How genotype creates
henotype ??
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Mendelian genetics (mathematic abstractions) explain genes transmission but it sheds no
light on how genes create cellular and organismic phenotypes.

Genotype embodied in DNA sequences creates phenotype through proteins.
We still possess an incomplete understanding of how genotype influences phenotype.
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ATGCCGATCGTACGACACATATCGTCATCGTACTGACTGTCTAGTCTAAACACATCCATCGTAC(
TACTGACTGCATCGTACTGACTGCACATATCGTCATCGTACTGACTGTCTAGTCTAAACACATC
CATCGTACTGACTGTCTAGTCTAAACACATCCCACATATCGTCATCGTACTGACTGTCTAGTC
CATATCGTCATCGTACTGACTGTCTAGTCTAAACACATCCTATGCCGATCGTACGACACATATC
ACTGTCTAGTCTAAACACATCCATCGTACTGACTGCATCGTACTGACTGCATCGTACTGACTGU(
TCGTACTGACTGTCTAGTCTAAACACATCCCACATATCGTCATCGTACTGACTGTCTAGTCTAA
ATATCGTCATCGTACTGACTGTCTAGTCTAAACACATCCCACATATCGTCATCGTACTGACTGT
GCCGATCGTACGACACATATCGTCATCGTACTGCCCTACGGGACTGTCTAGTCTAAACACATC
TGACTGCATCGTACTGACTGCACATATCGTCATACATAGACTTCGTACTGACTGTCTAGTCTAR
CGTACTGACTGTCTAGTCTAAACACATCCCACTTTACCCATGCATCGTACTGACTGTCTAGTC
ATCGTACTGACTGTCTAGTCTAAACACATCCCAGCATCCATCCATATCGTCATCGTACTGACTG
GCCGATCGTACGACACATATCGTCATCGTACTGCCCTACGGGACTGTCTAGTCTAAACACATC
TGACTGCATCGTACTGACTGCACATATCGTCATACATAGACTTCGTACTGACTGTCTAGTCTAR
CGTACTGACTGTCTAGTCTAAACACATCCCACTTTACCCATGATATCGTCATCGTACTGACTGT
TATCGTCATCGTACTGACTGTCTAGTCTAAACACATCCTATACATATCGTCATCGTACTGACTG
GCCGATCGTACGACACATATCGTCATCGTACTGCCCTACGGGACTGTCTAGTCTAAACACATC
TGACTGCATCGTACTGACTGCACATATCGTCATACATAGACTTCGTACTGACTGTCTAGTCTAR
CGTACTGACTGTCTAGTCTAAACACATCCCACTTTACCCATGATATCGTCATCGTACTGACTGT
TATCGTCATCGTACTGACTGTCTAGTCTAAACACATCCTATAGCCGATCGTACGACACATATCCG
CTGTCTAGTCTAAACACATCCATCGTACTGACTGCATCGTACGCCGATCGTACGACACATATC
CTGTCTAGTCTAAACACATCCATCGTACTGACTGCATCGTACTGACTGCATCGTACTGACTGC
CGTACTGACTGTCTAGTCTAAACACATCCCACATATCGTCATCGTACTGACTGTCTAGTCTAAR
ATCGTACTGACTGTCTAGTCTAAACACATCCCACATATCGTCATCGTACTGACTGTCTAGTCTA
ATATCGTCATCGTACTGACTGTCTAGTCTAAACACATCCTATGCCGATCGTACGACACATATCC
CTGTCTAGTCTAAACACATCCATCGTACTGACTGCATCGTACGACTGCATCGTACTGACTGCAUL
GTACTGACTGTCTAGTCTAAACACATCCCACATATCGTCATCGTACTGACTGTCTAGTCTAAAQC
ATCGTCATCGTACTGACTGTCTAGTCTAAACACATCCCACACTGTCTAGTCTAAACACATCCAT




Why your DNA isn’t your destiny
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Excellent try, my dear Watsfon, but . . .
covld you bring me a mirror, old boy?
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ATAGCGCGGAGCCAGCGCGCTCTAGACAGACGTAGCATATCGGATAGCGACGAGCCAGTCCGCGCGGACAGTACAA

The
Unseen

Beyond DNA

benetics, make way
for epigenetics

ATAGCGCGGAGCCAGCGCGCTCTAGACAGACGTAGCATATCGGATAGCGACGAGCCAGTCCGCGCGGACAGTACAA




What Epigenetics is All About



EmiyeveTikn

H Epigenetics eival n HeAETN opIopévwy €10WY XNHIKWY dAAaywv
TToU AgiToupyoUv oav OIAKOTITEC, TTOU KAgivouv Td yovidia nh Ta
avoiyouv Kai ge autov Tov Tpoto aAAdlouv Thv Ekgppacn yovidiwyv
(dnAadn kata mooov £va yovidio SpacTnPIOTIOIEITAI Yid VA
KEKPPAOTN» O TIPWTEIVN).



Definitions

» “Epi”’ — over, above, outer

» Epigenetics — stably heritable phenotype
changes in a chromosome without
alterations in the DNA sequence
> Histone modifications
> DNA methylation

» Epigenomics — refers to the study of the
complete set of epigenetic alterations

» “Epigenetic code” — epigenetic features
that maintain different phenotypes in
different cells



Epigenetics and Epigenomics

Epigenetics= the study of heritable or long lasting changes
that are not caused by changes in the DNA sequence

Epigenome = all of the epigenetic marks for a cell type




Epigenetic marks

Epigenetic marks — small chemical tags that sit on top of
chromatin and help instruct it whether to

open or to compact

Chromatin

Histone : .,
@
> ‘ - &9

i i 4

DNA Epigenetic Marks

Gene X Gene Y Gene Z
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Epigenomics

A Brief Guide to Genomics

© What is the epigenome?
About NHGRI Research © What does the epigenome do?
© What makes up the epigenome?
Abqut the International HapMap © |s the epigenome inherited?
Project © What is imprinting?
Biological Pathways © Can the epigenome change?
© What makes the epigenome change?
Chromosome Abnormalities © How do changes in the epigenome contribute to cancer?
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Chromosomes
Cloning

What is the epigenome?
Comparative Genomics
The epigenome is a multitude of chemical compounds that can tell the genome what to do. The human genome is the complete

assembly of DNA (deoxyribonucleic acid)-about 3 billion base pairs - that makes each individual unique. DNA holds the instructions for
building the proteins that carry out a variety of functions in a cell. The epigenome is made up of chemical compounds and proteins that
can attach to DNA and direct such actions as turning genes on or off, controlling the production of proteins in particular cells.

DNA Microarray Technology

DNA Sequencing

Deoxyribonucleic Acid (DNA)
ELSI Program

Epigenomics

FISH

Genetic Discrimination

Genetic Mapping

Genome-Wide Association Studies

Knockout Mice
Newborn Screening
PCR Fact Sheet

Transcriptome

See Also:

When epigenomic compounds attach to DNA and modify its function, they are said to have "marked" the genome. These marks do not
change the sequence of the DNA. Rather, they change the way cells use the DNA's instructions. The marks are sometimes passed on
from cell to cell as cells divide. They also can be passed down from one generation to the next.

What does the epigenome do?

A human being has trillions of cells, specialized for different functions in muscles, bones and the brain, and each of these cells carries
essentially the same genome in its nucleus. The differences among cells are determined by how and when different sets of genes are
turned on or off in various kinds of cells. Specialized cells in the eye turn on genes that make proteins that can detect light, while
specialized cells in red blood cells make proteins that carry oxygen from the air to the rest of the body. The epigenome controls many
of these changes to the genome.

What makes up the epigenome?

The epigenome is the set of chemical modifications to the DNA and DNA-associated proteins in the cell, which alter gene expression,
and are heritable (via meiosis and mitosis). The modifications occur as a natural process of development and tissue differentiation, and
can be altered in response to environmental exposures or disease.

The first type of mark, called DNA methylation, directly affects the DNA in a genome. In this process, proteins attach chemical tags
called methyl groups to the bases of the DNA molecule in specific places. The methyl groups turn genes on or off by affecting
interactions between the DNA and other proteins. In this way, cells can remember which genes are on or off.



What is the epigenome?

The epigenome is a multitude of chemical compounds that can tell the genome what to do. The human genome is the complete
assembly of DNA (deoxyribonucleic acid)-about 3 billion base pairs - that makes each individual unique. DNA holds the instructions for
building the proteins that carry out a variety of functions in a cell. The epigenome is made up of chemical compounds and proteins that
can attach to DNA and direct such actions as turning genes on or off, controlling the production of proteins in particular cells.

When epigenomic compounds attach to DNA and modify its function, they are said to have "marked" the genome. These marks do not
change the sequence of the DNA. Rather, they change the way cells use the DNA's instructions. The marks are sometimes passed on
from cell to cell as cells divide. They also can be passed down from one generation to the next.



Epigenome:
The symphony in your cells

https://www.youtube.com/watch?v=

W3Kg9w-srFk&feature=youtu.be



https://www.youtube.com/watch?v=W3Kg9w-srFk&feature=youtu.be
https://www.youtube.com/watch?v=W3Kg9w-srFk&feature=youtu.be

What does the epigenome do?

A human being has trillions of cells, specialized for different functions in muscles, bones and the brain, and each of these cells carries
essentially the same genome in its nucleus. The differences among cells are determined by how and when different sets of genes are
turned on or off in various kinds of cells. Specialized cells in the eye turn on genes that make proteins that can detect light, while

specialized cells in red blood cells make proteins that carry oxygen from the air to the rest of the body. The epigenome controls many
of these changes to the genome.



The dynamic epigenome
and its implications
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The programming of the genome is controlled by the epigenome
The epigenome is composed of two components:
1) the chromatin which is associated with the DNA and

2) DNA methylation which is part of the covalent structure of the genome and is
therefore a stable long-term signal

DNA methylation is an interface between the dynamic environment and the static
genome



More dimensions.....
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Beyond the
Human Genome Project



Human Genetic Variation



Genetic Variations

Mutations are likely to be rare and most
mutations are neutral or deleterious, but in
some instances the new alleles can be favored
by natural selection.

Examination of DNA has shown genetic
variation in both coding regions and in the
non-coding intron region of genes.



Genetic variation in gene expression

@ Transcriptional activator binds to promoter
and turns on transcription of nearby gene

...GGGCGGATCTCTTT... I

Transcriptional activator does not bind to
promoter: no transcription of nearby gene

...GGTCGGATCTCTTT... I

DNA sequence variant is inherited in all cell types and in offspring




ATGCCGATCGTACGACACATATCGTCATCGTACTGACTGTCTAGTCTAAACACATCCATCGTAC
TACTGACTGCATCGTACTGACTGCACATATCGTCATCGTACTGACTGTCTAGTCTAAACACATC
CATCGTACTGACTGTCTAGTCTAAACACATCCCACATATCGTCATCGTACTGACTGTCTAGTCT
CATATCGTCATCGTACTGACTGTCTAGTCTAAACACATCCTATGCCGATCGTACGACACATATA
ACTGTCTAGTCTAAACACATCCATCGTACTGACTGCATCGTACTGACTGCATCGTACTGACTGC
TCGTACTGACTGTCTAGTCTAAACACATCCCACATATCGTCATCGTACTGACTGTCTAGTCTAA
ATATCGTCATCGTACTGACTGTCTAGTCTAAACACATCCCACATATCGTCATCGTACTGACTGT
GCCGATCGTACGACACATATCGTCATCGTACTGCCCTACGGGACTGTCTAGTCTAAACACATC
TGACTGCATCGTAGRGACTGCACATATCGTCATACATAGACTTCGTACTGACTGTCTAGT CTA?Z
CGTACTGACTGT CTAAACACATCCCACTTTACCCATGCATCGTACTGACTGTCTAGTCT
ATCGTACTGACTGTTAGTCTAAACACATCCCAGCATCCATCCATATCGTCATCGTACT GACTG
GCCGATCGTACGACACATATCGTCATCGTACTGCCCTACGGGACTGTCTAGTCTAAACACATC
TGACTGCATCCTAC s T CT A GT CTA 2
CGTACTGACTGTCT. . . . [ACTGACTGT
TATCGTCATCGTAC Single Nucleotide Polymorphisms (SNPs): \TACTGACTG
GCCGATCGTACGAC 1 per 1300 bases "AAACACATC
TGACTGCATCGTAC :
CGTACTGACTGTCTAGTCTAAACACATCCCACTTTACCCATGATATCGTCATCGTACTGACTGT
TATCGTCATCGTACTGACTGTCTAGTCTAAACACATCCTATAGCCGATCGTACGACACATATCG
CTGTCTAGTCTAAACACATCCATCGTACTGACTGCATCGTACGCCGATCGTACGACACATATCH
CTGTCTAGTCTAAACACATCCATCGTACTGACTGCATCGTACTGACTGCATCGTACTGACTGC2
CGTACTGACTGTCTAGTCTAAACACATCCCACATATCGTCATCGTACTGAGRGTCTAGTCTAA2
ATCGTACTGACTGTCTAGTCTAAACACATCCCACATATCGTCATCGTACTGTCTA TCTA
ATATCGTCATCGTACTGACTGTCTAGTCTAAACACATCCTATGCCGATCGTYCGACACATATCG
CTGTCTAGTCTAAACACATCCATCGTACTGACTGCATCGTACGACTGCATCGTACTGACTGCA(
GTACTGACTGTCTAGTCTAAACACATCCCACATATCGTCATCGTACTGACTGTCTAGTCTAAAC

ATCGTCATCGTACTGACTGTCTAGTCTAAACACATCCCACACTGTCTAGTCTAAACACATCCA
CGATCGTACGACACATATCGTCATCGTACTGCCOCTACGGGACTGTCTAGTCTAAACACATCCA




Common Variant Important in
Risk of Common Disease

ApoE4 Alzheimer’s disease
Factor V Leiden Venous thrombosis
HFE Hemachromatosis

PPARY Type 2 Diabetes
MTHFR®¢7T Cardiovascular disease
CCR5 HIV resistance
HLA-DQo Type 1 Diabetes




How Cells Read the Genome: From DNA to Protein , in the way in which information flows
from DNA to protein.




Epigenetic variation

...GGGCGGATCTCTTT... I

NN\NS

...GGGCGGATCTCTTT... I

Same DNA sequence can lead to active or inactive gene
expression in different circumstances

The information is not coded in the DNA sequence, but can
persist through DNA replication and be transmitted from
“mother” to “daughter” cells



Transcriptional activators and repressors
Influence gene transcription

Activator

O \N\N\S
I

Transcription

/\/\/\/—‘ Gene expression

varies with presence

I o ranscription

factors

Same DNA
sequence

Repressor _ _
Active globin genes
© have transcriptional
activators bound to
I o



Epigenetic variation

* Normal part of development

* Influenced by variation in:
— Transcription factor binding
— Histones and histone modifications
— DNA modification - methylation
— RNA from other genes
— No doubt many other mechanisms

« Can have implications for disease



Epigenetics

« Changes in gene expression & genome
function that:

— do not depend on the DNA code

— are heritable/stable
 From one generation of cells to the next (mitosis)

 From one generation of individuals to the next
(limited evidence in humans)

* Programming/Reprogramming of gene
expression
— Stable, but modifiable



Epigenetic marks

Epigenetic marks — small chemical tags that sit on top of
chromatin and help instruct it whether to

open or to compact

Chromatin

Histone : .,
@
> ‘ - &9

i i 4

DNA Epigenetic Marks

Gene X Gene Y Gene Z



H Mopiakn paon TnC
ETiyeveTIKNG

_CH‘ Methy

the nucleoti

Kamoieg xnpikéc aAhayéc aAAdlouv Tnv ékgppaon yovidiwv Xwpic
ETIPPON OTO YEVETIKOU KWAIKA. TTapadeiyparog xdpiv n
emiouvayn Twv HeBUAIkwy opddwv (methyl groups) oto DNA
eumodilel TNV ékppaon yovidiwv. Evw n TpodBAKn Twv
akeTUAIKWYV opddwy (acetyl groups ) oTic mpwTeiveg Tou
ovopalovTai histones xaAapwvouv Th dopA TWV XPWHOOWHATWY,
Kdl £€TOI KABI10TOUV TA oUVIOTOHEVA Yovidid va HeTaypdpouv
EUKOAOTEpQ.



What makes up the epigenome?

The epigenome is the set of chemical modifications to the DNA and DNA-associated proteins in the cell, which alter gene expression,
and are heritable (via meiosis and mitosis). The modifications occur as a natural process of development and tissue differentiation, and
can be altered in response to environmental exposures or disease.

The first type of mark, called DNA methylation, directly affects the DNA in a genome. In this process, proteins attach chemical tags
called methyl groups to the bases of the DNA molecule in specific places. The methyl groups turn genes on or off by affecting
interactions between the DNA and other proteins. In this way, cells can remember which genes are on or off.

The second kind of mark, called histone modification, affects DNA indirectly. DNA in cells is wrapped around histone proteins, which
form spool-like structures that enable DNA's very long molecules to be wound up neatly into chromosomes inside the cell nucleus.
Proteins can attach a variety of chemical tags to histones. Other proteins in cells can detect these tags and determine whether that
region of DNA should be used or ignored in that cell.



Chromatin Remodeling



H Xpwuartivn sivar duvapiko
OUOTATIKO TOU KUTTAPIKOU
KUKAOU

EmiyeveTIKEC aAAayec oTnv
opyavwon tnc Xpwuarivne
puBuilouv Tn yovidiakn
EKYpaon

o




Mnxaviaopol

2 T1adia pubiong TG €KPpaoncTwy yovidiwy.
Méow Tn¢ avadiapgéppwone ThS XpwHdaTivng.

1. Chromatin remodelling
2.DNA methylation.



There are Eight Histone Proteins in Each

Nucleosome
FBg
; Nuclscsome “‘;‘”’

Histone 3 and 4 can be
modified by methylation.

A Nucleosome




Aopikn opyavwon ToU VOUKASOOWHATOS
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i o Iust(:ne core nucleosome
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Definitions

» Histone: cluster of
proteins

» Histone + DNA(146-7bp)
= nucleosome




Modification of histones can
Influence gene transcription

EmIYEVETIKEC TPOTMOTOINOEIC OTIC
«oupec» Twv IoTovwy

Acetylation
methylation
ubiquitination
phosphorylation

Some modifications
activate transcription

Some modifications
repress transcription

Genome-wide surveys
of modifications

Spencer and Davie, becoming available
Gene 1999




Chromatin structure can modify gene transcription

DNA packaged into nucleosomes (histones)

Nucleosome placement can alter transcription

Transcription possible
“Open/active i ﬁ i @\
chromatin” O S et - .

“Closed/inactive
chromatin”

-

Transcription impeded

Active globin genes have “active” chromatin structure

Inactive or active chromatin structure can spread
across regions (“domains”)



H xpwyativn «avanvée»: AvadiarAaon Tne
XPWHATIVAC KATA TNV éKYpaon yovidiwy

yovibia rou exgpalovral

N

CUHTTUKVWHEVN QITOCUHNTTUKVWOT
xpwpcm'vn. xpwpaﬁvpg
(eTepoxpwparivn) (euxpwparivn)



EmiyeveTIKEC TpomomoINOEIC TNC
XpwHarivng

+ Tporomoinoeic Iotovwy
AxkeTuAiwon IoTovwy

MeOuAiwon IoTtovwy

McOuAiwon Tou DNA



AxkeTuAiwon IoTtovwy

* MeTagpopa axkeTuAIkne opadac oe apivofixko
KaraAoimo Aucgivine n Apyivivne kai dnuioupyia
e=-N-aKeTUAO-AUTIVIIC N €-N-aKETUAO-aPYIVIVIC

NB° P — w—
| | o

‘l’"* HDAC ‘l‘“?

=
?H’ HAT f’.(’
X X
S\ N/f‘\c/ s\n/g\c/
n o H o

Lysine Acetyl-Lysine



AxkeTuAiwoeic Iotovwy dicukoAuvouv Tn
XaAdpwon TG SOHAC TNG XPWHATIVNG

CUPTTUKVWEVT
Xpwyparivn, dev
EUVOE! TN peTaypagn =

-

HAT | HDAC

v

Xahapn xpwparivn,
EWITPENE! TN
peTaypaph



Histone acetylation controls chromatin structure and gene expression

COMPRESSED EXPANDED
CHROMATIN CHROMATIN

Histone Acetyltransferase
HAT (e.g. CBP)

Ac

Decreased gene expression

Increased gene expression



AxkeTvAiwoeic Iotovwy oTnv mepioxn Tov
UroKIvATA S1SUKOAUVOUY TNV mPooEAKUON
mAPAYOVTWY PUDHIOTIKWY TNC HETAyPaAYne

VRVINVIND))




MeBuAiwon IoTovwy

* Tpomomoinon apivefikwy KaraAoinwy Avaivne A

Apyiviviie pe TpooOnkn evoe, SU0 N TRIWY HEOUAIKWY

opadwy
CH,
I
NH3* NH2*—CH, H,C — NH~—CH, H,C— N*—CH
I I I I
CH) CH) CH) CH)
I HDM l HOM l HDM I
C"; +— c"? [ S c"? S — o‘?
I — I — l —_— I
‘i"z HMT (l)‘z HMT (l:"z HMT ?":
C, cH, cH, cH,
- I c I c I c I
NN\ HNNZON e NN NN
M M H M H M
N 0 H 0 H 0 H 0
Lysine Mono-methyl DI-methyl Tri-mathyl
lysine lysine lysine



MzBuAiwon IoTovwy

* MeBuAiwoeig Iotovwy aAAaZouv TIC GAARAETISPATEIC TOU
VOUKAEOOWHATOC HE MPWTEIVES OI OMoiec mpoodevovral o¢ Iorovee

* MeBuAhiwoeig Iorovwy oxeTilovral pe evepyomoinon n
KATAoTOAN TNC HETAypagPne, avaioya pe to apivoiko karaioimo

* O1 Histone Methyltransferases (HMTs) peBuhiwvouv
apivofika xararoima Iorovwy

* O Histone Demethylases (HDM:s) amopeBuAiwvouv apvo§ika
karaioima Iorovwy



O pohoc Tne MeBuAiwone IoTtovwy
MeBuAiwon Tne H3-K9: amevepyomoinon Tne éxgpaone yovidiwy

* H mpwreivn HP1 mpoodéveral orn peBuAiwpevn H3-K9 péow Tou
chromodomain

*  AMnAemdpaccic petalu Twyv chromoshadow domains Twv HP1
odnyouv O CUUTUKVWON THC XPWHATIVAC

*  H oupmukvwyévn xpwyarivy dev csival mpooPaoiuyn oe
HETAYPAPIKOUC Tapayovree Kai RNA mwoAupepaon -> KATaoToAn
™C YovidlaKne EKgpaonce

MeBuhiwon Tne H3-K4 evepyomoiei TV exgpaon yovidiwy
*  Tipoodeon peraypagikwy mapayovrwy ornv pebuliwpevn K4



EmiyeveTIKEC TPOTOTOINOEIC TNC
Xpwyartivng

+ Tpomomoinoeic IoTovwy
AxeTuAiwon loTovwy

MeOuAiwon IoTovwy

MeBuAiwon Tou DNA



Methylation of DNA can
modify gene transcription

NH2 NH2
S CH, X
——
- N
| methylation ‘
N /go N /go
H H

cytosine 5-methylcytosine



Methylation of DNA can
modify gene transcription

CpG CpG CpG CpG /W\/" Transcription,
‘ ‘ ‘ ‘ no methylation

Me Me Me Me
CpG CpG CpG CpG Methylation, no

transcription

Methylation preferentially of C followed by G (“CpG”)
Methylation usually associated with gene silencing
Mechanism of silencing not clear

Over- or under-expression of methylases changes gene expression



EmIYEVETIKEC TPOMOTMOINTEIC Kal
KAPKIVOC

* H umepueOuAiwon umokiviTwy amoTeAsl UNXaviouo
amMEVEPYOTOINONG OYKOKATATTAATIKWY YoVISiwv

- )

¢ RQPITT o0 P
promoter region of tumour-suppressor gene methylated
Col

—X
® 9990 ???1?? X E .
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DNA Methylation Modifiers

Aging (cell, individual)

Micronutrients (e.g., folate deficiency)
Chemotherapy other drugs
Inflammation

Environmental Pollutants



Methylation’s mark
on inheritance

Epigenetic changes to the genome can have heritable effects. An epigenome-wide
study of wild plants identifies shared patterns of such modifications and their
associations with genetic information. SEE ARTICLE r.193

STEVEN EICHTEN & JUSTIN BOREVITZ

e have long known that genes
carry the blueprint of inherited
instructions that are passed from

individuals to their offspring. More recent
developments have shown that the make-up
of an individual’s epigenome — chemical and
structural modifications to the genome that
do not change the DNA sequence — may also
contribute to this instruction set. One chemical
modification, DNA methylation, is thought to
target certain genetic elements, but it remains
unclear what proportion of these marks is
completely separate from genetic information.
Reporting on page 193 of this issue, Schmitz
et al.' begin to disentangle de novo methylation
from that linked to variation in DNA sequence
by studying the genome and epigenome of the
model plant Arabidopsis thaliana™.

The addition of a methyl group to cytosine
residues in DNA is one of the most common
epigenetic modifications in both plants and

*This article and the paper under discussion® were
published online on 6 March 2013.

animals. Such methylation is frequently seen
in repetitive sequences, is known to repress
the movement of transposable genetic ele-
ments and, in some cases, can inhibit gene
expression. There are three classes of methyla-
tion marks in plants: CG, CHG and CHH, in

which C is methyl-

“Schmitz and ated cytosine and
colleagues’ st H is any nucleo-
is an e.%‘l(:mplez}iy tide residue other
how association than guanine (G).
studies that These methylation
. classes differ in
m‘zludeog:z P their mechanisms
z;g!;ﬂ of establishment,
adgi tl‘:)l:l'(;?:zlel:'ces maintenance and

inheritance; and
they have distinct
roles in genomic
regulation, thereby leading to differing effects
on the characteristics — or phenotype — of
an organism®. Previous analyses of genome-
wide methylation profiles have identified
many regions of variable DNA methylation in
several plant systems™.

of heritability.”

SCd W uIc PUPuldllUll 1ITVClL Uy :sl.uuy lllB BCIIU‘
typically distinct wild A. thaliana individuals
collected from around the Northern Hemi-
sphere. The authors obtained whole-genome
DNA sequences for 217 individual plants,
and, of these, whole-genome methylation
profiles for 152 and gene-transcript profiles for
144 plants. From these data, they identi-
fied hundreds of thousands of sites at which
a single nucleotide was methylated in some
of the individuals (single methylation poly-
morphisms, or SMPs) and tens of thousands
of differentially methylated regions (DMRs).
More than 30% of these DMRs were directly
associated with local sites of DNA-sequence
variation. These associations define regions
at which the genetic and epigenetic variants
are inherited together. The authors also dem-
onstrate that, as expected, many of these sites
of association correlate with differential gene
expression.

Using statistical tests that are designed to
uncover associations between epigenetic
variation and phenotype, Schmitz et al. were
able to identify quantitative-trait loci (genomic
regions that control trait variation) that were
associated with differential methylation of
all three classes. Furthermore, their exami-
nation of loci for which methylation was
present across the samples led to the discov-
ery that some genes have co-opted epigenetic
regulatory mechanisms that were thought to
target only transposable elements and repeat
sequences. Many of these genes are important
for the generation of gametes (sperm and egg
cells or, in plants, pollen and ovules). It seems
that DNA methylation prevents the expression
of these genes during the vegetative phase of
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Specific epigenetic processes

Imprinting (e.g.Angelman syndrome — maternally lost genes on
chrl5, paternally silenced)

Gene silencing
X chromosome inactivation
Paramutation (interaction between alleles at a single locus, e.g. maize)

Bookmarking (transmitting cellular pattern of expression during mitosis to the
daughter cell)

Reprogramming

Transvection (interaction of alleles on diff. homologous chromosomes)
Maternal effects

Progress of carcinogenesis

Regulation of histone modifications and heterochromatin



Is the epigenome inherited?

The genome is passed from parents to their offspring and from cells, when they divide, to their next generation. Much of the epigenome
is reset when parents pass their genomes to their offspring; however, under some circumstances, some of the chemical tags on the
DNA and histones of eggs and sperm may be passed on to the next generation. When cells divide, often much of the epigenome is
passed on to the next generation of cells, helping the cells remain specialized.



Changes during mitosis

 Fidelity of “transcription” of DNA
methylation varies between 97-99.9%

* De-novo methylation: 3-5% mitosis

* Much more dynamic compared to DNA
sequence!



Lots of ways of altering gene expression
besides DNA sequence changes

What happens during replication?



Methylation patterns are

maintained through replication

Semiconservative replication
leads to hemimethylated DNA

Methylase recognizes
hemimethylated DNA and restores
methylation

Other epigenetic
modifications can also

persist through replication
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Studies linking early life exposures to changes
in DNA methylation using animal models




Animal Disease
Early life exposure lel Epigenetic change iation

Rat, Mouse, T and | DNA methylation, T and | histone ol
Pig acetylation and histone methylation

Periconceptional restriction B,,,

folate, methion Sheep Altered DNA methylation Obesity

Surgical models

Enuvironmental toxin

Paternal effect

Neonatal diet

Extendin-4

4
%

Hyperacetylation
T DNA methylation

Methyl supplementation AW mouse Obesity

Protein restriction + FA Rat Prevented or reversed hypomethylation Obesity

Seki Y et al. Endocrinology 2012



The component parts of a gene

) Enhancer ———
" Promoter -

l_'_‘_ ><.l— . y '
el — _— S G, S——

Transcription factor Exon Intron
binding sites

Transcription

start site Gene body

Maternal diet and aging alter the epigenetic control of
a promoter—-enhancer interaction at the Hnf4a gene in

rat pancreatic islets
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Yoko Ito®, R. Huw Jones®, Victor E. Marquez', William Cairns?, Mohammed Tadayyon?, Laura P. O'Neill",
Adele Murrell®, Charlotte Ling”, Miguel Constancia®®'?, and Susan E. Ozanne“'?



Evidence from human studies
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What is imprinting?

The human genome contains two copies of every gene-one copy inherited from the mother and one from the father. For a small number
of genes, only the copy from the mother gets switched on; for others, only the copy from the father is turned on. This pattern is called
imprinting. The epigenome distinguishes between the two copies of an imprinted gene and determines which is switched on.

Some diseases are caused by abnormal imprinting. They include Beckwith-Wiedemann syndrome, a disorder associated with body
overgrowth and increased risk of cancer; Prader-Willi syndrome, associated with poor muscle tone and constant hunger, leading to
obesity; and Angelman syndrome, which leads to intellectual disability, as well motion difficulties.



Can the epigenome change?

Although all cells in the body contain essentially the same genome, the DNA marked by chemical tags on the DNA and histones gets
rearranged when cells become specialized. The epigenome can also change throughout a person's lifetime.



What makes the epigenome change?

Lifestyle and environmental factors (such as smoking, diet and infectious disease) can expose a person to pressures that prompt
chemical responses. These responses, in turn, often lead to changes in the epigenome, some of which can be damaging. However, the

ability of the epigenome to adjust to the pressures of life appears to be required for normal human health. Some human diseases are
caused by malfunctions in the proteins that "read" and "write" epigenomic marks.



The dynamic epigenome

Age

Germline Parental genomic : s o :
epimutation  demethylation Epigenetic drift / somatic epimutation

] ] L ]

Developmental epigenetic programming
_—— fafafaf

Waterland RA. Nutr Rev 2008



Switch On/Off




Embryonic Stem Cells

Mainly from IVF
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Blastocyst Diagram
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Embryonic Stem Cells

* The zygote contains "totipotent” stem cells
which can develop into any cell including
those that make up the human embryo

* Once the zygote has developed into a
blastocyst, the inner cell mass will contain
embryonic stem cells

— Pluripotent -> limited capabilities but can still
further create several specialized cell types

Embryonic Development— Blastocyst
inner cell mass trophoblast

Blastocyst:
hollow ball with
inner cell mass




Pluripotent Stem Cells —
more potential to become any type of
cell

Pancreatic Hematopoletic Cardiomyocytes Neurons Hepatocytes
islet cells cells



® Multipotent
stem cells —
limited in what
the cells can
become

l'|' {| I' ] Blood cells
\ 1]

Illustration by Cell Immaging Core of the Center for
Reproductive Sciences.




Adult Stem Cells

An undifferentiated cells found among
specialized or differentiated cells in a
tissue or organ after birth

@ SKin

@ Fat Cells

® Bone marrow

® Brain

® Many other organs
& tissues




Tissue
Blood
Brain
Intestine
Skin
Muscle
Germline
Liver
Heart
Blood vessels
Lung
Kidney
Pancreas

Fat

Tissue-specific stem cells

Stem cell
HSC
NSC
ISC

Bulge cell

Satellite cell

Germ cell

Oval cell

Cardiac progenitor
EPC

BASC

?

?

2

Differentiated progeny
All lineages of blood cells

Neurons, glia

Intestinal epithelium

Hair, sebaceous gland, epidermis
Myoblasts, myofibers

Oocyte, sperm

Hepatocyte, bile duct
Cardiomyocytes, smooth muscle,
Endothelium

Alveoli, pneumocytes

Renal tubule

Exocrine/endocrine cells

adipocytes




Methylated DNA from Zygote to Adult

Zygote

@

l

ACATAGACATACACACTGTTGATTAGGGAGATAGTGACAGATCCATTACAGCACCATACCATGAT
GTTTTTATTACCAGGATGATCACCATTGGGCTACCATTTACCAGGATTACACAGTTTTAGATGACC
AGTAGCTATTAGAGGATTTTARAATTTATTTAGGATTTTATGGGATTGATARRGGGAGATTTAACA
TAGACATACACACTGTTGATTAGGGAGATAGTGACAGATCCATTACAGCACCATACCATGATGTT
TTTATTACCAGG ATGATCACCATTGGG TACCATTTACCAGGATTACACAGTTTTAGATGACCAGT
AGCTATTAGAGG ATT T TARATTTATTTAGCATTTTATCGCATTCATAAAGCGAGATTTTTATTAT
AGGACATAGACATACACACTGTTGATTAGGGAGATAGTGACAGATCCATTACAGCACCATACCAT
GATGCTTTTTATTACCAGGATGATCACCATTGGCTACCATTTACCAGGATTACACAGTTTTAGATG
ACCAG TAGC TAT TAGAGGATTTTAAATTTATTTAGGATTTTATCGCATTGATAAAGGGAGATTTA
ACATAGACATACACACTGTTGATTAGGGAGATAGTGACAGATCCATACAGCACCATACCATGAT

How is the diversity of cell types
created and maintained
in multi-cellular organisms?

ACATAGACATACACACTGTTGATTAGGGAGATAGTGACAGATCCATTACAGCACCATACCATGAT
GCTTTTTATTACCAGGATGCATCACCATTCGCTACCATTTACCAGCATTACACAGCTTTTAGATCACC
AGTAGCTATTAG AGGATTTTARATTTATTTAGGATTTTATCGGATTGATARAGGGAGATTTAACA
TAGACATACACACTGTTGATTAGGGAGATAGTCACAGATCCATTACAGCACCATACCATGATGTT
TTTATTACCAGG ATGATCACCATTCGG TACCATTTACCAGGATTACACAGTTTTAGATGACCAGT
AGCTATTAGAGG ATTTTAAATTTATTTAGGATTTTATGGCATTGATAAAGGGAGATTTTTATTAT
AGGACATAGACATACACACTGTTGATTAGGGAGATAGTGACAGATCCATTACAGCACCATACCAT
GATGTTTTTATTACCAGGATGATCACCATTG GG TACCATTTACCAGGATTACACAGTTTTAGATG
ACCAG TAGCTATTAGAGGATTTTAAATTTATTTAGGATTTTATGGCCATTGATAAAGGGAGATTTA
ACATAGACATACACACTGTTGATTAGGGAGATAGTGACAGATCCATTACAGCACCATACCATGAT



Methylated DNA from Zygote to Adult

Differentiated cells become
more restricted in their potential

| | I Totipotent
Zygote @ e
— ML pluripotent
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DNA Methylation Differentiates Totipotent Embryonic
Stem Cells from Unipotent Adult Stem Cells

DNA methylation

“=<  Pluripotent cell

)

ctggaggtgcaatggctgtcettgtectggectt
ggacatgggctgaaatactgggttcacccatat
ctaggactctag gtgggtaagcaagaact
gaggagtggccccagaaataattggcacd'laa
cattcaatggatgttttaggectcteccagaggat
ggctgagtgggectgtaaggacagg agaggg
tgcagtgccaacaggetttgtggtgtiffatgggg
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tgcagtgccaacaggctttgtggtd'.ptgggg
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acccaggggg'.gggccagaggtcaaggctaga
gggtgggattggggagggagaggtgaaa
cctaggtgag cttteccaccaggece
ctiiigggtgcccaccttecceatggetggacac



Critical CpG Sequences in
CpG Islands Near Promoters

Genomic distribution of DNA methylation

Methyl-Cytosine

.
M : 4% of all cytosines are methylated
O 70-80% of all CpGs are methylated

o

98% of the genome <2% of the genome
1 CpG/100bp 1 CpG/10bp short stretches (~1000bp)
majority methylated majority unmethylated

P e oorponed el e,

CpG islands



Organization of the Epigenome

Organization of the ‘Epigenome’

Normal Cells
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Methylation Changes During Development

Methylation Changes During Mouse Preimplantation Development
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Histone modifications change during development
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Modification of histones can
influence gene transcription
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Chromatin dynamics during
cellular reprogramming

Effie Apostolou™*** & Konrad Hochedlinger*3#

Induced pluripotency is a powerful tool to derive patient-specific stem cells. In addition, it provides a unique assay to study
the interplay between transcription factors and chromatin structure. Here, we review the latest insights into chromatin
dynamics that are inherent to induced pluripotency. Moreover, we compare and contrast these events with other physio-
logical and pathological processes that involve changes in chromatin and cell state, including germ cell maturation and
tumorigenesis. We propose that an integrated view of these seemingly diverse processes could provide mechanistic insights
into cell fate transitions in general and might lead to new approaches in regenerative medicine and cancer treatment.



What Drives Our Genes?
Researchers Map The First
Complete Human Epigenome

Stem cells offer enormous potential for repairing damaged tissue but historically they have been hard to obtain. Recent
discoveries have shown that normal skin cells can be induced to form stem cells. This provides a readily available source
of stem cells, but it’s not known if these “induced” stem cells are really equivalent to embryonic stem cells, or if the
range of adult cell types made from them are normal and could be used for therapeutic purposes. An important step to
answer these questions is the development of “fingerprints” of all cell types. Chemical modifications to DNA occur in
different patterns in each type of cell. These modifications serve as one type of molecular fingerprint that defines what
makes a liver cell a liver cell vs. a heart cell vs. a neuron vs. a “pluripotent” stem cell that has the potential to become
any one of these cell types and more. To understand how an embryonic stem cell differentiates to become any type of
cell in the body, we need to decipher its molecular fingerprint. We also need to know if induced stem cells have the
same molecular fingerprint as embryonic stem cells.

Researchers in the Common Fund’s Epigenomics Program have taken the first step toward this goal. They have
determined a high resolution fingerprint of one type of chemical group on the DNA of human embryonic stem cells and
have compared it to what is found in fibroblasts, a type of cell found in many tissue types, including skin. They found
that the fingerprints varied drastically between the two cell types. In addition, an analysis of limited regions of DNA from
induced stem cells yielded a partial fingerprint that showed the same characteristics as in human embryonic stem cells.
This discovery yields fundamental knowledge about stem cells and indicates that induced stem cells are molecularly
similar to embryonic stem cells. It provides a method to identify cells as stem cells, and it is important for future work in
which these cells will be used to regenerate adult tissues.



What Drives Our Genes? Researchers Map The First Complete Human Epigenome

Stem cells offer enormous potential for repairing damaged tissue but historically they have been hard to obtain. Recent
discoveries have shown that normal skin cells can be induced to form stem cells. This provides a readily available source
of stem cells, but it's not known if these “induced"” stem cells are really equivalent to embryonic stem cells, or if the range of
adult cell types made from them are normal and could be used for therapeutic purposes. An important step to answer these
questions is the development of “fingerprints” of all cell types. Chemical modifications to DNA occur in different patterns in
each type of cell. These modifications serve as one type of molecular fingerprint that defines what makes a liver cell a liver
cell vs. a heart cell vs. a neuron vs. a “pluripotent” stem cell that has the potential to become any one of these cell types
and more. To understand how an embryonic stem cell differentiates to become any type of cell in the body, we need to decipher its molecular
fingerprint. We also need to know if induced stem cells have the same molecular fingerprint as embryonic stem cells.

Researchers in the Common Fund’s Epigenomics Program have taken the first step toward this goal. They have determined a high resolution
fingerprint of one type of chemical group on the DNA of human embryonic stem cells and have compared it to what is found in fibroblasts, a type of cell
found in many tissue types, including skin. They found that the fingerprints varied drastically between the two cell types. In addition, an analysis of
limited regions of DNA from induced stem cells yielded a partial fingerprint that showed the same characteristics as in human embryonic stem cells.
This discovery yields fundamental knowledge about stem cells and indicates that induced stem cells are molecularly similar to embryonic stem cells. It
provides a method to identify cells as stem cells, and it is important for future work in which these cells will be used to regenerate adult tissues.

Lister R, Pelizzola M, Dowen RH, Hawkins RD, Hon G, Tonti-Filippini J, Nery JR, Lee L, Ye Z, Ngo QM, Edsall L, Antosiewicz-Bourget J, Stewart R,
Ruotti V, Millar AH, Thomson JA, Ren B, Ecker JR. Human DNA methylomes at base resolution show widespread epigenomic differences. Nature.
2009 Nov 19,462(7271):315-22. Epub 2009 Oct 14.PMID: 19829295. Link: http://www.nature.com/nature/journal/v462/n727 1/full/nature08514.htmi




Age-dependent —loss of epigenetic
control of differentation



MEDICINE & HEALTH

Hereditary Acquisitions

Acquired diseases that get passed on highlight epigenetic forces
in human health



How are researchers exploring the epigenome?

In a field of study known as epigenomics, researchers are trying to chart the locations and understand the functions of all the chemical
tags that mark the genome.

Until recently, scientists thought that human diseases were caused mainly by changes in DNA sequence, infectious agents such as
bacteria and viruses, or environmental agents. Now, however, researchers have demonstrated that changes in the epigenome also can
cause, or result from, disease. Epigenomics, thus, has become a vital part of efforts to better understand the human body and to
improve human health. Epigenomic maps may someday enable doctors to determine an individual's health status and tailor a patient's
response to therapies.

As part of the ENCODE (ENCyclopedia Of DNA Elements) project-which aims to catalog the working parts of the genome-the National
Human Genome Research Institute is funding researchers to make epigenomic maps of various cell types. Other NIH-supported
investigators have developed a number of epigenomic maps from several human organs and tissues. These NIH projects are part of an
international effort to understand how epigenomics could lead to better prevention, diagnosis and treatment of disease.



Double Meaning: Researchers
Discover Hidden Codes in Genes

Researchers in the Common Fund’s Epigenomics program have discovered a hidden layer of meaning contained within
genes. Dr. John Stamatoyannopoulos at the University of Washington, along with his colleagues, have discovered some
regions of DNA serve a double purpose. These regions contain instructions for how to make a protein, as well as
information about when and how much of the protein should be made. Scientists previously thought that a particular
stretch of DNA could be part of the genetic code, specifying the sequence of amino acid “building blocks” used to make
a protein, or part of the regulatory code, containing elements that control expression of the protein. Dr.
Stamatoyannopoulos and colleagues have identified “duons,” stretches of DNA within the genetic coding regions that
also contain a regulatory sequence called a transcription factor binding site. The researchers created a map showing
where transcription factors were bound within genetic coding regions. Looking across 81 diverse human cell types, they
found that approximately 15 percent of DNA within genetic coding regions has this dual purpose. This study suggests
that mutations within these duons could alter the protein sequence itself, the regulation of the protein, or possibly both
simultaneously. These results have important implications for how researchers interpret genetic mutations to provide
information about human health and disease.



NIH Common Fund researchers link
genetic variants and gene
regulation in many common
diseases

Dr. Stamatoyannopolous and colleagues found that some of the genetic variants linked to
adult-onset diseases lie in regions of DNA that regulate genes during the early stages of
development, providing a potential mechanism to explain the observation that some
environmental exposures in utero or during early childhood are known to increase risk of
diseases that produce symptoms years or even decades later. The researchers were also
able to link genetic variants in non-coding regions with the genes they regulate, which has
been a major challenge in genetic studies because the genes are often located a great
distance away. In addition, researchers were able to pinpoint which cell types are affected
by different diseases. These results provide new insight into disease mechanisms, and
suggest novel targets for therapeutics development and disease prevention strategies.



X-Linked Disorders: When One
Healthy Gene Isn't Enough

NIH Roadmap Epigenomics program investigator Dr. Jeannie Lee led a research team to
explore a new method of X reactivation that combines two approaches — inhibiting DNA

methylation and simultaneously interfering with the RNA responsible for X inactivation
(Xist). The team tested this approach in mouse cells to treat Rett Syndrome, which results
from the mutation of a gene on the X chromosome that codes for the protein “MECP2.”
MECP2 is important for development of nerve cells. Using this approach, the researchers

saw 30,000 times greater production of MECP2 due to reactivation of the inactive X

chromosome containing the healthy gene. The next step will be to test this treatment

approach in a Rett Disorder animal model. The results of this study indicate that this new
mixed approach is a promising treatment strategy for some X-linked disorders.



ENCODE

Encyclopedia of DNA Elements

“The ENCODE Consortium is integrating multiple
technologies and approaches in a collective effort to
discover and define the functional elements encoded in the
human genome, including genes, transcripts, and
transcriptional regulatory regions, together with their
attendant chromatin states and DNA methylation
patterns.”

Ref. A User's Guide to the Encyclopedia of DNA Elements
(ENCODE) (PLoS Biology, 2011)

Initial phase launched in 2003—1% of the
human genome

|dentification and analysis of functional elements in 1% of

the human genome by the ENCODE pilot project (Nature,
June 13, 2007)




Figure 1. The Organization of the ENCODE Consortium.
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Key findings in cancer

I. Hypermethylation of CpG islands

CpG islands in the promoters of tumor
suppressor genes are methylated

1

Tumor suppressor genes are inactivated

1

Tumors are able to grow

2. General Hypomethylation



Epigenetic gene silencing in cancer
— a mechanism for early oncogenic
pathway addiction?

¢ Epigenetic gene silencing, which is associated with aberrant methylation of promoter
DNA and transcriptional repression, is an important mechanism for the loss of gene
function in cancer.

* Silencing can occur during the early stages of human tumour progression—in
pre-invasive lesions — and involves disruption or over-activation of key developmental
pathways and cell-signalling properties.

¢ These early gene-silencing events might be crucial for inducing the aberrant, early,
clonal expansion of cells through the above alterations in key cell pathways.

* Early gene-silencing events might 'addict’ cells to certain oncogenic pathways. This
‘epigenetic addiction' could predispose cells to the accumulation of genetic mutations
in these same pathways, which drives tumour progression.



Table 1 |Mutated and hypermethylated genes in colon cancer cells*

Pathway or Hypermethylated Mutations

function genes

Whntsignalling SFRP1,SFRP2, SFRP4 Activating mutation
and SFRP5 in CTNNB1

Mismatch repair Wild-type MLH1 allele  Second MLH1 allele

Cell-cycle Wild-type CDKN2A Second CDKN2A

regulation allele allele

Epithelial-cell CATA4,CATAS5,TFF1,  TGFBR2

differentiation TFF2,TFF3 and INHA

p53-mediated DNA HIC1
damage response

Cellinvasion TIMP3

Biological effects

Pathway activation; stem-cell and progenitor-
cell expansion; cell survival

Defects in DNA mismatch-repair

Blocks cyclin D-RB1 pathway, which results in
cell proliferation

Loss of normal differentiation

Loss of apoptosis response to DNA damage

Loss of inhibition of matrix metalloproteinase
enzymes, which promotes cell invasion

*Partial list of genetic mutations and heritable gene-silencing events that were identified in a single culture line (HCT116) of
human colon cancer cells. CDKN2A, the gene that encodes p16; CTNNB1, the gene that encodes B-catenin; GATA, genes that
encode GATA-binding transcription factors; HIC1, hypermethylated in cancer 1; INHA, inhibin-o; MLH1, a DNA mismatch-repair
protein; RB1, retinoblastoma 1; SFRP, secreted frizzled protein; TFF, trefoil factor; TGFBR2, gene that encodes the transforming-

growth-factor-P receptor 2; TIMP3, tissue inhibitor of metalloproteinase 3.



BCM

Baylor College of Medicine

How do changes in the epigenome
contribute to cancer?

Adding or removing methyl groups can switch genes
involved in cell growth of f or on.

For example, in a type of brain tumor called glioblastoma,
doctors have had some success in treating patients with a
drug, called temozolomide, that kills cancer cells by

adding methyl groups to DNA.
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Human Brain Epigenomics
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Epigenetic Factors Can Explain Lower Than 100%
Transmission of Schizophrenia in Identical Twins

» ldentical twin studies show a schizophrenia concordance rate of 48-60%.

v If schizophrenia were a genetic disorder the concordance rate should be

100% .
el Mo

Lifetime Risk of

Schizophrenia

® Incidence of schizophrenia
when a relation has been
diagnosed

bﬁi

Seblings Duzygotic Twien Wg

Inheritance plays a part, but doesn’t determine
everything, or identical twins would be at 100%.



Epigenetics of Schizophrenia

The first systematic Genom- Wide DNA methnation study
\(A:/as published in September 2011 in Human Molecular
enetics.

» This study showed that identical twins discordant for
schizophrenia had a different metylation pattern.

» The twins with schizophrenia presented with a
hypometylated promoter in a specific locus on
chromosome 17 as compared with the unaffected twin.

» This explains why identical twins are not 100% concordant
for schizophrenia.

(Human Molecular Genetics, Sept.9,201 1. Epigenetic Clue To Schizophrenia & Bipolar Disorder).

o
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Stress -shock---->anxiety disorder
(children)



Hongerwinter 1944

German’s blocked food to the Dutch in the winter of 1944.

Calorie consumption dropped from 2,000 to 500 per day for 4.5 million.
Children born or raised in this time were small, short in stature and had
many diseases including, edema, anemia, diabetes and depression.

The Dutch Famine Birth Cohort study showed that women living
during this time had children 20-30 years later with the same problems

despite being conceived and born during a normal dietary state.




What is the mechanism of cocaine-associated
information transmission from father to son?

.
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Increased BDNF promoter
acetylation in sperm of cocaine-
exposed fathers.

Cocaine can reprogram

the sperm epigenome.

Vassoler et al. 2013 Nat. Neuro. 16: 42-47



Drugs of Abuse and Epigenetic Changes

" HN.

CHs

CHs

Cocaine Nicotine Methamphetamine
Nestler lab, Science, 2010 Kandel lab, Sci Transl Med, 2011 ltzak lab, Mol Psychiatry, 2014
Nestler lab, PNAS 2011 Guidotti lab, PNAS 2008 Cadet lab, PlosOne 2014
Cowan lab, Neuron, 2012 Grant lab, PlosOne 2014

Cannabinoids Alcohol
Hurd lab, Biol Psych. 2012 Kreek lab, Neuropsychopharm.2008 Goldman lab, PNAS 2011
Hurd lab, Neuropsychopharm 2014 Loh and Wei lab, PNAS 2012 Atkinson lab, PlosGenetics

Nagarkatti lab, JBC 2014 2013Lanfumey lab, Mol Psych 2014




Intergenerational Effects of Drugs of Abuse

EXPOSURE PHENOTYPE (generation)

Morphine (i.p.)
adolescent female
rat

Increased morphine analgesia, male F1 progeny
Byrnes et. Al. Brain Behav. Res 2011, 218: 200-205

THC (i.p.) Compulsive heroin seeking and altered

striatal plasticity, male F1 progeny

adolescents Szutorisz et al. Neuropsychopharm. 2014, 39: 1215-

rat 1323
Cocaine self admin. Delayed acquisition of cocaine self-
adult male administration, male F1 progeny

rat Vassoler et al. 2013 Nat. Neuro. 16: 42-47




Epigenetic Imaging and Biomarkers

Improved in vivo imaging of
epigenetic enzymes or changes

Jacob Hooker lab

Explore epigenetic biomarkers
(e.g. chronic drug exposure)?

= Olfactory neurons
= Cerebral spinal fluid
= Other cell types?




Epigenetic Imaging Shows
Gene Activation in Living Brains for
the First Time

Epigenomics grantee Dr. Jacob Hooker and collaborators have used a new neuroimaging tool to show, for the first time,
where genes are being turned off or on in living human brains. Histone deacetylases (HDACs) are enzymes that regulate
gene expression through epigenetic modifications and are therefore useful therapeutic targets. Using a specific HDAC
imaging probe called Martinostat and positron emission tomography (PET) scanning, Dr. Hooker’s group has visualized
HDAC expression in the living brain of eight healthy volunteers. In addition to observing distinct regions of HDAC
expression within human brains regions, they also saw strikingly conserved regions of HDAC expression levels between
these individuals. These conserved patterns within and between healthy individuals are significant because this lays the
groundwork for understanding epigenetic information in the human central nervous system (CNS) and related diseases.
“I'm hoping these colorful maps let us compare healthy brains with the brains of people with schizophrenia, Alzheimer’s,
and other diseases,” said Hooker. The authors conclude that this work provides a “critical foundation for how to quantify
epigenetic activity in the living brain and in turn accomplish HDAC inhibition in the CNS as a therapy for human brain

disorders”.



Common Fund-supported
Researchers Map Epigenome of
More Than 100 Tissue and Cell

Types



Unmasking
Memory Genes

Molecules that expose our genes may also revive
our recollections and our ability to learn

By Amir Levine




Brain methylation changes in Alzheimer’s patients

MAP Memory and Aging Project
+ ROS Religious Order Study
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Program Snapshot

The Common Fund's Epigenomics Program has generated a set of reference
epigenomes and new research tools, technologies, datasets, and infrastructure to
accelerate our understanding of how genome-wide chemical modifications to DNA
regulate gene activity without altering the DNA sequence itself and what role these
modifications play in health and disease.

The Roadmap Epigenomics program issued its first round of awards in 2008. The
program issued 77 awards and produced 111 reference maps of epigenomic
modifications in a variety of healthy human cells and tissues, as well as other resources
and tools that are extensively used by the biomedical research community. The
Roadmap datasets are available through the Roadmap Epigenomics Mapping
Consortium website® and the Baylor Epigenome Atlas#. The Roadmap Epigenomics

program became a founding member of the International Human Epigenome
Consortium (IHEC) in 2010. Roadmap Epigenomics awardees have published over 800
peer-reviewed articles. An integrative analysis paper, together with more than 20
companion papers, was published in a 2015 special edition of Nature. Program funding
ended in 2017.

Search Common Fund

E1| ¢ | (Q search

Division of Program Coordination, Planning, and Strategic Initiatives (DPCPSI)

Common Fund Highlights

NIH Roadmap Epigenomics

Information about the data, protocols,
reagents, and analytical tools
generated by the Epigenomics
Program, including over 100
comprehensive reference epigenomic
datasets from hundreds of human cell
types and tissues, can be found on
the Roadmap Epigenomics Website .

Epigenomes Around the
World

The Epigenomics Program is part of the
International Human Epigenome
Consortium that aims to coordinate
worldwide epigenome mapping and
characterization efforts. Read more
about the IHEC...&

©IHEC

International Human Epigenome Consortium

Creative Mind

Anshul Kundaje was recently featured
on the NIH Director's Blog. He led the
integrative analysis of the Roadmap
Epigenomics data as part of a team
funded by the NIH Common Fund
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Uncovering Important Epigenetic Changes in Neuronal Cell Development

Duke Researchers funded by the Common Fund are utilizing epigenomics to enrich our understanding of development of
the human brain. With increased understanding of how and when epigenetic marks are influencing gene expression,
researchers may be able to predict and understand more about the fate of particular neurons and understand fundamental
principles of gene regulation in the brain. Highly comprehensive epigenomic data generated from the West lab at Duke
University is uncovering more information about the extremely dynamic system coordinating the intricate temporal pattern of
neuronal development.

The study uses a technique called DNase | Hypersensitivity (DHS) to map chromatin accessibility - sites in the genome that

are structurally accessible to the cellular machinery that turn on and off genes- in different stages of neuron development. Using the developing
mouse cerebellar cortex that is primarily comprised of a single type of neuron, a cerebellar granule neuron (CGN), they were able to study a highly
specific cell population. They mapped chromatin accessibility in these cells at three key times in postnatal development and found highly dynamic
changes at over 20,000 regulatory sites during these different stages. Upon further analysis many of these enhancer sites contained binding sites for
several transcription factor families; including zinc finger proteins of the cerebellum (ZIC). Following up with functional studies, the researchers
confirmed a previously unknown role for these ZICs in coordinating gene expression in the growth and maturation of neurons. Furthermore they found
that marks remained even after a gene was turned off—labeling the genes for an easy “start up” later. This raises the possibility that the accessibility of
enhancer sites can be in a "primed" state which has implications for learning and memory. Ultimately, understanding more about these the epigenetic
changes in neuronal cell development across the genome may help researchers understand and potentially design therapies targeting diseases of the
brain.

Reference:

Regulation of Chromatin Accessibility and Zic Binding at Enhancers in the Developing Cerebellum. Frank, C. L., F. Liu, R. Wijayatunge, L. Song, M. T. Biegler,
M. G. Yang, C. M. Vockley, A. Safi, C. A. Gersbach, G. E. Crawford, and A. E. West. Nature Neuroscience. 18(5). 647-656.
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Epigenome Roadmap

3l Research | Threads | Nature Research Papers | News and Multimedia | Additional research | Sponsor

Welcome to the Epigenome Roadmap! Here, we have collected
research papers describing the main findings of the NIH Roadmap
Epigenomics Program, the aim of which was to systematically
characterize epigenomic landscapes in primary human tissues and
cells. The papers are complemented by eight threads each of which
highlights a topic that runs through more than one paper. Threads
are designed to help you explore the wealth of information
collectively published across several Nature Research journals. Each
thread consists of relevant paragraphs, figures and tables from
across the papers, united around a specific theme.

We invite you to explore the research content, the News & Views,
the video and other associated material.

News and Multimedia

Nature News | Editorial

Fey
Beyond the genome » -
J' QOO -Eé
Nature | News and Views Nature News | News
Epigenomics: Roadmap for Epigenome: The symphony in
regulation your cells
Casey E. Romanoski, Christopher K. Glass, Hendrik Kerri Smith

G. Stunnenberg, Laurence Wilson, Genevieve
Almouzni



From: Roadmap for regulation

a Adult human Dorsolateral

DNA methylation

DNA accessibility

Enhancer signatures

Histone modifications
Chromatin organization
Genome sequencing and GWAS

Embryonic Embryonic Neural progenitor
stem cells stem cells cells

The Roadmap Epigenomics Project has produced reference epigenomes
that provide information on key functional elements controlling gene
expression in 127 human tissues and cell types and encompassing
embryonic and adult tissues, from healthy individuals and those with
disease.



. . ROADMAP
'( epigenomics

PROJECT

-

Search: GO

Bran e

Angutar gynas =
ANOE a0 -
Ban »

Cngiato gyrus »
MOpOCATOUS MG = Viymuy
Irdecior tamporal b0 w Hoart

Sudstantia Ngra »
Dorsclatony! »
Protrontal Cortex

e

Modifications VIEW/DOWNLOAD QUICK LINKS

Genome Browsers
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The NIH Roadmap Epigenomics Mapping Consortium was launched with the goal of * http://epigenomegateway.wustl.edu/

producing a PUBLIC © resource of human epigenomic data to catalyze basic biology and Data Repositories
disease-oriented research. The Consortium leverages experimental pipelines built around

next-generation sequencing technologies to map DNA methylation, histone modifications, » NCBI Epigenomics Gateway
chromatin accessibility and small RNA transcripts.in stem cells and primary ex vivo tissues e Ailke

selected to represent the normal counterparts of tissues and organ systems frequently
involved in human disease. The Consortium expects to deliver a collection of normal
epigenomes that will provide a framework or reference for comparison and integration
within a broad array of future studies. The Consortium also aims to close the gap between
data generation and its public dissemination by rapid release of raw sequence data, profiles
of epigenomics features and higher-level integrated maps to the scientific community. The
Consortium is also committed to the development, standardization and dissemination of
protocols, reagents and analytical tools to enable the research community to utilize,
integrate and expand upon this body of data.

NEWS

18 NIH-supported researchers map epigenome of
more than 100 tissue and cell types

4 |HEC data portal online

Archives | 4
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Epigenome Atlas Release 9

Human Epigenome Atlas

Fitter rows: | =%| Selections » | 3 Choose Databases

The Current Release (Release 9) of the Human
Epigenome Atlas

The Current Release (Release 9) of Uniformly Processed
Data
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The Human Epigenome Atlas is produced by the NIH
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Epigenomics Roadmap Consortium. 3;': g
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epigenomes and the results of their integrative and ¥SampleType 2 2 £ B
comparative analyses. Human Epigenome Atlas provides NS Lt 2
detailed insights into locus-specific epigenomic states like Brain Germinal Matrix 1 2
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Human epigenome atlas

Successive releases of the Atlas will provide
progressively more detailed insights into locus-
specific epigenomic states, including histone
marks and DNA methylation marks across
specific tissues and cell types, developmental
stages, physiological conditions, genotypes, and
disease states.



Epigenome Mapping Centers

GOAL: Generate comprehensive epigenomic maps for
“normal” human cells and tissues

» First human methylomes (Nature 2009)
» 92 comprehensive epigenome datasets
» Data publically accessible: http://www.roadmapepigenomics.org/
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a-d. Tissues and Cell Types of Reference Epigenomes. Comprehensive listing of all 111 reference epigenomes generated
by the consortium, along with epigenome identifiers (EIDs), including: (a) adult samples; (b) fetal samples; (c) ESC, iPSC,
and ESC-derived cells; and (d) primary cultures. Colors indicate the groupings of tissues and cell types (as in Fig. 2b, and
throughout the manuscript). For five samples (adult osteoblasts, and fetal liver, spleen, gonad, and spinal cord), no color
is present, indicating that these are not part of the 111 reference epigenomes (ENCODE 2012 samples, or not all five
marks in the core set were present), but datasets from these samples are high quality and were sometimes used in
companion paper analyses, and are available to the public. e. Assay correlations. Heatmap of the pairwise experiment
correlations for the core set of five histone modification marks (H3K4me1, H3K4me3, H3K36me3, H3K27me3,
H3K9me3) across all 127 reference epigenomes, the two common acetylation marks (H3K27ac and H3K9ac), and DNA
accessibility (DNase) across the reference epigenomes where they are available. Yellow indicates relatively higher
correlation and blue lower correlation. Rows and columns were ordered computationally to maximize similarity of
neighboring rows and columns
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International Human Fpngvn()'rp Consortium

* [International effort

 Generate comprehensive sets
of reference epigenomes (1000)

« Common data standards
« Rapid data sharing

* Understand epigenomic basis
of disease

* @$125M non-US effort on
reference epigenomes, plus




NEWS & ANALYSIS

The Roadmap Epigenomics Project
opens new drug development avenues

The US National Institutes of Health's US$240-million epigenomics investment could improve the study
of disease biology, the identification of new drug targets, the validation of animal models and more.

Asher Mullard

Fourteen years since publishing the
first draft of the human genome,
researchers have now laid out

an unprecedented map of the
epigenomic landmarks that cover
the DNA of different cell and tissue
types. Hundreds of collaborating
scientists, brought together under
the US National Institutes of
Health (NIH)’s 10-year Roadmap
Epigenomics Project, published
21 dense technical primary papers
in Nature and its sister journals,
potentially providing a key step
towards understanding the
diverse functions and differential
gene expression profiles of
different cell types that share

the same genome (www.nature.
com/epigenomeroadmap).

The preparation of this roadmap
was just a prelude to a long road
trip ahead, but the implications for
drug developers could be huge.

“This is extremely important
science and a set of papers here that
are going to be looked back on in
several years as just ground-breaking
work,” says Mark Curran, Vice
President of Systems Pharmacology
and Biomarkers in the immunology
therapeutic area at Janssen, who
was not involved in the Roadmap.
Although the data need to be validated
atthe bench, and some uncharted
genomic regions remain to be filled
in, he says the project could shed new
light on disease, druggable targets,
biomarkers and animal models.

Janssen and its parent company
Johnson & Johnson are one of
a few firms who are already
digging in to the applicability of
epigenomic data beyond oncology,
the only therapeutic area in which
epigenome-modulating drugs have
so far been approved (see Nature
Rev. Drug Discov. 14, 225-226;
2015). In addition to its in-house
efforts, Johnson & Johnson has

co-bankrolled the formation of
Rodin Therapeutics, a biotech that
is developing histone deacetylase
(HDAC) inhibitors for Alzheimer
disease (AD), and Janssen is
co-supporting academic research
into the epigenomics of Crohn
disease and ulcerative colitis. Other
pharmaceutical companies are also
gearing up their epigenomic engines.
They will have no shortage of data
to work on, with a further deluge
of epigenomic data on its way.
The NIH’s Roadmap sequenced
reference epigenomes from over
111 different primary cells and tissue
types, and the larger International
Human Epigenome Consortium
(THEC), of which the Roadmap
project is a member, is co-ordinating
the analysis of a total of 1,000 primary
cell and tissue epigenomes. The
European Union’s Blueprint project,
another member of the IHEC,
is set to publish another 100
reference epigenomes by next year.

NATUREREVIEWS [DRUG DISCOVERY

© 2015 Macmillan Publishers Limited. All rights reserved
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Common Fund Researchers Detail Epigenomic Changes during Development

Most cells in the human body contain the same DNA, yet different types of cells have vastly different shapes, sizes, and
functions. How do these differences arise? Chemical modifications to DNA and DNA-associated proteins, called epigenetic
modifications, help instruct a cell to express only a sub-set of genes, giving rise to different characteristics for different cell types.
Epigenetic regulation of gene expression changes during development, and can also change as a result of environmental
exposures, pharmaceuticals, aging, and diet. Some epigenetic changes promote health and normal development, while others
may contribute to a variety of diseases. Three recent publications in the journal Cell from the Epigenomics program’s Reference Epigenome Mapping
Centers reveal important insights about epigenomic changes that take place during development, as non-specialized stem cells differentiate into
specific cell types, such as heart, brain, skin, and many more.

Dr. Bing Ren at the San Diego Epigenome Center examined epigenetic events that occur during early embryonic development, as stem cells begin to
differentiate into specific cell lineages. Dr. Ren's work shows that distinct epigenetic mechanisms regulate early and late stages of stem cell
differentiation. Interestingly, several gene families that are known to play important roles in development were notably lacking in one type of epigenetic
mark, called DNA methylation, in early stages of development. Some of these same genes were found to have excess levels of DNA methylation in
cancer, suggesting a possible role for epigenetic regulation of developmental genes in several types of cancer.

An additional study by Drs. Bradley Bernstein and Alexander Meissner, from the Reference Epigenome Mapping Center at the Broad Institute,
examined epigenomic changes that occur as human embryonic stem cells differentiate into the three germ layers that develop in an embryo: ectoderm
(which becomes epidermis, nervous system, eyes, and ears), mesoderm (which becomes muscle, bone, cartilage, the circulatory system, and the
urogenital system), and endoderm (which becomes parts of the gastrointestinal tract, the liver, the pancreas, and the lungs). This study revealed
several discrete events that occur during differentiation into each germ layer, providing new insight into how human germ layers are specified during
development. Additionally, this information may prove useful to scientists who seek to differentiate induced pluripotent stem cells (iPSCs) for the
purpose of repairing or replacing a wide range of tissues damaged by disease or injury.

In a separate study, Drs. Bernstein and Meissner, along with colleagues across the Epigenomics Mapping Consortium, systematically mapped global
changes in chromatin, the physical structure of DNA and proteins inside a cell. The conformation of chromatin is regulated by epigenetic factors,
leading to changes in gene expression (see “A Scientific lllustration of How Epigenetic Mechanisms Can Affect Health™). By generating over 300
chromatin state maps from diverse human tissues and stem cells, the researchers have discovered signature patterns of "active™ chromatin,
representing genes that are being expressed, versus "repressed” chromatin, representing genes that are not expressed. During development,
chromatin changes from a largely accessible state to a more restrictive state. The chromatin state maps reveal that cells of different developmental
stages, or exposed to different environmental conditions, can be distinguished by characteristic differences in chromatin state maps. Prior to this study,
much of what scientists knew about chromatin states came from studying cell lines derived from various model organisms.

Collectively, these studies provide a wealth of information about epigenetic dynamics in human cells within different tissues, during various
developmental stages, and under a variety of environmental conditions. The extensive data sets available in these publications will be a valuable
resource for researchers in a wide range of biomedical fields.
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