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1 GENETICS OF GENE EXPRESSION
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“GWAS have so far identified only a small fraction of the
heritability of common diseases, so the ability to make
meaningful predictions is still quite limited”

Francis Collins, Director of the NIH, Nature, April 2010

Trait Heritability Individuals studied Heritability explained
(Family base)

Coronary artery 40% 86995 10%
disease

Type 2 Diabetes 40% 47117 10%
BMI 50% 249796 3%
Blood pressure 50% 34433 1%
Circulating lipids 50% 100000 25%

Height 80% 183727 12.5%



Motivation

How can we use gene expression and epigenetics
to help us understand complex trait genetics?

Majority of trait-associated
variation is non-coding.

Common hypothesis is that
most of these function by
altering gene expression.




eQTL analysis Statistics

e Regression: find the coefficients for the effect
of expression on genotype when conditioned
on the covariates in a linear model and test if
they are significant diffetent than O

gene expression = , + f,genotype + B,covaraites

Expression Genotype Covaraite



Mapping expression (e)QTL
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Genetic variants affect gene expression

eQTL (expression Quantitative Trait Locus) analysis:
Association between genotype and RNA expression levels
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Prevalence of eQTLs

Cis-eQTLs have now been identified for
nearly every human gene, with
numerous large studies available
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GTEX Project

GTEXx Consortium v8 data

« 838 genotyped donors

o 17832 gene expression samples
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Genetic effects across human tissues

Brain
Anterior cingulate cortex (BA24 \
938 /0 (n=72

- |
Pituitary —

1607 / 0 (n=87)

Caudate nucleus (basal ganglla
967 /

Cerebellar hemisphere
2557 /0 (n=89)
Cerebellum

3454 /0 (n=103)

Corte
2086 /0 (n=986)
Frontal Cortex (BA9)
1588 /0 (n=92)
Hippocampus
853 /0 (n=81)
Hypothalamus
879 /0 (n=81
Nucleus accumbens (basal ganglia
617 /0 (n=93)
Putamen (basal ganglia)
1238 /3 (n=82)

Liver

123110 (n=97)
Stomach
2938/ 0 (n=170)
@ Adrenal Gland
2693/ 1 (n=1286)
Subcutaneous Adipose
6963 / 2 (n=298)

@ Visceral Omentum
3571/ 0 (n=185)

@ Small Intestine Terminal lleum
1002 / 0 (n=77)

Prostate
1045/ 0 (n=87)

® Vagina
582/ 4 (n=79)

@ Whole Blood
5862/ 1 (n=338)

Tibial Nerve
8087 / 0 (n=256)

® Tibial Arte
6736 /0 (n=28

@ Thyroid

Esophagus Muscularis
5731/0(n=218)

Gastroesophageal Junction @
2237/0 (n=12

Esophagus Mucosa @
| 6169 / 3 (n=241)

Left Ventricle @
i 3855/ 0 (n=190)
n —

T
n

Total unique eQTL genes:
Cis: 19,725 (FDR 5%)
Trans: 93 (FDR 10%)

Atrial Appendage @
3284/ 0 (n=159)

Breast Mammary Tissue
3271/ 0 (n=183)

Aorta ®

5162/ 1 (n=197)
Coronary Arte
1882 /0 (n=118

Luni

Most cis per tissue:
g
soeans 8,087 Tibial nerve (N=256)
2163 /0 (n=88) —(?(‘ N Z{({
Pancress e (FRFHEE )
Transverse Colon Most trans per tISSUG'
35 Testis (N=157)

3723/ 2 (n=169)

V‘.-..

Ovaries
1167 / 0 (n=85)
Sigmoid Colon
2269/ 0 (n=124)
Uterus
655/ 0 (n=70)
Not sun exposed skin (suprapubic) e
4499/ 1 (n=196)

Testis
6796/ 35 (n=157)

Skeletal Muscle
6049/ 9 (n=361)

sun ex osed skin (lower leg) ®
7109/ 6 (n=302)

Transformed fibroblasts

751311 (n=272)
EBV-Transformed lymphocytes ®
2360/ 0 (n=114)

The GTEx Consortium, Nature 2017



Characterizing eQTLs across tissues

e Cis-eQTL variants fall in tissue-specific regulatory
elements (from Roadmap Epigenomics)

GTEX discovery tissue

|
04 06 0.8 1.0 1.2
logo(eVariant:CRE OR)

The GTEx Consortium, Nature 2017



GTEX

Testis

Thyroid

Skeletal Muscle 1

Vagina

Sun exposed skin (lower leg)+
Pancreas

Esophagus Mucosa {
Putamen (basal ganglia)1
Transformed fibroblasts
Transverse Colon
Subcutaneous Adipose 1
Whole Blood

Lung{

Aorta

sun exposed skin (suprapubic)

Adrenal Gland1
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Trans-eQTLs

Sample size
o o 100

© 200

D 300

1

10 100
# transeQTLs (FDR 10%)

Large studies:

Westra et al (N=5,311, using
GWAS variants only)
ALSPAC (N=869)

MUTHER (N=850)

DGN (N=922)

Framingham (N=5257)

Studies report wildly different # hits (10s—10000s)
Replication and validation remains poor



Challenges for trans-eQTL detection

e Power

e False positives from many sources e.g. over and
under correcting confounders (Dahl et al, 2017)

 Mapping error (similar to probe cross-hybrid.)

True positive cis-eQTL

: | 70—

False'positive” — "**sa, —
trans'eQTL I-—# ——— — -~ incorrect'mapping
' A

The GTEx Consortium, Nature 2017



Introduction of GTEx protal

e https://gtexportal.org/home/

Apps % Bookmarks |y Mm@l QBN @EMAES B #IEEA G Google EJ IETab EF sinica § 39724 - ROC anal... BCAC Members .. B3 AR ) File Finder - GitHu... » B3 Other Bookmark
Hesource uverview EXpIOre Gl EX

Current Release (V8) e g D Browse By gene ID Browse and search all data by gene
2/

Tissue & Sample Statistics —

) , . | By variant or rs ID l Browse and search all data by variant
Tissue Sampling Info (Anatomogram)
Access & Download Data By Tissue Browse and search all data by tissue
Release History
How to cite GTEX? Histology Viewer Browse and search GTEX histology images
The Genotype-Tissue Expression (GTEx) project is an
ongoing effort to build a comprehensive public resource
to study tissue-specific gene expression and regulation.
Samples were collected from 54 non-diseased tissue - Data Overview Learn more about available single cell data
: L R ¢=°% Single Cell
sites across nearly 1000 individuals, primarily for [ A
molecular assays including WGS, WES, and RNA-Seq. Multi-Gene Single Cell Browse and search single cell expression by gene and
Remaining samples are available from the GTEx Query tissue
Biobank. The GTEx Portal provides open access to data
including gene expression, QTLs, and histology images.
Multi-Gene Query Browse and search expression by gene and tissue
Developmental GTEx E®™  Expression
Transcript Browser Visualize transcript expression and isoform structures

The Developmental Genotype-Tissue
Ly i . Expression [dGTEx) Project is a new effort to
study development-specific genetic effects
on gene expression. The main goal of the project is to

Locus Browser (Gene-
establish a molecular and data analysis resource as well '#, QTL

Visualize QTLs by gene in the Locus Browser

centric)
as a tissue bank to study the regulation of gene )
expression in multiple relatively healthy reference ; : . :
P o P ¥ . ¥ o Locus Browser (Variant- Visualize QTLs by variant in the Locus Browser VC
neonatal, pediatric, and adolescent tissues, building on . . )
the Genotype-Tissue Expression (GTEx) project. centric) (Variant Centric)
Visit dgtex.org [ to learn more about dGTEXx. GV B Visualize tissue-specific eQTLs and coverage data in
rowser

the IGV Browser

News and Events eQTL Dashboard Batch query eQTLs by gene and tissue



2 MANY TYPES OF QTLS



Next generation sequencing has increased
our ability to survey the transcriptome.
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RNA-seq provides resolution of more QTLs

RNA-sequencing in 60 Europeans (HapMap genotypes; LCLs)

Found 2x more expression Quantitative Trait Loci (eQTLs) and...

Exon-eQTLs
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Splicing eQTL

Can investigate relative transcript ratios or reads across junctions.

_ No. junction heartwT1 . -
_ iiﬁE read's?;“”'e D e | * Splicing also affected for many genes

-
150 heartWT2
g 10 — % 25 15000
RNA-Seq data for all - 7 . QTL
samplesl,.color—coded - izz ) ﬂ — C|S e S 10914
by condition % 5"E 1 5 10000l SQTLS !
11 q)
100 - 6738
g so E 3 3 ()]
L= ° L 12 , . 2 5000
45814878 45814979 45815670 45816113 45816265 E 285 1
Genomic coordinate (chrl7), "-" strand 3 1
I . I 0 ' ' s
A 200 400 600 800 1000
Aternative isoforms | M= E— Number individuals
from GFF file

Battle et al, Genome Research, 2014
Katz et al, Nature Methods, 2010



Epigenetic data

e ENCODE, Roadmap

Hypersensitive CH

Sites 3 AT Epigenomics
S ). et PIE

a@}é “-\gHscG‘"i“"" { promoters,
' 3 enhancers

[ ]G)‘:;?‘Z“)Gm seq] m&%ica@ ENA@ e Transcription factor
binding sites

Long-range regulatory elements cis-regulatory elements Transcript

(enhancers, repressors/

Sy Gene L CpG SItES
e ChromHMM

(promoters, transcription
factor binding sites)

silencers, insulators)

ENCODE Project Consortium. Plos Biology 2011.
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Epigenetic data informs heritability

LD score regression, related approaches partition h?
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analysis, indicate contribution of gene regulation

Figure from Finucane, NG, 2015



Ommigenic model

 Most/all expressed genes in disease-relevant cell
types affect trait

Degrees of separation

from core genes A
Lo TN [ ] Hion 008l
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Degrees of separation
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* Highlights potential role of eQTLs, trans effects

Boyle et al., Cell, 2017



Advantages of ASE

e Test within an individual allelic imbalance,
given one has sufficient reads.




Using ASE to detect GWAS signals driven by
multiple causal variants

GWAS variant genotype __ = 50:50
| —— LACK OF ASE
A S ot D Lop oS
25:75
" — = ABUNDANT ASE
T(protective) -/_\@_ AS E FO R H ETS
— & 5050
-~ LACK OF ASE

T{protective)
Torolecive) SN SENSERRSS W NoASE T LORHOMS

Tests functional differences between alleles in population Lucia Conde et al, AJHG, 2013
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Coloc: A Bayesian test for colocalization of pairs of association signals

H1 (or H2) eQTL: 00010000
biom: 00000000

H1 is the hypothesis that there is only an
eQTL signal at a locus

-logi0(p)
5 "

a
i

H2 is the hypothesis that there is only a 0=
GWAS signal at a locus.

genomic position

H3 eQTL: 00010000
biom: 00000010

Datasets
-+ |eQTL

~+— biomarker

H3 is the hypothesis that there are two
independent eQTL and GWAS signals in
linkage.

-log10(p)
5 X

genomic position

H4 eQTL: 00010000
biom: 00010000

H4 is the strong hypothesis that the same
SNP (not just the locus) is responsible for
both the GWAS and eQTL. 109

-log10(p)
5 g

genomic position

Giambartolomei et al (2014) PLoS Genetics 10(5): e1004383



GWAS eQTL colocalization

* Coloc
e eQTplLot
e hypercoloc



Examples of H3 and H4

A c
C .
B 116354591 |
On the left, the profile of association at the FRK locus with . &
LDL (top) is very different from that with FRK expression. 3 i
2
ﬁg«’ﬁf :
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® =P
% I &
On the right, even though there are two different peak T TP R S
SNPs, they are in the same strong LD region and the
profiles are almost the same for Total Cholesterol and Soc1 B D
expression. I g m -
’ - ; E chw2 ?.’:]? 1380
H4 is the supported hypothesis. % s g-;
- e ; . of
LA Xy F P
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Giambartolomei et al (2014) PLoS Genetics 10(5): e1004383
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Coloc results
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eQTLs and complex disease genetics

Help interpret GWAS variants (especially non-coding):
e understand mechanism
e guide interventions

Gene 1 Gene 2
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eQTLs and complex disease genetics

Help interpret GWAS variants (especially non-coding):
e understand mechanism
e guide interventions

Gene 1 Gene 2
eQTL

| C |

DNA

4 i ¥
protein )&j ‘ f"\b? ” @



eQTLs and complex disease genetics

52% of genetic variants associated with human
disease co-localize with an eQTL

~
(9]
1

- B Nearest gene
l ] Not nearest Gene

l__ No co—-localization

(&)
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# GWAS loci
N
a
1
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0
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I
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I

I

FG T
Celiac

UC 7
Alzheimers

IBD
TG T
T2D T
BIP 7

SCZ 7
PGCCROSS 1

HDL ~

BMI

LDL *

SLE T
WHRadjBMI 7
PBC 7

CAD T

Heart Rate 7

RA
WHR 7

Crohn's

The GTEx Consortium, Nature 2017



eQTL data informs heritability

GE co-score regression indicates cis-eQTLs explain mean
21% of h? across a set of complex traits

Anorexia

Autism

Putamen volume
Neuroticism
Schizophrenia
Years of education
Waist hip ratio
HDL

LDL
Triglycerides
Smoking status
Systolic BP
HbA1C

Type 2 Diabetes
Celiac

Crohns Disease
Lupus

Multiple Sclerosis
Primary Biliary Cirrhosis
Rheumatoid Arthritis
Ulcerative Colitis
Asthma

Eczema

Age at menarche
Age at menopause
FEV1FVC

FvC

Bone mineral density
BMI

Height

I ! ! ! ! ! ! ! !
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Prop. h2 O’Connor et al. bioRxiv, 2017



3. Complex effects of genetic variation
oh gene expression



What are we missing?

 Most studies are done on steady-state total
expression measurements at a single adult or
post-mortem time point

e Disease-relevant states include different
developmental stages, environmental
exposures, cell types

e Other variant classes and regulatory effects



Context-specificity
Many factors can modulate regulatory effects

! Altered transcription factor abundance
9

Epigenetic changes




GTEX tissue-specificity of cis and trans

a o009 o0 9999 @ 9 oe o9
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Trans eQTLs appear more highly tissue-specific than cis-eQTLs

The GTEx Consortium, Nature 2017



Tissue specificity and herita
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Rare variants

Recent work emphasizes importance of rare
variation in driving extreme expression levels

Structural variants

Ny
o)
ElpuP
Bl cNY
Bl :sND

3 prime UTR variant

5 prime UTR variant
NMD transcript variant
TFBS ablation

TF binding site variant
downstream gene variant
intergenic variant

coding sequence variant

incomplete terminal codon variant

transcript ablation
start lost ) upstream gene variant
stop gained sp"C&"__amP‘Uf regulatory region ablation
stop lost splice_donor regulatory region variant
stop retained splice_region intron variant
Stop Frameshift Splice Non-coding
' \ [lindels \ ETsnps | [Tss 0~500bp, indels

\ [ indels | 0 10kb + TSS ~ TES
| top 5% CADD, indels
' | [ ITss 0~500bp, SNPs

| [ 10kb + TSS ~ TES

top 5% CADD, SNPS

365, Z <-2 outliers -

inframe deletion
inframe insertion
missense variant
protein altering variant
synonymous variant

coding Non-coding

~ 10kb + TSS ~ TES

Bottom 95% CADD

696, Z = 2 outliers ll I

118521, non-outliers IIH:I

No rare variants
10kb + TSS ~ TES

0 20% 40% 60%

80%

100%

Li et al, Nature, 2017



Rare variants

Preprint (Hernandez et al 2017) suggests rare
variants explain a large fraction of heritability of
gene expression
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4. Conclusions



Why delve deeper into expression?

 Help determine when and how much to invest in WGS,
expression, epigenetic data

 To continue understanding implicated

— Genes

— Tissue and cell types
— Epigenetic and other regulatory mechanisms

e Challenges and caveats
— Ambiguity: many variants affect multiple genes

— Interpretability: missing relevant cell types
— Power: trans-eQTLs also require large sample sizes



5. eQTL tool demo

matrixEQTL



Statistical Clinics
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Thank you
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