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GENOME: a genome is an organism'’s complete set of DNA, including all of its genes. Each genome contains all of the

information needed to build and maintain that organism
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modified by mashable.com

Histones are proteins that
help organize DNA. A group of
eight histone proteins come
together to form a spool that
DNA wraps around.

Histone proteins have tails
that stick out. Histone tails are
often covered with chemical
tags, affecting how they
interact with DNA.

Chemical tag Histone proteins

modified by http://learn.genetics.utah.edu/content/epigenetics/epi_learns/



From GENOME to EPIGENOME to CELLS to ORGANISMS

The early embrye is made up
of stem cells, which can give
rise to any type of cell.

50-70 trillion cells!!!!

AN _
Cells listen for signals

modified by http://learn.genetics.utah.edu/content/epigenetics/epi_learns/

Types of signals

1. Direct Contact

2. Transmission
(factor release)

3. Hormones

4. Combo




From GENOME to EPIGENOME to CELLS to ORGANISMS

iy e
to the DNA Gene Regulatory Proteins Have Two Functions

S ON

Switch genes Recruit_epi tag-
ON/OFF ENZYMES

Methyi-adding Gene requlatory
Ehzyine

Here, a gene regulatory protein blocks RNA Here, a gene regulatory protein recruits an
polymerase from attaching to and copying a gene. enzyme that adds methyl tags to the DNA,

The fetus is made up mostly of
differentiated cells. [
Motor Neuron —
brain ™~
Stem Cell
. _— muscle
Signal: Become - Signal: ‘Become Signal: "Don't Signal; “Send out Signal: Make ___,‘7‘.7
nervous system! spinal cord!” become glial” an axon!” connections! ]

skin

modified by http://learn.genetics.utah.edu/content/epigenetics/epi_learns/




“Force a rethink of the definition of a gene and of
the minimum unit of heredity.”



EPIGENOME: the epigenome comprises all of the chemical modifications (tags) added to the genome as a way to
regulate the activity (expression) of all the genes.

MODIFICATIONS

[l. Histone Modifications I1l. ncRNA associated
gene silencing

‘tags are usually found near
genes. Acetyl loosens the
ion between DNA and

g easier to

Chromosome the DNA.
Acetyl tags are added to the amino
acid lysine on the tails of histone
Histone tail proteins. Acetyl is just one of many
histone tags which make up a
complex “histone code”.
o Epigenetic factor

Other histone tags include methyl,

Gene ‘phosphoryl, ubiquitin, SUMO and

When DNA is accessible,  ADP-ribose. Scientists are still

the gene is active. to understand what some

histone tags do.

HISTONE MODIFICATION
The binding of enzymes and
proteins (“epigenetic factors”) to
histone "tails" alters the extent
to which DNA is wrapped around
histones and the availability of
genes in the DNA to be activated |

gli\ls;:ov’\:;ds around histones for I . D NA methylation

compaction and gene regulation.

yl tags most often silence
, or keep them turned off.

‘Methyl tags are added to a

Gene cytosine at the sequence CG. They e epyemenaly
: . . repressed

When DNA ts inacessibley can silence genes in two ways: 7"'9“"" tags| .

the gene is inactive.

- Methyl tags can block
transcription machinery from
binding to the DNA

-Methyl tags recruit proteins that islab d
bind to methylated DNA, which www.morrisiab.unsw.eau.au

then block transcription machinery
from binding.

modified by http://ehp.niehs.nih.gov/120-a396/ modified by http://learn.genetics.utah.edu/content/epigenetics/epi_learns/



RESEARCH CONSORTIA

ENCODE

Encyclopedia for DNA Elements _
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111 CELLS & TISSUES

CELL LINES

EPIGENOME ROADM!

Functional regulatory elements
in genomes from human tissues



1. How is genetic information interpreted by single cells?

2. Annotate cis-regulatory elements.

3. Create maps of epigenomic modifications.

4. Produce clinically usefull epigenetic information.

5. Dissect gene regulatory programs in development and disease.



METHODS



METHODS

. DNA methylation

a) Sodium bisulfite modification
b) Sequence-specific enzyme digestion

c) Capture/quantification of methylated DNA

http://docs.abcam.com/pdf/chromatin/a-guide-to-epigenetics



METHODS

a) Sodium bisulfite modification TR CONVBRTES 16 DRNCE

5

» SCDIUM BISULFITE TREATMENT I

Unmethylated DNA Methylate -Jj“ b .J-\):r"

§~-ACCGTCGACGT-¥ -A"C*CGT~C
mcnosme morscm:moucomsasaou

~-AUUGTUGAUGT=-3 5-AC"CGT"CGA

1st PCR cycle

§~-AUUGTUGAUGT-¥ 5-ACCGTCGACGT-¥
3-TAACAACTACA-% 3-TGGCAGCTGCA-¥%

http://docs.abcam.com/pdf/chromatin/a-guide-to-epigenetics



METHODS

a) Sodium bisulfite modification

DIRECT SEQUENCING SEQUENCING OF CLONED PCR AMPLICONS
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PYROSEQUENCING METHYLATION-SENSITIVE
SINGLE-NUCLEQTIDE PRIMER EXTENSION

Molecular Psychiatry (2007) 12, 799-814; doi:10.1038/sj.mp.4001992



METHODS

b) Sequence-specific enzyme digestion

UNMETHYLATED DNA
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Molecular Psychiatry (2007) 12, 799-814; doi:10.1038/sj.mp.4001992



METHODS

c) Capture/quantification of methylated DNA (MeDIP)

Sonication 5-methyle tldmeﬁk
& 8 & (Sm A p,
Denature - Antlbod ies Jk an
o @ ) L B ) - e ==
= > s o
_ = == —_ ——
@ i o Immuno-
. _ precipitation
Input DNA Enriched Me-DNA
(Input) (IP fraction)

Sample preparation

%e uen :
on mac me;

Alignment :
software

Reads aligncd to a

High density microarray reference genome
Methylation analysis Methylation analysis
A Arra) H‘brldlyatlon e DI L B lllgh_throughput dvisenl
Sequencing

http://docs.abcam.com/pdf/chromatin/a-guide-to-epigenetics



METHODS

lI. Chromatin Modifications

mmmffﬁmm

DNA wrapped around histone octamers to form nucleosomes

WW a) Chromatin Immunoprecipitation

Nucleosomes compacted into a chromatin fiber

http://docs.abcam.com/pdf/chromatin/a-guide-to-epigenetics



METHODS

a) Chromatin Immunoprecipitation (ChlP)

A o A 1. Cross-link DNA and proteins (optional)
g l ) A A 2. Chromatin fragmentation by sonication or by
’_‘ %{v 7 S o= % enzymatic methods (e.g. Micrococcal nuclease)
g -~ A ;.

l A 3. Immunoprecipitation of the chromatin fragments

interacting with the target protein/modification.
F Yolla o)

l 4. Reverse cross-link (when necessary) and
DNA purification

JDODODODC DD

l 5. Analysis of the immunoprecipitated fraction to
determine abudance of target sequence(s) relative
to input. Common methods include gPCR, ChlPseq
Downstream anyalsis and ChlIP-Chip.

http://docs.abcam.com/pdf/chromatin/a-guide-to-epigenetics



METHODS

a) RNA-protein interactions (RIP)

V\R/ e\R/ RNAs and their associated RBPs

o
v B R,

RIP Option 1: Prebind antibody

A.Bind antibody 8. Bind antibody-
to beads bead complexes
4 v Use Spackied to target RBP
7 AT A o
+ — 40 p \
Xtra Magnetic %Oo ©

Protein Abeads Q)

Target RBP @

RIP Option 2: Direct antibody binding

A v UserSpecified A. Bind antibody
/., oY Antibody to target RBP
Y

wh 8%
Ay NR

Xtra Magnetic %OO 8. Bind antibody-
Protein Abeads () :::::nuaa
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i Wash RIPs and Purify RNA

AVAVAR / ld-:nllfy and Profile RNA

Sequencing
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http://www.sigmaaldrich.com/life-science/epigenetics/imprint-rna.html



EPIGENOME ROADMAP

Runctionalregulatory el
in genomes from human tissues namre

ARTICLE oPEN

doi:10.1038/nature14248

Integrative analysis of 111 reference
human epigenomes

Roadmap Epigenomics Consortiumt, Anshul Kundaje"**, Wouter Meuleman®?*, Jason Ernst"***, Misha Bilenky®*,

Angela Yen 2 Alireza Heravi-Moussavi®, Pouya thradpourl'g, Zhizhuo Zhangj‘g, Jianrong Wangl‘g, Michael J. Ziller™®,
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Daofeng Li*!, Rebecca Lowdon®, GiNell Elliott*, Tim R. Mercer®?, Shane J. Neph'?, Vitor Onuchic’, Paz Polak®*,
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MATERIAL

a. Primary tissues and cells - adult samples

Esophaius

Heart
E104,E095, 105, €065 |

Thymus

En2

b. Primary tissues and cells - fetal samples

Brain 0 Spinal cord

& Stomach
Thymus P ko092 |
E093 2 Adrenal
Heart 7 eos0
o -t Kidney
" ‘. R %
g "o / Small intestine
3 Siﬂmoidcolon Liver O . [ Eoss |
/ | : Spleen O \ 7 Larﬂe intestine
oo | \ o Cord blood R(
FE \ Coltzp ,
Duodenum smooth muscle -
lEo7s |

mucoss Placenta
Kidney [TEo7s T
Pancreas Osteoblasts
(Eos7,E098 [Ce]

Small intestine Rectum

[E109 smooth muscle
Psoas muscle
[E100

Skeletal muscle

0O Gonad

d. Primary cultures
c. ES cells, iPSC, and ES cell-derived cells

Marrow derived mesenchymal cells
iPS cells

Chondrocges

Trophoblast

ES cell lines

Neuronal ﬁmﬁenitors
Mesodermal proaenitors

Mesenchymal stem cells

Ectoderm
L ]
Endoderm
(B0

Ganglion Eminence
derived primary
cultured neurospheres
(EOS4

m Skin

m Skin keratinocyte Cortex derived primary
| E057,€058

cultured neurospheres

Skin fibroblasts
| E0S5,E056

L= Skin melanocytes
| E059,E061



b

Cell type/

tissue
group

Epigenome name

Addtl marks
Chrom. states

TIAS0 fetal lung fibroblasts

ES-WA7 cells
H3 cells

13 cells
HUESS cells

DF 6.9 cells
DF 19.11 cells

DATA SETS for each epigenome

Psoas muscle
Skeletal muscle female
Skeletal muscle male

| muscle k
Fetal muscle leg

H1 derived neuronal progenitor cultured cells
H9 derved neuronal progenttor cultured cells

HUESE4 derived CDs6* e:lnderrn
HUESE4 derived CD184" endoderm
H1 BMP4 derived mesendoderm

H1 BMP4 derived trophoblast

H1 derived mesenchymal stem cells

Primary mononuclear cells (from PB
nmary T cel m primary bloo om
Pri T cells from pri blood P
Primary T cells effector/memary enriched (PE)
Primary T cells from cord bIDD?
rimary T regulatory cells (from
P T latory cells (from PB)
Primary T helper cells (from PE)
Primary T helper naive cells (from PB)
Primary T helper cells PMA-1 stimulated
Primary T helper 17 cells PMA-| stimulated
Primary T helper memory cells (from PB)
Primary T helper memory cells (from F'El]
Primary T CD8* memory cells
Primary T helper nawe oells m P
Primary T CD8* naive cells {fr

Fetal heart
Right atrium
Left ventricle
thht ventricle

Duodanum smooth muscle
Colon smocth muscle
Rectal smooth muscle
Stomach smooth muscle

Fetal stomach

Fetal intestine small
Fetal intestine large
Small intestine

Sigmaid colon

Colonic mucosa

Rectal mucosa donor 29
Rectal mucosa donor 31
Stomach mucosa
Duodenum mucosa

Gastric

Primary monocytes (from PB)

Primary B cells from cord blood

Primary hasmatopoietic stem cells (HSCs)
Primary HSCe G-CSF-mobilized male
Primary HSCse &-CSF-mobilized female
Primary HSCe short term culture

Primary B cells (f

Primary natural

Primary neutroj

Bone marrow derived MSCs
Meszenchymal stem cell deriv. chondro
Adipose-derived mesenchymal stem c
M chymal stem cell derived adipo
Musc!

Placenta amnion

Pancreatic islets
Fetal adrenal gland
enta

in fibroblast
Fi in fibroblast
in melanocyte
in melanncy‘te

Blmst vHMEC rnarnmary epithelial
Breast myoepithelial

Ganglion eminence derived neurospheres
Curtex denved neurospheres

Elam hippocampus middle

Brain substantia ni

Brain anterior caudate

Brain cingulate gyrus

Brain inferior temporal lobe

Brain angular gyrus

Brain dorsolateral prefrontal cortex
Brain germinal matrix

Fetal brain female

Fetal brain male

Sample type

Signal-to-noie
ratio percentile

Adipose nuclei

A543 EtOH 0.02pct lung carcinoma
Dnd41 T cell leul
GM12878 lymphoblastoid

Hel a-53 cervical carcinoma
HepGZ hepamcellula! carcinoma

epithelial
HSMM ske{eta] muscle myoblasts
HSMM-denived skeletal muscle myotubes
HUVEC umbilical vein endothelial
K562 leukaemia
Monucyb&s-CDM‘ RO01748
NH-A astro
NHDF-ad It demal fibroblast
MNHEK-epidermal keratinocyte
MHLF Iu'lg fibroblast
teoblast

184 [B s e o B

100% 5 @ wass Data set count 5
(n=237)

5

RRBS @ 5;3(1 2 [ Highest-quality epigenomes (n = 60)

(n=51) £ S (ChromHMM model frained + applied)
&

P~
™
-

50%

B mCRF o 3 M Remaining epigenomes {n = 67)

0%
(=16 (ChromHMM model only applied)

DMA methylation



Chromatin State Annotation across tissues

Vertical Red Lines =
PROMOTERS

Dispersed Yellow Regions
= ENHANCERS

Chromatin state annotations in 127 epigenomes
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H3K4me2
Hak1gac

H3aK27ac
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HiK4ac

HaK14ac
3K Iac

H2AKSac

H4K91ac

2BK120ac

IMRS0 fetal lung fibroblasts

Promoters are primarily constitutive, while Enhancers are highly dynamic



Chromatin State and DNA methylation dynamics

Chromatine States

Human ES cells

Inactive state Active state
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Chromatin State and DNA methylation dynamics

During Lineage Specification

ES cell differentiation




Chromatin State and DNA methylation dynamics

During Lineage Specification

Skin Cells
Keratinocytes Surface Ectoderm
Melanocytes Neural Crest
Fibroblasts Mesoderm

“Low overlap in DNA methylation & histone modification
signatures.”



Epigenome Relationships

oleBlood
-

:-___‘

T%I

“Lines with common developmental origins show similar
epigenetic modification patterns.”



CONCLUSION

“Common developmental origins can be a primary
determinant of global DNA methylation patterns.”



Relative switching frequency

Cell Type differences in Chromatin states
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CELL TYPE SPECIFICITY

1. Hematopoietic stem cells and Immune cells show a
consistent and previously unrecognized depletion of
active and bivalent promoters (TssA, TssBiv) and weakly
transcribed states (TxXWK).

2. ES cells and iPS cells show enrichment of TssBiy,
consistent with previous studies. They also show a
depletion of ReprPCWK, possibly due to restriction of
H3K27m3-establishing Polycomb proteins to promoter
regions.



Epigenetic Dynamics - Regulators
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Linking Regulators to tissues & cell types
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Linking Epigenomic Enrichments to Disease traits
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Most enriched Z2ITX [t Lt [ oM Omm OEHLL DHOCTCHACLa o B5GITEZZ0
tissue/cell type P% % E et Lbchtdd  Study
Abbrav o 2 £8E R DAy PMID
feight 18391951
Height | [19343178
Crohn's disease 21102463
Chronic lymphocytic leukaemia 24202274
Type 1 diabetes autoantibodies 21829393
Type 1 diabetes 18978792
Platelet counts |l 20139978
Chronic lymphocytic leukaesmia 23770605
Self-reported allergy 23817569
Graves' disease 23612905
Celiac disease 20190752
Rheumatoid arthritis || || | 120453842
Multiple sclerosis | [l Tl .:_:-:H:_ M | [21833088
Celiac disease + rheum. arthritj 21383967
Type 1 diabetes I 19430480
Systemic lupus erythel 19838193
23273568
I [T |20638880
Red blood cell traits ! | |23222517
Platelet counts || | [22139419
Mean platelet volume 22138419
Mean platelet volume . 24026423
Rheumatoid arthritis 24390342
Multiple sclerosis 22190364
Rheumatoid arthritis 22446963
Mean platelet volume 19820697
HDL cholesterol 20864672
20881960
23955597
Adiponectin levels 24105470
Attention deficit hy . di: 5 18839057
interval 23139255
Blood pressure 21909110
Aortic root size 0] 19584346
Pulmaonary function 21946350
Liver enzyme levels (g-glut tx) [l 22001757
Urate levels 23263486
Adv. resp. to chemth. (neutr/leuc) | 23648065
Breast cancer I_ 23535729
Type 2 diabetes 17463249
Insulin-like growth factors B 21216879
Fasting glucose-related traits 0l 20081858
LDL cholesterol i [ 24007068
Cholesterol, total i 24097068
Cholesterol, total i 20686565
LDL cholesterol i 20686565
Lipid metabolism phenotypes 19936222
HDL cholesterol i [l 24097068
Cholesterol, total i 19060911
HDL cholesterol i [5] 20686565
Metabolite levels 4] 22916037
Platelet counts Leuk H 24026423
Primary biliary cirrhosis | | [21399635

Mean corpuscular volume | | 19862010
Inflammatory bowel disease ] H H H: 23128233
Ulcerative colitis 21297633
Alzheimer's disease (late onsef] } | I I 1 I [l |HEE] 24162737

Pre-eclampsia [ 23551011




Maost enriched
tissue/cell type
Trait Abbrev JogP
Height
Height

Crohn's disease

Chronic lymphocytic leukaemia
Type 1 diabetes autoantibodies
Type 1 diabetes

Platelet counts

Chronic lymphocytic leukaemia
Self-reported allergy

Graves' disease

Celiac disease

Rheumatoid arthritis

Multiple sclerosis

Celiac disease + rheum. arthritis
Type 1 diabetes

Systemic lupus erythematosus

Systemic lupus erythematosus

T cells effector/memory enriched

IMR20 fetal lung fibroblasts
T cells cord blood

HUES48

HUESE4

iPS DF 19.11

H1 derived MS5Cs
Mononudear cells periph.
T cells peripheral

T regulatory cells peripheral
T helper cells psrilph.

T helper naive cells periph.

¢
stimulated

r cells PMA-
per 17 cele PMA-| stimulated

T helper memory cells periph.
T helper memaory cells periph.
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Analysis Pipeline

Identify cis elements
that are bound by
factors that recruit
chromatin-modifying
enzymes

Identify cis elements
in multiple cell types

Modification Cell type 1 Cell type 2
- ATAGCA CGATAA Catalog the specificity
of the cis elements
|l cataca lllTTAGGG



Analysis Pipeline
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Analysis Pipeline -EPIGRAM

Reads normalized _
for G+C biases Effect of sequence-set balancing (SSB) on

sequence sets

e log,{count) G+C content (%) Length (kbp)
. o >
Peak calling g - >
§ - 3
e »
o) b = ————
g —_— >
5 > - >
Sequence-set balancing -« >
@ > >
¥ e >
- - |
i P 2
De novo motif discovery g - [
| OMER & EPIGRAM | ;
N algorithms § - ’
- 3
Feature selection 9 - s
Full set of motifs ¢ - -

[ —— 1 T T 1
0 20 40 60 80 100 0 20 40 60 &0

o
k=l
,OO
‘o,
[
=2

ve

2,
7

=3

1 Foreground pre-SSB I Foreground post-SSB
W Background pre-SSB W Background post-SSB

Random Forest classifier



True positive rate

a

TPR

Prediction Performance

Receiver Operating Characteristic (ROC) curve

1.0 -
0.8 -
0.6 -
0.4 -
0.2 -
0 - Motif count
0] 02 04 08B 0.8 1.0
FPR P

False positive rate

Motifs predictive of epigenetic modification

1.0

80 |02
e 3.
5 ﬂm A

g O @] 0.1
5 80 =
o c
z 5
o)

H1 ME MSC NPC TBL

Xepu| pJeooep

Human embryonic Neural
stem cells progenltor cells

Trophoblast-like

b cells
Mesendoderm
1.04 Mesenchymal cells
. stem cells
0.4,
o) 2
= s
(&) 0.8 1 + *
2 S
= <
5 0.7 1 +
©
5
= 0.6 1
o
< 0.5 "H1 AME +MSC xNPC OTBL
20 40 60 ﬁO 1 00
Motif count
Heat Map

H1
TBL
ME
MSC
NPC

(_;:(_;:maw-
g m I
ZEE'_



Motif distribution Paradigm

H3 modification Function

Motif distribution is correlated with H3K27ac variation
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SUMMARY

The first comprehensive catalog of DNA motifs

Define the mechanisms by which DNA maotifs orchestrate the epigenome

In light of the genome editing technologies,
these approaches can be used to guide locus-specific epigenome editing

through alteration of the regulatory cis-elements.



OVERVIEW

1. How the epigenome affects gene expression?

2. How the epigenome changes during stem-cell differentiation (normal development)?

3. How the epigenome changes during disease?
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CAVEATS

1. Studies are based on analysis of cell populations

- Cellular Variability within populations

2. Tissue Sample: Enhancer landscapes represent the composite of cell types that make up the
tissue

- Use purified cell populations from in vivo sources

3. The DNA sequences found in cell specific enhancers provide clues for TF that regulate the
enhancers

- these clues must be validated experimentally
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