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Personal genomics today: 23 and Me
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1000s of dlsease associated loci from GWAS

@ Digestive system disorder

@ Cardiovascular disorder

() Metabolic disorder

( ) Immune system disorder

() Neurological disorder

@ Liver enzyme measurement

() Lipid or lipoprotein measurement
() Inflammatory marker measurement
(O Hematological measurement
 Body measurement

e (@ Cardiovascular measurement

‘ @ Other measurement

" (O Chemical compound

(O Biological process

@ Cancer

@ Other disease

@ Other trait

() Trait mapping in progress

 Hundreds of studies, each with 1000s of individuals
— Power of genetics: find loci, whatever the mechanism may be
— Challenge: mechanism, cell type, drug target, unexplained heritability



Genome-wide association studies (GWAS)
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* |dentify regions that co-vary with the disease
* Risk allele G more frequent in patients, A in controls
* But: large regions co-inherited =» find causal variant
* Genetics does not specify cell type or process
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Epidemiology
The study of the
patterns, causes, and effects

of health and disease conditions
in defined populations
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Building systems-level views of genome regulation

---------------------------------------

.......................................

Enhancers Promoters Post-transcriptional control ~ microRNAs

Goal: A systems-level understanding of genomes and gene regulation:
- The reqgulators: Transcription factors, microRNAs, sequence specificities
- The regions: enhancers, promoters, and their tissue-specificity

- The targets: TFs—>targets, regulators=>enhancers, enhancers—>genes

- The grammars: Interplay of multiple TFs = prediction of gene expression
=>» The parts list = Building blocks of gene regulatory networks

Our tools: Comparative genomics & large-scale experimental datasets.
- Evolutionary signatures for coding/non-coding genes, microRNAs, motifs
- Chromatin signatures for regulatory regions and their tissue specificity

- Activity signatures for linking regulators - enhancers - target genes

- Predictive models for gene function, gene expression, chromatin state

=» Integrative models = Define roles in development, health, disease




Comparative genomics maps Functional Genomics ENCQDE
* Measure constraint across species and Epigenomics Road“‘ap.
and identify conserved regions e s @il e \geﬂom‘cs
* Define evolutionary signatures for . yP €P
genes, ncRNAs, , miRNAs, motifs * Fine-map top-scoring loci
* Measure lineage-specific constraint * Identify relevant cell types
within the human population mma\s * Identify relevant pathways
20 M2 * Detect additional loci
REFERENCE MAPS
CATGACTG( Genetic C S
CATGCCTG. Variation * Top-scoring loci
o * P-values, effect sizes
£\ *Agnostic to mechanism
Molecular Variation Molecular Variation a5 ; Q
. . ge . ise - P
in reference individuals in cases/controls®' .‘ge“om\cs Environment
ep ~— Covariates

* Variants changing gene expression | « |ntermediate molecular phenotypes
* Tissue-specific, multi-tissue eQTLs | | « Measured in disease-relevant tissues
* Pinpoint regulatory regions GTE*| | « Capture environmental effects

* Link SNPs to target genes/regions | | « Capture downstream disease effects

@ MAPS THAT VARY ACROSS INDIVIDUALS e




Genomic/Epigenomic tools for disease SNPs

- Evolutionary signatures - gene/genome annotation
— High-resolution annotation: genes, RNAs, motif instances
— Measuring selection within the human population

Chromatin states = regulatory region annotation

— Classes of promoter/enhancer/transcribed/repressed/etc
— Prioritizing chromatin experiments, mark/state imputation
Activity signatures - linking enhancer networks

— Activity-based linking of TFs = enhancers - targets

— Testing activators/repressors in 2000+ human enhancers
Interpreting disease-associated sequence variants
— Mechanistic predictions for individual top-scoring SNPs
— Functional roles of 1000s of disease-associated SNPs
Personal (epi)genomes: geno-/phenotype, cis/trans
— Allele-specific activity. Alzheimer’'s and brain methylation



Evolutionary signatures reveal genes, RNAs, motifs

Compare 29 mammals
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Increased conservation pinpoints functional regions
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Distinct patterns of change distinguish diff. functions

Protein-coding genes

- Codon Substitution Frequencies
- Reading Frame Conservation
RNA structures

- Compensatory changes

- Silent G-U substitutions
microRNAs

- Shape of conservation profile

- Structural features: loops, pairs
- Relationship with 3’'UTR motifs
Regulatory motifs

- Mutations preserve consensus
- Increased Branch Length Score
- Genome-wide conservation
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NRSF ChIP
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Measuring constraint at individual nucleotides
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* Reveal individual transcription factor binding sites
« Within motif instances reveal position-specific bias
* More species: motif consensus directly revealed



Translational read-through in human & fly

Overlapping selection in human exons
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Regions of codon-level positive selection

RNA structure families: ortholog/paralog cons
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Human constraint outside conserved regions

Active regions Average
diversity

(heterozygosity)

Conserved

Aggregate over
the genome

_ X
N
* Non-conserved regions: « Conserved regions:
— ENCODE-active regions — Non-ENCODE regions
show reduced diversity show increased diversity

=» Lineage-specific constraintin  =» Loss of constraint in human
biochemically-active regions when biochemically-inactive



Detect SNPs that disrupt conserved regulatory motifs
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What fraction of the genome matters?

1% protein-coding

Active in Cell Type 1

5% mammalian
conserved
+4-11% human
constrained

across multiple

> 40%-80% active
cell types

Active in Cell Typ

3,000,000,000 nucleotides

* Evidence of lineage-specific constraint in human for non-conserved elements
 Mutations in non-conserved regions can have late-onset disease phenotypes
 Genetic disease requires understanding the whole human genome



Functional genomics and GTEX for disease

1. Reference Epigenomes - chromatin states, linking
— Annotate dynamic regulatory elements in multiple cell types
— Activity-based linking of regulators > enhancers - targets

2. Interpreting disease-associated sequence variants
— Mechanistic predictions for individual top-scoring SNPs
— Functional roles of 1000s of disease-associated SNPs

3. Multi-cell systems-level expression changes in GTEx
— Learn expression programs in 40 tissues for each person
— Genetic basis of gene module membership changes

4. Genetic / epigenomic variation in health and disease

— Genetic variation<Brain methylation& Alzheimer’s disease
— Global repression of distal enhancers. NRSF, ELK1, CTCF




Comparative genomics maps

* Measure constraint across species
and identify conserved regions

* Define evolutionary signatures for
genes, ncRNAs, , miRNAs, motifs

* Measure lineage-specific constraint
within the human population
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REFERENCE MAPS

Functional Genomics cNCOPE
and Epigenomics r0a0M2®
in reference cell types | gpige™

* Fine-map top-scoring loci
* Identify relevant cell types

* Identify relevant pathways
* Detect additional loci

Genetic

GWAS > Disease

Variation

* Top-scoring loci
* P-values, effect sizes

* Agnostic to mechanism



Chromatin signatures for genome annotation
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Ernst & Kellis Nature Biotech 2010. Ernst & Kellis Nature Methods, 2012.ChromHMM




Chromatin state dynamics reveal linking/regulators
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Weak Promoter

Strong enhancer
Strong enhancer
Weak/poised enhancer
Weak/poised enhancer
Insulator

 Summarize cell-type activity at a glance
« Study activity pattern across tissues v

Weak transcribed

Heterochrom; low signal

« Single annotation track for each cell type

Ernst , Kheradpour, et al, Nature 2011



Multi-cell activity profiles connect enhancers

Gene Chromatin | Active TF motif TF regulator Dip-aligned
expression States enrichment expression motif biases

HUVEC
NHEK
GM12878 -
K562

HepG2

NHLF

HMEC

HSMM

H1

l

Link enhancers to target genes

@ on L] Active enhanceM Motif enrichmerf.) TF On /Y Motif aligned
® OFF[] Repressed Motif depletion @ TF Off —) Flat profile




Multi-cell activity profiles connect enhancers

Gene
expression

Chromatin
States

Active TF motif TF regulator Dip-aligned

enrichment expression

motif biases

.
!

l l

® OFF[] Repressed

Link TFs to target enhancers
Predict activators vs. repressors

. ON Active enhance- Motif enrichme@ TF On

Motif depletion @ TF Off

VN

o~

Motif aligned
Flat profile



Coordinated activity reveals activators/repressors

Activity signatures for each TF
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« Enhancer networks: Regulator - enhancer - target gene



Enhancer-gene links supported by eQTL-gene links

eQTL study
Individuals
Indiv. 1 [-0s
indiv.2 § [-s
Indiv. 3 §
Indiv. 4
Indiv. 5 § [ 1
Indiv.6 |18
Indiv.7 §  [-24
Indiv. 8
Indiv. 9

“ HE

> OO0 >XP>>X 0> > >

)

v

Expression 0 Sequence variant
at distal position * Relevance to disease datasets.

level of gene

Validation rationale:

e Expression Quantitative Trait Loci (eQTLs)
provide independent SNP-to-gene links

* Do they agree with activity-based links?

Example: Lymphoblastoid (GM) cells study

* Expression/genotype across 60 individuals
(Montgomery et al, Nature 2010)

120 eQTLs are eligible for enhancer-gene
linking based on our datasets

e 51 actually linked (43%) using predictions
=>» 4-fold enrichment (10% exp. by chance)

* Independent validation of links.




Causal motifs supported by dips & enhancer assays

29
HNF4 sato-spocit
'.GE; 20‘ (HepG2) Vv %og?zfgrg\ancer
E Weals(tenhancer
c ate 6
O 15. Reprsetj:?ed7
c Sttt
)
@
E 10‘
<
™ T
T 5  — /w/ /\,\Wm
_M—L__/__’_,_d—\.
- -1,000 ()L1 1,000
Genomic position relative to r to motif (bp)
HNF4
NES |G cAaaGorCa

38 Enhancer activity in HepG2
N ] Wild-type Permuted |
=351 BNF motit M UNF moti
3 30 LGc cAaAGeTCAl | Go i Cal
L
9 5 5: Predicted causal HNF motifs
0= (that also showed dips)

in HepG2 enhancers

"E5 E4 E8 E10E2 E3 E9 E1 E7 E6

Tariei Mikkelsen ENNANCEr construct tested

Dip evidence of TF binding
(nucleosome displacement)

Enhancer activity halved
by single-motif disruption

= Motifs bound by TF, contribute to enhancers




Epigeno
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ChIP-Seq: 8-20 histone marks

Accessibility: DNase, Footprints
RNA: mRNA, smRNA, Exons

oss 110 tissues/cell types

Brain (all)
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Cingulate Gyrus
Hippocampus Middle
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Hematopoietic cells

J

Brain

Germinal Matrix
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Integration:
Methyl: WGBS, RRBS, MeDip, MRE \ chromatin states,

regulatory regions,
hi-res, high-coverage



Eplgenomlcs Roadmap 90 reference eplgenomes
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Interpret GWAS, global effects, reveal relevant cell types




Cell-type specific functional enrichments for cell-type specific enhancers

structural constituent of ribosome

voltage-gated calcium channel activity single—stranded DNA binding

regulation of axon extension regulation of translation

cyclic-nucleotide phosphodiesterase activity regulation of cell size

factor activity involved in positive regulation of transcription digestive tract morphagenesis

developmental growth
smooth muscle contraction
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mitotic metaphase/anaphase transition [ ]
natural killer cell activation [ ]
T cell receptor signaling pathway
lymphocyte proliferation
mononuclear cell proliferation [ |
negative regulation of B cell activation [ ]
antigen receptor-mediated signaling pathway [ |
immune response-activating cell surface receptor signaling pathway [ ]

|

T cell costimulation

regulation of timing of cell differentiation transforming growth factor beta binding
response to transforming growth factor beta stimulus of response to DNA damage stimulus

neuron cell-cell adhesion extracellular matrix organization | RN

viral reproduction

proteasomal protein catabolic process
histone acetyl-lysine binding

gliogenesis SMAD binding
sialyltransferase activity collagen fibril organization

primary neural tube formation In ubiquitin-dependent protein catabolic process.

DNA damage response, signal transduction by p53 class mediator
positive regulation of T cell activation

positive regulation of ubiquitin—protein ligase activity involved in mitotic call cycle

|
l

stem cell development

neuron recognition [T ] TGF-beta 3322313 regulation of ubiquitin-protein ligase activity
myelination in peripheral nervous system [T ] signal transduction in response to DNA damage T cell differentiation [ ]
cell recognition immune response-activating cell surface receptor signaling pathway T cell activation
neural precursor cell proliferation [ ] antigen processing and presentation of peptide antigen via MHC class | immune response-regulating cell surface receptor signaling pathway
lens development in camera-type eye mitotic cell cycle checkpoint lymphocyte differentiation
l ibiquiti protein catabolic process regulation of T cell differentiation

positive regulation of T cell proliferation
activation

Lymphocyte activity 2225358

negative regulation of neuron differentiation
immune response—activating signal transduction

central nervous system neuron axonogenesis

immune response—regulating cell surface receptor signaling pathway

T-cell stimulation
Wouter Meuleman, Epigenomics Roadmap project, in preparation
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Systematic motif disruption for 5 activators

and 2 repressorsin 2 h

Motif enrichment
in enhancers Factor expression

Motif-motif similarity
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Selected motif instance
inside 145 bp context

Scramble
» Removal
« O
° g Max 1-bp decrease
R
23 o Least 1-bp change
é g Max 1-bp increase
[
* | Random 1-bp change (x2)

selected motif matches

uman cell lines

Manipulations to the
wildtype sequence
[T | [ 11
[ | I ] 1
| | | e
[ I | ] te—
[ . ] e

Add unique 10 nt tag for each
candidate enhancer sequence (x10)

ACﬁVE in K562 CE”S sequences from other Synthesize and construct plasmid pool

—aFi1

59%..9_

<

sequence
to test

- Total of ~55,000

distinct plasmids

(~30M reads each)

SV40 promoter
and "inert" ORF

tag

Transfect K562 and
HepG2 cells

|| A—

Count mRNA tags from each

54000+ measurements (x2 cells, 2x repl)

Kheradpour et al Genome Research 2013




Example activator:
conserved HNF4
motif match

Chromatin states
HepG2

K562

110,560,000

Tested locus
#65 of 2320

110,600,000 (chr9/hg18)

| HNFI4 (conserved)

110,575,000

|110,577,500

I 110,580,000 0,582,500

WT expression
specific to HepG2

Motif match
disruptions reduce
expression to
background

Original

Scramble

| Removal

Max 1-bp

decrease

. . Least 1-bp

changes maintain change
expression inerense
Random

Random changesg? 1 chanee
. Random

1-bp change

Non-disruptive
to motif match

depend on effect |

HepG2 H3K27ac signal

S ————

K562 H3K27ac signal

HepG2

ﬁ:_l

145 bp tested sequence

K562
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N oanaleTeA

5'Seq-AAaTTCAAAGTTCA-3'Seq

5'Seq-CctaTtAAGaaatA-3'Seq

Kk kk K Kk Kk kK

tctcage-5'Seq-3'Seq-ctctggg

5'Seq-AAaTTCAAACTTCA-3'Seq

*

5'Seq-AAtTTCARAAGTTCA-3'Seq
*

5'Seq-AAGTTCAAAGTTCA-3'Seq
*

5'Seq-AAaTCCAAAGTTCA-3'Seq

*

5'Seq-ARaTTCAAAGTaCA-3'Seq
*

5'Seq = cccacacagccctcceccecccaccteccagatttgetgggectgtecatttgaggetaagtcatatagac

3'Seq = ctctgggacatgagcaagggaagacaacaaaacacacattcttctctctgaaatcttttcecagg



Functional genomics and GTEX for disease

1. Reference Epigenomes - chromatin states, linking
— Annotate dynamic regulatory elements in multiple cell types
— Activity-based linking of regulators - enhancers - targets

2. Interpreting disease-associated sequence variants
— Mechanistic predictions for individual top-scoring SNPs
— Functional roles of 1000s of disease-associated SNPs

3. Multi-cell systems-level expression changes in GTEx
— Learn expression programs in 40 tissues for each person
— Genetic basis of gene module membership changes

4. Genetic / epigenomic variation in health and disease

— Genetic variation<Brain methylation& Alzheimer’s disease
— Global repression of distal enhancers. NRSF, ELK1, CTCF
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 Disease-associated SNPs enriched for enhancers in relevant cell types
 E.g. lupus SNP in GM enhancer disrupts Ets1 predicted activator




Mechanistic predictions for top disease-associated SNPs

Lupus erythromatosus in GM Iymphoblastmd Erythrocyte phenotypes in K562 leukemia cells
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= Loss of GM-specific activation = Gain K562-specific repression
=» Loss of enhancer function =» Loss of enhancer function

= Loss of HLA-DRB1 expression = Loss of CCDC162 expression
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