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The big picture: regulation of gene expression

How does one genome sequence give rise to

such a complex organism?
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e DNA sequence is static, but DNA molecule is not - epigenomics!
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A working model for gene regulation
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Enhancer chromatin signature of H3K4mel & H3K27ac

Promoter chromatin signature of H3K4me3 & H3K27ac

Histone Modification Nomenclature:
H3 = Histone 3

K4 = Lysine 4

Me3 = tri-methylation
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Gene regulation & human disease

1) Isolated cases of highly penetrant mutations in regulatory sequence.
» Polydactyly [SHH] (Lettice et al., 2002; PMID: 12032320)
* B-thalassemia [HBB] (Driscoll et al., 1989; PMID: 2798417)
» Pierre robin sequence [SOX9] (Benko et al., 2009; PMID: 19234473)
« Pancreatic agenesis [PTF1A] (weedon et al., 2014; PMID: 24212882)
« Congenital heart disease [TBX5] (smemo et al., 2012; PMID: 22543974)
» Cancer [TERT] (Huang et al., 2013; PMID: 23348506 )
< 1Mb >
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v R
Rnf32 Lettice et al., 2003; PMID: 12837695
Sagai et al., 2005; PMID: 15677727

2) SNPs associated with disease by GWAS are enriched in regulatory

3000

seguence. p<10
« Cleft lip [IRF6] (Rahimov et al., 2008; PMID: 18836445) vs- HapMap SNPs
« Obesity/T2D [IRX3] (smemo et al., 2014; PMID: 24646999) § 2000 -
» Hirschsprung's disease [RET] (Emison et al., 2005; PMID: 15829955) g
« Long QT syndrome [NOS1AP] (kapoor et al., 2014; PMID: 24857694) e paurang S el 2ot
« Pigmentation & melanoma [IRF4] (Praetorius et al., 2013; PMID: 24267888) = 10007
- For precision medicine we will need to better interpret regulatory (i.e non- 0 b ' . .

. . . . 0 . _ . I -4000 -2000 0 2000 4000
coding) genetic variation. 98% of the human genome is non-coding! Distances to the nearest DHS (bp)



Epigenomic tools to interpret non-coding genome
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Activemp | ° Nucleosome-free region of “accessible” chromatin Nucleosome-free region of “accessible” chromatin

Adjacent nucleosomes enriched for H3K4mel & H3K27ac Adjacent nucleosomes enriched for H3K4me3 & H3K27ac
® @ @ @

Little/no “accessible” chromatin
Nucleosomes may be enriched for H3K27me3

Little/no “accessible” chromatin
* Nucleosomes may be enriched for H3K27me3

Repressed

(also other states: silent, poised, bivalent)



Epigenomic tools to interpret non-coding genome
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* Nucleosome-free region of “accessible” chromatin
» Adjacent nucleosomes enriched for H3K4mel & H3K27ac

Chromatin Immunoprecipitation Sequencing
(ChIP-seq)

Sample fragmentation
Immunoprecipitation

Mon-histone ChIP % \% Histone ChIP

l J DNA purification
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Sequencmg Adapted from Park,
2009; PMID: 19736561



Large-scale efforts to map epigenomes

“...to identify all functional elements in the human genome sequence.”
7| | « 2003-present
/ ' * Mouse has also been of ENCODE since 2007
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Systematic mapping of chromatin states during mouse development
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forebrain (fb) [ [ [ [ [ [
midbrain (mb) 8 histone modifications profiled
hindbrain (hb) per tissue, stage
heart (ht) (1056 ChIP-seq assays total)
liver (lv)
intestine (in)
kidney (kd)
lung (lu)
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Not sampled

neural tube (nft)

limb (Im) Not sampled
craniofacial (cf)
prominence

Micro-ChlP-seq at e10.5; 6 histone modifications per tissue
(72 uChiP-seq assays total)
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Integrating histone mods into chromatin states

= ChromHMM (Ernst and Kellis, 2012)
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B Pr - Active
[ Pr - Flanking
[ ] Pr-Weak/lnactive

[ ] Pr-Bivalent

[ | En - Strong, TSS-dist
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Pr - Active

Pr - Weakilnactive
Pr - Bivalent

Pr - Flanking

En - Strong, TSS-dist

En - Strong, TS5-prox
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Enhancers at e14.5, forebrain

(state 5: strong enhancer, TSS-dist)

Dynamic Enhancers reveal developmental processes & regulators
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forebrain i i J i i
dynamic enhancers Top GO Terms (-log10p) Top enriched TF Motifs (-log10p) Corresponding TF expression
[ central nervous system development (43.3) AACAAAG: SOX-related factors, Group B (258.4) e+ *SEW;H
Cluster A negative regulation of cell differentiation (37.2) AACAAT: SOX-related factors, Group D (20.6) 5?;3
(N=2621) regulation of Wnt receptor signaling pathway (36.2) TAATTA: HOX-related factors, GSX (12.4) Soxld
brain development (35.8) TTAATTAA: NK-related factors, LBX: (11.9) Sox21
" glial cell differentiation (30.3) CAGGTG: MyoDIASC-related factors (19.3) pricss
Cluster B forebrain development (28.8) CAGGTG: E2A-related factors (18.5) Atohd
(N=3420) gliogenesis (25.9) CAGCTG: Tal-related factors (16.1) Bhihal5
_ cerebellum development (25.6) TTAATTAA: NK-related factors, LBX: (14.1) gn:ﬁg
"""""""""""" ; Ferdal
— glial cell differentiation (47.7) CAGCTG: Tal-related factors (65.4) * Nguf:jm
Cluster C regulation of neurogenesis (43.6) TATG...AT: POU domain factors (44.7) MNeurod2
(M=324T) regulation of nervous system development (42.5) TTGG...AA: Nuclear factor 1 (39) WNE'-'mgg
gliogenesis (42.0) TAAT...TA: POU domain factors (38.6) ﬁ‘;ﬁigz m:
"""""""""""" - MNeurog3 | | normalized
e . regulation of cytokinesis (10.4) RFX-related factors (37.5) — expresison
(N=1287) regulation of calcium ion transport (6.5) CTAA..AG: MEF related factors (8.5) - mgg; [T 1 1
E11.5 ——— = PO actin cytoskeleton organization (6.6) AGCT...AA: TALE-type homeo domain (4.79) MefZc
normalized regulation of synaptic transmission (6.5) AACAAAG: SOX-related factors, Group B (4.67) Mef2d 0
enhancer activity 0 E11.5 = PO




Polycomb-mediated repression targets TFs

Repressed regions
in each tissue, stage
(state 13: Hc-Polycomb )

Top 20 enriched GO terms

All mouse molecular function GO terms (N=3,489)
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Connecting enhancers to target genes
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Insights into human disease etiology

putative human orthologs of:
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U —
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GTeX eQTLs, from
cell or tissue type:

enhancer target gene preditions
(human orthologs) supported by GTeX eQTLs

nerve - tibial |

] k%%

fibroblast |

I

thyroid |

artery - tibial | ;

1 *&k

whole blood | [

1 ks

skin - lower leg | [

muscle skeletal | ]

adipose - subcutaneous

esophagus - muscularis

esophagus - mucosa

artery - aorta

testis

lung | l ns

*kk

whR

ek

I

Medelelian phenotype: Dias-Logan syndrome (MIM#617101)
Intellectual developmental disorder with hereditary persistence of fetal hemoglobin
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