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Topics	
  
1.  Varia(on	
  in	
  regulatory	
  informa(on	
  among	
  humans	
  

-­‐	
  Chroma(n	
  
-­‐	
  Protein	
  levels	
  

2.	
  Master	
  variators:	
  linking	
  	
  
	
  varia(on	
  to	
  phenotypes	
  

	
  
3.	
  Differences	
  between	
  mouse	
  

	
  and	
  human	
  
	
  
4.	
  ENCODE:Rela(onship	
  of	
  	
  

	
  biochemical	
  ac(vity	
  and	
  	
  
	
  conserva(on	
  

	
  
	
  



Coding Sequences vs Regulation 
 
"

X	
  X	
  

What	
  is	
  the	
  Difference	
  Between	
  
People	
  and	
  Between	
  Species?	
  



Many	
  Studies	
  Have	
  Demonstrated	
  that	
  
Gene	
  Expression	
  Differs	
  Among	
  Individuals	
  

and	
  Species	
  	
  
Among	
  humans	
  
1) Microarrays:	
  Stranger,	
  Dermitzakis	
  et	
  al.	
  

Science	
  (2007),	
  PloS	
  Gene(cs	
  (2005),	
  Nature	
  
Gene(cs	
  (2009)	
  

	
  	
  	
  	
  	
  	
  Cheung	
  et	
  al	
  Nature	
  (2004)	
  
2)	
  RNA-­‐Seq:	
  Pritchard	
  2010;	
  Dermitzakis	
  2010	
  
	
  
Among	
  Species	
  
1)  White	
  et	
  al	
  Nature	
  2006;	
  Gilad,	
  Pritchard	
  et	
  al	
  

2013	
  



Extensive	
  Differences	
  in	
  TF	
  Binding	
  
Between	
  Species	
  

Extensive	
  differences	
  in	
  binding	
  between	
  different	
  
yeast	
  species	
  	
  
	
  	
  	
  	
  	
  	
  Borneman	
  et	
  al	
  2007	
  	
  
	
  	
  	
  	
  	
  	
  	
  Science.	
  
	
  	
  	
  	
  	
  	
  	
  	
  
Parallel	
  study	
  Mice-­‐Humans	
  
	
  	
  	
  	
  	
  	
  Odom	
  et	
  al	
  2007	
  

	
  20-25% of Binding Sites Shared in All Three Species"



NFκB	
   Pol	
  II	
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Variability	
  in	
  NFKappaB	
  and	
  PolII	
  loci	
  in	
  
Humans	
  	
  

7.5%	
  and	
  25%	
  of	
  NFκB	
  and	
  Pol	
  II	
  binding	
  regions	
  vary	
  
	
  	
  

Kasowski,	
  Grubert	
  et	
  al.	
  Science	
  2010	
  



AddiEonal	
  Fundamental	
  QuesEons?	
  
	
  
	
  1)  What	
  types	
  of	
  elements	
  differ	
  and	
  which	
  ones	
  

differ	
  most	
  (e.g.	
  promoters,	
  enhancers,	
  etc)?	
  

2)  How	
  do	
  these	
  elements	
  vary	
  among	
  people?	
  

3)  Do	
  differences	
  in	
  gene	
  expression	
  match	
  
differences	
  in	
  protein	
  expression	
  

Map	
  ChromaEn	
  Marks	
  Across	
  Different	
  Individuals	
  
	
  
	
  

Maya	
  Kasowski,	
  Sofia	
  K.,	
  Fabian	
  Grubert,	
  Judith	
  Zaugg,	
  Anshul	
  Kundaje,	
  Science	
  2013	
  



	
  	
  

8	
  

Histone	
  Marks	
  Represen(ng	
  a	
  Variety	
  
of	
  Func(onal	
  Elements	
  

Cohesin	
  

promoter	
  

gene	
  body	
  

enhancer	
  

repressed	
  regions	
  

structural	
  proteins	
  



Data	
  Sets	
  
	
  	
  	
  	
  	
  19	
  Diverse	
  LCLs	
  
	
  	
  	
  	
  	
  4	
  San	
  

7	
  Yoruban*	
  
6	
  Caucasian*	
  
2	
  Asian	
  

	
  	
  	
  	
  9-­‐13	
  Histone/Regulatory	
  
	
  marks	
  

2	
  or	
  more	
  Replicates	
  
~56M	
  reads/mark	
  
2X100b	
  Paired-­‐end	
  Reads	
  

*includes	
  a	
  trio	
  



ChromaEn	
  variaEon	
  across	
  individuals	
  

SAN	
  

CEU	
  

YRI	
  

Asian	
  

Enhancer	
  related	
  marks	
  
are	
  more	
  variable	
  than	
  RNA	
  

Kasowski	
  et	
  al	
  2013	
  Science	
  



AcEve	
  Promoter	
  

Flanking	
  AcEve	
  Promoter	
  

Strong	
  TranscripEon	
  

Weak	
  TranscripEon	
  

AcEve	
  Enhancers	
  with	
  H3K4me3	
  

AcEve	
  Enhancers	
  in	
  Transcribed	
  Regions	
  

AcEve	
  Enhancers	
  Without	
  H3K4me3	
  

AcEve	
  Enhancers	
  Without	
  H3K4me3	
  in	
  Transcribed	
  Regions	
  

Weak	
  Enhancers	
  

Weak	
  Transcribed	
  Enhancers	
  

Bivalent	
  Poised	
  Promoters	
  

Bivalent	
  Poised	
  Enhancers	
  

Polycomb	
  Repressed	
  Domains	
  

CTCF	
  Enriched	
  

Low	
  Signal	
  

ChromaEn	
  States	
  Learned	
  on	
  19	
  Individuals	
  
Promoter	
  States	
  

Transcribed	
  States	
  

Enhancer	
  States	
  

Repressed	
  State	
  

ChromHMM	
  –	
  Mul(variate	
  hidden	
  markov	
  model	
  to	
  
classify	
  chroma(n	
  marks	
  into	
  states	
  	
  

Ernst	
  J.	
  et	
  al.	
  Nature	
  Methods,	
  9:215-­‐216,	
  2012.	
  



ChromaEn	
  state	
  variaEon	
  across	
  19	
  individuals	
  

CEU	
  

YRI	
  

A	
  

SAN	
  



State	
  Specific	
  Variability	
  of	
  ChromaEn	
  Marks	
  

old	
  fgure	
  1E	
  

Promoter	
  Enhancer	
  Repressed	
  

•  Ac(ve	
  Enhancer	
  state	
  is	
  associated	
  with	
  higher	
  variability	
  
than	
  ac(ve	
  promoter	
  state	
  



ChromaEn	
  state	
  switching	
  across	
  19	
  individuals	
  

log10	
  (Observed/Expected)	
  
	
  
Observed	
  =	
  Between	
  Individuals	
  
Expected	
  =	
  Between	
  Replicates	
  

Ac(ve	
  (Enhancer/Promoter)	
  	
  <-­‐>	
  Repressed	
  



ChromaEn	
  Marks	
  are	
  Highly	
  Heritable	
  

Fig	
  2B	
  

Extent	
  of	
  differen(al	
  signal	
  in	
  	
  
parents	
  correlates	
  with	
  extent	
  	
  
of	
  allelic	
  bias	
  in	
  daughters	
  

Maya Kasowski 



Enhancer	
  VariaEon	
  Correlates	
  with	
  Expression	
  

Enhancer-­‐gene	
  pairs	
  show	
  
strong	
  correla(on	
  



FuncEonal	
  Consequences	
  of	
  ChromaEn	
  VariaEon	
  

Variable	
  regions	
  are	
  enriched	
  in	
  QTLs	
  and	
  GWAS	
  SNPs	
  



TF and Chromatin States Vary 
 

Gene Expression Varies 
 

What About Proteins?!



Map	
  Protein	
  VariaEon	
  Across	
  Individuals	
  

Reference	
  

LCL	
  1	
  

LCL	
  2	
  

LCL	
  3	
  

LCL	
  4	
  

LCL	
  5	
  

Extract 
protein 

Trypsin 
digest 

TMT 
label 

equally	
  mix	
  

2D LC-
MS/MS 

Quantify 
peptide 

Quantify 
protein 

Quantify 

TMT	
  report	
  
ion	
  

intensity	
  

MS/MS	
  
ion	
  

patern	
  

m/z	
  

m/z	
  

In
te
ns
ity

	
   In
te
ns
ity

	
  

Identify 

Protein variation 

Sex, population 
association 

Protein vs. RNA 
comparison 

pQTL association 

Protein 
covariation 

network 

Map	
  RelaEve	
  Protein	
  Levels	
  Across	
  90	
  LCL	
  Lines	
  Using	
  
TMT	
  Labeling	
  

Follow	
  5,963	
  proteins;	
  5.7%	
  vary	
  1.5	
  fold	
  or	
  more	
  
Linfeng	
  Wu,	
  Sophie	
  Candille,	
  Hua	
  Tang	
  et	
  al.,	
  Nature	
  2013	
  



IMPA1	
  

~50%	
  of	
  pQTLs	
  overlap	
  with	
  
eQTLS	
  
	
  
50%	
  unique	
  

IdenEfy	
  77	
  pQTLs	
  with	
  10%FDR;	
  273	
  with	
  30%	
  FDR	
  	
  



COPB1	
  
COPA	
  

COPG	
  

RPN1	
  
RPN2	
  

SSR4	
  

SSR3	
  

SDHB	
  

SDHA	
  

ETFA	
  
ETFB	
  

MCM4	
  
MCM5	
  

MCM6	
  

MCM3	
  
MCM7	
  

SMC2	
  

SMC4	
  

PHB	
  
PHB2	
  

CCT7	
  
CCT4	
  

IFIT3	
  

IFIT1	
  

MX1	
  
ISG15	
  

EIF3E	
  

EIF3D	
  

ARPC2	
  
ACTR3	
  
ACTR2	
  

SPTAN1	
  

SPTBN1	
  

WAS	
  
WIPF1	
  

CBX5	
  

CBX3	
  

RUVBL2	
  

RUVBL1	
  
PRPF8	
  

SNRNP200	
  

0.7	
  ~	
  0.75	
  
0.75	
  ~	
  0.8	
  
0.8	
  ~	
  0.85	
  
0.85	
  ~	
  0.9	
  
0.9	
  ~	
  0.95	
  
0.95	
  ~	
  0.1	
  

Cell	
  cycle	
  
Carbohydrate	
  metabolic	
  process	
  
Immune	
  system	
  process	
  
Ion	
  and	
  electron	
  transport	
  chain	
  on	
  mitochondria	
  
Protein	
  transport,	
  modifica(on	
  and	
  folding	
  
Transcrip(on	
  regula(on	
  and	
  mRNA	
  processing	
  
Transla(on	
  
Others	
  

Covarying	
  Proteins	
  Group	
  in	
  FuncEonal	
  Clusters	
  

MCMs	
  



Personal Phenotypes: Variation in 
Chemical Response 

Jen Gallagher, Genes Devel., in press!



Genome-wide analysis study finds one 
region linked to NQO response 



Within this region lies YRR1 



Allele swap 



Variation of Yrr1 Binding Regions 
 



Yrr1: Master Variator!
!
1)  Regulatory proteins whose genetic alteration 

can switch on a whole new transcriptional 
program and phenotype!

2)  Explain how large significant phenotypic 
changes can be rapidly acquired.!

!

!
!



Comparing Mouse and Human with 
Mouse ENCODE Data"



Literature: Clustering by tissue using RNA-
seq expression data from mouse and human 
 



Legend	
  

 
-14 tissues Data From Four Different Labs 
   cones: mouse 
   spheres: human 
 

Gene Expression Clusters Better By 
Species, Not Tissues"

human 

mouse 



 
-10 tissues  
   cones: mouse 
   spheres: human 
 

Same Result When All 
Samples Done by the Same 
Lab 

human 

mouse 



32	
  

For	
  Genes	
  More	
  Highly	
   Expressed	
   in	
  Human	
  
over	
  Mouse	
  (2706	
  genes)	
  

N o . 	
   o f	
  
Genes	
  

For	
  Genes	
  More	
  Highly	
  Expressed	
   in	
  Mouse	
  
over	
  Human	
  (2391	
  genes)	
  

No.	
   of	
  
Genes	
  

cellular	
   nitrogen	
   compound	
   metabolic	
  
process	
  

981	
   cellular	
   nitrogen	
   compound	
   metabolic	
  
process	
  

732	
  

biosyntheEc	
  process	
   833	
   biosyntheEc	
  process	
   703	
  
signal	
  transduc(on	
   591	
   signal	
  transduc(on	
   535	
  
anatomical	
  structure	
  development	
   539	
   anatomical	
  structure	
  development	
   506	
  
transport	
   502	
   transport	
   467	
  
response	
  to	
  stress	
   491	
   small	
  molecule	
  metabolic	
  process	
   392	
  
cellular	
  protein	
  modifica(on	
  process	
   413	
   cell	
  differen(a(on	
   371	
  
catabolic	
  process	
   355	
   response	
  to	
  stress	
   358	
  
small	
  molecule	
  metabolic	
  process	
   350	
   cellular	
  protein	
  modifica(on	
  process	
   345	
  
cell	
  differen(a(on	
   338	
   catabolic	
  process	
   281	
  
cell	
  cycle	
   319	
   lipid	
  metabolic	
  process	
   209	
  
cellular	
  component	
  assembly	
   308	
   immune	
  system	
  process	
   207	
  
cell	
  death	
   290	
   cell	
  death	
   202	
  
immune	
  system	
  process	
   280	
   cellular	
  component	
  assembly	
   194	
  
macromolecular	
  complex	
  assembly	
   222	
   neurological	
  system	
  process	
   175	
  
cell	
  prolifera(on	
   220	
   homeosta(c	
  process	
   168	
  
reproduc(on	
   195	
   cell	
  cycle	
   165	
  
DNA	
  metabolic	
  process	
   188	
   cell	
  prolifera(on	
   161	
  
nucleobase-­‐containing	
   compound	
   catabolic	
  
process	
  

164	
   reproduc(on	
   157	
  

vesicle-­‐mediated	
  transport	
   157	
   cell-­‐cell	
  signaling	
   149	
  
homeosta(c	
  process	
   155	
   macromolecular	
  complex	
  assembly	
   131	
  
protein	
  complex	
  assembly	
   154	
   DNA	
  metabolic	
  process	
   130	
  



33	
  

PCA after removal of 2706 + 2391 differentially expressed genes 



Conserva(on:	
  Sequence-­‐level	
  and	
  ac(vity-­‐level	
  

34	
  

About	
  40%	
  of	
  regulatory	
  DNA	
  (TFBS,	
  DHS)	
  in	
  mouse	
  maps	
  to	
  aligning	
  DNA	
  in	
  human.	
  
About	
  10%	
  of	
  TF-­‐bound	
  DNA	
  in	
  mouse	
  is	
  also	
  bound	
  by	
  the	
  same	
  TF	
  in	
  human.	
  

Olgert	
  Denas,	
  Richard	
  Sandstrom,	
  Yong	
  Cheng,	
  Kathryn	
  Beal,	
  Javier	
  Herrero,	
  Ross	
  Hardison,	
  James	
  Taylor,	
  submited.	
  
Genome-­‐wide	
  compara(ve	
  analysis	
  reveals	
  human-­‐mouse	
  regulatory	
  landscape	
  and	
  evolu(on.	
  	
  



Genomic	
  DNA	
  segments	
  occupied	
  by	
  orthologous	
  pairs	
  of	
  TFs	
  

35	
  

Conserved	
  loca(ons	
  rela(ve	
  to	
  TSS	
  

Yong	
  Cheng	
  et	
  al.,	
  Mouse	
  ENCODE	
  
Consor(um,	
  submited.	
  Principles	
  of	
  Regulatory	
  
Informa(on	
  Conserva(on	
  Revealed	
  by	
  
Comparing	
  Mouse	
  and	
  Human	
  Transcrip(on	
  
Factor	
  Binding	
  Profiles.	
  Snyder,	
  Hardison,	
  
Pennacchio	
  labs	
  



Conserva(on	
  of	
  occupancy	
  by	
  GATA	
  factors	
  predicts	
  
enhancers	
  ac(ve	
  in	
  mul3ple	
  (ssues	
  

36	
  

Model:	
  Pleiotropic	
  func(ons	
  (mul(ple	
  (ssues,	
  mul(ple	
  TFs	
  binding)	
  are	
  subject	
  to	
  stronger	
  
constraint,	
  leading	
  to	
  preserva(on	
  of	
  occupancy	
  despite	
  tendency	
  of	
  regulatory	
  regions	
  to	
  
“turn	
  over”	
  

Yong	
  Cheng	
  et	
  al.,	
  Mouse	
  ENCODE	
  Consor(um,	
  submited.	
  Principles	
  of	
  Regulatory	
  Informa(on	
  Conserva(on	
  Revealed	
  by	
  
Comparing	
  Mouse	
  and	
  Human	
  Transcrip(on	
  Factor	
  Binding	
  Profiles.	
  Snyder,	
  Hardison,	
  Pennacchio	
  labs	
  



Possible	
  Measures	
  of	
  Func(on?	
  



Much	
  of	
  the	
  biochemical	
  ac(vity	
  covering	
  a	
  substan(al	
  
por(on	
  of	
  the	
  genome	
  is	
  low	
  level	
  

38	
  Georgi	
  Marinov	
  and	
  Barbara	
  Wold	
  in	
  ENCODE	
  Project	
  Consor(um	
  "Defining	
  func(onal	
  elements	
  in	
  the	
  
human	
  genome”,	
  submited	
  to	
  PNAS	
  



Higher	
  signals	
  for	
  biochemical	
  ac(vity	
  in	
  more	
  
conserved	
  genomic	
  regions	
  

39	
  
Luke	
  Ward	
  and	
  Manolis	
  Kellis	
  in	
  ENCODE	
  Project	
  Consor(um	
  "Defining	
  func(onal	
  elements	
  in	
  the	
  human	
  
genome”,	
  submited	
  to	
  PNAS	
  



Conclusions!
!
1)  There is extensive variation in regulatory information 

among humans!

2)  Enhancers are the most variable!

3)  Protein variation is also extensive in humans!
!

4)  Master variators distinct control regulatory programs in 
different individuals/species!

5)  Mice and humans different more at the level of species 
than tissues (by gene expression!

6)  Biochemical activity and conservation is not equal!

!
!
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