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Outline of the talk

* Principles and applications of genetics

» Detecting genetic variants: implications for genetic
testing

e Genetics of autism

« Chromosomal disorders and copy-number variants
* Base pair changes (exome sequencing)
+ Sex differences in autism
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Objectives of the talk

« Obtain a basic understanding of types of genetic
variants and how to detect them

« Understand the implications of genetic variants
« Understand how CNVs and SNVs disrupt genes

» Understand the complexity associated with autism
— heterogeneity of autism

What will not be discussed in this talk?

* About how autism was determined to have a genetic basis

» Syndromic forms of autism — Fragile X, Tuberous sclerosis
etc

» Details of each of the CNVs or genes identified to be
associated with autism

* Mouse models, stem cell models, whole genome
sequencing, genome wide association studies

However, you can contact me (anytime) requesting
» Details on any specific aspect of the talk

* Details on any aspect of genetics or any of the above
» About my research interests

Contact: Santhosh Girirajan, Email: sxg47@psu.edu




Human genetics and genomics
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Why do we have our fathers ~ Human traits  Developmental problems
nose and mother’s eyes?
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Research in genomics and autism

Number of research papers in PubMed with the term “genomics” or “autism” from
years 2000 to 2015
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Major reasons for these increases:

» Advent and utility of high throughput technologies for understanding the nature
of the genome in natural variation and disease

* Increased awareness and development of more sensitive tests for detecting
autism

» High heterogeneity of autism — multiple genes implicated

8/3/2015
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Human biology and genetics

Fat cells

Cells, chromosomes, and DNA

Human spectral karyotyping

« Genetics is the science of heredity and variation
« Genomics is the study of genomes
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Chromosomes, DNA and genes

Human chromosomes An excerpt from the human genome

CCATCCAGCTTTGTTCCATTGCTCGCAAGGAGCTGCAATCCTTTGGAGGAGAAGCGGCGCTCTGGTTTTT
TGAATTTTCAGCTTGTCTGCTCTGGTTTCCCCCCATATATGTGGTTTTATCTACCTTTGGTCTTTAATGA

[} ! Y TGGTGACCTACAGATGTGGTTTTGGCAGGGATGTCCTTTTTGTTGATGCTGTTCCTTTCTGTTTGCTAGC
! i 3 \ l | TTTCCTTCTAACAGTCAGGACCCTCAGCTGCAGGTCTGTTGGAGTTTGTTGGAGGTCCACTCCAGACCCT
21 ; o " GTTTGCCTGAGTGTCACCAGTGGAGGCTGCAGAACAGCAAATATTGCTGCCTGATCCTTCTTCTGGAAGC

TTTCCTTCTAACAATCAGGACCCTCAGCTGCAGGTCTGTTGGAGTTTGTTGGAGGTCCACTCCAGACCCT

o GTTTGCCTGAGTGTCACCAGTGGAGGCTGCAGAACAGCAAATATTGCTGCCTGATCCTTCTTCTGGAAGC
H , l : ; it \f H ‘ TTCATCTCAGAGGGACACCTGGCTGTATGAGGTGTCAGTAAATCCCTACGGGCAGCTCTGTCTATTCTCA
" A GAGTTCAAACTCCATGCTGGAGAATGACTGCTCTCTTCAGAGCTGTCAGACAGGGATGTTTAAGTCTGCA
GAAGTTTCTGCTGCCTTTTATTCAGCTATACCCTGCCCCTAGAGGTGGAGTCTACAGAGGCTTCCAGGGC
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H » Y » e TCCTTGAGCTGCAGTGAGCTCCACCCAGTTCAGGCTTCCCAGCTGCTTTGTTTAACTATTCAAGCCTCAG
" ! ! ( ' A L} CAATGGTGGACGCCCCTCCCCCAGCCCAGGCTGCCACCTTGCAGTTCGATCTCGGACTGCTGCACTAGCA
GTAAGCAAGGCTGTGTGGGCATGGGACCCGCCAAGCCATGCAAGGGATATAATCTCCTGGTGTGCCGCTT

] GCTAAGACCATTGGAAAAGCACAGTATTAGGGTGGGAATGTCTGGATTTTCCAGGTGCCGTCTGTCACGG

T 1 Y 'Y ‘ ] CTTCCCTTGGCTAGGAAAGGGAAATCCCCCGACCACTTGTGCTGCTTCCCAGATGAGGTGACACCCTGCC

CTGCTTCGGCTCACCCTCTGTGGGCTGCACCCACTGTCCGACCCGTCTCAGTGTGATGAACTAAGTACCT
CAGATGGAAATACAGAAATCACCTGTCTTCTACGTCAATTATGCTGAGAGCTGCAGACAGGAGCTGTTCC
TATTCGGCCATCTTGGAAAAATCCTCTCTTTTCATTTATTTAAGAAATATTTGAAAAGCAAAGATTTCAT

Chromosomes, DNA and genes

Human chromosomes An excerpt from the human genome

CCATCCAGCTTTGTTCCATTGCTCGCAAGGAGCTGCAATCCTTTGGAGGAGAAGCGGCGCTCTGGTTTTT
TGAATTTTCAGCTTGTCTGCTCTGGTTTCCCCCCATATATGTGGTTTTATCTACCTTTGGTCTTTAATGA
) ! TGGTGACCTACAGATGTGGTTTTGGCAGGGATGTCCTTTTTGTTGATGCTGTTCCTTTCTGTTTGCTAGC

" \' l f TTTCCTTCTAAZAGTCAGGACCCTCAGCTGCAGGTCTGTTGGAGTTTGTTGGAGGTCCACTCCAGACCCT

; 'R " GTTTGCCTGHGTGTCACCAGTGGAGGCTGCAGAACAGCAAATATTGCTGCCTGATCCTTCTTCTGGAAGC

TTTCCTTCZXAACAATCAGGACCCTCAGCTGCAGGTCTGTTGGAGTTTGTTGGAGGTCCACTCCAGACCCT

- GTTTGCRTGAGTGTCACCAGTGGAGGCTGCAGAACAGCAAATATTGCTGCCTGATCCTTCTTCTGGAAGC
Y ., l : l. i \r H ‘ TTCAPLTCAGAGGGACACCTGGCTGTATGAGGTGTCAGTAAATCCCTACGGGCA!

LA A GAGITCAAACTCCATGCTGGAGAATGACTGCTCTCTTCAGAGCTGTCAGACAGGGATGTTTAAGTCTGCA
GJAGTTTCTGCTGCCTTTTATTCAGCTATACCCTGCCCCTAGAGGTGGAGTCTACAGAGGCTTCCAGGGC
CCTTGAGCTGCAGTGAGCTCCACCCAGTTCAGGCTTCCCAGCTGCTTTGTTTAACTATTCAAGCCTCAG
CAATGGTGGACGCCCCTCCCCCAGCCCAGGCTGCCACCTTGCAGTTCGATCTCGGACTGCTGCACTAGCA
GTAAGCAAGGCTGTGTGGGCATGGGACCCGCCAAGCCATGCAAGGGATATAATCTCCTGGTGTGCCGCTT
GCTAAGACCATTGGAARAGCACAGTATTAGGGTGGGAATGTCTGGATTTTCCAGGTGCCGTCTGTCACGG
CTTCCCTTGGCTAGGAAAGGGAAATCCCCCGACCACTTGTGCTGCTTCCCAGATGAGGTGACACCCTGCC
CTGCTTCGGCTCACCCTCTGTGGGCTGCACCCACTGTCCGACCCGTCTCAGTGTGATGAACTAAGTACCT
CAGATGGAAATACAGAAATCACCTGTCTTCTACGTCAATTATGCTGAGAGCTGCAGACAGGAGCTGTTCC
TATTCGGCCATCTTGGAAAAATCCTCTCTTTTCATTTATTTAAG. TATTTH G TTTCAT
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Gene structure

Exon
Intron

« Classically, DNA sequences coding for proteins are called genes

www.pathology.washington.edu; www.expasy.org
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Chromosomes, DNA and genes

Human chromosomes An excerpt from the human genome

CCATCCAGCTTTGTTCCATTGCTCGCAAGGAGCTGCAATCCTTTGGAGGAGAAGCGGCGCTCTGGTTTTT
TGAATTTTCAGCTTGTCTGCTCTGGTTTCCCCCCATATATGTGGTTTTATCTACCTTTGGTCTTTAATGA

! F TGGTGACCTACAGATGTGGTTTTGGCAGGGATGTCCTTTTTGTTGATGCTGTTCCTTTCTGTTTGCTAGC
" ‘ f TTTCCTTCTAAZAGTCAGGACCCTCAGCTGCAGGTCTGTTGGAGTTTGTTGGAGGTCCACTCCAGACCCT
’ i ‘ GTTTGCCTGHGTGTCACCAGTGGAGGCTGCAGAACAGCAAATATTGCTGCCTGATCCTTCTTCTGGAAGC

TTTCCTTCZAACAATCAGGACCCTCAGCTGCAGGTCTGTTGGAGTTTGTTGGAGGTCCACTCCAGACCCT
GTTTGCRTGAGTGTCACCAGTGGAGGCTGCAGAACAGCAAATATTGCTGCCTGATCCTTCTTCTGGAAGC
TTCAPCTCAGAGGGACACCTGGCTGTATGAGGTGTCAGTAAATCCCTACGGGCA!

GAGITCAAACTCCATGCTGGAGAATGACTGCTCTCTTCAGAGCTGTCAGACAGGGATGTTTAAGTCTGCA
GMAGTTTCTGCTGCCTTTTATTCAGCTATACCCTGCCCCTAGAGGTGGAGTCTACAGAGGCTTCCAGGGC
CCTTGAGCTGCAGTGAGCTCCACCCAGTTCAGGCTTCCCAGCTGCTTTGTTTAACTATTCAAGCCTCAG
CAATGGTGGACGCCCCTCCCCCAGCCCAGGCTGCCACCTTGCAGTTCGATCTCGGACTGCTGCACTAGCA
GTAAGCAAGGCTGTGTGGGCATGGGACCCGCCAAGCCATGCAAGGGATATAATCTCCTGGTGTGCCGCTT
GCTAAGACCATTGGAAAAGCACAGTATTAGGGTGGGAATGTCTGGATTTTCCAGGTGCCGTCTGTCACGG
CTTCCCTTGGCTAGGAAAGGGAAATCCCCCGACCACTTGTGCTGCTTCCCAGATGAGGTGACACCCTGCC
CTGCTTCGGCTCACCCTCTGTGGGCTGCACCCACTGTCCGACCCGTCTCAGTGTGATGAACTAAGTACCT
CAGATGGAAATACAGAARATCACCTGTCTTCTACGTCAATTATGCTGAGAGCTGCAGACAGGAGCTGTTCC
TATTCGGCCATCTTGGAARAATCCTCTCTTTTCATTTATTTAAG. TATTTH G TTTCAT
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Gene structure

Protein

Messenger RNA Amino acids

_— _ —> | Met Trp Phe Trp Glu| —>

Classically, DNA sequences coding for proteins are called genes
There are approximately 22,000 annotated genes in the human genome

www.pathology.washington.edu; www.expasy.org
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Chromosomes, DNA and genes

Human chromosomes An excerpt from the human genome
SCTTTGTTCCATTGCTCGCAAGG. GCAATCCTTTGGAGGAGAAG! GCTCTGGTTTTT
SCTTGTCTGCTCTGGTTTCCCCCCATATATGTGGTTTTATCTACCTTTGGTCTTTAATGA
TGGTGACCTACAGATGTGGTTTTGGCAGGGAAGTCCTTTTTGTTGATGCTGTTCCTTTCTGTTTGCTAGC
TTTCCTTCTAAZAGTCAGGACCCTCAGCTGCAGGTCTGTTGGAGTTTGTTGGAGGTCCACTCCAGACCCT
GTTTGCCTGHGTGTCACCAGTGGAGGCTGCAGAACAGCARATATTGCTGCCTGATCCTTCTTCTGGAAGC
TTTCCTTCZAACAATCAGGACCCTCAGCTGCAGGTCTGTTGGAGTTTGTTGGAGGTCCACTCCAGACCCT
GTTTGCRTGAGTGTCACCAGTGGAGGCTGCAGAACAGCAAATATTGCTGCCTGATCCTTCTTCTGGAAGC
E ! \r : ‘ TTCAPCTCAGAGGGACACCTGGCTGTATGAGGTGTCAGTAAATCCCTACGGGCA!
A GAGITCAAACTCCATGCTGGAGAATGACTGCTCTCTTCAGAGCTGTCAGACAGGGATGTTTAAGTCTGCA
GJAGTTTCTGCTGCCTTTTATTCAGCTATACCCTGCCCCTAGAGGTGGAGTCTACAGAGGCTTCCAGGGC
'CCTTGAGCTGCAGTGAGCTCCACCCAGTTCAGGCTTCCCAGCTGCTTTGTTTAACTATTCAAGCCTCAG
CAATGGTGGACGCCCCTCCCCCAGCCCAGGCTGCCACCTTGCAGTTCGATCTCGGACTGCTGCACTAGCA
GTAAGCAAGGCTGTGTGGGCATGGGACCCGCCAAGCCATGCAAGGGATATAATCTCCTGGTGTGCCGCTT
GCTAAGACCATTGGAARAGCACAGTATTAGGGTGGGAATGTCTGGATTTTCCAGGTGCCGTCTGTCACGG
CTTCCCTTGGCTAGGAAAGGGAAATCCCCCGACCACTTGTGCTGCTTCCCAGATGAGGTGACACCCTGCC
CTGCTTCGGCTCACCCTCTGTGGGCTGCACCCACTGTCCGACCCGTCTCAGTGTGATGAACTAAGTACCT
CAGATGGAAATACAGAAATCACCTGTCTTCTACGTCAATTATGCTGAGAGCTGCAGACAGGAGCTGTTCC
TATTCGGCCATCTTGGAAAAATCCTCTCTTTTCATTTATTTAAG. TATTTH G TTTCAT

Gene structure

Protein
Regulatory Messenger RNA Amino acids
sequence _ _ —> | Met Trp Phe Trp Glu| —>
Exon Regylatory TG
\ } \‘UHPI‘ /,Sﬂﬁence
ON/OFF/modulate

Classically, DNA sequences coding for proteins are called genes
There are approximately 22,000 annotated genes in the human genome
Any disruption (or altered expression) of genes leads to human variation or disease

www.pathology.washington.edu; www.expasy.org
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Genetic variants and gene disruptions

Protein

Gene structure

Requitory Messenger RNA Amino acids F -
sequence —> IO —> [Fer T P Gs | —>
Exon Regulatory 2
3

intron sequence

Copy-number variants (CNVs)

« Heterozygous deletions lead to one copy of the gene
« Homozygous deletions result in zero copy of the gene
« Duplications can lead to 3 or more copies of the gene

Gene A Gene B Gene C Gene D
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duplication
. . Base pair or single nucleotide variants (SNVs)
Amino acids N . . " .
Vet T Phe T Giu Giu Gi « Missense mutations lead to altered amino acid/protein
SRR p_Phe Trp Gl Glu Gl - Stop or nonsense mutations lead to truncated or altered protein
) NS RIS « Repeat expansions lead to altered (defective) protein
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/ ~. - -——
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Nonsense mutation Repeat expansion
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Genetic variants and assays

Types of genetic variants How do we assay them?

SNP genotyping

0\ Single nucleotide changes (SNVs) ‘ *
> = Array-CGH
&) 3 .
S Copy number g /a Karyotyping
g_ variants (CNVs) =y
o £
L = Sequencing

Trisomy
monosomy
1bp 1kb 1 Mb 1 chr lbp 1kb 1 Mb 1 chr

Size of variant Size of variant
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Karyotyping: for detecting cytogenetic

(chromosomal) changes

Chromosomal banding in metaphase (cell division) — Q, Giemsa, C, R,
silver nitrate

— Banding patterns are reflective of regional differences in base pair
composition and other functional characteristics

Chromosomal banding was adopted as a clinical tool for karyotyping in

the clinic from the 1960s — amniocentesis for chromosomal abnormalities
— Down syndrome (Lejeune, 1958)

— Turner syndrome and Klinefelter syndrome (1959)
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Turner syndrome

Fluorescent in situ hybridization (FISH)

The idea that complementary DNA sequences can hybridize to probes to
query specific DNA segments

— For cytogenetic localization of DNA sequences

FISH helped identification of chromosomal deletions and duplications

— Prader-Willi/Angelman syndrome (15g13.1 deletion)
— 15011.2913.1 duplication

— Smith-Magenis syndrome (17p11.2 deletion)

Mother of SG04

Father of SG0O4

Girirajan et al, Nature Genetics, 2010
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Girirajan, Nature Genet, 2010
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Exome sequencing for identifying base pair

Construct /
shotgun library = —= Hybrldlzallon / = /
= —— \ N
Genomic DNA Fragments \/:. Ry \ H
Wash &, = =
Pulldown // /
=\ NG
(o r—
AGGTCGTTACGTACGCTAC o _55& \ = ::
GACCTACATCAGTACATAG <— -« — e}
TGACAAAGCTAGETGT - =0
o= /\E-' e
Mapping, alignment,
variant calling DNA sequencing Captured DNA

A technique to sequence all protein-coding regions (exons) of the human
genome to identify mutations

Has been replacing or is complementary to standard karyotyping and
array CGH as a diagnostic tool in clinical laboratories

High throughput but will generate large sizes of data files for analysis
(more so for whole genome sequencing)

Bamshad et al, NRG, 2011

Summary: Principles and applications of

genetics

Basic genetics: chromosome, DNA, gene

Types of mutations: CNVs, SNVs, repeat expansions
Genetic techniques to identify variants

» Karyotyping

 FISH

e Array CGH

* Exome sequencing

Further reading

Trask, Trends in Genetics, 1991

Emmanuel and Saitta, Nature Review Genetics, 2004
Trask, Nature Review Genetics, 2002

Alkan et al, Nature Reviews Genetics, 2012
Shendure and Ji, Nature Biotechnology, 2008

8/3/2015
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Advances in the genetic studies of autism

1980 1985 1990 1995 2000 2005 2010 2015
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1000- * Number of research papers in PubMed
with the term “genomics” AND “autism”

8001 Exome sequencing from years 2000 to 2015

6001 . _ )
» With reducing costs of genomic

400- Array CGH

technologies, discovery of genes and
genomic regions contributing to autism is
increasing

Number of publications

Abrahams and Geschwind, JAMA Neurology, 2010

Genetic models to identify causes of autism

A) Common Disease Common Variant B) Common Disease Rare Variant Model
@ & New Mutation O O O
! } | }
' ! ' '
! . 4 ! !
i . ' ' '
| ! } !
| } } } }
! ! | ! ! New
' ! | <4 |€4= | Mutation
o o [ o [ o
« New mutation occurs 1000s of + New mutation frequency is high
generations ago, the mutation and occurs in immediate
carrying block becomes generation(s), individually rare
common in the population mutations but collectively
because identity by descent contribute significantly because

multiple genes lead to disease

Slide courtesy: Evan Eichler

8/3/2015
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Linkage and association studies of autism

» Using linkage studies (looking at shared blocks of DNA
common in all affected individuals within a large family -
chromosome 735 (containing CNTNAP2) and 20p13
have been implicated

+ Genome wide association studies (GWAS) for common
variants identified a handful of loci including genes on
5p14.1 (CDH9 and CDH10), 5p15.31 (SEMA5A and
TAS2R1), and 7935 (within CNTNAP2)

« The contribution of common variants to risks of small
effect (Odds ratio <3) is still being explored with larger
sample sizes

Please refer to Chen et al, Ann Review of Pathology, 2015; Geschwind and State, Lancet, 2015, Geschwind, Ann Rev Medicine, 2009, Gaugler et al, Nat
Genetics, 2014.

Genetic syndromes associated with autism

» Although not specific to autism, these disorders include Fragile X
syndrome (1-2% of individuals with autism), Tuberous sclerosis
(~1%), Timothy syndrome (<1%), and Rett syndrome (~0.5%)

Sotos syndrome]

Turner syndrome-
Neurofibromatosis type 1
Wolf-Hirshhorn syndrome
Phenylketonuria-
Beckwith-Wiedemann syndrome 4
Hypomelanosis of 1to
Goldenhar syndrome-

Cowden syndrome-

Down syndrome-

* When interrogated using standardized
measures (ADI(R), ADOS, SCQ, SRS)
noticeable frequency of autism was

identified in classical genetic syndromes

Duchenne/Becker muscular dystrophies

e ] + Initial studies identified several syndromic

]
]
=
—
—
—3
—3
—
—
—

b: d 1

Jacobsen syndrome- 1 1 11

— disorders that were later identified to be
—
I
I
—

Cornelia de Lange syndrome
Prader-willi syndrome
CHARGE syndrome-

2q deletion syndrome X o - . )
significantly associated with autism features

Moebius syndrome-
Fragile X syndrome{——
Phelan-McDermid syndrome{———————1
Velocardiofacial syndrome{—————————
Smith-Lemli-Opitz syndrome{————————1
Inverted 8p deletion syndrome{———————1
237 deletion syndrome{————————1
Potocki-Lupski syndrome{——————1
Lujan-Fryns syndrome-
Cohen syndrome- ]
Timothy syndrome- ]
Smith-Magenis syndrome ]
Angelman syndrome- ]
William-Beuren syndrome f

0.0 05 1.0
Frequency Polyak et al, AJIMG, 2015
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Rare copy number variants (CNVS)

* Frequency of <0.1% to <1% in the general population
« Contributes to a range of human disorders including

autism, intellectual disability, and schizophrenia
* CNVs contain functionally-relevant genes
» Haploinsufficiency or triploinsufficiency

T T

s & AL A A

Deletion Duplication

Genomic disorders with typical syndromic

features

Intellectual disability, craniofacial 17p11.2 deletion or mutations in RAI1
features, sleep disturbance, obesity,
self-injurious behaviors

SMS REP-P
ALDH3A —*t
PRPSAP2 —*
 |sMs REP-M
& sHMTL—
& Myoisa —
@ COPS3 —
Q FLCN—
Q TNFRSF13B —
& ADORA2B —
Q@ PMP22 —,

Smlth_Ma'ger_“_s syndrome 17p11.2 duplication
Intellectual disability, growth Reduced Rail Overexpressing Rail

retardation, ADHD, autism
20w a | ‘ ﬁw

Copies 2 1 2 4 6
. . Obesity Growth retardation
POtOCk"LUpSkI Syndrome Hypoactivity Hyperactivity
Girirajan, PhD Thesis, 2008 Craniofacial defects Abnormal social behavior

8/3/2015
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Rare copy-number variants in autism

* Duplications on chromosome 15q11.2g13.1 was one of the first
locus to be implicated in autism

— Children that inherited the duplication from the mother showed features of autism
(Cook et al, 1997, AJHG), while paternally inherited duplications did not show
autism features

— This duplication accounts for ~1.5% of children with autism

In 2007, using DNA microarrays,  Strong Association of De Novo Copy
Number Mutations with Autism

Sebat and colleagues performed a
genome-wide search for CNVs in
autism

They found that 10% of individuals
carrying a large (>500,000 base : n !

pairs) of deletions or dUPlICAtIONS Yy ve = mhut mgier oo et | e
that occurred de novo (i.e. not
inherited from a parent).

This study lead to a watershed in
autism genetics with multiple
CNVs being discovered for autism

risk ard incladied matarion of sk
weate st et ok faciat le

Science, 316 (5823), 445-449

A list of rare CNVs in autism

15913.1 duplication — Cook, AJHG, 1997;Thomas, AJHG, 1998
22013 deletion — Phelan, 1997; Moesner, AJHG, 2007

16p11.2 deletion — Sebat, Science, 2004, Weiss, NEJM, 2008, Kumar,
HMG, 2008

16p13.11 deletion — Uliman, Hum Mut, 2007; Hannes, JMG, 2009

17912 deletion — Mefford, AJHG, 2007, Moreno-De-Luca et al, AJHG,
2010

15913.3 deletion — Sharp, Nat Genet, 2008
1g21.1 deletion — Mefford, NEJM, 2008
70911.23 duplication — Sanders, Neuron, 2011

8/3/2015
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16p11.2 deletion as an example

Weiss et al and Kumar et al T S ) e e i
identified 16p11.2 deletions and ~ swe & * & g

copicatcond

o)

duplications in individuals with 2 3 !
autism B L T il
The 16p11.2 deletion specifically €

accounts for 1% of cases with % R e Ty T
autism — associated with <

macrocephaly

It is known (Courchesne et al,
JAMA, 2003) that autism is
associated with macrocephaly
McCarthy et al detected an
enrichment for 16p11.2 ORI R e
duplications in individuals with T B T e
schizophrenia { iy, EN R =
Reciprocal deletion/duplication i =g e
CNVs associated with opposing

phenotypes

A Y T Yy Tt WYY

T o oD T b AN

~ A L

g s el i, TN

Schizophrenia

16p11.2 deletion mice show social behavior

defects

Ultrasonic vocalizations (USVs) were tested in young adult male 16p11.2 deletion
mice during a novel three-phase male—female social interaction test.

; A Cobhart 1 USVE dering make Semah Incecactic B Cobon 2: LSVs durisg mate-femate Wterastio
Th|S test deteCtS ¥ Sering m whe " . 4143g mate fermare it "

vocalizations emitted £, | - .. -—
by a male in the § 2

presence of an estrous ;1 || L, o
female, how the male & . : I i * i
changes its calling ) : = o tm e LN
when the female is Gomeamt e Gt - e A e B s
suddenly absent, and C Cotann 1, Tioww course uf USV production D N s A e et b gas
the extent to which H oo o

calls resume when the & - i

female returns. E“"| i § -

Fewer vocalizations froo g R £

were detected in IS, e, o ™ &
16p11.2 deletion L o e

males.

Yang et al, Autism Research, 2015
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|dentifying phenotype-specific genes within

CNV regions — 16p11.2

individual genes in zebraf

GIYD2
SULT1A4
SULT1A3
SPN
QPRT
C160rf54
MAZ
PRRT2
C160rf53
MVP
CDIPT
SEZ6L2
ASPHD1
KCTD13
TMEM219
TAOK2
HIRIP3
INO8OE
DOC2A

ish

a  chris (pll.2) [Topr s M EEREN RN o 169112 QCHERSR12.2)  16g21 a2 8.

C160rf92
FAM57B
ALDOA
PPP4C
TBX6
YPEL3
GDPD3
MAPK3
CORO1A

CEN

Number of embryos

50 70 90 110 130
Width (um)

—— KCTD13 + CDIPT
MAPK3 + C160rf53
MVP + SULT1A3
QPRT + PRRT2
—— DOC2A + GIYD2
— ASPHD1 + SPN
— PPP4C + INOSOE
—— CORO1A + FAM57B
HIRP3 + GDPD3
BOLA2 + SULT1A4
SEZ6L2 + YPEL3
TMEM219 + TAOK2
ALDOA + TBX6
4 C160rf54 + C160rf92
150 MAZ
Control

» Golzio et al modeled duplication and deletion of

They performed
systematic
overexpression and
downregulation of pairs
of genes within the
CNV

Observed microcephaly
and macrocephaly
phenotype with
KCTD13

Golzio et al, Nature, 2011
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KCTD13

Golzio et al, Nature, 2011
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Using Drosophila to assess function of genes
within rare CNV regions

[«
< ™ oy N m <
P 2 NOoddoyoWdaoco oL o ™4
EE L b E EZ2In=xx0gNEBhoRelo¥o
zrgiorgtaNarUlorp3gQ8=0aXxmadx
O QoS0 QuUuounos=2s=20agdamangLo
OO0 =00=20n<xE-~IZAa0o0<akF>0320
TEL CEN
FINE, LGN R
AL driver Wy UAS 1y 3
® 0 Vo orrad cogantt (W0 o MEATLHRY
:[E. target gere
Tiasuse spacite U. ' '
proereter (pab e A bvmimy By

A5
ﬁ’ F1
* Daughterless-Gal4 : Ubiquitous
—mmy e® T3 RANAL - GMRGal4: Eye Specific

ﬂ:—'; * Elav-Gal4 : Nervous system specific

o * C5-Gal4 and MS1096-Gal4: Wing

Shoko Nishihara, (2012). Heritable and inducible RNAi knockdown system in Drosophila. Retrieved 20,8,2013 , from

http://icggdb jp/GlycoPOD/protocolShow.action?nodeld=t32. ikimedia.org/wiki/File:Drosophila-d .svg

Ubiquitous knockdown of 16p11.2 genes

Da-Gal4 at 25°C

Gene Larval Pupal Wing morEr):glo No gross
Name Lethality | Lethality | Defects depfectsgy Defects

CORO1A

MAPK3
TBX6
FAMS57B
C160RF53 > 80% of flies showing phenotype
CDIPT | < 20% of flies showing phenotype
KCTD13 < 10% of flies showing phenotype
DOC2A 0% of flies showing phenotype
YPEL3

Early development Adult development

Role in early development:
ALDOA, PPP4C, CORO1A, TBX6 and MAPKS.
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Head phenotypes of 16p11.2 genes
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Head phenotypes of 16p11.2 genes
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Motor defects of 16p11.2 genes

1.0 Two-way ANOVA
p<0.001

0.84

0.64

Level of
expression

Proportion of flies
crossing the 8 cm mark

YTROL 100%
65%
0%
3%

FAMSE 6%

0600

- N M N WO~ O
=

Days

Potential contributors to motor function :
MAPK3, FAM57B, CORO1A and KCTD13.

Challenges in understanding the molecular

mechanisms of autism

» Genetic heterogeneity: Hundreds of genes and genomic
regions have been identified as conferring risks for
autism

» Phenotypic heterogeneity: variable in severity and
frequency of comorbid features

— Associated with comorbidity of nosologically distinct
phenotypes

* Intellectual disability (68%)
* Epilepsy (40%)
» Behavioral and ‘emotional’ disturbance (30%)

Polyak et al, AJIMG, 2015
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Common molecular etiology for “distinct”
neurodevelopmental phenotypes

15q13.3 deletion—/—/— Mental retardation (Sharp, Nat Genet, 2008)
\ Epilepsy (Helbig, Nat Genet, 2009)
\ Schizophrenia (Stefansson, Nature, 2008)
Aggressive behavior (Shachar, IMG, 2009)
Autism (Pagnamenta, EJHG, 2008)

. — > Autism (Szatmari, Nature Genet, 2008)

1q21'1 deletlon\ Glioblastomas (Veeriah, Nature, 2009)
Schizophrenia (Stefansson, Nature, 2008)
Mental retardation (Mefford, NEJM, 2008)
Heart defect (Greenway, Nat Genet, 2009)

Cataracts (Mefford, NEJM, 2008)

16p011.2 deletion/>Autism (Weiss, NEJM, 2008)
P ~_— Obesity (Walters, Nature, 2010)
Mental retardation (Rosenfeld, JINDD, 2010)
» Also seen in unaffected parents

* Challenge in diagnosis and management

Comorbid features confound diagnosis

o~ It's

Spear! . : v < .

L e
e

It"s
o I's a

2 Snake! TN
Tree

« Comorbid phenotypes confer severity and variability

» Depends on age and genetic background

* This can confound diagnosis and prevalence estimates (see
Polyak et al, AIMG, 2015).

http://www.proprofs.com
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The 16pl12.1 deletion as a paradigm for
complex genetics

* Mostly inherited (95%)
« Carrier parents show neuropsychiatric
. e features
i = -1 « Variable features within family
D a— - .
R » Enrichment (25%) for large CNV
gt e o | (>500kb) second hits in probands
] - .
e et — * Clinical features more distinct or severe
ey~ aecy MR | than that associated with second hit
P w—— y t
DEVELOPMENTAL T i f 1 1
DELAY | - —r ' 4 1
e — SN
 —— . " ; — .
—— '
| BEPGRIENDY W NS S
i el T LT
o |
. e -t $
al = - T S N—
SCHEDPIAENG s : |
can = ' ]
cowtRoLsl | ca I |
| S ! —_—
oron e =) ) ".-', .
aroa Cru— 122 '
T . . .\ — Girirajan et al. Nat Genet, 2010

A second-site (two-hit) model for

16p12.1 deletion

First hit

16p12.1 microdeletion

High penetrance
Variable expressivity Large CNV

Subclinical manifestations Single gene mutation
Learning disabilities Epigenetic factors
Psychiatric issues .

y Environmental factors

Overt phenotypes

Severe cognitive delay
Craniofacial dysmorphology
Cardiac defects

Second-site hit

8/3/2015
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Second-site hits frequent in

variable features

CNVs with

8/3/2015

30.00
Correlation, r=0.63 Rare CNVs with
P<0.0001 phenotypic variability
£ 25.00 " ewep121del
= N
= .
S )
D 20.00 /" @16p11.2 dup
(2] . '
= . , _ @l5q11.2del |
s Classical CNV syndromes 22q11.2 distal up ~ ®6q25.3 el
» Ry ° J o ®15¢13.3 small dup
@ 15.00 PWS/AS @ 17q12 del ; .1%223211&2 dup ,
. ) u
s 16p11.2 dlst‘al el '15p13ﬂ v
G p | 23'del ©15013.3 del )
£,10.00 -, 16p1l.2del; ° 10023 del ®16p13.11 dup
s 1p36 del@g, ; PWS dup L ®g211del
S 22q11.2 del e -
§ 9934 del ’ 2q37 del ® WBS dip i
> ! 37 del @
o 500 @ wijjiams K
Potocki-Lupski
Sotos ®
Smith-Magenis 1
Rubinstein-Taybi 0.00 @ ?‘qu del - T T T )
gqﬁgld'd?ll i 0.00 ~----"20.00 40.00 60.00 80.00 100.00
q11.2 distal del CL s . . .
19p13.12 del Percentage of cases with inherited first hits
Girirajan et al, New Engl J Med, 2012

Summary: Rare CNVs in human

neurodevelopmental disorders

Rare Necessary and sufficient
Typical syndromic features
17p11.2 deletion (Smith-Magenis)
(frequency 1/15,000)

Haploinsufficiency Triplosensitivity

Penetrance

Reduced Rail Overexpressing Rail

Necessary but not sufficient

; Sommon > + Contributes towards a continuum of
Frequency of variants phenotypes in neurodevelopmental
disorders
Variable phenotypes » Other factors play a role in

phenotypic heterogeneity and
comorbidity

16p12.1 deletion (1/~2000)
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Global assessment of rare and common

CNV load

Affected children with one or more combination of
intellectual disability, autism, epilepsy (n=15,767)

QOdds ratio
3.2

Percentage of population

|
|
|
|
|
|
|
|
|
Neurologically unaffected adul‘t controls (n=8,329)
i I
|
i

[] 1 4 ¥ 2% S50 B0 Fin) =00] ) 000

Maximum size of CNV (kb)

Cooper*, Coe*, Girirajan*, et al, Nat Genet, 2011

CNV load correlates with severity of features

Craniofacial
Cardiovascular
All cases
Epilepsy
Autism

Percentage of population

All CNVs
0 0.2 0.4 06 08 1 12 14 16 18

Maximum size of CNV (kb)

Cooper*, Coe*, Girirajan*, et al, Nat Genet, 2011
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CNV load correlates with a range of

neurodevelopmental disorders

100%
25%
c
-E—j Intellectual disability with multiple
‘_g 10%} » congenital anomalies
8_ ]
o 1ldiopath ID
° JAutism+ 1D
)
=y 1 .
8 |Autism
© 1%t
8 0
o)
& .
Dyslexia
Controls
01% 1 1 1 1 1
0 0.5 1 15 2 25 3

Maximum size of CNV (Mb)

Girirajan et al, PLoS Genetics, 2011

Deletion size associates with

intellectual disability severity in autism cohort

2,588 samples analyzed from Simons Simplex Collection

Duplications

Nonverbal

IQ

1601 o

Pearson correlation
R(317) = -0.06, p=0.257

0 2000000 4000000 6000000 8000000 10000000
Size (bp)

—

_—

CNV size

Deletions

160+

Pearson correlation
R(222) = -0.24, p<0.0001

2000000 4000000 6000000 8000000 10000000
Size (bp)

—

_—

CNV size

Girirajan*, Dennis* et al, Am J Hum Genet, 2013
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Duplication size correlates with autism severity

Duplications Deletions
10 emawwo o S
Calibrated 9] =
autism o= o e
Severity a— o 74 omaoo o o o
score* 6 emmmo o 6 emmmoass o
5w 5 oo
4 om0 Spearman correlation S ° Spearman correlation
R(302) = 0.13, p=0.01 R(211) = 0.02, p=0.86
0 2000000 4000000 6000000 8000000 10000000 0 2000000 4000000 6000000 8000000 10000000
Size (bp) Size (bp)
_— _—
CNV size CNV size

*Age-normalized ADOS score: measures deficits in social
communication and repetitive/restricted interests/behaviors

Girirajan*, Dennis* et al, Am J Hum Genet, 2013

Exome sequencing in autism

Exome sequencing has revolutionized disease gene
discovery. Several themes have emerged from these studies

1. Increased paternal age contributes to a higher risk for
autism and related disorders

2. Decreased non-verbal IQ is significantly associated with
an increasing number of mutational events

o
3 —
‘ c o i i
I | i
| g 3 ! i
T 2 i
2 i
o H
s E| i
c o L
o H
= o i : E|
paternal maternal ~ # g ]
events events o — i -
39
2

0 1 +
Number of extreme de novo mutations

O'Roak et al, 2010, 2012, lossifov et al, 2014, Sanders et al, 2012
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Exome sequencing in autism

3. Gene disruptive mutations are more likely to affect Fragile X
pathways, chromatin modifiers, embryonic developmental and
postsynaptic density proteins

4. Females and males with low IQ require a higher mutational
burden than males for manifestation of the phenotype

5. The rate of mutations is significantly higher in probands
compared to the siblings

GDs A a
B Proband
. @ Sibling
% e = 3 Tt — N 1 P =001 P=0001
,_;_ 15
5
L3 3
2 2
: ] | | Z
K
o 10
§r g
- 3
s
| 2o0s
" & F-004 =002
o O0- AT, Al Brain Al Brain
Pebird Reberd e Lo b v Silent Non-syn. Nonsense'

O'Roak et al, 2010, 2012, lossifov et al, 2014, Sanders et al, 2012

Identification of an autism subtype: CHDS8
mutations

Raphael Bernier,'* Christelle Golzio, En Xiong, "' Holly A. Stessman,’'® Bradley P. Coe,*'? Osnat Penn,*
Kali Witherspoc C neke T. Vulto-van Silfhout,* Janneke H. Schuurs-Hoeijmakers, _
Marco Fichera,”° Paolo Bosco,” Serafino Buene “ Antonino Alberti,” Pmella Failla,” Hilde Fee«ers ? Jean Steyaert, 1% 2
Lisenka E.L.M. Vissers,* Ludmila Francescatto,” Heather C. Mefford,'" Jill A. Rosenfeld,'” Trygve Bakken,'* EE"
Brian J. O'Roak,'* Matthew Pawlus,'® Randall Moon," Jay Shendure,® David G Amaval ' Ed Lein, Juha Rankin,'” I3
Corrado Romano,” Bert B.A. de Vries, Nicholas Katsanis,” and Evan E. Eichler*'® ?
Py 5
8 R
\ © 2 <
c - 8 8 - - - 8 - - &8 B _ . 8 3
a o 2 g a & o g a o g 2 a & ¢ 2
s e 3 & < 4§ ¢ § Z o4 ¢ 5 4 e <
T 8 8 4 3 3 £ £ 3 & £ T 8 & s 2
5 8 £¢ &8 88 5 &85 8 £ 8 % 8 4
Patient &2 H < = e I = & o E H = 3 Z o
Sex M M F M F M M M M F F M M M M
Ageattesting(yeasy 4 5 15 6 12 8 8 13 16 4 41 11 16 18 17 L
Macrocephaly e 12 (80%)
Prominent supraorbital u u + - + u + + + u + u u + 7/9 (78%)
ridge . R
Hypertelorism u + u + - u - 6/9 (67%) i h e -
Down-slanted u - 4+ . + - u u 6/9 (67%) E g A7
palpebral fissures 1 / -
Flat feet Mmoo - = = m = U - - uu o+ 2/9 (22%)
Tall + + + + + + + + - u - + + + + 12/14 (86%) \ “
Overweight - = - - - - - - w5 = = a = 314 (21%) | "
ASD 4+t o+ e+ A 4w - = www 13 (87%) ~ &t
Intellectual disability B T S 9 (60%)
Attentional problems = = o - = o o & - + + + = 9 (60%) A .
Anxiety problems + - = = = - = + + = = = = - 4(27%) PI—
Seizures - - - - 4 -+ = e = - - - - 3(20%)
Regression A S S S e 7 @7%)
Gl problems + - + + + + + + + + - + - + 12 (80%)
Sleep problems e T 10 (67%)
C section - - - - = - 4w - - - = 5(33%)
Birth induction/ - - 4 -+ = e = - - - e - 6 (40%)
augmentation
+, present; —, absent; u, unknown. Detailed phenotypic data are outiined for each patient in the above domains in Table S5. Where a denominator is Bernier et al, Cell, 2014
indicated, unknown values were excluded from the percent of sample calculation.
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Summary: Genetics of autism

* Syndromic autism, genome-wide association studies, linkage
 Rare CNVs
» Syndromic CNVs (Smith-Magenis syndrome)
* CNVs associated with autism
+ Example of 16p11.2 deletion (~1% of autism)
* 16p1l1.2 mouse models
» 16p11.2 zebrafish models
* 16p11.2 fly models
* Heterogeneity of autism
* 16pl2.1 deletion as
— Multiple genetic hits and comorbid features
* Exome sequencing
— ldentifying subtypes of autism

Sex differences in autism and intellectual

disability

* There is a documented sex bias in autism with a diagnosis
skewed towards males than females (4:1 ratio for autism and
2:1 for intellectual disability)

+ Recently a female protective genetic model has been
proposed where females require a higher genetic load
compared to males to manifest autism

* We tested various factors affecting the genetic and phenotypic
heterogeneity associated with autism

Frequency of comorbid features

Male to female ratio for specific rare CNVs

Burden of copy-number variants

Frequency of family history of neurodevelopmental features
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Sex differences in autism and intellectual

disability

» Frequency of comorbid

A AT
features N e L — ]
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CNV load is higher in females than males

with autism

100%;

100 = = Autism no comorbidities male Y ID/DD+epilepsy male = = Autism-+ID/DD male

s Avtizm N omorbicitios fomale N ID/DD+epilepsy female === Autism+D/DD female

c c \ Autism-+epilepsy male

S = = Autism+comorbidities male 5 Autismaopilopsy femalel
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» Higher CNV load in females compared to males for autism,
intellectual disability and ASD co-occurring with ID or epilepsy

» Epilepsy in autism is significantly associated with intellectual
disability
— Individuals with autism manifesting with epilepsy are more likely
than those without epilepsy to have intellectual disability

Polyak et al, unpublished
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Females require a higher genetic load in the

background than males
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A genetic liability model for autism

(@)
Proportion of

population

(b)

Proportion of
population

o Q Minimum genetic
liability sufficient

Population mean
: ! to cause ASD

Affected

|
|
|
|
|
|
|
|
|
|
! individuals

Increasing genetic liability for ASDs

Male-specific risk factors
(e.g. fetal testosterone, Y chr)

Minimum total
liability sufficient
to cause ASD

Female-specific

protective factors |
(e.g. estrogens, *
paternal X chr)

Affected
individuals

Increasing total liability for ASDs

Werling et al, 2014, Reich et al, 1975

8/3/2015

29



Conclusions

+ Autism is a heterogeneous disorder ranging in severity and
variability of associated features

* Recent technological advances have greatly improved our
understanding of the molecular etiology of autism

» Genetic heterogeneity is extensive and will generate a large
set of candidate genes as diagnostic markers and for
therapies

+ Detailed genetic and iterative phenotypic evaluations will help
identify subtypes of autism

» Functional evaluation of the identified genes in model
systems are important to map the molecular basis of autism
and to devise targeted therapies

* There is an increasing need for multidisciplinary collaborative
team of teachers, clinicians, parents, and researchers for
addressing the challenges associated with autism
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