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From blueprint to implementation

‘ |. Genome composition ‘

‘ Il. Enhancer studies ‘

‘III.Epigenetics ‘ —— T / Y
b%t %ﬁz;‘.@d‘{?&.@

“What ever will we think about now that
the genome project is almost complete?”

Genomics spurs rapid advancement

\ ‘. 2 “"}"'ﬁi o
ia e

An image of tau tangles in the
brain, often a hallmark of
Alzheimer’s disease. A group of
researchers has found that a
protein, normally active in
fetuses, may also protect the
neurons in older people.

Yankner laboratory
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Central dogma - 1958

Mutations identify Mendelian diseases

Processed RNA

!

Protein
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Brain Mapping Project

Disease risk associations

Gateway to personalized medicine

Baby Genome

Personalized medicine

$1000 genome
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‘ uonIsodwod 3wWouan °| ‘

“the genome comes alive in 3D”

From blueprint to implementation

Protein-
Codin

\

~ 3.3 billion bases

Characterizing the Human Genome

ing
(23,000 p.c. genes)
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DEBATES

HOW MUCH OF THE GENOME IS FUNCTIONAL?

HOW MUCH OF THE GENOME IS SUPERFLUOUS?

how to be sure?

HOW WELL CAN WE DISTINGUISH THE TWO?

biochemical signals, conservation, genetic evidence

The 98%

RAPKRICD

Dark matter Functional
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1 billion bp 3.3 billion bp 132.8 billion bp

Complexity

e Cell-type diversity

* Coding genome
Alleles
Splicing isoforms

Regulated translation
Posttranslational modifications
* Noncoding RNA

* Noncoding genome

— Alternative promoters
Alternative 3’ UTRs
Myriad enhancers

Transcriptome

Intronic regulatory elements
Replication origins @

* Epigenetic modifications

www.dkfz.de
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Georgian National Museum

Human migration out of Africa. Numbers are estimated years before the present.

bonner@indiana.edu

FUN USES OF THE GENOME
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Genome challenges

Thea Norman (Official Rep) 4 months ago

Welcome to the ICGC-TCGA-DREAM Somatic
Mutation Calling Challenge

The Undiagnosed Diseases Program

UNDIAGNOSED

© Overview

© Program Background
© Program News

© Program Contact

OP-ED CONTRIBUTOR
My Medical Choice

By ANGELINA JOLIE
Published: May 14,2013 | @ 1712 Comments

LOS ANGELES
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Conserved elements in the human
genome

alignments in neutral all human-mouse alignments
regions

a 0.3,

GCGA-TGAG TAGCATC TACTATT

(T

TGGGACTGACTA-CATCGACTA

0
Selection

Difference:
5% of

Human Genome )
85%id on average

[Mouse consortium, 2002]

EVOLUTIONARY CLUES

Evolutionary Distance

Human R A
Chimpanzee >
Horse ‘ A
Rat ’

Platypus
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Phylogenetic footprints

687 8717
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ACAGCAATGCTGAGTC)\TGATGAG CATGCTGAGGC —————————— ‘TAGGGTGTGTGCCCAGATGTTC!

8807 8817

8728 [CACCTq
10485 g.76...

11697 .l

5721
12116: G...........7T.T..G....AaTCC...... M..G..AA..G.. | ----T...T.TQ.IC... .J.AG. ...

human
galago
rabbit
goat.ler
mouse

human
galago
rabbit
goat.ler
mouse

Phylogenetic shadowing

L - ! human
-(_)—;--D—D-——D—D-—'—D- chimp

b e} { ] et = baboON

N E— e et = Fh€SUS MONkey
i (i e pee( = Jr€€N MoONkeY
—{ O <] colobus

[ e o= dusky titi
= { = Spider monkey
[ — — g —

Sequence elements under greater constraints:
candidate functional element

[]: nucleotide difference with at least one species

10
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Ultraconserved elements in the
human genome

Ultraconservation

-5 5

chicken

UCSC browser conservation track

Function through variation

Correlation between Sickle Cell
Allele and Malaria
T .

Normal red blood cell Sickled red blood cell

y Falciparum

Sickle cell

allele in malaria in
Africa Africa
B1-5% OMalaria
W5-10%

W10-20%

The McGraw-Hill Companies
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0-20 %

20-40 %
B 0-60%
B so-s0%
[

80-100 %

Lactose intolerance

Level of
sequence
conservation
Chntanxee
hesus

Mouse
Rat

Do
(hi(k(-g
Frog

Processes in accelerated change

Chimpanzee (:‘ N § ;’:1,’.’;:‘.:;1
s HACNS1
el ¥ +13 substitutions = ortholog .
L "
h’ h U “reverted”
st S T e— A = HACNS1
-13 substitutions = an .
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ELUSIVE GOALS

WHAT YOU KNOW
WHAT SOME MIGHT KNOW

(and most really need to find out)

Genome sequence

Functional sites

Noncoding RNAs

WHAT YOU
Role of DARK MATTER

REALLY SHOULD
KNOW

WHATYOU We dont know how much

MAY NEVER KNOW we don't know
THE UNKNOWN

Understanding disease
mechanisms

diseases diseases

Rare ( Common

Disease-relevant
alleles

Odds ratio
(effect size)

U

1 - several 10 - 100+ 100,000+

< >
NGS: WES/WES

J Med Genet. 2011;48:580-589.

Number of individuals
needed

March 26, 2014

Laura Elnitski, Ph.D.

13



NHGRI Current Topics in Genome Analysis 2014
Week 5: Regulatory and Epigenetic Landscapes of Mammalian Genomes

March 26, 2014
Laura Elnitski, Ph.D.

Genotyping for common variants

a SNPs

Chromosome 1
Chromosome 2

SNP
v

AACACGCCA....
AACACGCCA....

SNP

v

TTCGGGGTC....
TTCGAGGTC....

SNP

v

AGTCGACCG....
AGTCA ACCG....

Chromosome3 AACATGCCA.... TTCGGGGTC.... AGTCA ACCG....
Chromosome4 AACACGCCA....TTCGGGGTC.... AGTCCGACCG....
L A
b Haplotypes N‘ v
Haplotype1 CTCAAAGTACGGTTCAGGCA
Haplotype2 TTGATTGCGCAACAGTAATA
Haplotype3 CCCGATCTGTGATACTGGTG
Haplotype 4
v v «
A i c
¢ Tag SNPs - - -
G c G

http://hapmap.ncbi.nlm.nih.gov/whatishapmap.html

Genome wide association studies

Patients \

Sc y = Non-patients
>c
Ly =3i=
> S>3
Patient DNA Non-patient DNA

X\

m a Compare
H differences
to discover

SNPs associated | s38es
i with diseases RS

Disease-specific SNPS

Non-disease SNPS

http://www.mpg.de/10680/Modern_psychiatry
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GWAS loci

Published Wide Ac<aciati hrough 12/2012
Published GWA at p<5X10 for 17 trait categories

lf%éi"?%

NHGRIGWACatang i $

gov/GWA
Q“"""‘“‘* wwwebl ac.uk/fgpt/gwas/ EMBL-EBIT ew-

GWAS findings in noncoding regions

Trait associated GWAS SNPs

‘ coding J
y ‘\\
\\‘\“

INTRONIC

‘ intronic

s

SPLICE SITE
STOP GAINED

FRAMESHIFT GAINED

Hindorff et al. PNAS 2009
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m . . T . .
= Disease-associated variation clusters in pathogenic or target cell
QU
> types
(]
(0]
=
(%]
=
o chr8 (q24.13) chr16 (p13.13) chr3 (p22.2) chr6 (q22.1) ¢hr3 (p22.1)
||
v 126540000 11249000 11250000 38767000 38768000 117210000 39555000 39556000
s - o prowen
co14 A‘ J AG09309 " AG04450 AG09309 8
Haepic coss A ak ok cacor
HGF WeF fHeart ‘- HEEpIC fBrain i‘ -
MCF7 hTH2 GMDGQSO- - HMEC HAC
—t ]
NB4 NB4 HCFaa HPALF HMEC
PANC1 PANC1 - HCT116 INCap PANC1
SKNSH SKNSH - HepG2 MCF7 - SAEC
Disease Trait Crohns Multiple sclerosis QRS duration Prostate cancer ADHD
Disease Class i i G Cancer Neurological
A significant fraction of GWAS variants falling in regulatory DNA directly
affect TF occupancy
Maurano et al., Science 2012

Putative effect of variants in
enhancers

Allele Specific activity

rsXXXXX

By  FSXXXXX-T

Disease

Front. Genet., 28 September 2012

Health
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GWAS caveats

Indirect Association

WTRTTRTITIITII I (TATHD ARy~ chromosome

/———— Region of High Linkage
Disequilibrium
h

Disease Risk Genotyped SNP
SNP

Predicting function in the genome

chr7: 115930000| 115935000|
UCSC Known Genes Eased on UniProt, RefSeq, and GenBank mRNA

7 Vertebrate Multiz Alignment & Conservation (17 Species)
Conservatn IH WL IM | | llll W l Ly
e L Ll i 4 i
i -:h_—u_——_
rhesugw - T T ]
MOUSE il bl e e ot oo o st il A ol
at | MMRAM _— e
Rt Ak M LA Ll ——— AL AL AL ———) Y]
gmmuu.:mm e e m
M ————————— —— Falaalll
armadlllow RN RLE L R rrorrrer ]
elephant ————— di—. ™ ™ P YTy
TORreC s sk oY Sy T
OPOSSUM Tusksa TR m v oy rem el Bl e P
chicken

X, tmémahs YT}

Ml
tetraodon  iabutide il
fuau [T

Mutations in functional DNA are less likely
to be tolerated
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Determining biochemically active
regions

* Transcription factor occupancy
* DNase Hypersensitivity

* FAIRE data

* Chromatin modifications

Validation using transgenic mice

VISTA Enhancer Browser

whole genome enhancer browser

Experimental Data Advanced Search Gallery Contact

Expression pattern

o 5 . Embryo 1
blood vessels () branchial arch () cranial nerve () dorsal root ganglion ()
ear (] eye facial mesenchyme () forebrain )
genital tubercle () heart ¥ hindbrain (rhombencephalon) O limb O
liver 0 melanocytes ©) mesenchyme derived from neural crest ] midbrain (mesencephalon) O ’ ‘
neural tube () nose ) other () pancreas ()
somite () tail O trigeminal V (ganglion, cranial) O No pattern )
Embryo 2
And only

Positives ©  Negatives O Does not matter O

Organism a [
Human O Mouse O Both ®

And only Embryo 3
If sections available ©

&8

Search
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Source Genome

Fragmentation

Linker Ligation

STARR-Seq Ex

into reporter
vector

Clone Library

Transfection
into cells

Poly-A RNA

* High throughput g

enhancer assay prepanion

PCR
Amplification

VAAMAAAAAAAAAAA
—
Paired-end €
sequencing »
Computational

processing of
data

Super & Stretch Enhancers

Cell type A Cell type B
= \13
@
Typical enhancer Typical enhancer

Activegene — @ A 0

Super-enhancer

Acel-  wgie weie. o
identity gene

Super-enhancer

—:,_m

B cell-
identity gene

Silentgene ——M _
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ENCODE catalogs

~ 50% of predicted functional elements don’t
test positive in an enhancer assay

Disease-associated variation clusters in pathogenic or target cell
types.

v Indirect Association
Health Disease

W ONIT] T - chromosome

/\ Region of High Linkage
a [y

Disequilibrium

Disease Risk Genotyped SNP
SNP

Shadow enhancers
(redundancy/resilience?)

— Drosophila chromosome 1 HH g

- | F L
AN 4 B P
| & lShadow enhancer Primary enhancerI

Binding sites for transcription factors can vary
between two enhancers that regulate the same gene

L I
<

4

Science 5 September 2008:
vol. 321 no. 5894 1300-130

20
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Deletion of candidate elements

Deletion of Ultraconserved Elements
Yields Viable Mice

Nadav Ahituv"zn, Yiwen Zhu‘, Axel Visel‘, Amy Hol(', Veena Aful', Len A. Penna«hiou, Edward M. Rubin'?"

1 Genomics Division, Lawrence Berkeley National Laboratory, Berkeley, California, United States of America, 2 United States Department of Energy Joint Genome Institute,
Walnut Creek, California, United States of America

Ultraconserved elements have been d to retain ded perfect
mouse, and rat due to ial fi ional properties. To investigate '
vivo, we removed four noncoding ul ved el ging in length fr
mouse genome. To maximize the likelihood of observing a phenotype, we chose
enhancers in a mouse transgenic assay and that are near genes that exhibit marke
inactivated in the mouse and when their expression is altered due to other genomi
resultlng lines of mice lacking these ultraconserved elements were vlable and fel
abnor when d for a variety of p h, longe
addition, more targeted screens, informed by the ahnormalltles observed In mic
investigated elements had been altered, also failed to reveal notable abnormaliti
of all the possible phenotypic impact of the deleted sequences, indicate that ex
necessarily reflect crucial functions required for viability.

GWAS summary

Resounding success
Modest effects (OR < 2)
Substantial heritability remains to be explained

Deep resequencing of GWAS loci identifies independent
rare variants associated with inflammatory bowel disease

Manuel A Rivas'-3, Mélissa Beaudoin*23, Agnes Gardet>2?, Christine Stevens>23, Yashoda Sharma$,

Clarence K Zhang®, Gabrielle Boucher?, Stephan Ripke'?, David Ellinghaus’, Noel Burtt?, Tim Fennell?,

Andrew Kirby'?, Anna Latiano®, Philippe Goyette*, Todd Green?, Jonas Halfvarson®, Talin Haritunians'?,
Joshua M Korn?, Finny Kuruvilla®!!, Caroline Lagacé?, Benjamin Neale!2, Ken Sin Lo, Phil Schumm2,

Leif Toérkvist'?, National Institute of Diabetes and Digestive Kidney Diseases Inflammatory Bowel Disease
Genetics Consortium (NIDDK IBDGC)', United Kingdom Inflammatory Bowel Disease Genetics Consortium'?,
International Inflammatory Bowel Disease Genetics Consortium!4, Marla C Dubinsky!5, Steven R Brant!6.17,
Mark S Silverberg'®, Richard H Duerr!®2%, David Altshuler'2, Stacey Gabriel?, Guillaume Lettre*, Andre Franke’,
Mauro D’Amato?!, Dermot P B McGovern'%?2, Judy H Cho®, John D Rioux*, Ramnik J Xavier2* & Mark J Daly"?

namre

genetics

21
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Rare variants affect splicing

|:| Intron Exon Intron |:|
Regulatory
complex
U2AFB5 ), 35 :
e 0 00
ynyuray//‘/yy{y}"/négw AGgtragt
Branch site 3'-splice site ESE ESS 5'-splice site ISE ISE 1SS
ESE = exonic splicing enhancer ISE = Intronic splicing enhancer
ESS = exonic splicing silencer ISS = Intronic splicing silencer

Nature Reviews Genetics 2004 5: 389-396

SHH Development 2005 132 : 4 797-803
reveal single mutations
with large effects

Hemingway cat with six toes

b Lmbrland Shh gene loci

Hum. Mol. Genet. (2008) 17 (7): 978-985
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2 | Epigenetic languages of the genome
2
.

NIGHT ScHoolL
ENROLMg-ﬂ

a. Chromatin

=N b. Noncoding RNA
3D =
D, ~ Lk c¢. Nuclear architecture
g CAZC DN
> @\ d. DNA methylation

LEARN LEARN LeARN
€ TEXT
i F‘;M SERMAN MessAc«e

Active and inactive chromatin

ugewouy) e

uchromatin ‘ochromatin
oa K- methylases K- demethylases
L] R- nmwghsos
| e\ VW

7 T N, Mebe o [

Front. Immunol., 19 December 2012
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Locations of histone modifications

NH.

R2
12 K4 rg 5101 7K23

Meme Ph A

K26 Ac/Me

S3 Ph
NH COOH

Stem Cells and Epigenetic Reprogramming
Perla Cota, Mehdi Shafa and Derrick E. Rancour

Activation and repression

Transcription activation

Activation complex containing HAT

AC\ :

Ac!

Relaxed chromatin Transcription repression

] a Transcription repression
\ o= . complex containing
A hpac )RS
Repression € HDAC ) ey

Compacted chromatin

24
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Regulatory modifications

Active enhancer

Polycomb
chromodomain

Polycomb Repressed promoter

complex

-

H3K27me3 Histone

www.rikenresearch.riken.jp/eng/frontline/5514

Chromatin code

Writing Erasing Reading

\r

o{_D Oq @

Acetylases, Deacetylases,  Bromodomain,
methylases, demethylases,  chromodomain,

phosphorylases phosphatases PHD finger,
WD40 repeat

Nature Immunology 11, 565-568 (2010)

March 26, 2014

Laura Elnitski, Ph.D.
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Differentiation

Differentiated cells

A v’.“:—’-'-"(""'m ON @ =Histone Methylation
HSCs @ =Histone Acethylation
% =DNA methylation
Hox genes

Hox genes

2
OFF

Leukaemia associated fusion proteins

Chromosomal translocation
\ (e.g. MLL-CBP, MLL-ENV)

Di Croce L Hum. Mol. Genet. 2005;14:R77-R84

Human
Molecular Genetics

Histone variants

DNA methyltransferases
DNA demethylases

Histone acetyltransferases
Histone deacetylases
Histone methyltransferases

Histone demethylases

Chromatin remodelling factors

Mutations of epigenome modifiers

HIST1IH1B

DNMT1

TET2

EP300

HDAC4

MLL

JARID1C

ARID1A

Nature Reviews Cancer 13, 497-510 (2013)

March 26, 2014

Laura Elnitski, Ph.D.
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Hidden treasures

Heg guys, whats say
you 5ive me £10
for this crazy old
waterlilly pa-’n'!’ing?

\
<\1Nu Suipoouon ‘q

GARAGE
SALE

Noncoding RNA
DNA == RNA == PrQ¥gin

%{ i ? WA )
W O YD :
V.

lincRNA-p21

Oncogenic & tumor-suppressor lincRNAs

27
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XIST exploits 3D architecture

ChrX

'a

—
I
Xist o\
*
oy

http://www.youtube.com/watch?v=P3X4ujzRxc4#t=150

Silencing Down syndrome

Patie
Fibroblast

28
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MicroRNA

processing

AAAAA [

miRNA

AAAAA

\

Degradation

Block Translation

eRNA

Protein-coding gene

A

Protein-coding gene

Loss of
activation

N\

3

Activation‘ %

e = ¥ 5%

. T Wl ¢
RGN ARG JRA

Activating ncRNA gene

lsiRNA knockdown of ncRNA -

R TN ATNT G ) 70 \V/ .\
Activating ncRNA gene
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\
<Jc—).|n1aa1!qwe JeapnN 2

Genome architecture

"Ms. Jennings, have you S‘een my
'‘ORGANIZATION IS THE KEY TO SUCCESS'
poster?"

Organeyezlt

Long distance interactions

correlated DHSs
(R=0.97)
chry; /FM 4850000 4900000 W‘
15385893 | RCLL forsvsssnsmesessnsschofsefossatodbucunasnnd AL1SE147.1+  JAK2wessssssse
MIRIOLZ 1 wesssssssesssssm RP11-125K10.4
ooy Bl ek A oAb ol
100 kb -
Chromatin
interactions
(ChIA-PET)

Chromatin Interaction Analysis by Paired-End
Tag Sequencing (ChlA-PET)

Science 7 September 2012:
Vol. 337 no. 6099 pp. 1190-1195

30



NHGRI Current Topics in Genome Analysis 2014

Week 5: Requlatory and Epigenetic Landscapes of Mammalian Genomes

March 26, 2014
Laura Elnitski, Ph.D.

=20.9 kb +1 kb

3D regulatory structures via CTCF

100 kbt +6.8kb  +15.6kb
TR 1 1
H--+ } 1
Ex1 Ex11 Ex24
P P Pee,
P L 7 7
P g @ [ @
@ 7 z
pn 7 7
z z L
I ® @ >
7 ® @ @
z ®® |
7 7 p
7 > 7
z e @ 7
7
7 7z 7 7
@ @ a_ @ JF a
- 7 L 7
2 7 e © ®
@ o conesin ® 2 © ZCFTRT
tta by e &
[a ?/f P "f ? @ ®
N
- ‘® p=
[N @,
N 154
g

Biochem. Cell Biol. 89: 489-494 (2011)

Chromosome territories

PLoS Biol. 2005 3:e157
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Laminar interactions

Nuclear Envelope LBR LBR

Heterochromatin

PLoS Biol. 2005 3:e157

Progeria

Am J. Med Genet. 23:2603-24
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Emerging paradigms

~F WALK
/ \\JT\‘) MIHD)

AT e \(?gl ,

\ @.,) v ‘

Sean Taverna

<U0!-1€I/\l413|/\| VNa P ‘

Waddington’s epigenetic landscape

Waddington, C.H. The Stategy of the Genes
(Geo Allen & Unwin, London 1957)

SN - Inherited at
= each generation

DRI DI

http://www.the-scientist.com
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MeCP2 and Rett Syndrome

DIx5 DIx6é

—_ n
linear order
normal looping with MeCP2 looping without MeCP2
(silent chromatin) (active chromatin)
NATURE GENETICS
VOLUME 37 JANUARY 2005

Rett Syndrome Research Foundation

Nutrition

Methyl donor
o
supplementation

C () supplementation n N
| EB5-E155
. W ~
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Behavioral traits

a Low licking and grooming b High licking and grooming

0o =n
RN y <
MIC N
P =7
=\ {d
53 \
NGFI-A l

WM
X e
Nricl NGFI-A [z

l l

v GR expression

J l

High corticosterone levels
High anxiety
Low licking or grooming

Low corticosterone levels
Low anxiety
High licking or grooming

Nature Reviews | Neuroscience

Nature Reviews Neuroscience 10, 446-457
(June 2009)

Plausible health interventions
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Methylator phenotypes

Methylation levels

.

0 1

Non-CpG
island

CpG
island

Normal
controls

Tumor
samples

L

I I‘I I\IIIIIIIIIIF‘FI V\I\I\ | IJ‘ ! [N T
P HHLMM"'%I‘;H*MIFMHH IIHHH‘H !

”"l”jq4..@.»"‘“‘:*\‘;‘1! H

Genomic

>

sites

Kolbe et al. 2012

Repair mediated DNA demethylation by Gadd45
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Dynamic cellular landscapes

Lamin proteins
Chromatin modifications

DNA methylation

Chromosome looping

Cell. Mar 16, 2012; 148(6): 1123-1131.

Conclusion

HOW WAS
SCHOOL
TODAY?

INFORMATION!

Platform for understanding

O%

The central dogma has guided decades of
research in molecular biology.

Sequencing of the human genome:

[ TOO MLUCH ] * evolutionary diversity among species
* importance of noncoding sequences
* detection of disease processes
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Knowledge shapes the future

Science

THE -
HUMAN
GENOME

b

e il A,L_KZ....,.M,

The appropriate Treatment
At the appropriate Dose

For the appropriate Patient
At the appropriate Time

For the appropriate Outcome
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