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The genetic basis of disease

Finding genes influencing a disease
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Exploit natural polymorphisms to understand disease
mechanisms

‘ Genetic variant I Complex phenotype I
Genome-wide association

studies (GWAS)
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Association study for a quantitative trait
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Haplotype B

individuals | Individuals
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QTL analysis: Standard linear models

t-test
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QTL analysis: Standard linear models

/" 1.ANOVA model B
'xij o lLli + eij

xij - Phenotype of j-th individual of marker genotype 1
- Effect of marker 1

ith marker, E(eij)=0. Var(eij)=c>

e.. - Residual error: the deviation of the jth individual from the expected value of the

\ The presence of a linked QTL is indicated by a significant between-marker variance

~

/

/2. Multiple regression model X, =+ Zn:bl. g +e;
i=1

A; - Phenotype of jth individual
8;; - Indicator variables (one for each marker genotype)

_ |1 1f individual jhas marker genotype1
i 0 otherwise

€ i - Residual error

\\T he presence of a linked QTL is indicated by a significant fraction of

character variance accounted for by the marker genotype

~
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A quantitative genetics perspective
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Constructing regulatory elements maps using
epigenomic profiling

For example, revealing enhancers:

e The locations of enhancer elements coincide with DNase |
hypersensitive regions of open chromatin flanked by
nucleosomes marked with H3K4me1/2.

e H3K27ac and H4K16ac are associated with active chromatin.

e H3K27me3 and H3K9me3 are associated with repressed

chromatin.




Interpreting susceptibility loci using epigenomic profiling

Phenotyping + Genotyping

!

GVYAS Epigenomic profiling
}
Genetic risk variants Regulatory elements maps

e Loci with enhancer features (H3K4me1l, H3K27ac) are
highly enriched for risk variants

e Risk variants preferentially map to enhancers specific to
disease-relevant cell types (e.g., colon cancer predisposition

variants)

Corradin et al. genome medicine 2014



Enrichment of genome-wide association study variants

Mumbers of
associated SNPs

Numbers of
associated SNPs

in putative enhancer elements
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The challenge: what is the role of non-coding variants in

gene expression?

Corradin et al. genome medicine 2014



Understand the role of non-coding variants in
gene expression

Genome-wide association

v

‘ Non-coding \ studies (GWAS) Complex
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Understand the role of non-coding variants in
gene expression

Non-coding GWAS Gene Complex
variant expression phenotype




Understand the role of non-coding variants in
gene expression

Non-coding GWAS Gene
variant > | expression




Understand the role of non-coding variants in
gene expression
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Understand the role of non-coding variants in
gene expression

Non-coding GWAS Gene
variant > | expression




Understanding the role of variants in gene expression
based on their genomic positions
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Understanding the role of variants in gene expression
based on their genomic positions

b Distant

RGQW
' protein g7
B~

Regulatory sequence

i —

Direct or indirect regulation
(one target)

NG —l-l_) —
o i

Direct or indirect regulation
(many targets)



Understanding the role of variants in gene expression
based on their genomic positions
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Determine the mechanisms by which regulatory
variants affect gene expression

Non-coding Gene
variant > | expression
§%2 "y 28’ Trans - eQTLs o A

Cis - eQTLs

The challenge: eQTL analysis cannot reveal the
complete functional mechanism by which non-coding
variants influence gene expression



Determine the mechanisms by which regulatory
variants affect gene expression
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Association study for a quantitative trait
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Example 1: Genetic landscape of open chromatin in
yeast

FAIRE-seq

|

|dentify open chromatin peaks (OCRs)

|

For each peak: QTL analysis of OCR traits
OCR Trait = density of peak

Broader peaks of naked
DNA compared to DHS-seq
and ATAC-seq Lee et al. PLOS Genetics 2013



Association study for an open chromatin trait

individuals

OCR Trait = density of
open chromatin peak

Association
score

Lee et al. PLOS Genetics 2013
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Characterization of cis-associations
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Characterization of trans-associations
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Integrate genetics + histone marks + expression traits

Gene
Histone mark Haplotype expression
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Johannes et al. Nature Reviews Genetics 2008



Integrate genetics + histone marks + expression traits

DMA sequence cause Epigenetic cause
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Integrate genetics + histone marks + expression traits

Relationships between
histone marks and gene
expression
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Johannes et al. Nature Reviews Genetics 2008



Integrate genetics + histone marks + expression traits

Sequence
dependent

variant
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Johannes et al. Nature Reviews Genetics 2008



M1

Inferring causal relations

O L - SNP
O R — epi-variant
O C — expression

M2 M3

C
» R o C L o C o R L<
R

M1. P(L,R,C) = P(L) P(R|L) P(C|R)

M2. P(L,R,C) = P(L) P(C|L) P(R|C)

M3.P(L.R.C) = P(L) P(C|L) P(R|C.L)

Schadt et al. Nature Genetics 2005



The likelihood for each model over all individuals in
the population of interest are given by:

likelihood  function = L(0;M )= p(data 10,,)

P(L,R,C10,,)=I1", P(L)-P(R1L)-P(C.|R) Cexpr)

P(L.R.C16,,) =TT, P(L)- P(C,I L) P(R,1C))

Epi-
variant

Schadt et al. Nature Genetics 2005
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Integrate genetics + histone marks + expression traits

Rintish et al. 2014; 30 Rat BXH/BXB strains, liver and heart
¢ 18.1% and 14.5% of all H3K4me3 and H3K27me3 QTLs were also eQTL.

e 20% of all eQTL were also QTL for a histone mark.

Degner et al. (2012), 70 Yoruba lymphoblastoid cell lines
*16% of DNase | sensitivity QTL (dsQTL) were also eQTL
¢23% of eQTL were also dsQTL

Epi-
variant

I



Genetic landscape of histone modifications in
rat liver and heart

Table 2. HistoneQTL mapping results in heart and liver tissue

Heart Liver Both tissues
H3K4me3 (traits) (25,064) (31,447 (20,076)
FDR-cutoff® s Ereners i trars cls trors
0.05 2638 2504 2945 1484 a3 g2
0.01 2024 B12 2235 243 608 3
0.0 1414 232 1454 50 467 13
1= 10°% 776 30 B34 26 232 4
1 =103 ] 0 460 12 0 ]

Heart Liver Both tissues
H3KZ27me3 (Lraits) (4,214) (3,776) (2,688)
FDR-cutoff® cis trors i treans s frarms
0.05 102 15 196 3B 35 1
0.01 74 4 166 7 30 1
0.0 57 2 131 2 23 Li]
1 = 10-% 50 1 ay 0 18 Li]
1 =103 50 1 ay 0 18 Li]

Cutoff for limitation of false discoveries.

Rintisch et al. Genome research 2014



Integrate genetics + histone marks + expression traits
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Integrate genetics + histone marks + expression traits
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Coordinated change in histone marks along ~2kb regions
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Revealing functionally linked modifications,
depending on the same genetic element

<2kb e e .
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Coordinated change in histone marks between
distal (>5kb) regions

DNase |
sensitivity QTL
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Coordinated change in histone marks between
distal (>5kb) regions
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Coordinated change in histone marks between
distal regions

dsQTLs @ DHSs eQTLs @ T55s d dsQTLs @ DHSs eQTLs @ TS5s
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distal regions

A fitted allelic imbalance vs change in PWM score
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Example 4: Reveal the function of chromatin states
in complex physiological traits

Non-coding Molecular Gene
variant phenotypes expression
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Example 4: Reveal the function of chromatin states
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A molecular basis for classic blond hair color in
Europeans

eGenetic variants linked to eight genes in humans are
significantly associated with blond hair color in Europeans.

eSome variants alter the coding regions of genes known to
be involved in pigmentation.

eSome variants map outside the protein-coding regions of
pigmentation genes.



The Human KITLG gene (mouse Kitl)

e Encodes a secreted ligand for the KIT receptor tyrosine kinase
and has an essential role in the development, differentiation
and pigmentation.

KIT ligand

Cell membrane

..................................
,,,,,,,,,,,,,,,,,,,,

..........................................
AnsDt0 LA T OO W

DR = L L it T e

Differentiation Proliferation

and pigmentation and survival
(e.g. tyrosinase) (e.g. BCL-2)

MNature Reviews | Cancer



The Human KITLG gene (mouse Kitl)
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e A noncoding SNP (rs12821256) located over 350 kb upstream of
KITLG is significantly associated with blond hair color in Iceland and

The Netherlands.
e The blond-associated A>G substitution at this position is prevalent
in northern European populations but virtually absent in African and

Asian populations

Guenther et al. Nature Genetics 2014



An inversion spanning the noncoding SNP
rs12821256

Large

inversion__
Mouse Y St 4\ Kitl M%

T T -/ T T
Chr.10 99.6 99.8 100.0 100.2 Mb

Displacement of a single copy of the distant upstream
regulatory sequences for Kitl is sufficient to reduce Kitl
expression and lighten hair color.

Guenther et al. Nature Genetics 2014



Searching for the functional enhancer

d SNPs I rs661114 rs12821256 |

Rhesus
Mouse II

Horse =
Armadulo _I
|J.nossum

latypus

H1 (7.4 kb) =—— H3 (3.1 kb)
H2 (6.7 kb)
HFE (1.9 kb)

s H2b (1.!

Five human fragments were cloned upstream of a lacZ reporter
gene and tested for in vivo enhancer activity in transgenic mice.

Guenther et al. Nature Genetics 2014



rs12821256 alters a TCF/LEF binding site and
reduces LEF responsiveness in keratinocytes

a HFE

5512321355
TCF ChlP-Seq
reads from the
ENCODE project
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TAAA' umen anceswal THE S€QUENCE surrounding
TAAA G Human, blond rs12821256 resembles a

TCF7L2 E-q

TAAAC nesus consensus TCF/LEF
TAAACG Mouse binding motif
TAAACG oo

Guenther et al. Nature Genetics 2014



rs12821256 alters a TCF/LEF binding site and
reduces LEF responsiveness in keratinocytes
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Guenther et al. Nature Genetics 2014



Mouse lines differing at a single base-pair position in
the KITLG enhancer show differencgs in hair color

a b —l—
. SSI plasmid HE 504 l—li
Matched lines of L i a
site-specific SR ' o 2 1o -
integration in £ 1.4 -
transgenic mice ot o> @LHI-»p- B — .
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UChrit4le BLD-Kith+ ANC-Kitl/+
no enhancer blond- ancestral -
variant variant

Small (20%) quantitative changes in enhancer activity were
sufficient to alter hair color in vivo

Guenther et al. Nature Genetics 2014



The molecular basis of disease
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Utilizing genetics to understand
transcriptional circuitry and the regulatory conformation
of the genome

- Interpreting susceptibility loci using epigenomic profiling

- Revealing susceptibility loci that impact the chromatin
landscape: Which genetic variants determine histone
marks, open chromatin and TF binding?

- Reveal functionally linked histone marks between nearby or
distal regions

- Reveal chromatin regulators
- Reveal the function of chromatin states in common disease
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