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All	types	of	gene(cs	assess	the	flow	of	
informa(on	in	biological	systems	

Genotype	 Phenotype	

Mendel’s	laws	
of	inheritance	

Darwin’s	theory	of	
evolu(on	by	

natural	selec(on	



Genotypes	are	amplified	to	produce	
observable	phenotypes	
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We	aim	to	find	the	causal	path	
between	a	genotype	and	phenotype	

Sanders	SJ,	Curr	Opin	Genet	Dev,	2015	



Why	consider	gene(cs?	

•  DNA	contains	all	the	informa(on	necessary	to	build	a	
human	brain	(with	the	right	context)	

•  Majority	of	neuropsychiatric	disorders	are	highly	
heritable 		

•  DNA	varia(on	precedes	disease	onset	
– Gene(c	associa(on	must	be	causal	



Gene(cs	provides	a	path	to	iden(fying	
e(ology	and	treatment	

Iden(fy		
variants	

Iden(fy						
genes	

Iden(fy		
systems	

Iden(fy		
e(ology	

Generate		
Model	 Iden&fy		

Treatments	



Heritability	



Heritability	assess	how	much	of	the	
variance	in	a	trait	is	inherited	

•  Twin	studies:	
– Monozygo(c	twins	vs.	Dizygo(c	twins	
– 100%	vs.	50%	shared	gene(c	factors	
– Similar	degree	of	environmental	sharing	

•  Family	studies:	
– Sibling	incidence	vs.	popula(on	incidence	
– 50%	vs.	~0%	shared	gene(c	factors	
– Similar	environmental	exposure...	

•  SNP-based	heritability:	
– Correla(on	of	genotypes	with	phenotype	



Heritability	es(mates	the	role	that	
addi(ve	gene(c	factors	play	in	a	trait	

Gene(cs	 Environment	

(Narrow	sense)	
Heritability	–	h2	

Addi(ve	gene(c	
factors	

Unaccounted	
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Human	diseases	are	the	extremes	of	
physiological	traits		
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Heritability	sets	a	lower	threshold	for	
the	role	of	gene(cs	in	a	disorder	

Gene(cs	 Environment	

(Narrow	sense)	
Heritability	–	h2	

Addi(ve	gene(c	
factors	

Unaccounted	

•  Dominant	
•  Recessive	
•  Epista(c	
•  De	novo	
•  Maternal	Env	
•  Gene-Env	

		interac(on	



Heritability	es(mates	of	common	
neuropsychiatric	disorders	

Disorder	/	Trait	 Heritability	
IQ	 50%	
Au(sm	 50-90%	
Schizophrenia	 60-90%	
Alzheimer's	 60-80%	
Parkinson’s	 40%	
Mul(ple	Sclerosis	 64%	
Fronto-temporal	demen(a	 75-86%	
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The	magnitude	of	effect	of	a	gene(c	
variant	determines	the	inheritance	pagern	

Mendelian	disorder	
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‘Nearly’	Mendelian	disorder	

Strong	associa(on	

Weak	associa(on	



Methods	of	gene	discovery	



Genomic	varia(on	affects	varying	
numbers	of	nucleo(des	

22	

Single nucleotide variant
(SNV)

Insertion/deletion
(indel)

Copy number variant
(CNV)

A C A C A C T

A C A T A C T

A C A C A C T

A C A     C T

1-1,000bp0bp >1,000bp

A C A C A C A C T
or or



The	pagern	of	inheritance	is	also	
important	in	describing	DNA	variants	

De	novo		
germline	
muta&on	
e.g.	Down’s	
syndrome	

Fathers	 Mothers	

Children	

Fathers	 Mothers	

Children	

Fathers	 Mothers	

Children	

Fathers	 Mothers	

Children	 With	(me	

De	novo		
soma&c	
muta&on	
e.g.	Cancer	

Rare	
inherited	
variant	

e.g.	Marfan’s	
syndrome	

Common	
inherited	
variant	
e.g.		

Alzheimer’s	



De	novo	 Rare		
Inherited	

Common	
Inherited	

SNV	
1bp	 70	 150,000	 3	million	

Indel	
1-1,000bp	 5	 15,000	 250,000	

SV/CNV	
>1,000bp	 1	 150	 2,000	

Frequency	

Si
ze
	

Varia(on	in	one	individual	

Every	individual	has	~	3.5	million	
gene(c	variants;	most	are	common	



Genotype population frequency
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Common	variants	have	low	effect	size	in	
disorders	that	reduce	reproduc(ve	fitness	
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Targeted	vs.	Genome-wide	
Genome-wide	

–  Look	everywhere	and	
see	what	s(cks	out	

	
•  Hypothesis	genera(ng	

–  Can	find	‘new’	biology	
•  Data	can	be	used	for	
mul(ple	studies	

•  Correc(ng	for	mul(ple	
comparisons	limits	
discovery		

Targeted	
–  Look	in	specific	places	

•  Hypothesis	following	
–  Can	validate	findings	

•  Efficient	if	hypothesis	is	
correct	

•  Power	es(mate	can	be	
hard	

•  Fewer	comparisons	to	
correct	for	(?)	
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Genome-wide	methods	for	finding	
different	types	of	gene(c	varia(on	

Linkage	
Linkage	

Linkage	
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Targeted	methods	for	finding	different	
types	of	gene(c	varia(on	



Publica(ons	by	year	using	different	
strategies	for	gene	discovery	



Publica(ons	by	year	for	disorders	with	
different	pagerns	of	causa(on	

-	De	novo	chromosomal	abnormality	

-	Rare	recessive	Mendelian	disorders	(linkage)	

-	Mul(ple	overlapping	Mendelian	disorders	(linkage/candidate	gene)	
	

-	Complex	disorder	(copy	number	varia(on	/	exome)		



Chromosomal	Abnormali(es	



Karyotype	analysis	only	finds	the	
largest	structural	variants	

•  Karyotype	analysis	was	the	first	‘genome-wide’	
technology	

•  Good	for	large	variants	causing	serious	disease	
•  Low	resolu(on	(≥3Mbp)	

•  FISH	is	a	high-resolu(on	targeted	approach	
– Too	slow	and	expensive	mul(ple	regions		

	



Karyotype	analysis	shows	trisomy	21	
and	fragile	X	in	au(sm	families	

Harrison	et	al.	J.	Med.	Gen.,	1983	

Rare,	de	novo	chromosomal	
Abnormality	(~1/600)	 Rare,	de	novo	indel	(~1/4,000)	

(triplet	repeat	expansion)	

~3%	have	au(sm	 ~50%	have	au(sm	



Linkage	



Linkage	iden(fies	rare	Mendelian	
disorders	

•  Efficient	approach	for	finding	highly	penetrant	
rare,	inherited	variants	

•  Requires	large	families	with	mul(ple	affected/
unaffected	

•  Iden(fies	a	(large)	region	likely	to	contain	the	
causa(ve	variant	

•  Modern	tools	have	made	it	much	easier	
– Human	genome	project	
– SNP	microarrays	
– exome	sequencing	



Single	example	of	a	gene	found	using	
linkage	in	au(sm	

Laumonnier	et	al.	AJHG.,	2004	

Rare	2bp	dele(on	in	exon	of	NLGN4X	(two	families)	
-	Frameshis,	disrupts	gene	func(on	

Au(sm	is	a	disorder	of	the	synapse	



Gene(c	Associa(on	



We	expect	alleles	to	be	present	at	the	
same	rate	in	cases	and	controls	

Cases	 Controls	

GG	

GA	

AA	

GG	

GA	

AA	



If	an	allele	is	more	frequent	in	cases	
than	controls	it	is	‘associated’	

Cases	 Controls	

GG	

GA	

AA	

GG	

GA	

AA	



Data	must	be	cleaned	to	exclude	false	
associa(on	(e.g.	ancestry)	

1,021	asthma	cases	
from	UCSF	Benioff	

2,321	controls	from	
European	collaborator	

GG	

GA	

AA	

GG	

GA	

AA	



Ancestry	can	be	determined	and	corrected	
using	principal	component	analysis	

African	
Yoruba	

Asian	
China/Japan	

European	
CEPH	



A	Q-Q	plot	can	be	used	to	assess	the	
degree	of	popula(on	stra(fica(on	



Candidate	gene	studies	



Candidate	gene	methods	work	well	if	
you	know	the	underlying	biology	

•  Assess	associa(on	in	genes	expected	to	be	
involved	in	biology	

•  Efficient	approach	if	biology	understood	
– Outliers	for	circadian	rhythms	

•  Inefficient	approach	if	biology	not	understood	
– Au(sm	
– Schizophrenia	

•  Limited	ability	to	expand	understanding	of	
e(ology	



Candidate gene studies:
229 genes from 190 studies

GWAS in 2014:
128 variants that map to 191 genes

4 3

6 182219

19,936 other 
genes

Association and linkage analyses of RGS4
polymorphisms in schizophrenia
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Gene expression analyses of postmortem cerebral cortex suggest that transcription of the regulator of
G-protein signaling 4 (RGS4) is decreased in a diagnosis-specific manner in subjects with schizophrenia. To
evaluate the possible role of RGS4 in the pathogenesis of schizophrenia, we conducted genetic association
and linkage studies using samples ascertained independently in Pittsburgh and New Delhi and by the NIMH
Collaborative Genetics Initiative. Using the transmission disequilibrium test, significant transmission
distortion was observed in the Pittsburgh and NIMH samples. Among single-nucleotide polymorphisms
(SNPs) spanning approximately 300 kb, significant associations involved four SNPs localized to a 10 kb
region at RGS4, but the associated haplotypes differed. A trend for transmission distortion was also present
in the Indian sample for haplotypes incorporating the same SNPs. Consistent with the linkage/association
observed from the family-based tests, samples with affected siblings (NIMH, India) showed higher levels of
allele sharing, identical by descent, at RGS4. When the US patients were contrasted to two population-based
control samples, however, no significant differences were observed. To check the specificity of the
transmission bias, we therefore examined US families with bipolar I disorder (BD1) probands. This sample
also showed a trend for transmission distortion, and differed significantly from the population-based
controls for the four-SNP haplotypes tested in the other samples. The transmission distortion is unlikely to
be due to chance, but its mechanism and specificity require further study. Our results illustrate the potential
power of combining gene expression profiling and genomic analyses to identify susceptibility genes for
genetically complex disorders.

INTRODUCTION

Heritability estimates for schizophrenia range from 70% to
80% (1). However, efforts to map susceptibility genes using
traditional linkage studies have been inconsistent (2), probably
because of complex patterns of inheritance and the relatively
small risk conferred by individual genes (3). An alternative to
linkage analyses is to test candidate genes for linkage and
association using the transmission disequilibrium Test (TDT)
(4). Identification of such candidates has come more rapidly
with the use of modern molecular methods, such as gene
microarrays (5).

We recently demonstrated that the expression ofRGS4, but not
other RGS family members, is decreased across the cerebral
cortex in subjects with schizophrenia, but not among subjects
with major depressive disorder (6). RGS proteins function
primarily as GTPase-activating proteins (GAPs) for hetero-
trimeric G-protein a (Ga) subunits, accelerating the hydrolysis
of Ga-bound GTP (7). Thus, they shorten the duration of
intracellular signaling of many G-protein-coupled receptors
(GPCRs) belonging to dopamine, GABA, glutamate and other
neurotransmitter systems. RGS4 is an interesting candidate gene
for additional reasons. It is highly expressed in brain regions
implicated in the pathophysiology of schizophrenia, modulates

*To whom correspondence should be addressed at: 3811 O’Hara St, Room 443, Pittsburgh, PA 15213, USA. Tel: þ 1 412 624 0823; Fax: þ 1 412 624
0446; Email: nimga@pitt.edu
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with the use of modern molecular methods, such as gene
microarrays (5).

We recently demonstrated that the expression ofRGS4, but not
other RGS family members, is decreased across the cerebral
cortex in subjects with schizophrenia, but not among subjects
with major depressive disorder (6). RGS proteins function
primarily as GTPase-activating proteins (GAPs) for hetero-
trimeric G-protein a (Ga) subunits, accelerating the hydrolysis
of Ga-bound GTP (7). Thus, they shorten the duration of
intracellular signaling of many G-protein-coupled receptors
(GPCRs) belonging to dopamine, GABA, glutamate and other
neurotransmitter systems. RGS4 is an interesting candidate gene
for additional reasons. It is highly expressed in brain regions
implicated in the pathophysiology of schizophrenia, modulates
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Gene expression analyses of postmortem cerebral cortex suggest that transcription of the regulator of
G-protein signaling 4 (RGS4) is decreased in a diagnosis-specific manner in subjects with schizophrenia. To
evaluate the possible role of RGS4 in the pathogenesis of schizophrenia, we conducted genetic association
and linkage studies using samples ascertained independently in Pittsburgh and New Delhi and by the NIMH
Collaborative Genetics Initiative. Using the transmission disequilibrium test, significant transmission
distortion was observed in the Pittsburgh and NIMH samples. Among single-nucleotide polymorphisms
(SNPs) spanning approximately 300 kb, significant associations involved four SNPs localized to a 10 kb
region at RGS4, but the associated haplotypes differed. A trend for transmission distortion was also present
in the Indian sample for haplotypes incorporating the same SNPs. Consistent with the linkage/association
observed from the family-based tests, samples with affected siblings (NIMH, India) showed higher levels of
allele sharing, identical by descent, at RGS4. When the US patients were contrasted to two population-based
control samples, however, no significant differences were observed. To check the specificity of the
transmission bias, we therefore examined US families with bipolar I disorder (BD1) probands. This sample
also showed a trend for transmission distortion, and differed significantly from the population-based
controls for the four-SNP haplotypes tested in the other samples. The transmission distortion is unlikely to
be due to chance, but its mechanism and specificity require further study. Our results illustrate the potential
power of combining gene expression profiling and genomic analyses to identify susceptibility genes for
genetically complex disorders.
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distortion was observed in the Pittsburgh and NIMH samples. Among single-nucleotide polymorphisms
(SNPs) spanning approximately 300 kb, significant associations involved four SNPs localized to a 10 kb
region at RGS4, but the associated haplotypes differed. A trend for transmission distortion was also present
in the Indian sample for haplotypes incorporating the same SNPs. Consistent with the linkage/association
observed from the family-based tests, samples with affected siblings (NIMH, India) showed higher levels of
allele sharing, identical by descent, at RGS4. When the US patients were contrasted to two population-based
control samples, however, no significant differences were observed. To check the specificity of the
transmission bias, we therefore examined US families with bipolar I disorder (BD1) probands. This sample
also showed a trend for transmission distortion, and differed significantly from the population-based
controls for the four-SNP haplotypes tested in the other samples. The transmission distortion is unlikely to
be due to chance, but its mechanism and specificity require further study. Our results illustrate the potential
power of combining gene expression profiling and genomic analyses to identify susceptibility genes for
genetically complex disorders.

INTRODUCTION

Heritability estimates for schizophrenia range from 70% to
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because of complex patterns of inheritance and the relatively
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association using the transmission disequilibrium Test (TDT)
(4). Identification of such candidates has come more rapidly
with the use of modern molecular methods, such as gene
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We recently demonstrated that the expression ofRGS4, but not
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for additional reasons. It is highly expressed in brain regions
implicated in the pathophysiology of schizophrenia, modulates

*To whom correspondence should be addressed at: 3811 O’Hara St, Room 443, Pittsburgh, PA 15213, USA. Tel: þ 1 412 624 0823; Fax: þ 1 412 624
0446; Email: nimga@pitt.edu

# 2002 Oxford University Press Human Molecular Genetics, 2002, Vol. 11, No. 12 1373–1380

 at U
C

SF Library and C
enter for K

now
ledge M

anagem
ent on January 7, 2015

http://hm
g.oxfordjournals.org/

D
ow

nloaded from
 

Association and linkage analyses of RGS4
polymorphisms in schizophrenia
Kodavali V. Chowdari1, Karoly Mirnics1,2, Prachi Semwal5, Joel Wood1, Elizabeth Lawrence3,

Triptish Bhatia6, Smita N. Deshpande6,7, Thelma B.K.5,6, Robert E. Ferrell3,

Frank A. Middleton2, Bernie Devlin1,3, Pat Levitt2, David A. Lewis1,4 and

Vishwajit L. Nimgaonkar1,3,6,*

1Department of Psychiatry, 2Department of Neurobiology, 3Department of Human Genetics and 4Department of

Neuroscience University of Pittsburgh, School of Medicine and Graduate School of Public Health; Western Psychiatric
Institute and Clinic, Pittsburgh, PA 15213, USA, 5Department of Genetics, University of Delhi South Campus,

New Delhi 110021, India, 6Indo–US Project on Schizophrenia Genetics, New Delhi 110001, India and 7Department of
Psychiatry, Dr R.M.L. Hospital New Delhi 110001, India

Received January 07, 2002; Revised and Accepted March 29, 2002

Gene expression analyses of postmortem cerebral cortex suggest that transcription of the regulator of
G-protein signaling 4 (RGS4) is decreased in a diagnosis-specific manner in subjects with schizophrenia. To
evaluate the possible role of RGS4 in the pathogenesis of schizophrenia, we conducted genetic association
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(SNPs) spanning approximately 300 kb, significant associations involved four SNPs localized to a 10 kb
region at RGS4, but the associated haplotypes differed. A trend for transmission distortion was also present
in the Indian sample for haplotypes incorporating the same SNPs. Consistent with the linkage/association
observed from the family-based tests, samples with affected siblings (NIMH, India) showed higher levels of
allele sharing, identical by descent, at RGS4. When the US patients were contrasted to two population-based
control samples, however, no significant differences were observed. To check the specificity of the
transmission bias, we therefore examined US families with bipolar I disorder (BD1) probands. This sample
also showed a trend for transmission distortion, and differed significantly from the population-based
controls for the four-SNP haplotypes tested in the other samples. The transmission distortion is unlikely to
be due to chance, but its mechanism and specificity require further study. Our results illustrate the potential
power of combining gene expression profiling and genomic analyses to identify susceptibility genes for
genetically complex disorders.
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small risk conferred by individual genes (3). An alternative to
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association using the transmission disequilibrium Test (TDT)
(4). Identification of such candidates has come more rapidly
with the use of modern molecular methods, such as gene
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We recently demonstrated that the expression ofRGS4, but not
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cortex in subjects with schizophrenia, but not among subjects
with major depressive disorder (6). RGS proteins function
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of Ga-bound GTP (7). Thus, they shorten the duration of
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and linkage studies using samples ascertained independently in Pittsburgh and New Delhi and by the NIMH
Collaborative Genetics Initiative. Using the transmission disequilibrium test, significant transmission
distortion was observed in the Pittsburgh and NIMH samples. Among single-nucleotide polymorphisms
(SNPs) spanning approximately 300 kb, significant associations involved four SNPs localized to a 10 kb
region at RGS4, but the associated haplotypes differed. A trend for transmission distortion was also present
in the Indian sample for haplotypes incorporating the same SNPs. Consistent with the linkage/association
observed from the family-based tests, samples with affected siblings (NIMH, India) showed higher levels of
allele sharing, identical by descent, at RGS4. When the US patients were contrasted to two population-based
control samples, however, no significant differences were observed. To check the specificity of the
transmission bias, we therefore examined US families with bipolar I disorder (BD1) probands. This sample
also showed a trend for transmission distortion, and differed significantly from the population-based
controls for the four-SNP haplotypes tested in the other samples. The transmission distortion is unlikely to
be due to chance, but its mechanism and specificity require further study. Our results illustrate the potential
power of combining gene expression profiling and genomic analyses to identify susceptibility genes for
genetically complex disorders.
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80% (1). However, efforts to map susceptibility genes using
traditional linkage studies have been inconsistent (2), probably
because of complex patterns of inheritance and the relatively
small risk conferred by individual genes (3). An alternative to
linkage analyses is to test candidate genes for linkage and
association using the transmission disequilibrium Test (TDT)
(4). Identification of such candidates has come more rapidly
with the use of modern molecular methods, such as gene
microarrays (5).

We recently demonstrated that the expression ofRGS4, but not
other RGS family members, is decreased across the cerebral
cortex in subjects with schizophrenia, but not among subjects
with major depressive disorder (6). RGS proteins function
primarily as GTPase-activating proteins (GAPs) for hetero-
trimeric G-protein a (Ga) subunits, accelerating the hydrolysis
of Ga-bound GTP (7). Thus, they shorten the duration of
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neurotransmitter systems. RGS4 is an interesting candidate gene
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Candidate	gene	studies	were	of	
limited	benefit	in	schizophrenia	

6	correct	candidates	out	of	229	
-	2.6%	chance	of	being	right	
-	1.0%	chance	of	choosing	a	correct	gene	
at	random	(p=0.02)	



SNP	genotyping	and	GWAS	
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GWAS	are	simply	the	associa(on	for	
millions	of	SNPs	instead	of	just	one	

•  Genome-wide	analysis	of	SNP	Genotypes	
•  Extensive	data	cleaning	
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GWAS	of	36,989	cases	and	113,075	
controls	finds	108	loci	in	schizophrenia	

Ripke	S	et	al.	Nature	Gene(cs.,	2014	



Iden(fying	the	gene	contribu(ng	the	
GWAS	risk	can	be	complicated	

Sekar	A	et	al.	Nature.,	2015	



The	success	of	GWAS	varies	by	cohort	
size	and	disorder	

Disorder	 Cases	 Controls	 Loci	 Reference	

ASD	 2,576	 Pseudocontrols	 0	 Chaste	et	al,	Biological	Psychiatry	2015	

ASD	 2,705	 Pseudocontrols	 0	 Anney	et	al,	Hum	Mol	Genet,	2012	

Schizophrenia	 36,989	 113,075	 108	 Ripke	et	al,	Nature	2014	

Depression	 8,534	 8,523	 2	 Cai	et	al,	Nature	2015	

Depression	 121,380	 338,101	 15	 Hyde	et	al,	Nature	Gene(cs	2016	

Bipolar	disorder	 11,974	 51,792	 2	 Sklar	et	al,	Nature	Gene(cs	2011	

Mul(ple	sclerosis	 9,772	 17,376	 87	 Sawcer	et	al,	Nature	2011	

Mul(ple	sclerosis	 29,300	 50,794	 103	 Beecham	et	al,	Nature	Gene(cs	2013	

Parkinson's	disease	 19,061	 100,833	 26	 Nalls	et	al,	Nature	Gene(cs	2014	

Alzheimer's	disease	 25,580	 48,466	 20	 Lambert	et	al,	Nature	Gene(cs	2013	



Interlude:	Genome	Browser	

hgp://genome.ucsc.edu	



Copy	number	varia(on	
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qPCR	
Confirma(on	

Genotyping	arrays	detect	de	novo	
copy	number	variants	(CNVs)	



De	novo	CNVs	are	associated	with	ASD	

Sanders	et	al.	Neuron,	2015	

Baseline rate
of mutation

Mutations 
contributing to ASD



7q11.23	duplica(ons	are	
associated	with	ASD	
	
7q11.23	dele(on	->	Williams	Syndrome	
•  Hypersociable	personality	
	
7q11.23	duplica(on	->	Social	impairment	
•  Hyposociable	personality	



A	few	CNV	loci	meet	genome-wide	
significance		

Disorder	 Cases	 Controls	 Loci	 Reference	

ASD	 4,687	 De	novo	 8	 Sanders	et	al,	Neuron	2015	

Schizophrenia	 21,094	 20,227	 8	 Marshall	et	al,	Nature	Gene(cs	2017	

Depression	 3,106	 3,158	 0	 Rucker	et	al,	Biol	Psychiatry	2015	

Bipolar	disorder	 2,591	 8,842	 1	 Green	et	al,	Mol	Psychiatry	2014	

No	large-scale	CNV	analyses	published	in	mul(ple	sclerosis,	Parkinson’s,	or	Alzheimer’s	



De	novo	CNVs	show	that	ASD	variants	
can	be	iden(fied	
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Exome	sequencing	



Next	genera(on	sequencing	detects	de	
novo	single	nucleo(de	variants	(SNVs)	
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An	increased	rate	of	de	novo	LoF	muta(ons	
in	cases	shows	associa(on	with	ASD	

Adapted	from	Iossifov	et	al,	Nature,	2014	

M
ut

at
io

ns
 p

er
 c

hi
ld

0.5

1.0

1.5

0.0
Substitutions Silent Missense
p=1x10-3 p=0.56 p=0.01

Indels
p=0.03 p=2x10-5

LoF

0.3

0.0

0.2

0.1

p=2x10-5
LoF Nonsense

p=9x10-3
Frameshift
p=7x10-3

Splice site
p=0.03

M
ut

at
io

ns
 p

er
 c

hi
ld

Probands
n=2,515
Siblings
n=1,867

M
ut

at
io

ns
 p

er
 c

hi
ld

0.5

1.0

1.5

0.0
Substitutions Silent Missense
p=1x10-3 p=0.56 p=0.01

Indels
p=0.03 p=2x10-5

LoF

0.3

0.0

0.2

0.1

p=2x10-5
LoF Nonsense

p=9x10-3
Frameshift
p=7x10-3

Splice site
p=0.03

M
ut

at
io

ns
 p

er
 c

hi
ld

Probands
n=2,515
Siblings
n=1,867

Cases

Controls

Baseline rate
of mutation

Mutations 
contributing to ASD



The	65	ASD	risk	genes	converge	on	chroma(n	
and	synap(c	networks	

Sanders	et	al.	Neuron,	2015	



Exome	sequencing	has	iden(fied	
mul(ple	genes	in	early	onset	disorders	

Disorder	 Cases	 Controls	 Loci	 Reference	

Developmental	Delay	 4,293	 De	novo	 94	 McRae	et	al,	BioRXiv	

ASD	 5,563	 De	novo	 65	 Sanders	et	al,	Neuron	2015	

Schizophrenia	 617	 De	novo	 0	 Fromer	et	al,	Nature	2014	

Schizophrenia	 2,536	 2,543	 0	 Purcell	et	al,	Nature	2014	



De	novo	SNVs	can	be	used	to	iden(fy	
ASD	genes	with	high	confidence	
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Whole	genome	sequencing	



Whole	genome	analysis	has	the	poten(al	
to	iden(fy	rare	non-coding	variants	

•  When	in	development	
•  Where	in	the	brain	
•  Which	cell	type	

Visel	et	al.	Nature	2009	



No	clear	non-coding	signal	in	519	ASD	
families,	but	more	samples	are	coming	



Systems	analysis	



Exome	data	fits	1,000	gene	model	of	
ASD	causa(on	

0 500 1000 1500 2000 2500 3000

0
1
0

2
0

3
0

4
0

Number of ASD families

D
o
u
b
le

 h
it
 g

e
n
e
s
 (

h
c
A

S
D

)

Expected; 1000 gene model

Observed

27	genes	from	
~2,500	SSC	exomes	



Having	1,000	genes	may	be	a	benefit,	
not	a	disadvantage	
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Having	1,000	genes	may	be	a	benefit,	
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Convergence	between	variants	can	be	
quan(fied	to	es(mate	causa(on	

Sanders	SJ,	Curr	Opin	Genet	Dev,	2015	
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De	novo	SNVs	can	be	used	to	iden(fy	
ASD	genes	with	high	confidence	

Iden(fy	ASD	
variants	

Iden(fy	ASD	
genes	

Iden(fy	ASD	
systems	

Iden(fy	ASD	
hypotheses	

Generate	ASD	
Model	

Iden&fy	
ASD	

Treatments	

De	novo	LoF	 9	genes,		
>96%	confidence	
	
120	genes,		
>50%	confidence	

Prefrontal	cortex	
mid-fetal	
	
Layer	5/6	
glutamatergic	
neurons	



Key	points	

•  Be	skep(cal	about	gene	associa(ons	
–  Is	a	gene	s(ll	considered	“important”	with	
genomic	data	

•  Most	gene(c	loci	are	far	from	100%	penetrant	
•  Many	gene(c	loci	are	highly	pleiotropic	

– How	can	we	dis(nguish	causal	rela(onships?	


