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Autism doesn’t run in my family. 
How can my child’s autism be 

genetic? 
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• 12 children (mean age of 6) 
referred to gastroenterology  

• Regressive developmental delay 
• Diarrhea 
• Abdominal pain 

• Performed GI and 
neurological exams under 
sedation 

• Colonoscopy and biopsy 
• MRI, EEG 
• Spinal tap 

• Parents reported that onset 
of symptoms were coincident 
with receiving MMR 
vaccinations 

Yes, that’s all. 



“Intestinal and behavioural pathologies may have occurred 
together by chance, reflecting a selection bias in a self-
referred group”  
 
“however, the uniformity of the intestinal pathological changes 
and the fact that previous studies have found intestinal 
dysfunction in children with autistic-spectrum disorders, 
suggests that the connection is real and reflects a unique 
disease process.” 
 
*Later, Wakefield and other hypothesize that the “toxic agent” 
in vaccines is the vaccine preservative Thimerosal (which 
contains trace amounts of mercury) 



By this logic, we could infer a causal role for 
handheld calculators, Astroturf and the 
Environmental Protection Agency 



Stokstad et al Science 2003 

Danish Study Shows that 
Autism rates continued to 
rise after Thimerosal is 
removed from Vaccines 

Honda et al, 2005 

Autism rates continued to rise in 
Yokohama Japan after withdrawal of 
the MMR vaccine 

And many other studies find no link… 



But it can take decades to get to the truth 
 
-The original paper was shown to be fraudulent.  
 
-But where was the credibility of a possible 
autism-vaccine in the first place? 
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Heritability is the proportion of autism 
that can be explained by genes. 
A classical way to measure heritability is 
through twin studies 

Autism is a heritable disorder 

MZ twins 

(genetically identical) 

DZ twins 

(50% genetically 
identical) 

Siblings 

(50% genetically 
identical) 



Degree of shared environment is very 
similar in MZ & DZ twins 

MZ twins DZ twins Siblings 
only in 5% No No 

Yes Yes No 
Yes Yes Yes 

Amniotic 
Uterine 

Home 
environment 



Recurrence risk for Autism Spectrum 
Disorders 

MZ twins DZ twins Siblings 
70-90% 

10-20% 10-20% 

General 
population 

1% R
ec

ur
re

nc
e 

ris
k 

Bailey et al 1995 

Bolton et al 1994 

The proportion of autism that can be explained by 
genes is estimated at 90% 



– Signals were weak and did not replicate well across studies 

– Fragile X syndrome (FMR1) 
– Rett Syndrome (MECP2) 
– Tuberous Sclerosis (TSC2) 
– Cowden Syndrome (PTEN) 
– Sotos Syndrome (NSD1) 

The search for genes 1990-2007 

Genetics of autism is heterogenous. No one gene accounts for 
a large proportion of the disorder 



Phenotypic heterogeneity 

Impaired ability 

to communicate 

Restricted & 

Repetitive 

Behavior 

Difficulty with 

Social Interaction 

Seizures 

Sensory 

Problems 

Mental 

Retardation 

Poor physical 

coordination 

Autoimmune 

Problems 



(SNPs) 

(CNVs) 
Rare variants       
of large effect 

Common variants 
of modest effect 



Sebat et al. Science. 2004. 
23;305(5683):525-8 

Copy number variation 



Biochemical Mechanism CNV Discovery 

Genetic Mechanism 

0 Copy 
number  = 1 2 3 4 

Cognition and Behavior 

Clinical Characterization 

CNV-based approach to disease 



Science. 2007 Apr 20;316(5823):445-9  



De novo CNVs detected in subjects 



Correlating CNV genotype with clinical 
phenotype 

(reciprocal deletions and duplications of 16p11.2) 

Psychiatric diagnosis Head Size 

McCarthy et al, Nat Gen 2009 



–10% in sporadic cases, 3% in 
multiplex, 1% in controls 

Lessons learned 



Mutation Rate = 1/10,000 Mutation Rate = 1/5,000 Mutation Rate = 1/3,300 
For N=50 Loci,                   Mutation Rate = 1/200 
individuals 

Autism: a common disorder caused by rare mutations 



Beyond CNVs 



De novo point mutations in exons contribute to autism 

Matthew State Michael Wigler 

Evan Eichler Mark Daly 



Autism is a disorder 
of the synapse… 

Class Gene Function
CHRNA7 cholinergic receptor

KATNAL2 microtubule assembly

TUBA1A microtubule assembly; neuronal migration

NLGN3 neuronal cell adhesion via interaction with neurexins

STXBP1 neurotransmitter release at synapses

GRIN2B NMDA receptor

SHANK2 postsynaptic scaffold protein

SHANK3 postsynaptic scaffold protein

SCN2A propagation of neuronal action potentials

SYNE1 synaptic nuclear envelope

NRXN1 synaptic receptor / cell adhesion

DYRK1A cell proliferation

PTEN cell proliferation; inhibition of AKT signaling pathway

SYNGAP1 dendritic spine development and maturation

MAPK3 extracellular signal-regulated kinase

POGZ mitotic cell cycle progression

MVP nucleo-cytoplasmic transport

TSC2 regulates mTORC1 / PI3K signaling

TSC1 regulates mTORC1 / PI3K signaling

TRIO Rho signalling

CUL3 protein ubiquitination and degradation

UBE3A protein ubiquitination and degradation

KCTD13 protein ubiquitination and degradation

CYFIP1 translational repression

FMR1 translational repression

CHD8 chromatin remodelling

CHD2 chromatin remodelling

ADNP chromatin remodelling

SATB2 chromatin remodelling

ARID1B chromatin remodelling

DNMT3A DNA methytransferase

HDAC4 histone deacetylase

SUV420H1 histone methyltransferase

SETD5 histone methyltransferase

NSD1 histone methyltransferase

MED13L transciptional cofactor

TBR1 transcription factor; differentiation and migration of neurons

TBL1XR1 transcriptional activation

MECP2 transcriptional repression through binding methylated DNA

FOXP1 transcriptional repressor

Transcriptional 

Regulation

Translational    

Regulation

Cell Signaling

Synapse

… and the rest of 
the cell 



Moving beyond the exome 



Determining patterns of de novo mutation by 
Whole Genome Sequencing 

Forest 
DNM 

Illumina 
HiSeq GATK 

Parental 
origin 

Genome Analysis Pipeline 

Discordant sib 
pair families 

-Sanger  
-Sequenom 

Comprehensive 
validation 

Somatic 
mutation 

Germline 
mutation 

10 MZ       
twin pairs 

(91 offspring) 



50% of variance in germline mutation 
rate is explained by father’s age 

Paternal age 
effect 

5,586 mutations detected 
in 71 offspring 

Average mutation rate = 
1X10-8 

r-squared = 0.467, p-
value = 2.65e-10 



King et al, Am Jnl Public Health 99(9):1673-1679, 2009 

Reichenberg, Susser et al, Arch Gen Psych 63:1026-1032, 2006 

Older reproductive age (>40) is a 
significant risk factor ASD 

father mother 

5-fold 
greater 

risk 

No 
effect 

1.3-1.7 
fold 

1.3-1.8 
fold 

This finding may also relate to genetic risk factors 



Hypermutability is a common feature of brain and autism genes 

Michaelson et al 2012 

Includes hotspots for nucleotide substitution, CNV or both 

Jake Michaelson 
Madhu 
Gujral Dheeraj 

Malhotra 



De novo protein coding SNVs in our study overlap with 
genes hit by de novo coding mutations in studies of 

neurodevelopmental disorders 
Case vs Case

DNM 

type
n DNMs

observed 

overlap

expected 

(95%CI)
fold P

LOF+NS 49 28 14.8(10-20) 1.84 0.000078

lof 8 6 2.6(1-5) 1.92 0.019

NS 41 22 12.1(8-17) 1.75 0.001

SYN 25 11 7.2(4-11) 1.47 0.057

Case vs Control

DNM 

type
n DNMs

observed 

overlap

expected 

(95%CI)
fold P

LOF+NS 49 6 6.5(3-10) 0.93 0.5

lof 8 0 0.8(0-2) 0.55 0.4

NS 41 6 5.6(2-9) 1.06 0.49

SYN 25 0 2.9(1-6) 0.25 0.041

Controls LOF+NS 

Cases (ASD, ID, SZ) LOF+NS 



Missense variants are driving the 
association  

P-value

Case vs Case

LOF NS SYN

LOF 0.002 0.57 0.63
NS 0.095 0.0001 0.14

SYN 0.44 0.16 0.22

Case vs Control

LOF NS SYN

LOF 0.5 0.47 0.44
NS 0.4 0.9 0.51

SYN 0.49 0.51 0.57
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Replication

Replication
Nonsynonymous and 
Loss-of-Function 
mutations impact 
different genes 



Genes overlapping with exome studies 

Gene function WES_WGS_hits 

NAV1 nonsynonymous  ASD 

CUL9 splicing ASD 

PRPS1L1 nonsynonymous ASD 

ERP44 nonsynonymous ASD 

FTSJ3 nonsynonymous ASD 

LAMB2 nonsynonymous ASD,ASD 

FOXP1 stopgain ASD,ASD 

GIGYF1 stopgain ASD,ASD 

GPR98 nonsynonymous ASD,ASD,EE 

SETD5 nonsynonymous ASD,ASD,ID 

FCGBP nonsynonymous ASD,SZ 

NLRP8 nonsynonymous EE 

Gene function WES_WGS_hits 

GRB14 nonsynonymous ID 

POP1 nonsynonymous ID 

KIF20B nonsynonymous ID 

PHIP nonsynonymous ID,ASD 

PDCD11 nonsynonymous SZ 

TEKT5 nonsynonymous SZ 

SHKBP1 nonsynonymous SZ 

CERK nonsynonymous SZ 

TAF7L nonsynonymous SZ 

HIVEP3 stopgain SZ,ASD 

KMT2D nonsynonymous SZ,ASD 

RYR3 nonsynonymous SZ,SZ,ASD 



Sequence level characterization of de 
novo CNVs 



De novo and rare mutations contribute to 
~30% of ASDs 

Mutation Type 
% 

cases 
% 

controls 
odds 
ratio 

% ASD 
explained 

de novo copy number 
variation 

8 2 4 6 

de novo loss of function 20 10 2 10 

De novo missense 
(recurrent in this study) 

22 12 1.8 10 

rare complete gene knock-out 6 3.3 1.8 2.7 

rare ♂ X-linked loss of 
function 

4.8 3.1 1.5 1.7 

How do we explain the ‘missing heritability’? 



– CNVs, SNVs, indels in coding regions contribute 
to ~20% of cases 

Conclusions 
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