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From	
  blueprint	
  to	
  implementa2on	
  	
  

I.	
  	
  Genome	
  composi2on	
  

II.	
  Enhancer	
  studies	
  

III.	
  Epigene2cs	
  

Genomics	
  spurs	
  rapid	
  advancement	
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Central	
  dogma	
  -­‐	
  1958	
  

Mutations identify Mendelian diseases	
  

Gateway	
  to	
  personalized	
  medicine	
  

Brain Mapping Project �

Personalized medicine�

$1000 genome�

Disease risk associations�

June 26, 2000 � Baby Genome�

TCGA�
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From	
  blueprint	
  to	
  implementa2on	
  	
  

“the	
  genome	
  comes	
  alive	
  in	
  3D”	
  

I.	
  Genom
e	
  com

posi2on	
  
Characterizing	
  the	
  Human	
  Genome	
  

Protein-
Coding 

Repetitive 

Other 

~	
  3.3	
  billion	
  bases	
  

(23,000	
  p.c.	
  genes)	
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HOW	
  MUCH	
  OF	
  THE	
  GENOME	
  IS	
  FUNCTIONAL?	
  
	
  how	
  to	
  measure?	
  

	
  
HOW	
  MUCH	
  OF	
  THE	
  GENOME	
  IS	
  SUPERFLUOUS?	
  

how	
  to	
  be	
  sure?	
  

	
  
HOW	
  WELL	
  CAN	
  WE	
  DISTINGUISH	
  THE	
  TWO?	
  

DEBATES	
  

biochemical	
  signals,	
  conserva?on,	
  gene?c	
  evidence	
  	
  	
  

The	
  98%	
  	
  

Nonfunc2onal	
   Dark	
  ma_er	
   Func2onal	
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The	
  human	
  advantage?	
  

<	
   <	
  

1	
  billion	
  bp	
   132.8	
  billion	
  bp	
  3.3	
  billion	
  bp	
  

<	
   <	
  

23,000	
  17,000	
   30,000	
  

Complexity	
  
•  Cell-­‐type	
  diversity	
  

•  Coding	
  genome	
  
–  Alleles	
  
–  Splicing	
  isoforms	
  
–  Regulated	
  transla2on	
  
–  Pos_ransla2onal	
  modifica2ons	
  

•  Noncoding	
  RNA	
  
•  Noncoding	
  genome	
  

–  Alterna2ve	
  promoters	
  
–  Alterna2ve	
  3’	
  UTRs	
  
–  Myriad	
  enhancers	
  
–  Intronic	
  regulatory	
  elements	
  
–  Replica2on	
  origins	
  
	
  

•  Epigene2c	
  modifica2ons	
  
www.dkfz.de	
  



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

March 26, 2014                                                                                        
Laura Elnitski, Ph.D.  

7	
  

Hominid	
  History	
  

Georgian	
  Na2onal	
  Museum	
  

bonner@indiana.edu	
  

FUN	
  USES	
  OF	
  THE	
  GENOME	
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Genome	
  challenges	
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Conserved	
  elements	
  in	
  the	
  human	
  
genome	
  

	
  all human-mouse alignments 

Difference:  
5% of  

Human Genome  

[Mouse	
  consor2um,	
  Nature	
  2002]	
  

elec2on	
  

alignments in neutral 
regions 

85%id on average 

EVOLUTIONARY	
  CLUES	
  

Human	
  

Platypus	
  

Horse	
  Chimpanzee	
  

Rat	
  

Evolu2onary	
  Distance	
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Phylogene2c	
  footprints	
  

Phylogene2c	
  shadowing	
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Ultraconserved	
  elements	
  in	
  the	
  
human	
  genome	
  

	
  

Ultraconservation 

UCSC	
  browser	
  conserva2on	
  track	
  

Func2on	
  through	
  varia2on	
  

The	
  McGraw-­‐Hill	
  Companies	
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Lactose	
  intolerance	
  

Human	
  accelerated	
  regions	
  

Processes	
  in	
  accelerated	
  change	
  

• 	
  posi1ve	
  selec1on	
  

• 	
  biased	
  gene	
  conversion	
  

• 	
  relaxa1on	
  of	
  nega1ve	
  constraint	
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ELUSIVE	
  GOALS	
  

Genome sequence�

Functional sites�

Noncoding RNAs�

We don’t know how much�
we don’t know �

Role of DARK MATTER �

Understanding	
  disease	
  
mechanisms	
  

J	
  Med	
  Genet.	
  2011;48:580-­‐589.	
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Genotyping	
  for	
  common	
  variants	
  

h_p://hapmap.ncbi.nlm.nih.gov/wha2shapmap.html	
  

Genome	
  wide	
  associa2on	
  studies	
  

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

Trait	
  associated	
  GWAS	
  SNPs	
  

INTRONIC	
  

INTERGENIC	
  
WITHIN	
  NONCODING	
  GENE	
  

UPSTREAM	
  

DOWNSTREAM	
  
NONSYNONYMOUS	
  CODING	
  

3	
  PRIME	
  UTR	
  

SYNONYMOUS	
  CODING	
  

5	
  PRIME	
  UTR	
  

REGULATORY	
  REGION	
  

NMD	
  TRANSCRIPT	
  

UNKNOWN	
  
SPLICE	
  SITE	
  

STOP	
  GAINED	
  

FRAMESHIFT	
  GAINED	
  

intergenic	
  

coding	
   intronic	
  

Hindorff	
  et	
  al.	
  PNAS	
  2009	
  

GWAS	
  findings	
  in	
  noncoding	
  regions	
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A	
  significant	
  frac1on	
  of	
  GWAS	
  variants	
  falling	
  in	
  regulatory	
  DNA	
  directly	
  
affect	
  TF	
  occupancy	
  

	
  

II.	
  Enhancer	
  studies	
  

Puta2ve	
  effect	
  of	
  variants	
  in	
  
enhancers	
  
Allele	
  Specific	
  ac2vity	
  

Front.	
  Genet.,	
  28	
  September	
  2012	
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GWAS	
  caveats	
  

Predic2ng	
  func2on	
  in	
  the	
  genome	
  

Mutations in functional DNA are less likely �
to be tolerated�
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Determining	
  biochemically	
  ac2ve	
  
regions	
  

•  Transcrip2on	
  factor	
  occupancy	
  
•  DNase	
  Hypersensi2vity	
  
•  FAIRE	
  data	
  
•  Chroma2n	
  modifica2ons	
  

Valida2on	
  using	
  transgenic	
  mice	
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STARR-­‐Seq	
  

•  High	
  throughput	
  
enhancer	
  assay	
  

Super	
  &	
  Stretch	
  Enhancers	
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ENCODE	
  catalogs	
  
~	
  50%	
  of	
  predicted	
  func2onal	
  elements	
  don’t	
  	
  	
  	
  	
  
test	
  posi2ve	
  in	
  an	
  enhancer	
  assay	
  

Shadow	
  enhancers	
  	
  
(redundancy/resilience?)	
  

Science	
  5	
  September	
  2008:	
  
vol.	
  321	
  no.	
  5894	
  1300-­‐130	
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Dele2on	
  of	
  candidate	
  elements	
  

GWAS	
  summary	
  
•  Resounding	
  success	
  
•  Modest	
  effects	
  (OR	
  <	
  2)	
  
•  Substan2al	
  heritability	
  remains	
  to	
  be	
  explained	
  	
  



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

March 26, 2014                                                                                        
Laura Elnitski, Ph.D.  

22	
  

Rare	
  variants	
  affect	
  splicing	
  

Nature	
  Reviews	
  Gene2cs	
  2004	
  5:	
  389-­‐396	
  

ESE	
  =	
  exonic	
  splicing	
  enhancer	
  

ESS	
  =	
  exonic	
  splicing	
  silencer	
  
ISE	
  =	
  Intronic	
  splicing	
  enhancer	
  

ISS	
  =	
  Intronic	
  splicing	
  silencer	
  

Development	
  2005	
  132	
  :	
  	
  4	
  797-­‐803	
  SHH	
  enhancer	
  muta2ons	
  
reveal	
  single	
  muta2ons	
  	
  
with	
  large	
  effects	
  

	
  Hum.	
  Mol.	
  Genet.	
  (2008)	
  17	
  (7):	
  978-­‐985	
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Epigene2c	
  languages	
  of	
  the	
  genome	
  

a.	
  Chroma2n	
  
	
  
b.	
  Noncoding	
  RNA	
  
	
  
c.	
  Nuclear	
  architecture	
  
	
  
d.	
  DNA	
  methyla2on	
  

III.	
  Epigene2cs	
  
Ac2ve	
  and	
  inac2ve	
  chroma2n	
  

Front.	
  Immunol.,	
  19	
  December	
  2012	
  

a.	
  Chrom
a2n	
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Loca2ons	
  of	
  histone	
  modifica2ons	
  

Stem	
  Cells	
  and	
  Epigene2c	
  Reprogramming	
  
Perla	
  Cota,	
  Mehdi	
  Shafa	
  and	
  Derrick	
  E.	
  Rancour	
  

Ac2va2on	
  and	
  repression	
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Regulatory	
  modifica2ons	
  

H3	
  
K4	
  
me1	
  

H3	
  
K4	
  
me1	
  

H3	
  
K4	
  
me1	
  

H3	
  
K4	
  
me1	
  

H3	
  
K4	
  
me1	
  

Ac2ve	
  enhancer	
  

Polycomb	
  
complex	
  

Polycomb	
  
complex	
  

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

Repressed	
  promoter	
  

Chroma2n	
  code	
  

	
  Nature	
  Immunology	
  11,	
  565–568	
  (2010)	
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Leukaemia associated fusion proteins  

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

Muta2ons	
  of	
  epigenome	
  modifiers	
  
Histone	
  variants	
  	
  

DNA	
  methyltransferases	
  

DNA	
  demethylases	
  

Histone	
  acetyltransferases	
  

Histone	
  deacetylases	
  

Histone	
  methyltransferases	
  

Histone	
  demethylases	
  

Chroma7n	
  remodelling	
  factors	
  

Nature	
  Reviews	
  Cancer	
  13,	
  497–510	
  (2013)	
  

TET2	
  

DNMT1	
  	
  

HIST1H1B	
  	
  

EP300	
  

HDAC4	
  

MLL	
  

JARID1C	
  

ARID1A	
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Hidden	
  treasures	
  

b.	
  N
oncoding	
  RN

A	
  
Noncoding	
  RNA	
  

DNA	
   RNA	
   Protein	
  ✕	
  
I.  guides	
  	
  
II.  signals	
  
III. decoys	
  
IV. scaffolds	
  	
  	
  

Oncogenic  &  tumor-suppressor lincRNAs �
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h_p://www.youtube.com/watch?v=P3X4ujzRxc4#t=150	
  

XIST	
  exploits	
  3D	
  architecture	
  

Silencing	
  Down	
  syndrome	
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MicroRNA	
  

processing	
  
enzymes	
  

eRNA	
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Genome	
  architecture	
  

OrganeyezIt	
  
	
  

c.	
  N
uclear	
  architecture	
  

Long	
  distance	
  interac2ons	
  

Chroma2n	
  Interac2on	
  Analysis	
  by	
  Paired-­‐End	
  
Tag	
  Sequencing	
  (ChIA-­‐PET)	
  

Science	
  7	
  September	
  2012:	
  
Vol.	
  337	
  no.	
  6099	
  pp.	
  1190-­‐1195	
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3D	
  regulatory	
  structures	
  via	
  CTCF	
  

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

Chromosome	
  territories	
  

PLoS	
  Biol.	
  2005	
  3:e157	
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Laminar	
  interac2ons	
  

PLoS	
  Biol.	
  2005	
  3:e157	
  

Progeria	
  

Am	
  J.	
  Med	
  Genet.	
  23:2603-­‐24	
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Sean	
  Taverna	
  

Emerging	
  paradigms	
  

	
  
Waddington’s	
  epigene2c	
  landscape	
  

	
  
d.	
  DN

A	
  M
ethyla2on	
   Inherited	
  at	
  	
  

each	
  genera2on	
  

h_p://www.the-­‐scien2st.com	
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Re_	
  Syndrome	
  Research	
  Founda2on	
  

MeCP2	
  and	
  Re_	
  Syndrome	
  

NATURE	
  GENETICS	
  
VOLUME	
  37	
  JANUARY	
  2005	
  

Nutri2on	
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Behavioral	
  traits	
  

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

Plausible	
  health	
  interven2ons	
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Methylator	
  phenotypes	
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Figure 2
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Methyla2on	
  levels	
  

Genomic	
  sites	
  

0	
   1	
  

DNA	
  demethyla2on	
  

Cell,	
  Volume	
  145,	
  Issue	
  3,	
  423-­‐434,	
  14	
  April	
  2011	
  



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

March 26, 2014                                                                                        
Laura Elnitski, Ph.D.  

37	
  

Dynamic	
  cellular	
  landscapes	
  

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

Chroma2n	
  modifica2ons	
  
Lamin	
  proteins	
  

DNA	
  methyla2on	
  

Chromosome	
  looping	
  	
  
proteins	
  

Conclusion	
  

The	
  central	
  dogma	
  has	
  guided	
  decades	
  of	
  
research	
  in	
  molecular	
  biology.	
  
	
  
Sequencing	
  of	
  the	
  human	
  genome:	
  	
  
•  evolu2onary	
  diversity	
  among	
  species	
  
•  importance	
  of	
  noncoding	
  sequences	
  	
  
•  detec2on	
  of	
  disease	
  processes	
  
	
  	
  
Playorm	
  for	
  understanding	
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Knowledge	
  shapes	
  the	
  future	
  

The	
  appropriate	
  Treatment	
  
At	
  the	
  appropriate	
  Dose	
  
For	
  the	
  appropriate	
  Pa2ent	
  
At	
  the	
  appropriate	
  Time	
  	
  
For	
  the	
  appropriate	
  Outcome	
  


