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Whole genome sequencing analyses to understand
the genetic architecture of human disorders
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e Genetic architecture: the shape of the genetic contribution to human traits and disease,
Timpson et al. (2018) Nature Reviews Genetics
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Speaker Name: Joon-Yong An, Ph.D.

» Personal Info

Name Joon-Yong An
Title Assistant Professor
Affiliation Korea University

» Contact Information

145 Anam-ro, Seongbuk-gu, Seoul, South Korea
Email joonan30@korea.ac.kr

Phone Number 02-3290-5646

Research interest : Whole genome sequencing, Single cell RNA sequencing, and neurodevelopmental disorders

Educational Experience

2010 B.S. in Molecular Biotechnology, Konkuk University
2011 M.S. in Molecular Biology, University of Queensland (Australia)
2016 Ph.D. in Neuroscience, University of Queensland (Australia)

Professional Experience
2015-2019 Postdoctoral Fellow , University of California, San Francisco

2019- Assistant Professor, Korea University
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1. Werling DW*, Pochareddy S* JM Choi* An JY*, Peng M, Sheppard BS, Peng M, Li Z, Dastmalchi C, Santperebaro G, Sousa A, Tebbenkamp
A, Kaur N, Gulden F, Breen M, Liang L, Gilson M, Zhao X, Dong S, Klei L, Cicek AE, Buxbaum JD, Adle-Biassette H, Thomas JL, Aldinger
KA, O'Day DR, Glass |, Zaitlen N, Talkowski ME, Roeder K, Devlin B, Sanders SJ**, Sestan N**, Whole-genome and RNA sequencing

reveal variation and transcriptomic coordination in the developing human prefrontal cortex, Cell Reports, 2020

2. Satterstrom FK* Kosmicki JA*, Wang J*, Breen MS, Rubeis SD, An JY, Peng M, Collins RL, Grove J, Klei L, Stevens C, Reichert J,
Mulhern M, Artomov M, Gerges S, Sheppard B, Xu X, Bhaduri A, Norman U, Brand H, Schwartz G, Nguyen R, Guerrero E, Dias C,
Aleksic B, Anney RJ, Barbosa M, Bishop S, Brusco A, Bybjerg-grauholm J, Carracedo A, Chan MC, Chiocchetti A, Chung B, Coon H,
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Gargus JJ, Geschwind D, Giorgio E, Gonzlez-peas J, Guter S, Halpern D, Hassen-kiss E, He X, Herman G, Hertz-picciotto |, Hougaard
DM, Hultman CM, lonita-laza |, Jacob S, Jamison J, Jugessur A, Kaartinen M, Knudsen GP, Kolevzon A, Kushima I, Lee SL, Lehtimki T,
Lim ET, Lintas C, Lipkin WI, Lopergolo D, Lopes F, Ludena Y, Maciel P, Magnus P, Mahjani B, Maltman N, Manoach DS, Meiri G,
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Trabetti E, Trelles MdP, Walsh C, Weiss L, Werge T, Werling D, Wigdor EM, Wilkinson E, Willsey JA, Yu T, Mullin H, Yuen R, Zachi E,
Betancur C, Cook EH, Gallagher L, Gill M, Lehner T, Senthil G, Sutcliffe JS, Thurm A, Zwick ME, Brglum AD, Cicek AE, Talkowski ME**,
Cutler DJ**, Devlin B**, Sanders SJ**, Roeder K**, Daly MJ**, Buxbaum JD**, Large-scale exome sequencing study implicates both
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C, Gilson MC, Klei L, Liang L, Markenscoff-papadimitriou E, Pochareddy S, Ahituv N, Buxbaum JD, Coon H, Daly MJ, Kim YS, Marth GT,
Neale BM, Quinlan AR, Rubenstein JL, Sestan N, State MW, Willsey AJ, Talkowski ME**, Devlin B**, Roeder K**, Sanders SJ**, Genome-

wide de novo risk score implicates promoter variation in autism spectrum disorder, Science, 2018

4. Werling DM*, Brand H*, An JY*, Stone MR*, Zhu L* Glessner JT, Collins RL, Dong S, Layer RM, Markenscoff-Papadimitriou E, Farrell
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M** Sanders SJ**, An analytical framework for whole genome sequence data and its implications for autism spectrum disorder,
Nature Genetics, 50:727736, 2018
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integrative analysis of non-coding regulatory DNA variations associated with autism spectrum disorder, Molecular Psychiatry, 20
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forbes.com » sites » emilywillingham » 2016/09/16 > n... ¥

No, Research Has Not Established That You Inherited Your ...

Sep 16, 2016 — children are more likely to inherit intelligence from their mothers because
intelligence genes are located on the X chromosomes (and mothers ...

edarabia.com > proven-facts-intelligence-comes-mom v

8 Proven Facts That Intelligence Comes from your Mom

Good news for mothers! According to researchers, a mother's genes determine how
intelligent or clever their children are, saying father's genes don't make.

timesofindia.indiatimes.com » ... » Toddler and Beyond ~

Proven! Kids inherit smartness from moms and not dads, study ...

Feb 24, 2020 — Science also supports that intelligence is a "conditioned" gene, which usually
works when they are transmitted from the mother. Conditioned ...

kqed.org » futureofyou » sorry-moms-your-kids-intelli... v

Debunking the Idea That a Kid's Intelligence Comes Mostly ...

Sep 29, 2016 — Like mother like son when it comes to intelligence? ... So the argument for
mom-derived intelligence is that key IQ genes are on the X -- thus, ...

newtimes.co.rw > section > read v

Whose genes determine a child's intelligence? | The New ...

Feb 5, 2018 — However only about 40-60% intelligence is inherited. More than passing on
intelligence genes, a mother contributes to the child's intelligence ...
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+ X| 52 "polygenic model"s 5.
. 7(| 5 0ll= additive genetic factor? 204
- X|50l= dominant genetic factor?} 204
« X| S0l|= epistatic genetic factorZf 20

« SA0| X|50= environmental factor?t 20
. E2X™Moz

« 22 genetic locus®t interactionSt= modifierz...

19M| 7| 9t 7H=to| EfS
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“The existence of binary hereditary
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“There is variation in natural population”
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| The height vs. pea %
2 debate
- (early 1900s)
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HEstal (Mendelian) - N
Mendel (1866) Bateson (1902) 7 A Morgan (1915)
{Fisher (1918)} , >
Darwin (1868) Pearson (1902) Falconer (1965)
* ol ] — ° [y L)
MEAH sttt (Biometrician)

R. A. Fisher's 1918 paper

'The correlation between relatives on the supposition
of Mendelian inheritance'

« Fisher2| 2&-2 “Polygenic Model"2| =2t

- "BHY X}O|(phenotypic variance)= O 2{7tX| Q40] ofsf dFHS ==
ULt
« MZHX| REH 221 (G):
« Additive (A; a large number of loci contribute little)
« Dominance (D)
 Epistasis: () interaction between additive factors or additive - dominance factors

* One non-genetic factor - environment (E)
* Interaction between genetic and environmental factors (G x E)
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7 0] (genetic variant)

HI7|MEo| H3l7I 2 allele2 2|0O|E

Genetic variant == Allele

« DNA -> RNA -> Protein -> Trait

» Sequence variation (5 genetic variant)= trait2|
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Genetic variant=

S| of

Ojojj A =2 allele= 2|0O]
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SCN2A Na, 1.2
Genotype Phenotype
G1(f)/‘IG3 G Normal

(G: Glycine) development

SCN2A

Na 1.2
Genotype Phenotype
G/T
G1013X Development

(X: Stop codon) e

SNV or SNP

Indel
(Single Nucleotide Variants)

(Insertion/Deletion)

ACACACT ACACACT
Aca X crT

ACATACT or
AcCACACACT

SV
(Structural variants)

<[ .

v

< W
or
G -<[ e

Copy-number (changing) variants (CNV)
» Deletion

+ Duplication

Copy-number neutral variants
* Inverstion
* Insertion
* Transposon

Complex SVs (DEL-INV)
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Project)
A global reference for human
« SNV ~4,000,0007{ genetic variation
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common disease studies.
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sM:j:?nfe Reproductive fitness
Y — High (~90%)

— Moderate (~50%)
— Low (~10%)

ACHOO syndrome

Alzheimer’s

@® MHC - schizophrenia

o
1x10%

1x10%% 0.01% 1% 100%
Genotype population frequency
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Tradltlonal Candidate Gene Study

QHELl M2, B2 7t250| STorRALE

DISCT
Schizophrenia candidate gene in one Scottish family 2001

CACNATA, ATPTAZ, SCNTA
Familial hemiplegic migraine candidate gene found in 4, 2,

3 families in 1996, 2003, 2005

AUTSZ (Autism Susceptibility Candidate 2)
Found in 7g11.2 translocation in two twins with

autism in 2002.
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DISCT

Schizophrenia candidate gene in one Scottish f

CACNATA, ATP1AZ, SCNTA

Familial hemiplegic migraine candidate gene found in 4, 2, 3 families i

1996,2005,2005 8,319 GWAS HTOIAM T =X ot

AUTS2 (Autism Susceptibility C

Found in 7q11.2 translocation in two twins

35,000 A& FHH| HFO|AM X E[X| 4= (Satterstrom

S KO X ZF Winner's Curse &=
FMat/dE3 A0 A O SS|Lt

SXto| MF? x| X HP0oAM =™t 21l A7|(effect size)= overestimation
A = g

o7 X2 ME AMo|= AT, SAHH YEHE &, Hold A7 X

H 2 Sx2| PPARy 7+ XI2| Pro12Ala mutation
4.4 effect size (n=91; Deeb1998)
1.3 effect size (n=3,000; Altshuler 2000)
1.1 effect size (n=12,940; Fuschenberg 2016)
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Guest Editorial = Published: 23 September 2013

Questions about DISCI as a genetic risk
factor for schizophrenia
P F Sullivan™

Molecular Psychiatry 18, 1050-1052 (2013) ~ Download Citation ¥
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Letter to the Editor = Published: 17 December 2013

DISCovery in psychiatric genetics
AB Niculescu 11l &

Molecular Psychiatry 19, 145 (2014) ~ Download Citation &

Niculescu 4=
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ARTICLE

doi:10.1038/nature16549

Schizophrenia risk from complex

Sullivan &, X8 QMK HAAA
XL 1087HE EAE
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variation of complement component 4

Aswin Sekar"23, Allison R. Bialas*?, Heather de Rivera"2, Avery Davis'2, Timothy R. Hammond®, Nolan Kamitaki'2,
Katherine Tooley!?, Jessy Presumey®, Matthew Baum"2%#, Vanessa Van Doren!, Giulio Genovese'-, Samuel A. Rose?,

Robert E. Handsaker"?, Schizophrenia Working Group of the Psychiatric Genomics Consortium*, Mark J. Daly®,
Michael C. Carroll®, Beth Stevens®* & Steven A. McCarroll'?

Cell

Highly Parallel Genome-wide Expression

of Individual Cells Using Nanoliter Droplets

Evan Z. Macosko,’-%%* Anindita Basu,*° Rahul Satija,** James Nemesh," %2 Karthik Shekhar,* Melissa Goldman,’-2
Itay Tirosh,* Allison R. Bialas,® Nolan Kamitaki,-2 Emily M. Martersteck,® John J. Trombetta,* David A. Weitz,°
Joshua R. Sanes,® Alex K. Shalek,*'"-'2 Aviv Regev,*'%'* and Steven A. McCarroll"-?3*
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(Sekar 2016)
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> J Psychiatr Res. 1982-1983;17(4):319-34. doi: 10.1016/0022-3956(82)90038-3.

1980ALH Feinberg2| =¥}
Synpatic Prunning 7t420| C}A|
FEUA E

Schizophrenia: Caused by a Fault in Programmed
Synaptic Elimination During Adolescence?

| Feinberg

PMID: 7187776 DOI: 10.1016/0022-3956(82)90038-3
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Risch & Merikangas (1996) Science

The Future of Genetic Studies of
Complex Human Diseases

Neil Risch and Kathleen Merikangas

- Linkage disequilibrium=Z5&5 =& & 21 2 X[(
oc)2| ALE AlEE|0|H2 2 0=

1.0(_)0 0007H2] loci?t genome-wide AT E ¢
off 22 (GWASS| pat 7|—’F—0I 5E-O)

—

- 2|3 Mory ST 7=

-16-




2000'ACH
Or0| 3 20{g|0] 2|11 Genome-
wide association 2] A4t
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2000

 Microarray technology for common variants (~10 to 100k SNPs)

« GWAS - "hypothesis-free approach”, finding loci associated with traits or d
isorders.

« Measure the heritability in polygenic traits.

uuuuuuuuuuuuuu

Klein et al. (2005) Science

"Age-related macular degeneration (AMD) is a major cause of blindnes
s in the elderly. We report a genome-wide screen of 96 cases and 50 co
ntrols for polymorphisms associated with AMD. Among 116,204 singl
e-nucleotide polymorphisms genotyped, an intronic and common varia
nt in the complement factor H gene (CFH) is strongly associated with
AMD (nominal Pvalue <1077)"

A

-log1o(P)

SNPs
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2009'F Missing Heritability =%
Manolio et al. (2009) Nature

Effect size A

50.0
m Rare alleles Few examplgs of
- | causing hlgh—effegt Missing heritability news 2008
MR olian common variants
Hicoase influencing
3.0 common disease
; Low-frequency R
Intermediate variants with
5 intermediate effect

Rare variants of
small effect
very hard to identify
by genetic means

1
1.1

‘ e I 0.001 l = l 0.005 _0.05 -

Allele frequency

2010'ALC] HE
Next-generation sequencing
(NGS)2| =&

2010
* NGS technology to read all (or
most) nucleotides in your geno
me. —
» Find a wide range of genetic var ! , .
iants (SNVs, indels, SVs) N nomo DNA it

Aligned to human

Variants detected genome
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Proceedings of the
] nature National Academy of Sciences Keyword, Author, ¢
of the United States of America

Letter ‘ Published: 16 August 2009 s Front Matter News Podcasts Authors
Targeted capture and massively parallel
sequencing of 12 human exomes

NEW RESEARCH IN Physical Sciences - Social Sciences

RESEARCH ARTICLE )

Bigham, Choli Lee, Tristan Shaffer, Michelle Wong, Arindam Bhattacharjee, Evan E. Genetlc dl_agnOSIs by WhOIe exome c_apture
Eichler, Michael Bamshad, Deborah A. Nickerson & Jay Shendure and masswely parallel DNA sequencmg

Sarah B. Ng &, Emily H. Turner, Peggy D. Robertson, Steven D. Flygare, Abigail W.

. . . Murim Choi, Ute I. Scholl, Weizhen Ji, Tiewen Liu, Irina R. Tikhonova, Paul Zumbo, Ahmet Nayir,
Nature 461, 272-276(2009) | Cite this article Aysin Bakkaloglu, Seza Ozen, Sami Sanjad, Carol Nelson-Williams, Anita Farhi, Shrikant Mane,
o . N and Richard P. Lifton
1179 Accesses \ 1246 Citations \ 76 Altmetric \ Metrics

PNAS November 10, 2009 106 (45) 19096-19101; https://doi.org/10.1073/pnas.0910672106

Contributed by Richard P Lifton, September 17, 2009 (received for review September 8, 2009)

2l

Hl R Ea H
(Gene Discovery)

- Exome sequencing= &&%t A7
M

—
 Exome: TS Mste @
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R r COVID-19 re rch and news.

SHARE  RESEARCH ARTICLE

A Systematic Survey of Loss-of-Function Variants in
Human Protein-Coding Genes

Daniel G. MacArthur'%*, Suganthi Balasubramanian®#, Adam Frankish', Ni Huang', James Morris', Klaudia Walter', Luke J...
+See all authors and affliations

012

70, pp. 823-828
nce.1215040

00600

Abstract

Article Figures & Da
Genome-sequencing studies indicate that all humans carry many genetic variants predicted to

cause loss of function (LoF) of protein-coding genes, suggesting unexpected redundancy in
the human genome. Here we apply stringent filters to 2951 putative LoF variants obtained
from 185 human genomes to determine their true prevalence and properties. We estimate that
human genomes typically contain ~100 genuine LoF variants with ~20 genes completely
inactivated. We identify rare and likely deleterious LoF alleles, including 26 known and 21
predicted severe disease—causing variants, as well as common LoF variants in nonessential
genes. We describe functional and evolutionary differences between LoF-tolerant and
recessive disease genes and a method for using these differences to prioritize candidate
genes found in clinical sequencing studies.

'@.-PLOS ‘ cenemics  Integrated Model of De Novo and Inherited Genetic Variants
e Yields Greater Power to Identify Risk Genes

Xin He, Stephan J. Sanders, Li Liu, Silvia De Rubeis, Elaine T. Lim, James S. Sutcliffe, Gerard D. Schellenberg,
Richard A. Gibbs, Mark J. Daly, Joseph D. Buxbaum, Matthew W. State, Bernie Devlin, Kathryn Roeder [E]

Published: August 15, 2013 « https://doi.org/10.1371/journal.pgen.1003671

De novo Nontransmitted Transmitted
AA AA AA AA AA Aa AA Aa
AA Aa AA Aa
Genotype prob. (1-¢)’x(1-2x)  (1-¢)’x2u 2q(1-¢q) x 1 ;ﬂ 29(1-q)x lzﬂ
Phenotype prob. Jo aun fo an
Rate - 2uyN, gN, qrN,
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Number of cases Number of cases

Buxbaum (2012) Neuron

2015 HCH T E| Sx| 77X
=7t i S8A HAA|Ho| 5%

| PSTCH
PGC'J piobank’ L3

Psychiatric Genomics Consortium Improving the health of future generations T2D-GENES

—

Present

« Team efforts in large scale research consortium or cohort enabled robust association studies (c
aPc)er, autism, type 2 diabetes, schizophrenia, psychiatric disorders, inflammatory bowel disease,
etc.

« New methodologies for association have been developed.
+ Large-scale genomic datasets from “cohort studies” (UK BioBank, Danish iPsych birth cohort).

» Heritability measured by rare variants.
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Significance of association (-log,, P)

PGCZ

Psychiatric Genomics Consortium

TTT 1
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PGC Schizophrenia, Nature, 2014
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Tq11.23 duplications

7911.23 deletion -> Williams Syndrome -> Hypersociable personality

7911.23 duplication -> Social impairment -> Hyposociable personality

Sanders et al. Neuron, 2015
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Demontis et al. Nature Genetics, 2018

T
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Chromosome

T2D-GENES

21

gnomAD
NVYY

genome aggregation database

biobank

Improving the health of future generations

Fuchsberger et al. Nature, 2016

A

15q11.2-13 del (PWS/AS)

An & Sanders 2017 Biological

3xCNVs 2xCNVs | SHANK3del p H
sychiatry
>5000 © © \.“b @ 1p36 del
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=
- S HO| 3 150t env 24
- @ 22q11.2 del (DiGeorge) (Kenda” 2017)
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< ® ° o ® 22q11.2dup * Incomplete penetrance?
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@ with schizophrenia and o oo @ 16p12.1 del 15q11.2 del ° Jnll' E|_:| H OI_:l ?3:’ — T 9\1 ol_l 7 |'?
developmental delay BP1-BP2
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@ 16p13.11 dup
1 T T T O 1
0.001% 0.01% 0.1% 15q11.2 dup 1%
BP1-BP2

CNV Frequency in the General Population
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28 78N A2 FHA

Linkage =49 (80-90'ALh)

Microarray2t GWAS (2000 = CH)

NGS % (20104 H=)

Exome sequencing ¥|F28| & @ ST X} & A4
AL (gene discovery)

5. Whole Genome Sequencinge &&%t =2
Mol F8H =g dF

Hwn =




My QK| A7l HAL

Linkage =44 (80-904CH)
Microarray2t GWAS (20002 CH)
NGS & (20104 M=)

Exome sequencing ¢
& (gene discovery)

5. Whole Genome Sequencinge &&%t =2
Mol OXM™ =A o

Hwn =

Restricted or
repetitive
behavior or
interests

Social
Communication

Spectrum
Disorder

Diagnostic and Statistical Manual of Mental Disorders 5t Edition

FHE2 54T T 19 (1.8%, 0= 2YSH o HEH)
- BMAHSR Bl %tﬂ g =29
- 0| ofdECt S51H =
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A 833 dolle =2 78S HY
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FHH (heritability): S8 9471 Y& U 20| 7|05k HE

Heritability estimates Number of NGS samples as of 2020
(Wang et al. 2017 Nature Genetics)

ASD
ADHD

Bipolar
Obesity

|

~12,000
Major Depression I
]

Chrons
Schizophrenia
Hyptertension
Osteoarthritis
Bladder
Infection related

20 40 60 80 100

o

S71%| EHE S748, XS @7l W3

7 o |

Incidence rate ratio of childhood autism

Fecundity of Psychiatric disorders
(Sandin et al. 2015 Molecular Psychiatry)

(Power et al. 2013 JAMA Psychiatry)

100 2T
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50 T 8 . * o
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De novo variants (DNV)
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de novo mutations
44-82 SNVs*
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From Kong et al., 2012 to Jonsson et al.,2017
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@R g2 8a I Cases

g 03~ Controls
o)
o
[72]
C
Cases Controls .g
ol
=)
2 .
i E-Xo} S22 FT LoF
Fict ure H—=| K| or2 & F|/XHOj p=2x10"°

Sanders et al. Nature 2012, Neale et al. Nature 2012, O’Roak et al. Nature 2012

ol 2| (Exome Sequendng): THEE! A X|<iof|

International journal

Letter =~ Published: 04 April 2012

De novo mutations revealed by whole-
exome sequencing are strongly associated **

with autism Stephan Sanders Matthew State
Stephan J. Sanders, Michael T. Murtha [...] Matthew W. State ™ UCSF UCSF
Nature 485,237-241 (10 May 2012) = Download Citation (Yale baCk then) (Yale baCk then)

“We found that the rate of de novo SNVs indeed increases with paternal age (p=0.008, two-tailed

Poisson regression) and that paternal and maternal ages are highly correlated (p<0.0001, two-taile
d linear regression).”
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2012'3A Nature Ol AIXHE 3HO| A

XHH|Z2 de novo protein-truncating variants0l] 2 &

e

B Proband
@ Sibling

—_ Y
o (6]

Rate of de novo SNVs (x 1078)
o
o

0.0

All , _All Brain

Silent Non-syn

Sanders et al. Nature 2012

P =0.01 P=0.001
* *

—_— e T T

b
| Silent
Common
Rare . .
De novo mutations revealed by whole-exome sequencing are strongly ...
Novel https://www.ncbi.nlm.nih.gov/pubmed/22495306 v
by SJ Sanders - 2012 - Cited by 1329 - Related articles
De novo 2012 Apr 4,485(7397):237-41. doi: 10.1038/nature10945. ... Sanders SJ(1), Murtha MT, Gupta AR,
Murdoch JD, Raubeson MJ, Willsey AJ, Ercan-Sencicek AG, ...
| Missense
Common
Rare Patterns and rates of exonic de novo mutations in autism ... - NCBI - NIH
https://www.ncbi.nlm.nih.gov/pubmed/22495311 v
Novel by BM Neale - 2012 - Cited by 1215 - Related articles
2012 Apr 4;485(7397):242-5. doi: 10.1038/nature11011. ... Neale BM(1), Kou Y, Liu L, Ma'ayan A,
De novo OR 2.06 Samocha KE, Sabo A, Lin CF, Stevens C, Wang LS, Makarov ...
P=0.01"
Nonsense™
Common Sporadic autism exomes reveal a highly interconnected ... - NCBI - NIH
P=0.04 P=0.02 https://www.ncbi.nlm.nih.gov/pubmed/22495309 v
LA Rare by BJ O'Roak - 2012 - Cited by 1394 - Related articles
2012 Apr 4;485(7397):246-50. doi: 10.1038/nature10989. ... O'Roak BJ(1), Vives L, Girirajan S, Karakoc
Novel I E, Krumm N, Coe BP, Levy R, Ko A, Lee C, Smith JD, ...
OR5.65
De novor P =001
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Satterstorm et al. Cell, 2020 | <G

Outside the protein coding regions..

CH,CO

Hypersensitive
Sites

RNA polymerase

ChlP-seq predictions and 'RNA-seq
= |
{ I RT-PCR S
- .
' - -
I 5 .
] x o
| 7
Long-range regulatory elements cis-regulatory elements » 2
(enhancers, repressors/ silencers, insulators) (promoters, transcription T =
factor binding sites) ranscript
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Can we increase the resolution
of spatiotemporal analyses?

Whole-genome sequencing will allow us to estimate

the contribution of noncoding variants in ASD

Reproducibility 5/5 4/4 1M 8/8 5/6 LT
Visel et al. Nature 2009

ASC-WGS1 and ASC-WGS2: Largest whole g
enome sequencing analysis of ASD families

519 519 1,902 1,902

Cases é ia Controls Cases é ig Controls

70.6 68.7 67.3 66.8
Mutations per child Mutations per child
Werling et al. Nature Genetics 2018 An et al. Science 2018
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WGS study requires a large-sca
le computing such as cloud co
mputing

a 3
amazon @

web SerViceS"" Machine Image /

o
Google Cloud
AMI

s APACHE &L Acheduling system

O (SGE Scheduler)
EC2
SNVs: acacacrT
| High confidence heterozygous SNV ROC based filters
AAAAAAA a i b i c .

‘F 7 1 ] 2
i = = i i
R SRRV B
: i i i -
Multiple algorithms on ROCube: Adjusting confounders
detecting de novo variant High-quality WGS variant filtering - paternal ages

https://github.com/joonan30/rocube
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Preprocessing

T——
.

r
discovery tools. wal ‘ i

‘ Standardization ‘ Outlier removal and
Standardize and

e Random forest training iz6-specific RD trainh Y .

e e — [T froerfzez | CNV (copy-number variants) &
CNV 25 kb in clean regions Pass: SR+BAF pass, Pass: SR pass Pass: BAF pass . .

SV (structural variant) analysis

Per-sample merging and
standardization

Pass: RD separation 20.4 Fail: BAF fail
7

Fail: SR+BAF fail
Fail: RD separation < 0.15 T

Fail: SR fail
I

Cluster inputs to obtain sets of
candidate loci per algorithm

]

Collect PE, SR, RD and BAF Use BAF random forest to
evidence supporting each locus. re-label training data

Learn SR thresholds ]

Apply SR random forest
toall SV

Re-label PE training data

[ Learn BAF threshoids |

E 1 Learn PE thresholds . .
: ] T * CNV/SV explain ~5% of ASD cases in total.
Apply vaniom_oresnoau v

Joint probability] 1 1
Re BAF threshole R SR thresholds |} . e
R || SR A et || winpEs i * High rate of false-positive calls
12 £2

Test enrichment of evidence
vs background samples at each locus

I
I
5 Filtered variants +| Apply updated BAF Apply updated SR
Iteratively train random forest to learn Retain: Prob. = 0.5  |random forest to all CNV | |random forest to all SV }
thresholds for each evidence statistic Exclude: Prob. < 0.5, e e ’

]

Cluster filtered variants to obtain
CNV intervals and BCA breakpoints|

De novo variant filtering

| PE+SR forest for!

Child call

RD-based
thresholding

Family-aware fitering of
Mendelian violations

Resolve complex
and balanced SV
Final SV caliset [ .vef]
Annotate genic effect and
disrupted functional elements

Unlike the exome, there are many potential
regions that could mediate ASD risk

Loss-of-function Missense Silent
Coding (exome)
annotations: I
Genf)mlc Intergenic Promoter  5’UTR Intron 3'UTR
regions:
Epigenome Histone marks Transcription factor “Open” DNA e.g.

markers: e.g. H3K27ac binding sites DNase/ATAC

Functional Conservation Distance from gene Gene function
measures:
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Category-Wide Association

Study (CWAS):

Test multiple hypotheses of

noncoding annotation
simultaneously

Combine five annotation domains into

51,801 categories

Example:

De novo variants in DNase hypersensitive

sites of UTRs of post-synaptic density

genes

Gencode annotation Gene lists Functional annotation
Category Category Category
An An Any
Any coding ° Protein coding Human-accelerated regions
Loss of function g LincRNA Midfetal human brain ATAC-seq
o | Frameshift indel 2 | Antisense Midfetal human brain H3K27ac
5 | Missense 8 Processed transcripts ENCODE DNase
8 Prob. damaging missense Pseudogenes ENCODE TF binding sites
In-frame indel Autism Spectrum Disorder Fantom Enhancers
Silent o Vista Enhancers
1] Developmental Delay
Any noncoding 8 | ASD midfetal co-expression H3K27ac
Promoter 2 | FMRP targets H3K27me3
o| UTRs @ | CHDS targets H3K36me3
-_g Splice site 3-10bp a Post synaptic density H3K4me1
g | Intronic < | Constrained (ExAC pLl) H3K4me3
S | LINcRNA Brain-expressed H3K9ac
< | Antisense H3K9me3
Other noncoding exons DNase
Intergenic Chromatin State E1

Variant type

Category

All

SNVs
Indels

Conservation

Category

All

PhastCons =500
Vertebrate PhyloP =2

66,402 combinations
e.g. Conserved indels in ATAC-

¥ seq promoters of ASD genes

51,801 non-redundant
combinations

12,171 combinations
with 210 variants

ASD association
test; Figure 3

Chromatin State E2
Chromatin State E3
Chromatin State E4
Chromatin State E5
Chromatin State E6
Chromatin State E7
Chromatin State E8
Chromatin State E9
Chromatin State E10
Chromatin State E11
Chromatin State E12
Chromatin State E13
Chromatin State E14

Roadmap Epigenome

Chromatin State E15

CWAS analysis to compare a burden of de
novo coding noncoding between cases and

controls

-log,,(p-value)

[
[ J
[ ]
[ ]
Y [ J
[ ] ° [ ] [ ®
e oo ¢
e © e o
o 0% %% o
[ J [ ]
®
. . < | >
Enrichedin < T » Enriched in
controls Relative risk cases

Multiple testing correction
<+ Threshold is determined by correlation of
51,801 categories.

—— A single category:

e.g. De novo variants in DNase
hypersensitive sites of UTRs of
post-synaptic density genes
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CWAS analysis of 519 families showed no
category reaches significance after correction
for multiple testing

Nu f

® 10-50

® 51-100

© 101-1,000
47 | e 1,001-10,000

Werling et al. Nature Genetics 2018

Inconsistency in “candidate no
ncoding region” from other
WGS studies

« Turner et al. AJHG (2016): 40 families of SSC, showing enrichment of de novo variants in 50kb
interegenic of fetal CNS DNase | hypersensitive sites (p=0.03; binomial).

« Turner et al. Ce//(2017): 516 families of SSC, showing enrichment of de novo variants in fetal
promoter with TFBS (p=0.04; binomial).

« Short et al. Mature (2017): 6,239 cases with developmental delay, showing conserved regions
of fetal brain DHS peaks (p=0.04; Fisher).

* Yuen et al. NR/ Genomic med (2016): 200 families of MISSNG, showing conserved 3'UTR (p=0.
01; Fisher).
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CWAS analysis of 1902 families showed no
category reaches significance after correction

for multiple testing
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Finding one significant gest for a single noncoding
category requires at least 8,000 families

I I \ I
™ WGS: de novo

\\\\ noncoding ® ASD association | |
\ =80% power (corrected): [
\\ WGS: de novo 519 cases
N promoter
3(‘& WES: de novo 1,038 cases
N —- 2,076 cases =

|loss-of-function

(o)
3

-
(@]

De novo mutations within
annotation category per individual

N
q§\>\ Microarray: de —— 4,152 cases
T~ novo large CNVs — 8304 cases
\\ — — \
0.1 \ —
WGS: WES: T~ Q I;\\
de novo  de novo ~—~— e — ]
UTR missense \ |
0.01 | |
10 11 1.2 1.4 1.7 2.0 3.0 4.0 5.0

Relative risk of annotation category

Werling et al. Nature Genetics 2018

Decipher the complexity of the regulatory
noncoding genome using the high-dimensi
onal mutation model

® ® c Conserved d Intronic
~ 58 Q@ _ indels SNVs

Which categories are

driving clusters of ASD cases?

EINY = @R (RET Y
% w 'BO’ ”f © « Simulation of the mutation profiles of DNVs.

i % RO T O
OO@@@W- C®o S e S * Based on the mutation load from the Lynch
. B2 ® 8 model (2010).
72°® o °© * Find the cluster of categories with similar

association patterns.

https://github.com/sanderslab/cwas
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The de novo risk score demonstrated nonco
ding association driven by promoters

Training set . . .. . .
519 families * In coding regions, known ASD association is the result of mutations at a
De novo small number of critical loci, such as protein truncating variants (PTVs)
risk score ¢ in ~5% of genes.
Testing set
1,383 families . L. . . . . . .
- * Assuming a similar distribution of ASD risk for de novo mutations in the
p=5x10- . I . . .
R°=1.67% noncoding genome, we limited our analysis to noncoding annotation
categories with few variants.
Noncoding Coding
p=0.02 no LoF X . .
R?=0.54% Fﬁ’;ﬁxégi * Our aim was to construct a de novo risk score to predict ASD status,

Assess model enrichment
Promoters, p=6x10"

Promoters Without
only promoters

p=0.02 p=0.25
R?=0.50% R?=0.22%

similar in concept to a polygenic risk score for common variation.

An et al. Science 2018

The de novo risk score demonstrated nonco
ding association driven by promoters

Training set
519 families
De novo
risk score
4
Testing set
1,383 families
p=5x10"2
R?’=1.67%
Noncoding Coding
p=0.02 no LoF
RP=0.54%  p=4x10°
R?=1.08%

Assess model enrichment
Promoters, p=6x10"7

Promoters Without
only promoters

p=0.02 p=0.25
R?=0.50% R?=0.22%

Density
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De novo risk score: Promoter mutations associated with ASD
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