including the observation that loss of function of 1% or more of X-chromosome genes is compatible with apparently
normal existence.

Mental retardation is defined as a disability characterized by
‘‘significant limitations both in intellectual functioning and in adap-
tive behaviour as expressed in conceptual, social and practical adaptive
skills’’ with onset before the age of 18 years1,2. Mental retardation is
one of the main reasons for referral to clinical pediatric, neurological
and genetics services and is responsible for 5–10% of health care
expenditure in some developed countries3–6.
Mental retardation may be caused by constitutional genetic

abnormalities7,8. A significant proportion of these are large deletions,

duplications or aneuploidies that affect multiple genes9–11. Mental
retardation may also be due to mutations of individual genes and is a
feature of autosomal dominant, autosomal recessive and X-linked
genetic diseases (Supplementary Table 1 online). The most common
cause of X-linked mental retardation (XLMR) is expansion of a
trinucleotide repeat in the 5¢ untranslated region of the FMR1 gene
in fragile-X syndrome. Approximately 80 additional genes involved in
XLMR have now been identified through genetic linkage analysis and
positional cloning, candidate gene analysis or cytogenetic studies12,13.
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X inactivation in mothers 

1005 individuals with normal distribution of X inactivation 



X linked genes associated with skewed X 
inactivation 

•  MECP2
•  HUWE1
•  UPF3B
•  CUL4B
•  ATRX
•  Others more variable
•  Skewed = >95% one allele
•  Largely depends on whether the gene of interest is expressed in 

lymphocytes to any extent
•  If skewed then X linked disease likely. If not skewed then risk of  

X linked disease is not significantly reduced except for a few 
genes



ATRX (X-linked alpha thalassaemia)





‘Milder ATRX phenotype’

Guerrini et al. 2000 Ann Neurol 47:117-121



HbH inclusions



CUL4B syndrome

Mutations in CUL4B, Which Encodes a Ubiquitin E3 Ligase 
Subunit, Cause an X-linked Mental Retardation Syndrome 
Associated with Aggressive Outbursts, Seizures, Relative 
Macrocephaly, Central Obesity, Hypogonadism, Pes Cavus, 
and Tremor 

Tarpey et al AJHG 80 345-352 (2007) 



Severe intellectual disability 
Speech impairment 
Hyperactivity 
Seizures 
Intention tremor 
Inguinal hernia 
Small feet 
Pes cavus  

Badura-Stronka et al Clinical Genetics 2009 



Family 502 (MRX59) 



Small palpebral fissures 
Ptosis 
Telecanthus 
Small nose 
Narrow nostrils 
Prominent lower lip 
Hypotonic breathing 
 
CUL4B, MCTS1, and LAMP2 deleted 
 





Summary of main features

Additional features emerging: 
Facial grimace 
Prominent front teeth 
Structural brain abnormalities including abnormal ventricles, corpus callosum, 
 PVL, hydrocephalus, porencephalic cysts 



Mechanism of Disease

•  Environmental
•  Genomics CNV abnormality  
•  X linked recessive
•  Autosomal recessive
•  De novo autosomal 

dominant



1549 variants that are de novo in autism 

>1000 trios with intellectual disability 



Targeted Exome Sequence Analysis of 1000 individuals with ���
Intellectual Disability 

•  1,000 families where a single sample was available from the proband with ID 
•  2,812 sample with CHD and or other rare diseases not associated with ID

•  996 ID samples pass QC of DNA went for sequencing 
•  986 QC variant calling (10 cases had >30 variants)

•  565 genes 
–  253 known genes 

(UK10K, Gilissen and DDD) 
–  312 candidate genes 

(UK10K, Rauch, de Ligt)



Results

8466 variants in 986 individuals
8011 missense and 455 LOF

8 rare variants in 253 known genes per patient

Ø  All these variants are in
Grozeva et al    Hum Mutation (2015) PMID: 26350204

open access

Ø  Likely pathogenic LOF and missense variants- DECIPHER



Table of 77 LoF variants in 44 known genes

Autosomal Dominant Inheritance  X-linked Inheritance  Recessive Inheritance  
Gene N cases Gene N cases Gene N cases
SETD5 7 ATRX 6 HEXA 1 (comp. het.)
ARID1B 4 CUL4B 5 AGA 1 (homoz.)
TCF4 2 IL1RAPL1 3 HGSNAT 1 (homoz.+missense)
KANK1 2 BRWD3 2 PAH 1 (homoz.)
GRIN2B 2 NLGN4X 1    
SCN2A 2 OPHN1 2    
SHANK2 2 PQBP1 2    
CHD7 2 SLC9A6 2    
CTNNB1 2 UPF3B 2    
KAT6B 2 ZDHHC9 2    
SETBP1 1 ACSL4 1    
UBE3A 1 AFF2 1    
ASXL1 1 GPC3 1    
MLL2 1 KDM5C 1     
CREBBP 1 MAOA 1     
SCN8A 1 OFD1 1     
EHMT1 1 PTCHD1 1     
FOXP1 1 SMC1A 1     
KANSL1 1 SMS 1     
MEF2C 1 TSPAN7 1     
NSD1 1 USP9X 1     
PAX6 1         
PTEN 1         
RAF1 1         

SETD5,  ARID1B,  ATRX and CUL4B  
commonest genes 



Table of 77 LoF variants in 44 known genes

Autosomal Dominant Inheritance  X-linked Inheritance  Recessive Inheritance  
Gene N cases Gene N cases Gene N cases
SETD5 7 ATRX 6 HEXA 1 (comp. het.)
ARID1B 4 CUL4B 5 AGA 1 (homoz.)
TCF4 2 IL1RAPL1 3 HGSNAT 1 (homoz.+missense)
KANK1 2 BRWD3 2 PAH 1 (homoz.)
GRIN2B 2 NLGN4X 1    
SCN2A 2 OPHN1 2    
SHANK2 2 PQBP1 2    
CHD7 2 SLC9A6 2    
CTNNB1 2 UPF3B 2    
KAT6B 2 ZDHHC9 2    
SETBP1 1 ACSL4 1    
UBE3A 1 AFF2 1    
ASXL1 1 GPC3 1    
MLL2 1 KDM5C 1     
CREBBP 1 MAOA 1     
SCN8A 1 OFD1 1     
EHMT1 1 PTCHD1 1     
FOXP1 1 SMC1A 1     
KANSL1 1 SMS 1     
MEF2C 1 TSPAN7 1     
NSD1 1 USP9X 1     
PAX6 1         
PTEN 1         
RAF1 1         

Syndromic genes with non-syndromic 
phenotype 



Table of 77 LoF variants in 44 known genes

Autosomal Dominant Inheritance  X-linked Inheritance  Recessive Inheritance  
Gene N cases Gene N cases Gene N cases
SETD5 7 ATRX 6 HEXA 1 (comp. het.)
ARID1B 4 CUL4B 5 AGA 1 (homoz.)
TCF4 2 IL1RAPL1 3 HGSNAT 1 (homoz.+missense)
KANK1 2 BRWD3 2 PAH 1 (homoz.)
GRIN2B 2 NLGN4X 1    
SCN2A 2 OPHN1 2    
SHANK2 2 PQBP1 2    
CHD7 2 SLC9A6 2    
CTNNB1 2 UPF3B 2    
KAT6B 2 ZDHHC9 2    
SETBP1 1 ACSL4 1    
UBE3A 1 AFF2 1    
ASXL1 1 GPC3 1    
MLL2 1 KDM5C 1     
CREBBP 1 MAOA 1     
SCN8A 1 OFD1 1     
EHMT1 1 PTCHD1 1     
FOXP1 1 SMC1A 1     
KANSL1 1 SMS 1     
MEF2C 1 TSPAN7 1     
NSD1 1 USP9X 1     
PAX6 1         
PTEN 1         
RAF1 1         

60/77 78% of variants not present on HGMD 
 

    DIAGNOSTIC RATE 8%  
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ANKRD11	   ARID1B	   CASK	   CTNNB1	   DYRK1A	   KCNQ2	   KMT2A	   SATB2	   SCN2A	   SETD5	   STXBP1	   SYNGAP1	  

Diagnostic yield of >25% if trio analysis to identify 
rare de novo events 



Loss of function of SETD5 is a 
relatively frequent cause of ID 
(0.7% in our ID sample)

Occurs as a rare de novo 
mutational event 

LoF mutations within SETD5 is 
sufficient to cause many of the 
features of 3p25 microdeletion 
syndrome 

AJHG 2014



ARID1B ���
Coffin-Siris or severe  ID



ANKRD11



DDX3X

 
  AJHG 

 
Volume 97, Issue 2, 6 August 2015, Pages 343–352 



How to assess a variant is pathogenic

•  Rare
– ExAC 

•  Segregates
•  Present in diagnostic databases 

– HGMD and ClinVar but presence is not proof
•  Clinically fits
•  Still no automated variant analysis can get there 

– Multidisciplinary approach



Variant assessment in >120,000 alleles



Coverage, constraint score and individual variants



Coverage, constraint score and individual variants



Coverage, constraint score and individual variants



Additional source of knowledge

•  Parents 
•  Parents
•  Parents

– Support groups
– Parental observations
– Parental research 
–  Internet groups  



 UNIQUE ���
Rare chromosome support charity���

http://www.rarechromo.org ���



 UNIQUE ���
http://www.rarechromo.org 



 UNIQUE ���
http://www.rarechromo.org 



3p25 deletion and SETD5





Prof  Lucy  Raymond,  David  Skuse,  Jeremy  Hall,  Marianne  van  den  Bree

Intellectual  Disability  and  Mental  Health:
Assessing  Genomic  Impact  on  Neurodevelopment



www.imagine-id.org



IMAGINE ID
•  Aims to better understand how the genome affects the long term 

development, behaviour and mental health of children with 
intellectual disability

•  MRC funded national study over 5 years

•  Multidisciplinary team from University College London, University 
of Cambridge, and Cardiff University

•  Aim to recruit10,000 patients by September 2019



Inclusion Criteria

Child is between 4 and 18 years old

Has likely pathogenic  SNV or CNV(s)

Has intellectual disability, learning difficulties, or 
developmental delay

ü

ü

ü



DAWBA  Report



1549 variants that are de novo in autism 

>1000 trios with intellectual disability 





Genetics of speech and language disorders

FOXP2  



Multiple locii ���
but no more���
single genes as yet



Invaluable tools for all

•  DECIPHER https://decipher.sanger.ac.uk/
•  ExAC http://exac.broadinstitute.org/ 
•  ClinVar http://www.ncbi.nlm.nih.gov/clinvar/ 
•  UNIQUE  http://www.rarechromo.org 

•  Arrays 10-15% yield
•  X inactivation if X linked and familial
•  Limited single gene analysis of 20-30 genes further 10-20%
•  Whole exome and whole genome sequence
•  Recruitment into longitudinal studies of phenotypes
•  Parents 
•  Clinical skills…..!!!


