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Topics

1. Variation in regulatory information among humans
- Chromatin
- Protein levels

2. Master variators: linking
variation to phenotypes

3. Differences between mouse
and human

4. ENCODE:Relationship of
biochemical activity and
conservation




What is the Difference Between
People and Between Species?

Coding Sequences vs Regulation




Many Studies Have Demonstrated that
Gene Expression Differs Among Individuals
and Species

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

Science (2007), PloS Genetics (2005), Nature
Genetics (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

S. cerevisiae

Extensive differences in binding | Ste12
yeast species

Borneman et al 2007

Science.

S. mikatae 20
Stel2
Parallel study Mice-Humans
S. bayanus
Odom et al 2007 Ste12

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



Variability in NFKappaB and Polll loci in

Humans
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7.5% and 25% of NFkB and Pol Il binding regions vary

Kasowski, Grubert et al. Science 2010



Additional Fundamental Questions?

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 Chromatin Marks Across Different Individuals

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



Histone Marks Representing a Variety
of Functional Elements

promoter

H3K4me?
H3K4me3

Acetylation 4

H3K36me3 I

. Exon | Intron ._Exon j-*/

‘ H3K9me?2
H3KOme3

repressed regions

structural proteins

Nature Reviews | Genetics



Data Sets
19 Diverse LCLs 9-13 Histone/Regulatory

4 San marks

7 Yoruban* 2 or more Replicates

6 Caucasian® ~56M reads/mark

2 Asian 2X100b Paired-end Reads

*includes a trio




Chromatin variation across individuals

H3K27Ac ChiIP-Seq

HG2630
_ 4 L o6
HG2255 “1 oo Enhancer related marks
HG2588 , L ocG are more variable than RNA
HG2610 4, = 4 GG
GM10847 i
GM12878 GIT
GM12891 & 48220
GM12892 o CEU & — 48586
GM12890 GIT S
MS1 T S)O i
GM18505 § 66 % 50804
GM19099 A - GG _
omioze L aG 2 3
GM19239 4 _ | GG c>5
GM19240 'y o GIG o 3281
Gm1gos1 4 . L GT O
om18526 4 .k mm g —
Qziass c‘w ": o. Ny
e 42200000 42210000 4220000 8
HoAe l rs227578 Lt
“? | ‘&_,Tmc RELA-motif Q{(

NFkB ChIP-Seq l
GM12892 TT

GM19099 GIG

o e S

GM18951 4 _GIT Kasowski et al 2013 Science

*b



Chromatin states

Chromatin States Learned on 19 Individuals

H T Active promoter Promoter States
Flanking Active Promoter
. 0 Strong Transcription
Weak Transcription Transcribed States
EnhA Active Enhancers with H3K4me3
TxEnhA Active Enhancers in Transcribed Regions
Enh Active Enhancers Without H3K4me3
TxEnh Active Enhancers Without H3K4me3 in Transcribed Regions Enhancer States
En hW Weak Enhancers
TXEn hW Weak Transcribed Enhancers

Bivalent Poised Promoters

Bivalent Poised Enhancers

Polycomb Repressed Domains

Repressed State

CTCF Enriched

Low Signal
™ o‘—(”’)of)LL
VgL OOO
ENEEER o '
§§§£RO ChromHMM — Multivariate hidden markov model to
m&)mzx classify chromatin marks into states
T-I2T

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



Chromatin state variation across 19 individuals

- -t
| —
e
___._.‘.ul-_

=
— a
— a2
.

=

F
— &
——
.ﬂ
PR T
-~ _ Al
PT——
SR

H3K36me3

H3K4me3

H3K27me3

Variable region

Non-variable region

]
PO plll

s -
chr1:156,372,5691-156,515,244
1“2k

b 1 e e 1 e 1 T
e € << BBl ¢ ¢ ¢ THN [ << << <] =3
= [ ¢] L ¢ Lo ¢ ¢ ¢ ¢ ¢ O ¢ ¢ ¢ ¢ ¢ ¢ | ( ¢!
- 7 -f- ¢ ¢ ¢ ¢ = ¢f [ ¢ ¢ ¢ ¢ ¢ ¢ ¢ L e I
< <l | [T ¢ ¢ ¢ e e ¢ ¢ ¢ ¢ <] L e ¢ ¢ ¢ < ¢ ¢ 1 =3
- LIl ¢ ¢ ¢ ¢ B 3 [ ¢ ¢ ¢ ¢ ¢ ¢ ¢ | L
— 1 Lo ¢ ¢ ¢ ¢ ¢ [ ¢ ¢ ¢ ¢ ¢l ¢ ¢ 1 ) n
c-c < < ¢ ¢ ¢ i < ¢ e e ¢ ¢ ¢ <] L e ¢ ¢ ¢ ] L ¢ | 1 K
= EECEN W S S R N ] —————— 1 L ¢!
¢ ¢ ¢ K I ¢ ¢ ¢ ¢ ¢ ¢ Ny [ ¢ ¢ ¢ ¢ ¢ ¢ | K3
! : =3 O JON N R W [ ¢ ¢ ¢ ¢ ¢ ¢ I i1
l [¢ ¢ ¢ ¢ d = ¢ ¢ e ¢ ¢ ¢ ¢ <] [ ¢ ¢ ¢ ¢ ¢ [ ¢ e 1
[ ¢ ¢ 4 Lo ¢ ¢ ¢ ¢ T ¢l [ ¢ ¢ ¢ ¢ ¢ ¢ TRNTRRS L& = =
[ ¢ ¢ O & o e ¢ ¢ ¢ T ¢ [ ¢ ¢ ¢ ¢ ¢ ¢ ¢ 1 ) n
03 X ¢ ¢ = ¢ ¢F ¢ ¢ ] ] [ ¢ ¢ ¢ < ¢ ¢ =3
[ ¢ Tl = e ¢ ¢l ¢ ¢ ¢ [ ¢ ¢ ¢ ¢ ¢ ¢ 1 L ¢! 1
3 I S N T R [ ¢ ¢ ¢ ¢ B []]] & ™
0 L e o <10 ¢ e ¢ L O e ¢ ¢ ¢ 1 <f e ¢ ¢ ¢ ¢ ¢ | i
[ ¢ ¢ ¢ ¢l & e e ¢ ¢ ¢ N [ e ¢ ¢ ¢ ¢l ¢ ¢ | mxE u
K3 [ ¢ ¢ A ¢ ¢ & ¢ ¢ ¢ ¢ L <& [ & ¢ ¢ ¢ ¢ ¢ | 1 K
ENSG00000125462 ENSG00000236947 ENSG00000116604
Laas, p=t=te= Ieppepted. f=bl=o=fod=}

P!

.I
i
H3K36me3

g;

l’l,l
W

l
|

l
k
b=
(F
»

I

B
i
|

|
i

H3K4me3

H3K27me3

1C

7a

)
\Z

&
\

) |

-

H3



Chromatin states

State Specific Variability of Chromatin Marks
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Chromatin state switching across 19 individuals

State Switching

< % = % 2 g o
RIS 5 ERE )
w & F ow o F oo S w2 &
§
Q&
S
log10 (Observed/Expected) QS
&
. &
Observed = Between Individuals
. E
Expected = Between Replicates nnA s
TxEnhA N
TxEnh S
XEn Q/Q
Enh
TXEnhW| . >
3]
%)
EnhW N &
&
L Q-S
ow e
~&
EnhP &
TssP

Active (Enhancer/Promoter) <-> Repressed



child:log(maternal/paternal)

Chromatin Marks are Highly Heritable

(S

CTCF 0.92

> SA10.89
- H3K27ac 0.73
H3K4me1 0.72
H3K4me3 0.63
RNA 0.58
-5 0 5 10
log(maternal/paternal)

Maya Kasowski

Extent of differential signal in
parents correlates with extent
of allelic bias in daughters

e | | [1HIIME

FOX — I Spearman correlation
oorrl R —
RUNX — I 0 05 1

IRF Hll

PAX ||

ATF |

YY1 |

P300 } |
BATF 1l

MEF2C - Il

PU1 - }

TCF [
STAT1 -
BCL -
NFKB I
SP1 |
EGR1
HEB
CTCF

| | | |
1000 2000 3000 4000

Regions significantly associated
with motif disruption



Enhancer Variation Correlates with Expression

RNA
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Functional Consequences of Chromatin Variation

Fold-enrichment of hits in variable peaks
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TF and Chromatin States Vary
Gene Expression Varies

What About Proteins?



Map Protein Variation Across Individuals

Map Relative Protein Levels Across 90 LCL Lines Using

Reference
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Linfeng Wu, Sophie Candille, Hua Tang et al., Nature 2013
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Identify 77 pQTLs with 10%FDR; 273 with 30% FDR
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Covarying Proteins Group in Functional Clusters
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Personal Phenotypes: Variation in
Chemical Response

YPD NQO glycerol  galactose

YJM789 .
SOl K K
AWRITE631L Y E XU
RM11-1bl X E X
YJIM339-2d( R B I

ethanol fluconazole hydroxyurea nystatin

YJM789
596
AWRI1631
RM11-1b
YJIM339-2d

Jen Gallagher, Genes Devel., in press



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

strain plasmid YPD NQO glycerol
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Variation of Yrr1 Binding Regions
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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




PC2 (explained variance, 0.124)
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Gene Expression Clusters Better By
Species, Not Tissues

0.2
Legend
human mouse
o A brain
01 ouse o A lung
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o A live
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0.3

Same Result When All 0.2 L
Samples Done by the Same
Lab 0.1

-0.1

-0.2
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-10 tissues
cones: mouse
spheres: human



For Genes More Highly Expressed in Human No. of For Genes More Highly Expressed in Mouse No. of

over Mouse (2706 genes) Genes over Human (2391 genes) Genes
cellular nitrogen compound metabolic 981 cellular nitrogen compound metabolic 732
process process

biosynthetic process 833 biosynthetic process 703
signal transduction 591 signal transduction 535
anatomical structure development 539 anatomical structure development 506
transport 502 transport 467
response to stress 491 small molecule metabolic process 392
cellular protein modification process 413 cell differentiation 371
catabolic process 355 response to stress 358
small molecule metabolic process 350 cellular protein modification process 345
cell differentiation 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 proliferation 220 homeostatic process 168
reproduction 195 cell cycle 165
DNA metabolic process 188 cell proliferation 161
nucleobase-containing compound catabolic 164 reproduction 157
process

vesicle-mediated transport 157 cell-cell signaling 149
homeostatic process 155 macromolecular complex assembly 131
protein complex assembly 154 DNA metabolic process 130

32



PCA after removal of 2706 + 2391 differentially expressed genes
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Conservation: Sequence-level and activity-level

/\ \ /—\ N
36 Mb \ 282 Mb
28 Gb 968 Mb 20Gb 67 Mb 2.5 Mb 16 Mb 575 Mb 94 Mb 289 Mb
9 Mb 175 Mb /

DNA TFBS DHS

Human

Mouse

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, submitted.
Genome-wide comparative analysis reveals human-mouse regulatory landscape and evolution.



Genomic DNA segments occupied by orthologous pairs of TFs

Conserved locations relative to TSS
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Yong Cheng et al., Mouse ENCODE
Consortium, submitted. Principles of Regulatory
Information Conservation Revealed by
(l)_o'E(-)r!tEOB Comparing Mouse and Human Transcription
proportions Factor Binding Profiles. Snyder, Hardison
Pennacchio labs
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Conservation of occupancy by GATA factors predicts
enhancers active in multiple tissues
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Model: Pleiotropic functions (multiple tissues, multiple TFs binding) are subject to stronger
constraint, leading to preservation of occupancy despite tendency of regulatory regions to
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Comparing Mouse and Human Transcription Factor Binding Profiles. Snyder, Hardison, Pennacchio labs



Possible Measures of Function?

Geneticevidence?
(generates phenotype)
|

low

31% Evolutionary evidence

(mammabhan conservation)

7%

Protein-coding
1%

Whole genome

Figure 1 - The complementary nature of
evolutionary, genetic, and biochemical evidence



Much of the biochemical activity covering a substantial
portion of the genome is low level
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Higher signals for biochemical activity in more
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Conclusions

There is extensive variation in regulatory information
among humans

Enhancers are the most variable
Protein variation is also extensive in humans

Master variators distinct control regulatory programs in
different individuals/species

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

Biochemical activity and conservation is not equal
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