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Introduction to genome-wide association studies
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® Post-GWAS

Benefits and limitations of genome-wide association studies, Nature Reviews

Tam et al.

Genetics, 20:467-484, 2019.

Balding. A tutorial on statistical methods for population association studies, Nature Reviews

Genetics, 7:781-791, 2006.
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Speaker Name: Hong-Hee Won, Ph.D.

» Personal Info

Name Hong-Hee Won
Title Associate Professor
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p Contact Information
Address 81, Irwon-Ro, Gangnam-Gu, Seoul, 06351
Email wonhh@skku.edu

Phone Number  010-6326-3452
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The Human Genome

Instruction manual for human cells
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=====

A book with 3.2 billion letters

in 23 chapters or chromosomes

20,000 genes, exome (1% of the genome)

99.9% identical, 4 million letters are different
— Variation, variant, mutation, polymorphism




Genetic variation affects phenotyp

. Genetic variants (and risk for disease)

— Pathogenic variants
* Disease-causing, deleterious, damaging

* Usually rare (<1%)
* Often, referred to as “Mutations”

| — Neutral variants
* Non-disease causing, but may affect disease susceptibility

e Usually common (>5%)

* Often, referred to as “Polymorphisms”
— SNP (single nucleotide polymorphism)

FLE =B OO germline 70

* Single nucleotide variants (SNV)
— B E7| HO[ . 454 TETH /A2

e Multi-nucleotide variants
— Small insertions/deletions (indels) : 502t 7l /AL &

— Large copy number variants (CNVs)

_1_ — Inversions
“ — Translocations
— Aneuploidy
AAATAGCACCGTTAGC AAATAGCACCGTTAGC

AAATAGC CCGTTAGC AAATA-———- GTTAGC
i SNV of indels Of




Classification of SNP by Location

o — I—
w1 1 L
| | | | |

rSNP iSNP cSNP cSNP gSNP
(regulatory SNP)  (intronic SNP) (nsSNFP) (sSNP) (intergenic SNP)

Amino acid No amino acid
Substitution substitution
{Non-syn = Missense) (Syn = Silent)

Possible Phenotype Change

Definitions: Genes and Genotypes

Gene: A unit of inheritance that is transmitted from parents to offspring, or
A region of DNA that codes for a specific product (protein or RNA)

Locus (loci): The place where a particular gene resides on a chromosome
Gene = Locus (interchangeable)

Allele: Different forms of a gene, or

Variants of DNA at a given locus o

Gene | CRGCCCTTTTAACATITTCOCCTARGCOCATATGTCTARGGAA. - -
Single Hucleatide Pabymorphism (S1P) I
Allele 1 . --
Allele 2 ... CAGCCCTTTTAACATTTTO
Genotype: The diploid (pair) of alleles (except the X chromosome in males)

In diploid individual, homozygote (wild type)= 2 identical (wild type) alleles
heterozygote (wild + mutant type)= 2 different alleles
homozygote (mutant type)= 2 identical (mutant type) alleles

In haploid (egg or sperm cells). cells have only one copy of a gene
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Minor Allele Frequency (MAF)

SNP : bi-allele (A;/A,;) DNA marker

Allele frequency of allele A,

1.0 T > 1.0
~ -
Y - (=
~ T o
alleled; S =
75 - =3
~ -~ L
£ -
T - =
-~ g - g
0.5 4"--._ — 0.5 o
- -~ -
- ‘."s (=]
- = ""-,‘ =
; - . =
alleled; -~ ~ =
B =
- . o
il S~ -
0.0 S~ 0.0 |

* Minor Allele Frequency (VMAF)=a standard index for genetic diversity of a SNP marker.

* Maximum MAF=0.5
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Variants by frequency and effect si

High

Effect size

Low

Highly penetrant
mutations

Intermediate
frequency variants
with moderate
effects

Rare variants with
small effects

Common variants
with large effects

Common variants
with small effects

Rare

Allele frequency

Common
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Variants by frequency and effect size

High | e 0
"""" . Common variants
nghly G with large effects
mutations =
- Next-generation sequencing
.E ..........................
- HWennedmte """ .
@ ; frequency variants .
W+ with moderate SNP array
effects
N e, ".
| : : ES Common variants
'. Rare variants with Bl effects
- 1% small effects
Common
Allele frequency

Int. HapMap Project
(2002-2009)

—— SNP SNP
a
v v v

Chromosome1 AACACGCCA.... TTCGGGGTC.... AGTCGACCG....
Chromosome2 AACACGCCA.... TTCGAGGTC.... AGTCA ACCG....
Chromosome3 AACATGCCA.... TTCGGGGTC.... AGTCA ACCG....
Chromosome4 AACACGCCA.... TTCGCEGGTC.... AGTCCACCG....

b Haplotypes
Haplotype1 CTCAAAGTACGGTTCAGGCA
Haplotype2 TTGATTGCGCAACAGTAATA
Haplotype3 CCCGATCTGTGATACTGGTG
Haplotype4 TCGATTCICGCGGTTCAGACA
P i ‘
A T c
¢ Tag SNPs - - -
G c G

o

GeneChip




1000 Genomes Project

e Sequenced the genomes of 2,504 individuals from 26
populations in Africa (AFR), East Asia (EAS), Europe (EUR),
South Asia (SAS), and the Americas (AMR)

Variants found to be rare (<0.5%) within the global |
sample but common within a population

0 50 100 150 200]
Variants (thousands)

L]
et L E R SR

A Auton et al. Nature 526, 68-74 (2015) doi:10.1038/nature15393

Rare SNVs are Much More Likely to be Population-Specific

404,749

CHB+JPT
142,500

Average % of private SNPs

Common SNVs between populations: 10.79%

187,268

1,171,040

CEU CHB+IPT

New Rare SNVs 1,756,583 976,372
identified by 361,443 Average % of private SNPs

between populations: 68.43%

sequencing

The 1000 genomes project consortium. Nature 467:1061-1074 (2010)

ZYRTUNEM 3




Global efforts made for genomic data ‘
5 K : 2L - 3;3

Nature Medicine 26, 29-38 (2020)

Genome-wide
association study

(GWAS)




Summary of GWAS analysis and t6

e Quality control
— Sample QC: PLINK
— Variant QC: PLINK
— Related samples: KING
— PCA of genetic ancestry: EIGENSTRAT(smartpca)

* Imputation
— Haplotype Reference Consortium: Michigan Imputation Server
— TOPMed Imputation Server

* Association analysis

— Logistic/linear regression (unrelated): PLINK

— Mixed effects regression (including related): SAIGE, BOLT-LMM,
REGENIE

* Visualization
QQ plot: CM-PLOT
attan plot: CM-PLOT

SNP arrays provide fast and accurate g
of about a million of genetic variants

FIGURE 1: INFINIUM Il ASSAY PROTOCOL

I I 1<G1] cEnomic DNA (750 ng)
“ | oarz M oavs
TP papiipar (gONA)
Tl el e-<d] Tl I G ...}
i<l = »
Themo Fisher Taa<d © Fragment amplified DNA oo
. . # (7] Eltlndf‘s!liﬂ samples on
(Affymetrix) e mp——— _ Bendchip
f ) e 1
i s o R ERTS
© Incubate amplified DNA *

llumina

O Image BeadChip

* Indicates stain in red channel
*Indicates stain in green channel

O Hybridize samples on BeadChip
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or each sample (dot) by their signal intensity (Norm R) and Allele Frequency (Norm
| cluster positions (dark shading) for a given SNP marker.

Box 1 | Rationale for association studies

Most recent common ancestor
=

Time O Case
© Control

* Ancestral
mutation




Indirect
association _ =

B LEEEETEES =

*
% Direct Direct
| 4 association association
Typed marker locus Unobserved causal locus
Haplotype | Frequency | | Allele | Frequency
. . . e v A By Xy Ay |pr=x
High linkage disequilibrium (LD 4B, = % e, i
* the degree to which alleles at two loci are associated | 43 X B |qi=xn b
 correlation between two variants 4By X B |g:=wu=xn
. rz = DZ A A Total
T . - - B xp=pgi+D | xy=pg - D I
pi*py*a,*q, B2 m3=ﬁ:270 n3:£;3+m i
Total pdl P2

. D=xy-pi*q,
r?> > 0.8 considered “high” and r?=1 “perfect LD”

If two loci are in linkage equilibrium, D=0.
If two loci are in linkage disequilibrium, D>0.

istical methods for population association studies, Nature Reviews Genetics, 2006.

Quality control of data is very impor

 Sample QC
* Variant QC
e Population structure

PROTOCOL

Data quality control in genetic case-control

association studies

Carl A Anderson'”, Fredrik H Pettersson', Geraldine M Clarke', Lon R Cardon®, Andrew P Morris' &
Krina T Zondervan'

"Genetic and Genemic Epidemiotogy Unit, Wellcome Trust Centre for Human Genetics, University of Oxford, Oxford, UK. *Statistical Genetics, Wellcome Trust Sanger
Institute, Wellcome Trust Genome Campus, Hinxton, Cambridge, UK. "GlaxoSmithKline, King of Prussia, Pennsylv: LSA. Cor dence should be addressed 1o
CAA (carlandersonibsangeracuk) or K2 (krinas@wellox.ac.uk).

Published online 26 August 2010; doi:10.1038/nprot. 2010.116

1564 | VOL.5 NO.9 | 2010 | NATURE PROTOCOLS
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0
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Norm Theta
1F
080k - 2 .
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040 : 2 s
Successfully recluster £
020 F
on good samples
G 51 17
o DlZD Dldﬂ DISG ﬂ?ﬁﬂ ‘:

Norm Theta

0.40

0.30F

0.20

0.10

After

Because clustering is not perfect for many
reasons...

16 94 88

1 I 1 1
0.20 0.40 0.60 0.80

0.40F

030

0.20F

Unsuccessfully recluster
on good samples

M M " "
0.20 0.40 0.60 0.80
Norm Theta

o Filtered marker

s Filtered samples

Figure 2: A chronological overview of the pipeline
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Sample QC

* High batch effects
* Low call rate (<95%)

* Excess of heterozygosity
(>mean +5sd or <-5sd)

e Sex mismatch (btw. reported
and estimated)

Population stratification
(sub-structure)

(Hidden) familial relationships

0.50
0.45
0.40

o]
T 0.35-
%‘ 0.30
% 0.254
S 0.20
<]

S 0.15+
0.10
0.05

0_

0.001

0.01 0.1
Proportion of missing genotypes

1

0.10 4

0.05 4

Principal component 2

T
-0.10

e High batch effects
* Low call rate (<98%)

* Hardy-Weinberg e
equilibrium (HWE) 2

p<le-06
e Low minor allele

Variant QC

All SNPs

frequency (MAF) <1% >

T
0.0001

T
0.001

T T 1
0.01 0.1 1

Fraction of missing data

-12 -



Hardy-Weinberg equilibrium (HWE)ite_;t

* Test whether observed genotype counts are deviated
from expectations (Hardy-Weinberg equilibrium)

— Deviations indicate genotyping error, (non-random mating,
genetic drift, natural selection, etc.)

Phenotype White-spotted (AA) | Intermediate (Aa) | Little spotting (aa) ‘ Total

Number | 1469 138 5 11612
_ 2 x obs(AA) + obs(Aa) __169x2+138 o
P= o (obs(AA) + obs(Aa) 4 obs(aa)) 2 x (1469 + 138 +5)
|
N g=1-p Exp(AA) = p’n = 0.954> x 1612 = 1467.4
B —1-0.954 Exp(Aa) = 2pgn = 2 x 0.954 x 0.046 x 1612 = 141.2
— 0.046 Exp(aa) = ¢°n = 0.046° x 1612 = 3.4

(O — E)?

o

(1469 — 1467.4)? L (138 141.2)? G 3.4)?
1467.4 141.2 3.4

QC using PLINK

remove SNPs with MAF <0.01 : --maf 0.01
remove SNPs with missingness rate >0.02 (call rate <0.98) : --geno 0.02
remove SNPs with HWE test P-value <1e-06 : --hwe 1e-06

* remove samples with missingness rate >0.05 (call rate <0.95) : --mind 0.05

plink --bfile gwas . | ! 1e-06 --make-bed --out QC/gwas.1

Feature As summary As inclusion criteria
Missingness per individual --missing --mind N
E‘L Missingness per marker --missing --geno N
| | Allele frequency --freq --maf N
Hardy-Weinberg equilibrium --hardy --hwe N

https://zzz.bwh.harvard.edu/plink/

- 13 -



Effects of rare and low-frequen
variants on height

* 458,927 individuals

o ® <— STC2 rs148833559, MAF =0.1%

* 697 known loci
explained 23.3% of
height heritability

* New loci explained
additional 4.1%

Minor allele effect size (cm)

° IHH rs142036701, MAF = 0.08%

—2-| §<—CRISPLD2 rs148934412, MAF = 0.08% ~— 80% power

- _ @ Significant (discovery)
AR raTaTad2oN, MR =041 @ Significant after validation

® Focossive variant * Rare variants give an
20 30 40 50 H
e increase of 1-2 cm per
allele

Nature 2017 Feb

Effects of rare and low-frequency variant
coronary artery disease

Pleiotropy

@ Lipids

@ Blood pressure

O White blood cell count

@ Red blood cell count/platelet
@ Others

@ None

Effect size
® 04
@ os
@
® s

Nature Genetics 52, 1169-1177 (2020)

-14 -



b Testing association at typed SNPs may not
lead to a clear signal

—log,, p-value

| 1
quency variants:
Imputation : more variants

d Reference set of haplotypes, for example, HapMap f Testing association at imputed SNPs may

boost the signal

2 S0 k] i VR 1 o i s B
000 1051 00 T S

—logl0 p-value

a Genotype data with missing data at
untyped SNPs (grey question marks)

IR 1 A 1 0 2 2 2
O e 2 B 2 By 0 2 2 2 i
1 2 el 2 B 02 1N 2 i
1 2 5 1 B 1 2 2 e 2 i
2 2 5 2 L 2 1R 2
1Eesasys 1 1 EA 1 2 2 e 2k
1 2 B 2 E 0 2 1)2as 2
2t 1 i) 1 ES 1 2 1 g 2 R
1 O 0 B 2 2 2 )28 2 i

¢ Each sample is phased and the haplotypes
are modelled as a mosaic of those in the
haplotype reference panel

e The reference haplotypes are used to
impute alleles into the samples to create
imputed genotypes (orange)
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—log,, p-value for additive test
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W 1000 Genomes W HapMap

MAF<0.05

MAF>0.05

[ [ [ [ |
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Number of variants (million)
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1.0\5-- ’
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Imputation reference

The Haplotype Reference Consortium

OVERVIEW  PARTICIPATING COHORTS  USING THE RESOURCE CONTACT  SITE LIST

Overview

Goal The Haplotype Reference Consortium (HRC) will create a large reference panel of human haplotypes by combining together sequencing data
from multiple cohorts.

Uses The reference panel will be used for genotype imputation and phasing in other cohorts, typically genome-wide association studies (GWAS),
where genotypes are available from genome-wide SNP microarrays.

Benefits By combining together multiple cohorts, the reference panels produced by the project will be as large as possible in terms of both number
of haplotypes, and numbers of variants. This will increase the accuracy of the genotype imputation, especially at low-frequency variants, and the
number of imputable variants, thus increasing the power of GWAS.

Ancestry Initially, the reference panel will contain haplotypes from individuals with predominantly European ancestry, although the HRC will include
the 1000 Genomes Project data. In the future, we envisage the reference panel increasing in size and consisting of samples from a more diverse set
of world-wide populations.

Timelines The first release will consist of 64,976 haplotypes at 39,235,157 SNPs, all with an estimated minor allele count of >= 5. The first release will
become accessible early summer 2015.

- 16 -



®Run https://imputationserver.sph.umi

Name optional job name

Reference Panel (Details)  HRC 1.1 2016 (GRCh37/hg19) 7

Input Files (VCF) File Upload bl

Multiple files can be selected by using the (2 / EED) or (0D keys.

Array Build GRCh37/hg19 ]

Please n

e that the final SNP coordinates
always malch the reference buikd

rsq Filter aff X

Phasing Eagle v2.4 (phased output) x
Population Other/Mixed x

Mode Quality Contral & Imputation  *

AES 256 encryption
Imputalion Server am all #p files by default. Pleae note that AES encryplion does not work with standard
tead

unrip programs. Use

| will not attempt to re-identify or contact research participants.

B | will repert any inadvertent data release, security breach or other data management incident of which | become aware.

® Submit Job

TOPMed Imputation server

AN Mrtiornal eare. Lung. -
“mm |B'OData CATALYST Home About Help @@ Contact Signup Login

TOPMed Imputation Server

TOPMed Imputation Server

Free Mext-Generation Genotype Imputation Service il

Built from 97,256 deeply sequenced human
genomes, this panel contains 308,107,085
genetic variants

The easiest way to impute genotypes

Upload your genotypes to our secured Choose a reference panel. We will take Download the results.
service. care of pre-phasing and imputation. All results are encrypted with a one-time
password, After 7 days, all results are

deleted from our server.
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a Little evidence for b Population structure
40- association 40
Quantile = 354
30+ 30
° e
25- T 25
-quantile § :
¥ 204 Y 20
a) o 0
| Ot O 154 g O 154
p 10- =10-
|
5 5
0 I I 1 1 | | 0 1 1 1 I | |
0 5 10 15 20 25 30 0 5 10 15 20 25 30
%’ expected x? expected
c d
Population structure 40 Compelling
Some evidence 35- evidence for
304 association
v
@ 254
&
9 204
D
NO 154
10
5_
I I I I I 1 0 I 1 1 I I 1
5 10 15 20 25 30 0 5 1 1B 20 25 30
1’ expected %’ expected

Case

2/12 = 17% °

(4% higher
freq.)

Populat:on

Spurious associations due to population's

Control

OO0 e

4/8 =50%

Populat[on
(8% lower

6/20 = 30%
(10% lower
freq.)

8/20 = 40%

7/12 =58%

Ref: Nat Rev Genet
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Genetics of chopstic use

successful-use-of-selected-hand instruments gene’ (SUSHI)

Sample 3: Americans + Chinese
X*=342 P=49%10°

Use of chopsticks
Allele Yes No Total
Al 640 340 980
A2 400 100 500
Total 1040 440 1480

T~

Sample 1: Americans

Sample 2: Chinese

=0 P=1 x'=0 P=1
Use of chopsticks Use of chopsticks
Allele Yes No Total Allele Yes No Total
Al 320 320 640 Al 320 20 340
A2 80 80 160 A2 320 20 340
Total 400 400 800 Total 640 40 680

Ref: Taru Tukiainen

Principal component analysﬁf"--

Objective

— Detect sub-population and any individuals of different ancestry
Tools

— smartpca tool of EIGENSOFT software (or using PLINK)
. https://www.hsph.harvard.edu/alkes-price/software/
Solution

— Check if cases and controls are well overlaid. If not, systematic or
technical differences between cases and controls might exist

— Remove outliers (e.g. >|50]) or include 10 or 20 principal components
as covariates in GWAS analyses

o al 2 a2 a1 [
PC1 PG

Gowp 0 1 % 0|
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Principle component analysis

|‘r.r|[1n

IT IT
IT T

IT||-

Patients

Controls

Genome-wide association stu

SNP1

Cases

Count of G:
2104 of 4000

52.6%

Frequency of G:

Controls
Count of G:
2676 of 6000

44.6%

Freguency of G:

P-value:
5.0-101°

| SNP2

Cases
Count of G:
1648 of 4000

Frequency of G:

41.2%

Controls
Count of G:
2532 of 6000

Frequency of G:

42.2%

P-value:
0.33

SNP...

Repeat for all
SNPs
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Basic association test

* H,: Frequency of ‘A1’ is independent of case/control

status.
Odds Ratio (OR): Odds of Allele
Al A2 e
occurring in cases to the odds of Allele
occurring in controls:
Cases w X
w/x wz
Controls | vy - viz =

In PLINK, OR > 1 implies Al is at
higher frequency in cases relative to

X2 = (O'E)Z/ E controls.

[Pearson’ s chi-Square] Note that this is not uniform across all
analytical platforms.

Ref: Chris Cotsapas

Regression anlaysis

* Analysis of the relationship between a dependent or outcome
variable (phenotype) with one or more independent or

predictor variables (SNP genotype)
5}
=
©
Linear Regression Equation z
[10]
Yi=Bo + BiX; + & s
o
=
E 4
t
o
o
Logistic Regression Equation I I I
Y 0 1 2
' |n( (1 p) ) [‘}0 + lei + g Number of Al Alleles
Ref: Chris Cotsapas
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PLINK software (A to Z)

https://zzz.bwh.harvard.edu/plink/

* Google PLINK FAMOOL 2
* Quality control Family I
Individual ID
* Data management paternal 1
Sex (l=male; 2=female; other=unknown)
— .ped / .map Phenotype

rs123456
rs234567
rs224534
rs233556

1234555
1237793
-1237697
1337456

* Summary stats
* Population stratification

* Association tests
— Regression, Dominant/Recessive/Trend, Fisher’s Exact

Etc.

.
N
.

oo oo

Mixed effects model

* Mixed effects model

— Y =SNP + sex + age + PCs + Kinship + e
* Fixed effects

— SNP, sex, age, PCs
 Random effects

— Kinship matrix (due to relatedness)

* Tools
— Binary (disease): SAIGE, REGENIE

— Continuous (BMI, blood pressure et al.): BOLT-LMM,
REGENIE
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7

Genome-wide significance level

e Multiple-testing (comparisons) problem

— the problem that arises when many null hypotheses
are tested; some significant results are likely even if all
the hypotheses are false

* Bonferroni’s correction (more stringent method)
— 0.05 / # of tested variants (usually assuming 1M)
— 0.05/1,000,000 = 5E-08

* False discovery rate (less stringent method)

- JRRERRRAN
i ; r{; J: .%ill i |1| !I!hL: l.i’ﬁll-]'.rt i1;Ll|':"‘1"’1"- .

i
L

http://pipoli.com

TCFAL2

= =]
T TR

Genome-wide significance level
P<5E-08 FTO

@ O
1 L

~logy(p)

O = N oW oA WO~
e e
el

'] ki,
ll]‘il;l I.I 3 I-l.'l
| E*']"t LN

I
Al
/i

. Al

$

11
L
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A high-quality drawing tool designe
Manhattan plot of genomic analysis

-

]
D .
'i‘! % = &

£ 1 L . -

.

L} -

T T —T T

o > L -

Rectangular-Manhattan plot

togrelp)

\ iy . . - .
T (o P00 R N T
245", 1 3 L
- - ® 5
o
.
T A O B N T TR A R T

> install.packages("CMplot")
trait3 > library("CMplot")

## Rectangular Manhattan plot

> cmplot(pig60K, type="p", plot.type="m", LOG10=TRUE,
threshold=NULL, file="jpg", memo="", dpi=300, file.output=TRUE,
verbose=TRUE, width=14, height=6, & .|labels.angle=45)

Observed -log,s(p)

0 ## QQ plot
o 1 23 4 8 > cmplot(pig60K, plot.type="q", box=FALSE, file="jpg",memo="",
Expected ~logio(p) dpi=300, conf.int=TRUE, conf.int.col=NULL, threshold.col="red",
threshold.Ity=2, file.output=TRUE, verbose=TRUE, width=>5,
Q-Q plot height=5)

https://github.com/YinLiLin/CMplot

Regional plot of association

Scott RA 2017 - DIAGRAM 1000G T2D meta-analysis

- (&) ]
[ (= 1]

<log10 p-value
=

53.60 53.70 53.80 53.90 54.00 54.10
Chromosome 16 (Mb)

RBLZ2— «—RPGRIPIL —RP11-357N13.3

—AKTIP FTO—
LI
«—RP11-357TN13.2
—RP11-35TN13.1

FTO-IT1—

om, a visualization tool of GWAS results (http://locuszoom.org/)
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Phenome-wide analysis (PheW

https://pheweb.org/UKB-SAIGE/

16 : 53,821,125 A/ G (rs17817712)
Nearest gene FTO
AF; 039
View on UCSC | GWAS Catalog , doSHP
[Semna] [ g
Cbesity - O obesity and
n Trpe2 iabates g
3 Diabetes mellitis
o
§ ® Breast cancer [famale]
¥ Breast cancer Essantisl e
iy 'mm neoplasm of female breast a A -3 x 'y ¥ Y
i % ] - 4 =
L N, ™, \\ LY NN ™ *, N N A
e‘h ), s 3,‘_% by B, 5 2 5 '.‘) * LN “s“ i
3 Hy - o k‘% '
Search 4403 toal caes |
Category Phenstype P-value [Eftect Size [s¢) Number of samples
enmacrina/metabol abesity and other 15673 014 (D.014) 10968 | 337293
ensacnnematana Coesity 79023 0.4 (0.015) 10799/ 397999
enoecinemetabolic Type 2 diabeses 9.6e-21 011 (0.011) 18945 / 388756
endocrineimetabolic Diabetes meditus 1.de-19 @10 (0.011) H0203 | 388756
s Breast cancer [emake] 158 -0.074 {0014} 12671 ) 388505
EueEs! cances ries -0.003 (0.013) 1269 | 286849
Hyperension Fe-T 0033 (0.0066) TI9TT | 330366
Esseniial hypertension 73T 0033 (0 0065) TITH /20366

GWAS loci at p<5E-8

Cardiovascular

As of 2005 As of 2022

EEEEEEREREER = Catalog summary
B BEER I & + Last data release on 2022-11-08
¥ ) = * 6,096 publications
mpw!MrH:cmWe g "‘:"m!aulul 2 1 5200,000 SNPs
A8 b o5 0§ B § O ! £ y

434,351 associations

https://www.ebi.ac.uk/gwas
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Number of loci identified increases
function of GWAS sample size

2,500 =

e BMI
@ Height
© WHRadjBMI

2,000

1,500 —

1,000 —

Number of loci identified

Q-0 T
100,000 1,000,000

Sample size

Summary of GWAS analysis and t

Quality control
— Sample QC: PLINK
— Variant QC: PLINK
— Related samples: KING
— PCA of genetic ancestry: EIGENSTRAT(smartpca)

Imputation
— Haplotype Reference Consortium: Michigan Imputation Server
— TOPMed Imputation Server

Association analysis
— Logistic/linear regression (unrelated): PLINK

— Mixed effects regression (including related): SAIGE, BOLT-LMM,
REGENIE

. * Visualization
. — QQplot: CM-PLOT
attan plot: CM-PLOT
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Summary

* SNP arrays and statistical imputation provide fast and accur
genotyping of about a million of genetic variants

* Sample-level and variant-level quality control is very
important to remove technical errors and false positive
findings

* GWAS have identified >200,000 variants associated with
various human traits/diseases

27 -



Summary of post-GWAS analysis an

* Understanding genetic architecture
— SNP-based heritability: LDSC, GCTA (if genotype available)

— Genetic correlation: LDSC (same ancestry), POPCORN or S-L
(transancestry)

— SNP heritability in specific tissues or cells: LDSC-SEG

ﬁh.}:;' :
i)
DX

* Finding causal variants, genes, and pathways

— Fine-mapping (causal variants): CAVIAR, FINEMAP, PAINTOR,
SUSIE

— eQTL and colocalization analysis (genes): COLOC2
— Pathway enrichment analysis (pathways or gene sets): MAGMA

* Identifying individuals at high genetic risk (genotype required)
— Polygenic risk score: PRSICE-2, LDPRED, PRS-CS

Inferring causality between traits
~ —Mendelian randomization: MR-BASE, TwoSampleMR (R package)

GWAS summary statistics are publicly a L

o | s ; 1GWAS significance
5
0

i | . a £
Tl hatt i’ b Wi mi oo M dbal | All variants

]
a
pry (5] W b @ 2~ O © A 4 4 od o odd ——kk NN
> Q-‘NW#OU’J‘QWWB-‘BX ¥ )

* Detailed GWAS results of all variants

— SNP(rsID), effect allele, OR or beta, SE, P value, etc.
* GWAS Catalog

— https://www.ebi.ac.uk/gwas
* GWAS Atlas

— https://atlas.ctglab.nl

* UK Biobank
— https://github.com/weizhouUMICH/SAIGE
* Consortium websites

— CARDIoGRAMpIluC4D
http://www.cardiogramplusc4d.org/data-downloads

— Diabetes DIAGRAM Consortium
i/ /diagram-consortium.org/downloads.html
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Home {  EMBL-EBI ) =

GWAS Catalog

The NHGRI-EBI Catalog of published genome-wide association studies

Search the catalog Q
Examples: breast cancer, rs7329174, Yang, 2q37.1, HBS1L, 6:16000000-25000000
Q Search o Diagram ;. Download
Search the Catalog in a number of ways, including by Explore an interactive visualisation of all SNP-trait Downioad a full copy of the GWAS Catalog in
trait, SNP identifier, study and gene. associations with genome-wide significance (p=5 x10°%), spreadsheet format and current and older versions of

GWAS diagram in SVG format.

1 Documentation

L. Summary statistics

Alist of all studies for which summary statistics are
available in the Catalog.

fii Ancestry

An introduction to our ancastry curation process.

Including FAQs, our curation process, training materials,
related resources and a list of abbreviations.

Summary statistics contain most GﬁA
results

chrom pos snpid ref alt ac af num_cases num_controls beta sebeta  Tstat pval
1 16071 rs541172944 G A 39.843 5.00E-05 650 399970 -2.62 7.55 -0.046  7.28E-01
1 16280 rs866639523 T C 124 0.000155 650 399970 -2.99 4.06 -0.182  4.61E-01
1 49298 rs10399793 T C 499790.227 0.623771 650 399970 -0.0468 0.0984 -23.4  6.34E-01
1 54353 rs140052487 C A 285.302 0.000356 650 399970 -1.22 3.19 -0.12  7.03E-01
1 54564 rs558796213 G T 121.776 0.000152 650 399970 -0.224 2.89  -0.0269 9.38E-01
1 54591 rs561234294 A G 79.153 9.90E-05 650 399970 -2.91 6.75 -0.064 6.66E-01
1 54676 rs2462492 C T 321190.055 0.400866 650 399970 0.039  0.0975 16.9 6.89E-01
1 55326 rs3107975 T C 6698.62 0.00836 650 399970 -1 0.552 -3.29  6.89E-02

Full information for all the variants (~ several millions)
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What can we do with summary statis

* Estimate the heritability of traits

e Estimate the genetic correlations among traits
* Test associations between genes and traits

* Infer causality between two traits using MR

e Use for weights of SNPs for disease prediction using
polygenic risk score (PRS)

And more..

Heritability is explained in part by
hits and all GWAS SNPs

Height

100%
80%
Missing
heritability
45%
40%
27%
o l
# of samples 183 K 711K 33 M
# of GWAS variants 180 780 12,111 294,831

. Total variance
. Heritability (based on twin or family study)
E All SNP-heritability (variance explained by all SNPs)
. Variance explained by GW significant SNPs
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Heritability of GWAS hits and all GW

h? Pedigree h?GCWAS hZAll
Trait or Disease Studies Hits® GWAS SNPs”
Type 1 diabetes 0.9%% 0.6% < 0312
Type 2 diabetes 0.3-0.6'" 0.05-0.10*
Obesity (BMI) 0.4-0.6'""1"  0.01-0.02* 02"
Crohn's disease 0.6-0.81% ijn et D2
Ulcerative colitis 0.5'% 0.05'2
Multiple sclerosis 0.3-0.81%% 0,13
Ankylosing spondylitis  >0.90"" 0.210¢
Rheumatoid arthritis ~ 0.6'"7
Schizophrenia 0.7-0.80% 0.017 07
Bipolar disorder 0.6-0.7'% 0.027? 0.4'2
Breast cancer (R e 0.08'!
Von Willebrand factor  0.66-0.75''*1"*  ¢.13'* 0.25"
Height 0.8115116 01" i
Bone mineral density  0.6-0.8'"7 0.05'"%
QT interval 0.37-0.60'1"120 0,0712! 0.2"
HDL cholesterol 054 0.1%7
Platelet count 0.8'% 0.05-0.1%%

The American Journal of Human Genetics 90, 7-24, January 13, 2012

Heritability enrichment of specifi
expressed genes in tissues and cell typ

a g anhritis i Height Waist=hip ratio (ad]. BMI) a Migraing ptor
15 - " 15 £, 4 .o 4
: o ‘ b s il G — |
g2 A - o
2 '? 5 . Bipolar disortar Neusoticism B
@ - — = Big® & 8 6
0 - = 4 . ] 4 4
-] o Y ST O S S
16 : a-mm o armm amu.;uym o amu..m;h:"
§ @ §s b 5 Migraing . " 5 ymptor
g 3 10 & < ; ; ; = Astrocyls
8 ¥, L‘ - i | — : i
o =5 ) Bgpolar disorder ’ Neuralicism =] Years of education
5 ™ 5 5 5
<, @ s N
. Adipose . L A R pleeaEa ] 2
[ Blood or immune LDSC‘SEG N GTEX and ¥ 1 . 1 ) 1 1 .
I Cardiovascular . Col typo ° Coll ypo Calltype 8 Call lype
=S chromatin data §weony, . ommess i
EEE Digestive ionifi ; P ——— - 1 R SR 25 s
i >> significant enrichment of SCZ c 2 o0 1
. . . . . 5 _— Ghta ic
wm muscoskeietal- GWAS signals in brain tissues 0 wl = e
B Pancreas e o T
I Other
Significant enrichment in
glutamatergic neurons in cortex
m/bulik/Idsc/wiki/Cell-type-specific-analyses
Nature Genetics 50, 621-629 (2018)
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Genetic correlation among disea

&5 v ﬁfﬁf o
W ar

@O ﬁ ) &
F PP 9% £ ofﬁ%‘%@ ‘Efﬁe‘ﬁaﬁ# oo

BMI =~ - . - . .
Childhood obesity H: B 078
Fasting glucose .
T2D E E
Coronary artery disease * * * 0.56
LDL
Triglycerides *
Rheumatoid arthritis u 0.33
Alzheimer's disease
Age at menarche 0.11
HDL
Crohn's diseasa
Ulcerativa colitis [ ] =0.11
Height =
Infant head circumference
Birth length -0
Birth weight =
Autism spectrum _056
Years of education |x « . -
Anoreia o«
Depression -078
Bipolar disorder
Schizophrenia oo
ttps://github.com/bulik/Idsc/wiki/Heritability-and-Genetic-Correlation
Nat Genet. 2015 Nov; 47(11): 1236-1241.

GTEx (genotype-tissue expressio

A _—— © Cortex (205) / Frontal cortex (BAS) (175) B Colocalization of the signals
- @ Anterior cingulate cortex (BAZ4) (147)
© Caudate (basal ganglia} (134) CETP GWAS P-values

.~ @ Nucleus accumbens (basal ganglia) (202)

"~ © Putamen (basal ganglia) (170) J L
———— @ Hypothalamus (170) 1
© Amygdala (129)
@ Hippocampus (165)
—— © Substantia nigra (114)
— @ Cerebellum (209) / Cerebellar hemisphere (175)
N © Spinal cord (cervical ¢-1) (126) §
—— @ Prtuitary (237) ; .
i
Tiptse IR MW= MmND G Rege -opee ome ToEn
Lung (515)e o Minor saivary gland (144) cis-eQTLs cis-sQTLs
Breast mammary lissue (396)® —— '\\ b 7 sl @ Thyroid (574) W
Pancreas (305)@ \,\\ ) . erta(ED T gy T e
e e . =
(208)8 ——, N\ BN, @ Atrial appendage (372) Tiryer ey,
Adrenal gland (233)@ —— - @ Coronary artery (213) ol TV ——
\ o —T—— ®
Kidney cortex (73)@ @ Left ventricle (336) - _h?--_
Kidney medulla (4) @ ——- —— ® Esophagus mucosa (497} w—;:];z— %
Visceral omentum (469)® — % @ Esophagus musculans (465) S
Smallintestine terminal leum (174)@ ——— : N \\._.._ ® Gastroesophageal junction (330) trans-¢QTLs transsQTLs
Fallopian tube (8)© -+ — "N \ \ @ Spleen (227)
Ovary (1679 —— | \\ o Stomach (324) T e T v
Uterus (129) @ \\\\_ @ Transverse colon (368) o Tt e
Nat sun-gxposed skin (suprapubic) (517)@ *': | BN \:\— © Sigmoid colon (318) ch C—M—
Endocenix (00— \ \\\\ @ Bladder(21) ,:ﬁ'l of”
Ectocervix () & f/  |ER1 ]\\\‘ -\\ —— © Proslate (221) B
Vagina (14l)e L N S @ Testis (322) T oy T
Sun-exposed skin (lower leg) (605)@ —— I:_ l \\"'— ® Whole blood (670) . —
Cultured fibroblasts (483)0 ——— i — @ EBV-transformed lymphocytes (147) '[ I p
Subcutaneous adipose (581) @ g ~ ® Tibial artery (534)
Skeletal muscle (706)e —— E © Tibial nerve (532) .
https://gtexportal.org/home/
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FUMA for various post-GWAS ana

https://fuma.ctglab.

SNP2GENE

¥ ¥
Characterization of significant hits Genome-wide analyses

Step 1. Characterize genomic loci [ MAGMA gene analysis

o X of i SNPs
and candidate SNPs (SNPs in LD)

2. Defining lead SNPs

\ 3. Defining genomic risk loci

| MAGMA nlm-ul analysis

L
Step 2. of candidate SNPs in g loci Gene set sm |
Functional consequences on genes tnNNOv.MI) P-values
CADD score., RegulomeDB score, 15 cf

state (127 tissue/cell types), eQTL, 3D chromatin
interactions (Hi-C), GWAScatalog
A
Step 3. Functional Gene mapping

|Pusitbna|mapp'|llg| | eQTL mapping ]

I Chromatin interaction mapping I

Interactive visualization

GENE2FUNC .
Interactive heatmap of Tissue specificity (DEG) | B e a—
gene expression l I e =
: 21 valll 1§
! 4 H
T - AN [
! - =i -y
o Y I I c
fiiy i i J, { = - =
VA d
o L .
Overrepresentation in Gerle Sels s =rd T
Hallmark gene sets = -. = = £
Pasitional gene sets
Curated gene sets I
Motif gene sots iy,
GO terms gene sets Rl L
¥’ 1 e E
General biological functions of genes ol :_" i ml]l l

OMIM (known disease associations), DrugBank (known targets of
drugs), GeneCards (general biological information)

Review paper: https://www.frontiersin.org/articles/10.3389/fgene.2020.

A

-log, (P value)

A
.
. s [ significant k,,, lead SNP
= .Non -significant ".- =
3 2 oo
© ® g ®
e S ST Lo S Bt e e R AR IR R e M P ST
5 .. o
N o i® e
g‘ * % ‘e @@
o v g )
- L L]
. .. Ld .. . II'I
.o': .o ?' whr 9
'.....:.l. -l h .. ..= ....:.n.l:h
Genomic position (bp) Genomncposition (bp) 4
. LD (r2 p
Which are the 5 )
causal variants?
Fine-mapping .
®- 1
~
In which cell types . =
do the variants act? gl
SNP enrichment ’_A §
=
@ :
briars Genomic.position (bp)
Which genes are regulated -
iants? ' KR § B
by the vafrlat?ts. Mt
Colocalization Genes l I,
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A GWAS associations .
’g‘ . : SNP enrichment analysis
®
>
e
8"_ A
== B -~ Tissue

~ . enrichment

:

Chromatin activity

profijfes

Regulatory Activity

&=a@
~ Tissues . / 2
Peak 1 | =] ~ ’ U
C Peak2 i Enrichment
% Peak 3 - N | Regu.iatory score
@ activity 0
Y] 1 1
£
Q ! LD (r?)
& 0
© GWAS SNPs

o xne,

Tissues

Expression of gene X

1000s of individuals

gene X geneY
Genotypes
B
4 GWAS association
.'——- lead SNP
z ol E]
[ il et H
% &
4 . \ g
£ :
Yt A
Genomic position (bp) " | Colocalization s
[ position (bp)
5 ST enomic position
eQTL association 4 Colocalizing signals
=
§ S : lead SNP o
3 2
< 2
; il
g
v i
Genamic position (bp)
. ‘Non-colocalizing signals | Colocalizing signals

1. Linkage (two independent SNPs) 2. Causality (single SNP)

© SNPs
& owas
3. Pleiotropy (single SNP, independent effects)
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G
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Polygenic risk score:
high risk if one has many risk variantS®

Crohn's disease I(SVV%\S Sigrﬂfic é

Sjﬁmwgm All variants
 PRS based on GWAS
— Sum of risk allele counts across GWAS variants

B

— Weighted (effect size) sum of risk allele counts
across GWAS variants

“Polygenicity”

Controls Cases

Complex
disease/phenotypes

Alleles: @ Low risk @ High risk

Locus
T

Image Ref: 2014.Genes_ Whiffin and Houlston

v = # of SNPs remaining after LD-

PRS (Pruning and Thresholding) PRS(Py) Zn{f <Pr}yBigi

i=1 i
normalized marginal effect si

Summary statistics from GWAS (independent SNP list) P-value threshold
Effect_Allele | beta se P-value
SNP1 A 1.7 0.26 3.11E-11
SNP2 G 1.3 0.25 9.96E-08
SNP3 A -0.7 0.15 1.53E-06
SNP4 C -1.2 027  4.41E-06 | P-value<1le-05
SNP5 G 1.8 0.82 1.41E-02
SNP6 T 04 0.41 1.65E-01
Genotype data
SNP1 SNP2 SNP3 SNP4 SNP1 SNP2 SNP3 SNP4
indiv1 AT GG AC AA indiv1 1 2 1 0
indiv2 AT T AC CcC indiv2 1 0 1 2
- indiv3 AA GG AC AA .. =>| indiv3 2 2 1 0
indiv4 TT GT CcC AC indiv4 0 1 0 1
| indiv5 AT AC AC indiv5 1 0 1 1
70
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PRS (P+T)

Summary statistics from GWAS (independent SNP list)

PRS(Pr) = Z]l{}’,-<}’—r}néigi
i=1

Effect_Allele | beta se P-value
SNP1 A 1.7 026  3.11E-11
SNP2 G 13 0.25  9.96E-08
SNP3 A -0.7 0.15  1.53E-06
SNP4 C 12 0.27 A.A41E-06 | P-value<1e-05 PRS for indivl
SNP5 G 1.8 082  141E-02 =g, % By + 8,%B, + 85*Bs + 8,*Ba
SNP6 T 0.4 0.41 1.65E-01 =1%1.7 +2*1.3 + 1*(-0.7) + 0%(-1.2)
=3.6
Genotype data \
SNP1 SNP2 SNP3 SNP4 PRS
indiv1 1 2 1 0 indiv1 3.6
indiv2 1 0 1 2 indiv2 -14
_indiv3 2 2 1 0 indiv3 53
_indiv4 0 1 0 1 indiv4 0.1
indiv5 1 0 1 1 indiv5 -0.2

v —7 # of SNPs remaining after LD-

normalized marginal effect size estimates

P-value threshold

71

LETTERS

https://doi.org/10.1038/541588-018-0183-z

Genome-wide polygenic scores for common
diseases identify individuals with risk equivalent
to monogenic mutations

Amit V. Khera?*45, Mark Chaffin®*%, Krishna G. Aragam'?3*4, Mary E. Haas*, Carolina Roselli®*,
Seung Hoan Choi?, Pradeep Natarajan(234, Eric S. Lander?, Steven A. Lubitz(®234,
Patrick T. Ellinor ®234 and Sekar Kathiresan®"234*

Khera et al. Nat Genet 2018
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Polygenic risk score for CAD using 6
variants is normally distributed

Polygenic score of

6.6 million common variants ﬂ'
04 -

03

- ..

&

1 2 3 4 5 6 7 89101 121314151817 1921

Chromosoma
: Summary statistics of 6 million variants Petpgenic Score
~from a previous large GWAS
- for coronary artery disease (CAD) Calculating PRS in independent, testing samples

The empirical risk of CAD rising sha
the right tail of the distribution

Polygenic score of :
6.6 million common variants s 10 'l{
o4 E .
g s s
°
03 g L]
: v
E o2 e
& 5 ., 0"’
B ‘e ﬁ:.' o
o § L] ‘.h~
& 2 noe %
3, Y
(Y [ ]
- -4 ) [] ] 1 : 0 10 20 30 40 50 60 70 80 90 100
Polygenic Score Percentile percentile of polygenic score
. ) . . Prevalence of CAD according to the
: m : Calculating PRS in independent, testing samples percentile of the GPScan.
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The genetic prediction accuracy was far lo
other populations than for European popula

e

T T T T T

1.00 -

o

~

o
|

Prediction accuracy
(relative to Europeans)
=) o
na w
o o
1 1

S

o

=]
1

& & o &
oy ) - Ry
& & ,533'“ R Y@d‘"
Q(\) ?SP (bo\) @’brg
Population

Fig. 3: Prediction accuracy relative to European-ancestry individuals across 17 quantitative traits and 5 continental

b populations in the UKBB.
Fa Sl

Martin et al. Nat Genet (2019)

PRS for bipolar disorder across ances

5.0 1 European Admixed African East Asian

a5 ancestries American ancestry ancestries

4.0 1 = 0.01

- 005
9 ’ ® 0.1
2 30 =02
§ =05
2 25 1
8
c 20
o
L:S

15 -

1.0 -

0.5 -

o  meill] [ ]
PGC3 meta GAIN-AA AA-GPC Korea Japan
41,781/343,084 347/669 1,766/2,535 770/497 2,964/61,887
Nature Genetics 53, 817-829 (2021)
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PRS for Alzheimer’s disease for Kore

E AD dementia diagnosis ~ NO-
participants
with AD Decreased : Increased
PRS for dementia/ Adjusted OR risk of : risk of
APOE £4 status AD dementia total No.  (95% Cl) diagnosis : diagnosis
Noncarrier NA 240/579 1 [Reference] .
carrier NA 314/432  3.16(2.46-4.09) — -
Noncarrier Low 54/144 1 [Reference] "
Intermediate 62/148 1.52(1.01-2.29) —-—
High 64/148 1.55(1.03-2.34) —I—
Veryhigh  60/139  1.70(1.13-2.58) .
Carrier Low 59/97 2.63(1.63-4.29) ; P
Intermediate 78/107 4.49(2.74-7.54) =
High 85/113 5.11(3.10-8.62) — .
Very high 92/115  6.73(3.99-11.75)
0 1 5 |
Adjusted OR (95% CI)

P value
for
trend

P value
NA
<.001
NA
.04
.04
.01
<.001
<.001
<.001
<.001

<.001

AD dementia onsetage  No.
participants
with AD
PRS for dementia/ Adjusted HR
APOE €4 status  AD dementia totalNo.  (95%Cl)
Noncarrier NA 209/414 1 [Reference]
carner NA 273/344  1.82(1.51-2.18)
Noncarrier Low 45/102 1 [Reference]
Intermediate 51/104 1.16 (0.78-1.74)
High 54/108 1.21(0.81-1.80)
Very high 59/100 1.71(1.16-2.53)
Carrier Low 50/75 1.51(1.00-2.27)
Intermediate 70/87 2.23(1.59-3.41)
High 76/93 2.59(1.78-3.76)
Veryhigh  77/89 2.74 (1.88-4.00)

Decreased
risk of early
symptom
onset

§

PRS for Alzheimer’s disease for Kore

Increased
risk of early
symptom
onset

0 1

Adjusted HR (95% CI)

P value
for
trend

P value
NA
<.001
NA
47
.35
.007
.05
<.001
<.001
<.001

<.001
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CORRELATION IS NOT CAUSATION!

B |ICE CREAM SALES
B SHARK ATTACKS

i JAN MAR MAY JUL SEP NOV

Both ice cream sales and shark attacks increase when the weather is hot
and sunny, but they are not caused by each other (they are caused by
good weather, with lots of people at the beach, both eating ice cream
and having a swim in the sea)

https://idatassist.com/why-journalists-love-causation-and-how-statisticians-can-help/

RCT is the gold-standard design to
causality, but

Not feasible nor ethical

e Exceedingly expensive and

. . . Part t '
time-consuming efforts

/ \

Random allocation

e High failure rates (>50% fail
owing to lack of efficacy)

Not always feasible or ethical 1 1
to conduct

Lung disease Lung disease

Compare outcomes
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Analogy between RCT and M
E Randomized clinical trial Mendelian randomization
“.:‘-:.. e e e
T AN/

NN
AN
No drug ) EC
ol 5 -
] H Drug £ 0 AT
<! L 3| . L
.; . q .
: i g )
o o = "
SNV genotype
Samples Samples
Randomization Random allocation of alleles
Placeho Drug cc cT/TT
Protein activity Lower protein Expression Lower
unchanged activity unchanged expression
Disease incidence  Higher/lower Disease incidence  Lower/higher
-+ unchanged disease incidence unchanged disease incidence
AT
P 8 JAMA Psychiatry 2021;78(6):623-631

Mendelian randomization (M
Confounder

o Risk factor
Association

o L
Relationship of interest

Instrumental variables

Assumption I: Genetic variants are robustly associated with the exposure
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Mendelian randomization (M

Assumption Il: Genetic variants are NOT associated with the confounder

j Confounder

X. "
et o Risk factor
g Association
- e =
e
Ge{‘e-t-'g e > Disease
variants . ; ;
Relationship of interest .
X = - RREPRTT i i

ption IlI: Genetic variants are associated with the outcome through the exposure (vertical pleiotropy)

Mendelian randomization (M

: observable from GWAS . of interest
Effect of IV on exposure (Bxy) Effect of exposure on disease (Byz)

- 5

Instrumental variables (IV)

Effect of IV on disease (Bxz) : observable from GWAS

Effect of IV on disease (3xz)

Effect of exposure on disease =
(Byz) Effect of IV on exposure (Bxy)
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3

- IVE"U'alope
w BH-’W
2
g
8
a
g -
g Small slope = weak causality
rj -

Zero slope = no evidence for causality

| — T
SNP-exposure association Y j

Effect of IV on disease (Bxz)

Effect of exposure on disease =
(Byz) Effect of IV on exposure (Bxy)

Obtain instruments from
exposure GWAS
LD Proxies
If an exposure instrument
is not available in the
outcome GWAS then look
for LD proxies in 1000
Extract SNP effects from -- : T 1 T ]
outcome GWAS i O—Target SNP
< . LD proxy
Harmonise exposure and /
Exposure GWAS | Outsome GWAS
outcome effects Effect |Other |Effect alele Effect |Other |Effect allele
SNP Effect allele allele |frequency oilele  |allele  |frequency
O rs12345 0.132|A G 0.28 0.022|A G .26
O rs23456 -0.485(G T 0.41 0.056|T G 0.61)
QO |rsz4s67 0.203(6 [ 0.11] 00456 c ad
| Exposure GWAS Outcome GWAS
Effect |Other |Effect allele Effect |Other |Effect allele
NP t allele _|alele o allele__|allele
O [rs12345 0.132[A G 028 0.022|A G 0.26
Q |rs23456 0.485/G T 0.41] -0.0566 T 0.39]
Q |rs2a557 0.203|6 c 0.11] 0.0456 c 0.12]
?f MR estimates and 25 4
i sensitivity analyses e 2 o
: o2 ’ d aiq
2" o o
p & -T; ° o Eoc:—‘
eLife 2018;7:e34408
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Which modifiable risks are causa
associated with AD?

RESEARCE
ESZceeuaccens Modifiable in s disease:
randomisation analysis
susanna € Larson ™ iatthew Travior Saines Mali,” Martin Dichgans, ' Staphen Burgess
Hugh's Markus, for i, on beball of of
s lmar's Project
wssTRACT Pemdecied 30 et mewlpmce: .71 .37 32
ipy e AT 053 #=a21). Foare was suppestve sdence or
e
e an 168, 0.4R13 099 PmlL ) 300 2
) a8
S 190,99, P0.71) et e o Al ammars
2w 130 108D 1L an
e s viar Ssocioe] ot i nodbi Bkt s D3I LA dnd
G Eanpamguzn, yarem fcam, pmam v B,

PRITIOPANTS
170608 e of Al aimars dramina s 17 104
o

A UM MRS oy
e vz m i e abin ik o e e
= Mandabon sandomrison sy it
e Iy Aubermers n e Weing o W
™ thes sty ket snaivses of 4 poneenaly UL, Thd OO MRS 2.

mIhcam, 3nd P20 WS ComIR VEETIE
of padencs for3 anscmon. Gensuciy
fend et wlcarenal st srrrem s ALy

IaeTTe Wi A rRavners, The s rnss

Perariod) ol wdocition compltsdand [P furie Serdiows, gy decine i

078 10,60 0 e Pt Gkl pur it iy P

Tha conpen o msmgee fny 3 g (AT o allb, o o o Ml i
dmarpetrang.

i freitin seency
e e e

Ats AP Srtass

g R w8 S

1

: s
thelbmyj | BMJ 2017:359:j5375 | doi: 101136/bmj j5375

Modifiable risk factors

— Selected for the most consistent
evidence for an association with
Alzheimer’s disease in meta-
analyses of prospective
observational studies

24 socioeconomic,
lifestyle/dietary, cardiometabolic,
and inflammatory factors were
included

Which modifiable risks are causa
associated with AD?

per genetically predicted
increase in each risk factor

Educational attainment, intelligence, and lifestyle
and dietary factors

Risk factor No of SNPs Odds ratio (95% CI) ‘Odds ratio (95% CI)
Years of education| 152 - 0.89 (0.84 to 0.93)
College/university 32 — 0.74 (0.63 to 0.86)
Intelligence 16 —— 0.73 (0.57 to 0.93)
Smoking quantity 4 —_— 0.69 (0.49 to 0.99)
Smoking quantity 3 ———— 121 (0.56 10 2.61)
Alcohol consumption 3 T 0.72 (0.50 to 1.04)
5 ——— 1.26(1.05101.51)
4 —— 0.92 (0.85 10 0.98)
Serum folate 2 —_— 0.98 (0.72t0 1.33)
Serum vitamin B12 7 = 1.11 (0.95 to 1.30)
Total homocysteine 18 —_— 0.99 (0.8810 1.11)
0.5 0.8 1 12 1.6
Odds ratio of Alzheimer's disease

CONCLUSION

These results provide support that higher educational
attainment is associated with a reduced risk of

P value

2.4x10°

8.0x10°
0.01
0.04
0.62
0.08
0.01
0.01
0.89
0.18
0.86

Alzheimer's disease.

Cardiometabolic and inflammatory factors

Risk Factor No of SNPs. 0dds ratio (95% CI) Odds ratio (95%CI)  Pvalue
BMI 76" — 1.05(0.91t01.21) 0.51
Waist to hip ratio 38 _—_— 1.18(0.97 to 1.45)  0.10
Type 2 diabetes 50 e 1.02(0.97 10 1.07) 0.49
Fasting glucose 36 ———— 1.14(0.89101.32) 0.07
Fasting insulin 19 —_——  1.13(0.85101.51) 0.40
Systolic blood pressure 93 ——— 0.94 (0.77 to 1.14)  0.51
Diastolic blood pressura 105 _ 0.96(0.79101.16)  0.65
HODL cholesterol 70" — — 0,98 (0.90 to 1.07) 0.64
LDL cholesteral 56* A 1,07 (0.98t0 1.17)  0.14
Total cholesterol 73 m—pu— 1,03(0.94101.12)  0.54
Triglycerides 40 —_— 0,96 (0.87 to 1.06)  0.40
C reactive protein L —1— 1.04(0.94101.17)  0.44
0.75 0.9 1.2 %
Odds ratio of Alzheimer's disease
per genetically predicted

increase in each risk factor
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Cognitive reserve

High cognitive reserve
- Educational attainment y
- Occupational attainment D

Low cognitive reserve

se=reere |ncident dementia

Cognitive function

Age-related neuropathology

Does occupational attainment also p
against AD?

ACCEPTED MANUSCRIPT
Genome-wide association study of occupational UK Biobank  SOC-based nine occupational
attainment as a proxy for cognitive reserve (N = 248,847) attainment (OA) groups
Hyunwoong Ko, Soyeon Kim, Kiwon Kim, Sang-Hyuk Jung, Injeong Shim, Soojin Cha,

Hyewon Lee, Beomsu Kim, Joshyun Yoon, Tae Hyon Ha, Seyul Kwak, Jae Mycong Kang,

Jun-Young Lee, Jinho Kim, Woong-Yang Park, Kwangsik Nho, Doh Kwan Kim,

Woojae Myung &, Hong-Hee Won 28 1

Brain, awab351, hitps://doi.org/10.1093/brain/awahis]
Published: 06 October 2021 Article history v o ——— .
Genome-wide association analysis of OA

Job Levels )i

9. Managers and Senior Officials 52,873

& Professional Occupations 7215 ¥ "

7. Associate Professional and Technical 52437 :_
‘Occupations | 7 1
6. administrative and Secretarial Ocoupations 49,048 ! .
5. skilled Trades Occupations B2 '

4 Personal Service Occupations 18974

3. Sales and Customer Service Occupations 11,077 v
2. Process, Plant and Machine Operatives 184179

1. Elementary Occupations 15957

30 significant loci (12 novel variants)

SNP-based heritability: 8.5% (s.e. = 0.4%)
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Partitioned heritability was enriche
central nervous system and brain tissu

5 5|
[ ] L ]
4 ‘ 4
L4 ® Adipose
] e® e Blood/Immune
=~ ""3: @ Cardiovascular
o ‘ & | ® CNS
s o ) @ Digestive
9 e %0 g @ Endocrine
2 | s ® Liver
[ e° 12 @ Musculoskeletal/Connective
3 R @ Other
1 . .

Tissue

. Name Coefficient Coefficient_std_error Coefficient_P_value _ Coefficient_Pval FDR
L Neuron 5.12E-09 1.60E-09 0.000664049 0.001992147
' Oligodendrocyte 9.08E-10 1.53E-09 0.276438945 0414658417
Astrocyte -2,79E-09 1.29E-09 0.984970189 0.984970189

Abbreviation: FDR, false discovery rate

Total brain volume was genetica
correlated with occupational attainme

Right insula i Right
A’ ’ S0 Bihtinwia
s/ 1 I ng
S ! Region re s.e P
i ~ >&. j Total brain volume | 0.239 | 0.045 | 1.30x107
L 4 ¥ | Righ ¥
PR B itz Left insula 0.145 | 0.038 | 1.00x10
' inferi e — { -
o Ny Right .5... ” Right inferior temporal | 0.210 0.062 6.00%10
N
= \% ’ A Right insula 0.133 | 0.041 | 1.10x10°
Faft perieaicasing A Left insula ‘f\ ) b rior temperal oy ol P R
. b R G Left inferior parietal 0.174 0.055 1.50%10™
© L Lefi inferior 7 e ";
|~ poristal Ll insuly SRight insula i ] ".. (r 3
- ‘ ﬂ'uﬁ Ll | : Left pericalcarine 0182 | 0058 | 1.60%10°
Jd

Left insula

Right inferior
temporal

* ROI=regions of interest (n=33,292) from Zhao et al. Science (2021)
https://github.com/BIG-52/GWAS
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° r; mscrders

n Sleep apnea-

D(Ju yl(] EIHE

G e et I C Cerebluvascular disease -
Cardiac dysrhythmias -

Urinary incontinence <
Cancer 4
Coronary ammsclemsus-

correlation ey

oarthrosis -

Caonstipation -
Hypeftgnslnn-

Inflammatory pobrarlhro thles-
Renal failure 4

Functional digestive disorders
Escphagitis and GERD -

Peptic ulcer-

Iron deficiency anemias -
Hearing loss-

Ur:na:y tract infection -

and duodenitis -

Gast J‘
Financial su:uanon satisfaction -
Bipolar disorder -
Life satisfaction -
smspecinm dsorer
rum disorder-
Frnendsnlp tisfaction 4
Alzheimer's disease -
Ever unenmuaastlddllénlarestednhﬁr a wrgouaezh‘\jveek-
ver manic/hyper for 2 days- )
Major de’frgssll‘v; disorder- Physical health
leuraticism score -
Ever highly irritable/s e ﬂ“e d?Ta’erj e
ver iri @/argumentative for i
ighly rpumen 'ca|| k)“s Life style
nic attacks i
Attention deficit m-erammly disorder Labargkory and Physical findings
Leisure/social activities: It education class - Cognitive function
Leisure/social activities: Religious group-
Leisure/social activities: Sports club mrgl ym -
Never 1
Ever taken can nabls-
Coffee intake <
Sleep duration <
pe (eveningness, ccmtlnuou !
Cnronnnrpe(d nite morningness, calegorical) -
Never alcohol drinker
Leisure/social activities: Pub or social club 4
Time spent walnhu? television (TV)
ration of walks -
HDL cholesterol 5
Testosterone 4
Total cholestercl 4
Haemaoglobin concentration -
Low-density lipoprotein cholesterol4
% \ﬁl n'urldD-
yceride
T%I protein
Urate
Glucose
Body mass index-
Whi!ée bbottl cell count
~reactive protein
Body fat percemagks-
) Obesil
Educational attainment
Intelligence
General cognitive thnnn-
Verbal numenical reasonin:
Mean time to y identify in cogniti 4

-10 05 0.0 05 1.0
Genetic correlation

MR between occupational attainme
Alzheimer’s disease

Method | nSNPs | OR(95% C)) | P

Primary MR for occupational attainment on risk of Alzheimer's disease

Inverse variance weighted 0.78 (0.65 t0 0.92) 426 x 1072
Weighted median 18 0.73 (0.57 t0 0.92) 9.10 x 1073
MR-Egger (P for pleiatropy = 0.90) 0.73 (0.27 10 1.95) 0.24

Sensitivity analysis for occupational attainment on risk of Alzheimer’s disease after the exclusion of pleiotropic SNPs
Inverse variance weighted 0.72 (0.57 t0 0.91) 5.54 x 103
Weighted median 11 0.72 (0.53 10 0.97) 0.03

MR-Egger (P for pleiotropy = 0.97) 0.70 (0.12 to 4.00) 0.70

Sensitivity analysis for independent effect of occupational zttainment on risk of Alzheimer's disease by multivariate MR
controlling for educational attainment
Exposure: Occupational attainment

Inverse variance weighted 0.72 (0.54 to 0.95) 0.02

Median based 69 0.68 (0.48 t0 0.97) 0.04

MR-Egger (P for pleiotropy® = 0.21) 0.63 (045 t0 0.89) 827 x 103
Exposure: Educational attainment

Inverse variance weighted 1.08 (0.62 to 1.91) 0.78

Median based 69 110 (0.53 to 2.30) 079

MR-Egger (P for pleiotropy? = 0.21) 063 (023t0 1.74) 0.38

(I = confidence interval; IV = instrumental variable; OR = odds ratio; SNP = single nuclectide polymorphism.
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Summary of post-GWAS analysis an

Understanding genetic architecture
— SNP-based heritability: LDSC, GCTA (if genotype available)

— Genetic correlation: LDSC (same ancestry), POPCORN or S-LDX
(transancestry)

— SNP heritability in specific tissues or cells: LDSC-SEG

* Finding causal variants, genes, and pathways

— Fine-mapping (causal variants): CAVIAR, FINEMAP, PAINTOR,
SUSIE

— eQTL and colocalization analysis (genes): COLOC2
— Pathway enrichment analysis (pathways or gene sets): MAGMA

Identifying individuals at high genetic risk (genotype required)
— Polygenic risk score: PRSICE-2, LDPRED, PRS-CS

. Inferrlng causality between traits
- — Mendelian randomization: MR-BASE, TwoSampleMR (R package)

15 years of GWAS discovery

600
]

40
]

140000
]
-
L]

—— Average sample size AR O

500
|

- Average no. of GWS loci . g g |
------- No. of publications A :

400
1
30
1
100000

20
1

60000

No. of publications
200 300
1 ]
Average no. of GWS loci
10
1
Average sample size

100
|
20000

0

AJHG 110, 1-16, February 2, 2023
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Individuals in GWAS (millions)

As of June 2021, the vast majority (8
genomics studies have been conducted |

800+
600+
400+

200+

individuals of European descent

Population

. European
East Asian

. South Asian/other Asian
W African
. Hispanic/Latino
Greater Middle Eastern
. Oceanic
Other

B Multiple

2008 2010 2012 2014 2016 2018 2020
Year

2006

Present

-0

(suoi|iq) uonejndod [eqojo

Summary

* Common variants account for a large portion of heritability

* Post-GWAS analyses use GWAS summary statistics that are
publicly available

* Post-GWAS analyses reveal the genetic architecture of human
traits

e Omics data with GWAS are helpful in identifying target genes

~ * However, the current imbalance between ancestries may limit
- e clinical utility of genomics in non-European populations
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