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ENCODE:  

“Evolution” of Approaches to Annotate the Human 
Genome & Interpret its Variants 

 
Slides freely downloadable from  

Lectures.GersteinLab.org 
& “tweetable” (via @markgerstein). See last slide for more info. 

Mark Gerstein, Yale 
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What is Annotation? (For Written Texts?) 
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Non-coding Annotations: Overview 
 
 
 
Sequence features, incl. Conservation 

[Nat. Rev. Genet. (2010) 11: 559]

Functional Genomics 
ChIP-seq (Epigenome & seq. specific TF) 
and ncRNA & un-annotated transcription 
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MBG:	  ‘03-‐’15:	  (happy	  li4le)	  
COG	  in	  a	  Big-‐science	  	  

Machine	  
Mark,	  Redo	  
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Again!	  
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L Ramirez, T Reddy, B Reed, M Shi, T Slifer, 
J Wang, L Wu, X Yang, K Yip,  
G Zilberman-Schapira, S Batzoglou,  

A Sidow, P Farnham, R Myers,  
S Weissman, M Snyder  

Networks/Elements  
(~60 participants):  

Also:	  
E	  Birney,	  B	  Wold,	  J	  Stam,	  	  
T	  Gingeras,	  B	  Bernstein,	  	  
R	  Hardison,	  Z	  Weng,	  	  
B	  Ren,	  P	  Bickel,	  B	  Noble,	  	  
M	  Kellis,	  R	  Guigo,	  	  
T	  Hubbard,	  	  
J	  Harrow,	  E	  Feingold,	  	  
B	  Graveley,	  M	  Pazin,	  J	  Kent,	  
M	  Cherry	  
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ChIP-seq vs ChIP-chip: Much cleaner 
signal from sequencing than arrays 

chr21: 33,500,000 33,550,000 33,600,000 33,650,000 33,700,000 33,750,000

IFNAR2
IFNAR2
IFNAR2
IFNAR2
IFNAR2

IFNAR2
IL10RB
IL10RB

AK123722
IL10RB

IL10RB

IFNAR1 IFNGR2
IFNGR2
IFNGR2

IFNGR2
TMEM50B

TMEM50B
C21orf4

DNAJC28
DNAJC28
DNAJC28

Yale 36-36 Sites

0.75 _

0 _

STAT1 
ChIP-chip

STAT1 Sites

100 _

0 _

STAT1 
ChIP-Seq

UCSC Genes

[Rozowsky et al. Nat. Biotech ('09)] 



Summarizing	  the	  Signal:	  	  
"Tradiional"	  ChipSeq	  Peak	  Calling	  

Threshold	  

•  Generate	  &	  threshold	  the	  
signal	  profile	  to	  idenify	  
candidate	  target	  regions	  

–  Simulaion	  (PeakSeq)	  
–  Local	  window	  based	  Poisson	  (MACS)	  
–  Fold	  change	  staisics	  (SPP)	  

•  Score	  against	  the	  control	  

Potenial	  Targets	  

Significantly	  Enriched	  targets	  

Normalized	  Control	  

ChIP	  

[Rozowsky	  et	  al.	  ('09)	  Nat	  Biotech]	  	  



Muli-‐track	  analysis:	  Segmentaion	  

[Encode	  Consorium	  (’12),	  Nature;	  Ernst	  &	  Kellis,	  Hoffman	  &	  Noble]	  



Muliscale	  Decomposiion	  
In
cr
ea
sin

g	  
Sc
al
e	  

20kb	  
Very	  

Punctate	  
ER	  

Broad	  
ER	  

Broader	  
ER	  

Very	  Broad	  
ER	  

Punctate	  
ER	  

18	  
[Harmanci	  et	  al,	  Genome	  Biol.	  ('14)]	  
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A Puzzle from the Pilot: Why so much biochemical 
activity w/o Sequence Constraints 

•  "At the outset of the ENCODE Project, many believed that the 
broad collection of experimental data would nicely dovetail with the 
detailed evolutionary information derived from comparing multiple 
mammalian sequences to provide a neat ‘dictionary’ of conserved 
genomic elements, each with a growing annotation about their 
biochemical function(s). In one sense, this was achieved; the 
majority of constrained bases in the ENCODE regions are now 
associated with at least some experimentally-derived information 

about function. However, we have also 
encountered a remarkable excess of 
unconstrained experimentally-identified 
functional elements, and these cannot 
be dismissed for technical reasons. 
This is perhaps the biggest surprise of 
the pilot phase of the ENCODE Project, 
and suggests that we take a more 
‘neutral’ view of many of the functions 
conferred by the genome. " 

20
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[ENCODE Consortium, Nature  447,  2007] 
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Many Regulatory Sites still unconstrained in 
Model Organism Analysis (Worm) 

A
4

2
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Rem. chromatin
int. protein 

sites

TF
binding 

sites

!

Introns

  HOT regions

ncRNA

miRNA

!

 3’ UTR

 5’ UTR

CDS

TF binding
sites

Chromatin

interacting protein

sites  

Introns,

pseudogenes

and unannotated

regions

CDS, UTR 
and
ncRNA 
regions

0         0.2        0.4       0.6        0.8       1.0

[Science 330:6012] 



Finding "Conserved” Sites in the Human Population: 
 Negative selection in non-coding elements based on  

Production ENCODE & 1000G Phase 1 
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•  Broad categories 
of regulatory 

regions under 
negative selection 
•  Related to: 

         
ENCODE, Nature, 2012 

Ward & Kellis, Science, 2012 
Mu et al, NAR, 2011 

 

(Non-‐coding	  RNA)	  

(DNase	  I	  
hypersensiive	  

sites)	  

(Transcripion	  
factor	  binding	  

sites)	  

(TFSS:	  Sequence-‐
specific	  TFs)	  

[Khurana et al., Science (‘13)] 

DepleFon	  of	  Common	  Variants	  	  
in	  the	  Human	  PopulaFon	  



[Khurana et al., Science (‘13)] 

Sub-‐categorizaion	  possible	  
because	  of	  be4er	  staisics	  from	  
1000G	  phase	  1	  v	  pilot	  

Differential 
selective 

constraints  
among specific 
sub-categories 



[Khurana et al., Science (‘13)] 

Sub-‐categorizaion	  possible	  
because	  of	  be4er	  staisics	  from	  
1000G	  phase	  1	  v	  pilot	  

Start	  677	  high-‐
resoluion	  non-‐coding	  
categories;	  Rank	  &	  find	  
those	  under	  strongest	  
selecion	  

~0.4%	  genomic	  coverage	  	  (~	  top	  25)	  
~0.02%	  genomic	  coverage	  (top	  5)	  

Defining 
Sensitive  

non-coding 
Regions 
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Relating Non-coding Annotation  
to Protein-coding Genes via Networks
Regulatory elements 
 

[ Cheng et al., Bioinfo. ('11),  
  Gerstein et al., Nature ('12) ,  
  Yip et al., GenomeBiology ('12), 
  Fu et al., GenomeBiology('14)  ] 

Assigning proximal sites (< 1Kb) to target genes 

Assigning distal sites (10Kb-1Mb) to targets 

C
el

l l
in

es


GM12878

H1-hESC

HeLa-S3

Hep-G2

K562

...

Distal signals
MethylationH3K27ac ...

Expression levels
Gene 1 Gene 2 Gene 3 ...

Scale

Strong

Weak

Connecting Distal Elements  
via Activity Correlations. 

Other strategies to create linkage 
incl. eQTL and Hi-C. Much in 
recent Epigenomics Roadmap.

~700K Edges 

Distal  
Edge 

TF 

Proximal 
Edge 

TF 

~26K 

~500K Prox. Edges 
Filtering 
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Hubs Under 
Constraint:  

A Finding from the 
Network Biology 

Community 

•  More Connectivity, More Constraint: Genes & proteins that 
have a more central position in the network tend to evolve 
more slowly and are more likely to be essential.  

•  This phenomenon is observed in  
many organisms & different kinds of networks 
-  yeast PPI - Fraser et al ('02) Science,  

('03) BMC Evo. Bio. 
-  Ecoli PPI - Butland et al ('04) Nature  
-  Worm/fly PPI - Hahn et al ('05) MBE  
-  miRNA net - Cheng et al ('09) BMC Genomics 

[Nielsen et al. PLoS Biol. 
(2005), HPRD, Kim et al. 
PNAS (2007)] 

High likelihood of 
positive selection 
Lower likelihood of 
positive selection 

Not under positive 
selection 
No data about 
positive selection 

log(Degree)	  

lo
g(
Fr
eq

ue
nc
y)
	  

Power-‐law	  distribuion	  

Hub	  



Essenial	  genes	  LoF-‐tolerant	  genes	  

0.
0

0.
5

1.
0

1.
5

2.
0

2.
5

M
ul

tin
et

 d
eg

re
e 

(lo
g 

sc
al

e)

0
1

2
3

4

N
um

 o
f n

et
w

or
ks

-2
-1

0
1

2

dN
/d

S
 (l

og
 s

ca
le

)

1.
0

1.
5

2.
0

2.
5

3.
0

3.
5

4.
0

N
um

 o
f i

nt
er

fa
ce

s

U
ni
fie

d	  
ne

tw
or
k	  

de
gr
ee
	  (l
og
	  sc

al
e)
	  

Size	  of	  nodes	  scaled	  by	  
total	  degree	  

Essenial	  
LoF-‐

tolerant	  

[Khurana et al., PLOS Comp. Bio. ’13] 

Regulatory	  Hubs	  
are	  more	  EssenFal	  
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Where	  is	  Waldo?	  
(Finding	  the	  key	  mutaions	  in	  ~4M	  Germline	  variants	  &	  	  

~5K	  Somaic	  Variants	  in	  a	  Tumor	  Sample)	  

30	  



31	  

Applying Linear & Network Annotation to Prioritize 
Somatic Mutations as Possible Drivers 

[Khurana et al., Science (‘13)] 

FunSeq	  
	  
Other	  Tools	  	  
for	  	  
non-‐coding	  
prioriizaion:	  
HaploReg,	  
VEP,	  
CADD….	  
	  



Flowchart	  for	  1	  Prostate	  Cancer	  Genome	  
(from	  Berger	  et	  al.	  '11)	  

[K
hu

ra
na

 e
t a

l.,
 S

ci
en

ce
 (‘

13
)] 

Start:	  1829	  	  
Somaic	  SNVs	  

End:	  1	  Somaic	  
SNV	  in	  ultra-‐

sensiive	  region	  &	  
hub.	  Potenial	  

non-‐coding	  Driver	  
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Culture	  Clash:	  Open	  Data	  in	  Genomics	  v	  PaFent	  Privacy	  

•  Open Data, Open Source, &c 
is the culture of Genomics 
(“its meta-DNA”) 
- Origins in worm project 

•  Strong Reasons for Genomic 
Privacy in the Future 
- Personal Genomic info. 

essentially meaningless 
currently but will it be in 20 yrs? 
50 yrs? 

- Genomic sequence very 
revealing about one’s children 

- Once put on the web it can’t be 
taken back  

[D Greenbaum & M Gerstein (’08). Am J. Bioethics; D Greenbaum & M Gerstein, Hartford Courant, 10 Jul. '08 ; SF Chronicle, 2 Nov. '08;  
Greenbaum et al. PLOS CB (‘11) ; Greenbaum & Gerstein ('13), The Scientist; Photo from NY Times] 
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Legacy of Human 
Genome Annotation? 

Is it an early exemplar 
for Data Science 

[Oct. ‘12 issue] 
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Info about content in this slide pack 
•  General PERMISSIONS 
- This Presentation is copyright Mark Gerstein,  

Yale University, 2015.  
- Please read permissions statement at  

http://www.gersteinlab.org/misc/permissions.html . 
-  Feel free to use slides & images in the talk with PROPER acknowledgement  

(via citation to relevant papers or link to gersteinlab.org).  
-  Paper references in the talk were mostly from Papers.GersteinLab.org.  

 
•  For SeqUniverse slide, please contact Heidi Sofia, NHGRI 
 
•  PHOTOS & IMAGES. For thoughts on the source and permissions of many of the photos and 

clipped images in this presentation see http://streams.gerstein.info .  
-  In particular, many of the images have particular EXIF tags, such as  kwpotppt , that can be 

easily queried from flickr, viz: http://www.flickr.com/photos/mbgmbg/tags/kwpotppt  
 



MUSIC	  makes	  music	  
•  -‐get_muliscale_music:	  Generates	  a	  .wav	  file	  
using	  the	  aggregate	  muliscale	  decomposiion	  

•  Listen	  to	  K562	  H3K36me3	  chromosome	  1:	  
h4p://archive.gersteinlab.org/proj/MUSIC/
music/H3K36me3.mp3	  
–  Telomeres	  are	  vocal,	  centromeres	  (46:00-‐53:00)	  are	  
silent	  

•  Listen	  K562	  H3K4me3	  chromosome	  1:	  
h4p://archive.gersteinlab.org/proj/MUSIC/
music/H3K4me3.mp3	  
– More	  “clicky”	  than	  H3K36me3	  with	  more	  punctate	  
enriched	  regions	  
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SNPs which break TF motifs are under 
particularly strong selection 

[Khurana et al., Science (‘13)] 
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Fusion	  Group	  
1000G	  FIG-‐Cancer	  
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