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Drosophila modENCODE datasets
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Cell lines Dev Stages
. Num. |8 e s |u
Category| Annotation Types Assay Expts| 3 (2|2 |5|8|¢E 2|23 3 Factors3?
- n
p @m|o E ; g IE 5 o E E =
anscription/splicing
ger!e t'mscrlgm, cell l}rpg- and RMA tiling array (polyA+, total 74 4+ + + W12 8 8 3 3
tissue-specific expression RMA)
. _ Total RMA-seq 12 + O+ o+ o+ 12
“ff;:gﬁﬁ;g‘;ﬁﬁg;ﬁ RNA-seq (polyA+) ® |+ P 12 9 3 3 3
Gene ' cDMA sequencing 3704" +
Expression 26 splicing factors: B52, BL, CG17828, CG30122, CGTET, CGTAT1, CGAITI, CGO0E3,
splicing regulatory targets RMAIRMA-zeq 27 + GLO, HEPH, HRBBTF, M5, MUB, QKREBE-2, RBF1, REP1-like, RSF1, 5C35, 5F1, SQD.
SRPE4, TRAZ, UPF1, XLB, YTR, YU
188 CAGE (poly&+) 1 1
RACE-seq (fotal RNA) g7a7 1 1 1
Short ncRMAs ncRHNAs small RMA-z2q 78 + + + + 17|19 4 4 4 3 |21°|2 processing factors: AGO1, AGO2
Replication
Pre-RC ChIP-chip 2 + 2 replication factors: ORC2, MCM2-7
Factors replication origins ChlP-seq 5 + + o+ 2 replication factors: ORC2, MCM2-7
Repl. origins BrdU-chip 3 + + +
Timing early/late domains BrdU-chip 3 + + +
Copy Number ! - - CGH 5 + 1 >
Variation differential replication Chiv-seg 3 = P
37 TFs & co-factors: BAB1, BRE1, CAD, CGB4TE, CHINMO, CNC, CTBP, D, DFD, DI,
Transcription TF binding sites, conserved ChIP-chip 66 + o+ o+ 3 2 1 DISCO, EN, EVE, EXD, FTZ-F1, GRO, GATAE, GSB-N, H, HKB, INV. KNI, KR, JUMU,
Factors binding MBD-R2, PIWI, RUM, SENS, 5BB, SIN3A, STATS2E, TRL, TTK, TLL, UBX, WDS, ZFH1
ChiP-seq 5 2 1 2 2 TFs: CAD, ECR
11 histone modifying enzymes: ASH1, HDACS, HDACH, HDACE, HDACX, E(Z), JIL-1.
MNEJ, RPD3, SUVAR 3-8, TRX
. 2 histone modification binding proteins: HP14, PC
Chromosomal|  chromatin and chromosomal ChiP-chip L A 8 8 3 1 21 |7 ucleasome remodeling: ERM, ISWI, Mi-2, NURF301, MRG15, SNR1, SPT18
Proteins functions Jinsulators: BEAF-32, CP1B0. CTCF, SU{HW), MOD{MDG4)
T others: CHRO(CHRIZ), HP1c, HPZ, PCL, PSC. RMA Polymerase ||, SCEDRING
3 histone modifying enzymes: HDAC4, HDACK, HDACE, HDACS, NEJ
ChiP-seq 2 S 1 other: RMA Polymerase ||
21 histone marks: H1, H2BUbig, H3K18ac, H3K23ac, H3K2Tac, HIK2Tme3, H3K 36me1,
Histone active chromatin, enhancing ChIP-chip 181 |+ + + =+ CE 23 5 B O 2 [H3K8med, H3K4me1, HIK4me2, HIK4med, H3KTOme1, H2KT0me2, H3KDac, HIKOme2,
Modification regions, promoters H3K8me3, H4, H4AcTetra, H4K18ac, H4KSac, H4KBac
ChiP-seq 79 46 18 6 4 &5 & histone marks: H3K27ac. HIK27me3d, H3K4me1, HIK4med, H3K3ac, H3KEme3
Hucleosome & MaCl fractions (mM): B0, 80-150, 150, 150-800, 800, 800 mM (pellet), menonuclecsomes
Solubility and nucleosome occupancy DA tiling array 35 + + 46 & CATCH-IT conditions: MET, 20 min, 40 min, 80 min, pulse, AHA 3 hr
Tumover

2 histone variants: H3.3, H2Av

e ~1000 datasets with links to ¢

ata download (2010



Drosophila Data Set Submissions (June 2012)

Pl Project Data Types Total

S. Celniker | Transcriptome | mRNA, ncRNA, hnRNA; treatments 898
E. Lai Small RNAs MIRNA, siRNA, piRNA 75

B. Oliver Compa_ratlve pseudoobscura vs. melanogaster 30

Transcriptome
S. Henikoff | Histone Variants variants, nucleosome turnover 48
G. Karpen Chromatin histone modlflcatlops, chromosomal 593
proteins
: .. complexes, origins, timing,

O hiEIEAl e Al differential replication 45
K. White Regulation transcription factors 474

TOTAL: 2,163



Combined increase in genome coverage

100% 100%
Total genome coverage

[l Uniquely added by this class

90% || ll Overlapping previous classe
— Cumulative coverage

ICoverage of conserved bases
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* Single coverage of the éenome: 20% - 75~80%
e Multiple coverage: 50% >4 annotations, 30% >8 annot



Annotation: New regions come to life

B EFORE Chr 2R:11,480,000-1 1,600,000

fus-RC
N1 <EVhaidel CRI0082 m-> CG334617 cg30083

<[ fus-RA I CG8207 W CG33460
Known gene <EmA 1 fus-RD coaoosp W CG33462
= < 1 fus-RFCGE214< M B>~ CG30087
annotations mmr—*ﬁm fus-RE  m-~E->Ranbpii “[TWCE30080
—————————— B e B e met L Tt B e vt B e =t B C_IMRB f :::-_)063.0?9.1‘ BCG‘?O.OFB' o+
AFTER Gene model 11490k 11500k 11510k 11520k 11530k TET 11550k 11550k 11570k 11580k 11550k
predictions P00 70s e T0R2a JB6.IT214
Coding exons i IR
Ago smRNAs
5'/3' UTRs B | |
non-coding RNAs
Polll
TF binding | N
Insulators

Other bound proteins I. I |I|--I I I

Polycomb domain

ORC binding
Enhancer/Promoter states

[ranscribed chromatin states
Heterochromatic states

Introns
I IR ]
0 7 0 I > F
Transcribed elements Bound requlators Chromatin elements
multiple coverage multiple coverage multiple coverage

Goal of modENCODE: Encyclopedia of DNA elements
 Expand annotation of coding, non-coding genome



Insights from integrative analysis

1. Annotate coding/non-coding genes
— Peptides, structures, microRNAs, readthrough

2. Annotate chromatin regulatory regions
— Enhancers, promoters, diversity of functions

3. Define regulator targets and networks
— Hierarchy, TF/miRNA networks, HOT regions

4. Predictive models of gene regulation
— Functional nets =» gene function/expression

5. Implications for human disease
— Annotate non-coding SNPs, link to TFs/targets




MNew gene model  New non-coding gene model

Genes and .| o=t Same CeERE
Transcripts T

evidence

Sex s ecrﬁc 1 XD
evldenoe e F

Coding clleotce T
genes el
= 20AA peptides

ORF 2 - 21amino acids, dN/d5=0.03

Structured &

Types of different base pairs

non_COdIng suppurtlngapredlctedpalr
1 2 3
Pairs incompatible 0 -_
R NAS with predicted pair 1
2 Worst
L (O (TR a0 (OO CERCC. - - D) ) IFII I - ) D)
. -am: s ACA GG COL CAA CALCCT GUGGEA C CACAGCAL COC TUC GOC TUL GET AAL AALTICE: CTH CATTOCA AU TCACT ¥l
: MICORNAS Sasiel tawalns s imamt st o
. . CC
= New/hybrid mlrtrondemmmmm:mnmm \GCCT COCCCAGBATIC TCACAC CAC COCTCC AAC AAA ATTCCAAQCTCACOG TITCCTCTC
thin codi £ on s ace aliin oo s I Rl i e et e o
=>» within coding eXONS §% Gia cocCarTTCACAS COCCCA COTTTC OB CA CAC COTO0 COc AT CCARGRTOG T TTTCCTCTC
o CACACA COCCOUTTE CA CACORECOCCOA CET TIC MO CAC CAC COCTC COCTOC CCTAN A TITCCTCIC
11 CAC B COCBEITTC CAACACCLT GOCCCABEA TTC TEH CAC CAC COCTBTEET TG CCTAAC AT ATTOCA TITCCTCIC
dvir CACACACOCCOC TG CAACAGCCT COGCCA CCT TIC TCA [ ATTCCAACCTCACCC TITCCTCIC
dmoj GAC ACA COCCOC TTGCAACAGO GO COA CCTTTE TOACAC OB NGRS G- TCE CCTAAC A ATTIEIA ACC TCACCE TTTCCTCTC
dgr] CACACA COCCOC TTGCAA CAGCCT GOGGCA CCTTTC TCA CAC S MBBAGE COC TOCBRAAAC AAX NCOCATT GCAACCTCACOG TITCCTCIC

Star arm: 10 reads Mature arm: 138 reads



Evidence of translational read-through in fly/human

dmaa P  w ¥ P ¥ 8 WwW L ¥ ¥ ¢ D § E L E ¢ P D U L E G C E ¢ E W E &# ¥ T o & & m ¥ & L ¥ X # T D A D &2 H D O & D T E H
drn CCG CAG TGR GTG CCC GTA TCC TGG CTG TAC TGA CAR GAC AGC GAA CTG GAR TGD CCC GAC TGC CTC GAG GGC TGT GAA TGC GAG TGH GAR GUC TAC ACA CAG GCC TCC AAC GTA GOC CTA TAC TGA GGC ACA GAT GCA GAT GCG CAC GAC GAT GCA GAT ACA OGO CAC
droSec CCG CAG TG GTEF CCC GTA TCC TGG CTG TAC . CAR GAL AGC GAA CTF GAR TGC CCC GAC TGC CTC GAR GGC TET GAA TGC GAF TGF GAR GOC TAC ACA CAG GCC TCC AAC GTA GOC CTA TACD . GG ACA GAT GCA GAT GCG CAC GAC GAT GCA GAT ACA CGD CAC
droSim CCG CAG TG GTG CCC GTA TCC TGG CTG TAC . CAR GAL AGTC GAA CTG GAR TGC CCC GAC TGC CTC GAG GGC TGT GAA TGC GAEF TGEF GAAR GCC TAC ACA CAG GCC TCC AAC GTA GOC CTA TAC . GG ACA GAT GCA GAT GCG CAC GAC GAT GCA GAT ACA CGD CAC
droYale CCG CAG TGG GTE CCC [BPR TCC TGG CTG TAC . CAR GAL AGC GAR CTG GAR TGC CCC GAC TGC CTC GAG GGC TET GAE TGC GAEF TGE GAE GCC TAC ACH CAG GCC TCC AAC CGTA GOC CTE TAC . GGL AEA. GLA GAT GCA CAL GAC GAT GCA GAT ACA CGC CAC

droEre CCG CAG T6G 676 cot [B Tt 766 or TAC [ CAA GAC AGC GAA CTG GAA TGU CCC GAC THC CTC GAG o6r T6T [BRE Tor sAc Tov BB ccc Tac BER cac sor oo aac oTa coe @R ac [ e aca car cea T [l - - - - - - o
drodna UG CAG TEG GTG [BCA BTG Ter Tos [EFY Tar . CAA GAr AGC [BAE BTD GAR TGU CCC GAC TGC CTC GAG GGE TGT JBAE TGC GAG TG BRE BET Tac MO cac cco Tor BET BTE BEE [6FE Tar . (A AEA. rrca. .. GAL .... can:|
droPse [E0D B8 o cre [FER [BT0 T8 oo [EFE Tac . rad car BT car cTc cax Tor cec [GRE Tor ere cac [BET TR0 .TI}E AL Tr.rr. GEA TR aca cac cer Tec (AT BTG BEE BT Tac .. ... . AEA. cau:|

droPer CEE CAK TGG GTE ECA GTC TCE TGG ETE TAC . - - -

drawil cec B8 Toe ere coe B8 Tee Too [BFE Ta . rad car BT BRE cTe can Tor coc [GAT DT [BT6 cac cor TR0 [GAT TET [BAH To [BRT [BRH TRT aca cac [F0A FEC BT BTE oo [0TE TET .. AlA .... CAT .. Bk ... rar ‘
droMoj [ 68 Toc cre cce G B oo B8 Tac 8 can cac MEE GHE cro oan {6 cec oac [ ere G oo [0 BRE 6 cac oo B BE ac aca cac BEE Tee anc B BEE cra Tac [ B - - - -

droVir [ECA B8R To& 6T coc [BT0 BET oo BTE Tac . rad car WET GRE cTr cax Tor cor cac 6T ore [BRT cor TR BRE Too cac Tor [BRT [BEA TaC .t.u:.a. &k Tor BAT BTE BLE cTa Tar .. - - - . -
droGri |08 B8 Tos cre WEE BT Teo Too [ETE Tac . rad car BT BRE cro [BAE T6F cor cac [B6F cre [BAF cor FRC [BRE TET cac oo BRE [BRA Tac aca cac B0E Too BAT BT BOE .'r.ln: .. - - - . -
kb bk wkk kkk Rk bk bk kkk k@ kkd kkk RkE kkd ke kd bk Rk Rk kkk Rk Rk Rk kk  kk  kk Rk Rk kb kkk Kk kR Rk kb kk kk kk Rk kR &k kk & k& Rk 'R T ® 11

Protein-coding
conservation

Continued protein-coding ndstop Y NO more
conservation codon conservation

Stop codon
read through

« New mechanism of post-transcriptional control.
Hundreds of fly genes, handful of human genes.
Enriched in brain proteins, ion channels.
Initial experiments show potential ADAR role (Reenan Lab).

« Many questions remain
A-to-| editing of stop codon TAG|TGA|TAA 2 TGG
Cryptic splice sites? RNA secondary structure?

Jungreis, Lin, et a/, Genome Research 2011



Insights from integrative analysis

1. Annotate coding/non-coding genes
— Peptides, structures, microRNAs, readthrough

2. Annotate chromatin regulatory regions
— Enhancers, promoters, diversity of functions

3. Define regulator targets and networks
— Hierarchy, TF/miRNA networks, HOT regions

4. Predictive models of gene regulation
— Functional nets =» gene function/expression

5. Implications for human disease
— Annotate non-coding SNPs, link to TFs/targets




Chromatin states for systematic genome annotation

Me

S—— Epigenomic maps

2. Histone
modifications

e Ed
romoier sidics |I
1I }
- H

Transcribed states muii Hl.t.rw 5

Chromatin States

uess Active Intergenic

Chromatin Mark

50 kb

Ernst et al Nature Biotech 2010

Observed
chromatin % % D
marks. Called D

hasedona Kime1 Kime3 | KAme3 | kdmel | K36me3 | K3Gme3 Ka6mes |K36me3

poisson % D
distribution K27ac Kame1

E0/0,010,0,010.0.0.0:00,

Also: Peter Park, Amos Tanay, Bill Noble.




Characteristic chromatin marks / domains

origins of replication insulator proteins transcription factors
genes ORC binding sites BEAF CTCF Su(HW) binding hotspots
transcribed genes TS5-proximal ~ TS5-distal ~ TSS-proximal  TSS-proximal — TS5-distal TS5-distal TSS-proximal — TS55-distal

other loci
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Chromatin signatures predictive of dn‘ferent
classes of elements




Examples of new / surprising elements

(Gene models

RNAPol Il
RNA-seq
H3K4me3
H2B-ubig
H3K36me3
H3K36mef

Primary Chromatin Evidence
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Promoter prediction
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Transcript
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Experimental Confirmation
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|
lsm 12514
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Gene models

RNA Pol Il
RNA-seq
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Nine intensity-based chromatin states

Kharchenko, Park, Karpen

18 histone marks, S2 and BG3 cells TEu :
M - & - (03] =
D © OQ 0 Q= D & X
E%EﬁmﬁuEﬁﬁEm%E 08 8 £
58 SS01355000U8SEN 88 ot 0
O9g CylpesPCY003C Y x¥ 2o s
00 T ONANNONNNNNNNNDrTOM gle
OO IITIIIIIIIIIIIIIIIII E)I-.EE“
0 1 H B 7 active TSS
2 2 . 12 active exon, elongation
-:%3 ] L[] 10 active intron, enhancer
4 13
%5 . 5 male X genes (DC)
6 F 6
ET ] n B 4 heterochromatin
=8 16
c 9 26
log2 enrichment:; F1I_m m

e 9 states captures most major chromatin types
e Summarize combinations and intensity of marks



histone marks

30 discrete chromatin states
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Insights from integrative analysis

1. Annotate coding/non-coding genes
— Peptides, structures, microRNAs, readthrough

2. Annotate chromatin regulatory regions
— Enhancers, promoters, diversity of functions

3. Define regulator targets and networks
— Hierarchy, TF/miRNA networks, HOT regions

4. Predictive models of gene regulation
— Functional nets =» gene function/expression

5. Implications for human disease
— Annotate non-coding SNPs, link to TFs/targets




Binding, motifs reveal physical regulatory network

TF
MiRNAS «» >

mir-8
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mir-277
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mir-1
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Network Motif

Example genes
A B

C
A g twi h bantam
Cross-regulating . /l sna prd mir-8
TFs co-targeting \b'r eve gt mir-10
a miRNA o run prd mir-14
F=2.996 ~ 7=5.63N gt mir-277
A B bad cad ph-p
Cross-regulatory % /q mod(mdg4) Kr Dsp1
clique of TFs P BEAF-32 Myb Med
f Cp190 mip120  phol
2.063 3453 cad Chre di
Feed-forward & mir-1 twi sna
loop with / j mir-315 gt Kr
cross-regulating mir-14 run h
TFs and a miRNA ; g . mir-263a prd Kr
1.969 2311 mir-8 h hb
A prd gt shn
I[}ouble feed-forv;-.r:'r d f’\ bab1 trx disco
oop: crosseguiating 4, TAIR mip130  Myb
TFs co-targeted by .J'_)% da Meﬁz Iinyi52
another TF 1 2394 4507 GATAe Mef2  z
Feedback |00p tin mir-1000 Kr
from downstream sha mir-1 C15
TF to upstream TF E Kr m!r-31 5 sna
via a microRMA hb mir-8 nub
1. 2;!3 Sens mir-9%abc  eve
Feed-forward loop 2 mir-958 hkb Csk
with a miRNA y bantam  twi dap
ending at a 4 mir-8 sna Cl’l".l
target gene & . m!r-124 sna Gli
1.259 1.797 mir-263a run Mes2
A B pho kn Keap1
Cross-regulating lﬁ_ ;J‘ D da dnk
TFs co-targeting "\#‘/ dl lin-52 px
a target gene F phol Med tna
1.256 12,625 Mip120 Myb Moe
n B z Med run
Cross-regulating .i :/. Dsp1 phol lin-52
TFs co-targeting N gt shn cic
another TF i“ trx disco CBP
1158 7117 prd ph-p Antp
Fold Enr. Z-score

 Hierarchical network: master regulators, 94% down
 Feed-forward, cooperation, feedback through miRs




Hotspots, motifs, states, and origins

. u N =
Average TF Motifs vs. TF Complexity &
Complexity 1 5 10 (
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Stat92E 9.8
Shn* 83
hkb 82 ]
dil 80 TH
TIl* 76
enl 7.5
ftz* 7.5
h 7.0
mad* 7.0
D &9
bcd* 6.8
gt* 65 HEN CEEEN
run 6.4
Slp1* 6.4
Ubx 6.3
Hb* 5.8

Prd* 5.7
Z* 58
Kr 5.4

Sna* 54

babl 52
med* 51
GAF 5.0
da* 48
ttk 4.8
Twi* 45 (L
di* 3.‘
cad 3.
inv
ftz-f1 13 HEEN

1/2 1 2 1 2 4

Reprod

Motif enrichment  Motif enrichment
for higher complexity in TF bound sites

: ORC vs.TF Complexit
States vs.TF Complexity 1 2 3 4 5 6 7 8 psa 1g 11 12 13 14
1 5 10 14
32 : 441
—
d3 o 14 - —
d4 c 12 __.--"'_F’-ljf
ds T ¥
d6 c 10
d7 0
d8
dg E &
¢ 410 0 4
4+ dil
0 412 2
W di3
C di4
B dis _  Discovered motifs vs.TF Complexit
E d16 Discovered motifs 5 10 1
d17
M1
5 __CAGGTA
5 =ATCGATAC
d22 MBA_.._A - A JAGA
d23
d24 I M4C TGT
d2s
26| MSA S ASASS
d27
Y CAcwcCocas
M7 - -

4 1

Chromatin state enrichment
for regions of == complexity

Range of complexity
regions where motif

was discovered

12 1 2

Discovered motif enrichment
for regions of higher complexity

|OT regions de

nleted in known sequence motifs
Enriched In specific states, ORC, new motifs




N W N = (lster

Interplay of TFs, motifs, and chromatin in human

e TFs show distinct
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Interplay of TFs, motifs, and chromatin in human

« TFs show distinct
chromatin preferences

sisra o Regulatory motifs
underlie preferences

Additional non-specific
binding beyond motifs

Bl Motif-driven binding
Bl Non-specific binding
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Insights from integrative analysis

1. Annotate coding/non-coding genes
— Peptides, structures, microRNAs, readthrough

2. Annotate chromatin regulatory regions
— Enhancers, promoters, diversity of functions

3. Define regulator targets and networks
— Hierarchy, TF/miRNA networks, HOT regions

4. Predictive models of gene regulation
— Functional nets = gene function/expression

5. Implications for human disease
— Annotate non-coding SNPs, link to TFs/targets




Combined datasets derive functional regulatory net

Correlation of expression

A Transcripts L eemmmeemaea
TF — O e
%ﬂ_ﬂl
o. CCIHEIELtI"'I‘I ofchmmatln states
., Chromatin marks T e T
Motif y Tss AN b 4
| < |;| |<|> <>|<>| | I I_* l_l 1 ' Llll_Illl u lll
Promoter region Gene TF gene Target gene
Conserved motifs of TFs | [ ChlIP binding of TFs ] [ Chromatin marks | Gene expression
- Evolutionary conservation - ChiP-seq & ChIP-chip - ChiP-seq & ChIP-chip - RNA-seq & microarrays
across 12 Drosophila species - XX TFs, XX experiments - XX marks, XX experiments - XX experiments
- XX TFs (X cell lines, XX dev. stages) (X cell lines, XX dev. stages) (X cell lines, XX dev. stages)
Physical features Functional features
Chromatin mark A Chromatin mark B
Il | F lJ.l 1 1 11 l = Capture
| .
“Tkb upstieam 755 5_6?_&  Godngsequence . FUTH | 1kb downsiream TES functional
Mark A [T [T [ 1[0 0] of targetlng
MarkB [ @ [@ [1 [ 1] 1|
Binary feature vectors

 Not all binding is functional, not all targets are direct
 Motifs, ChlIP, marks, expr as input feature to learning
 Unsupervised sum-rule & supervised using REDfly



Functional enri
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Develonmental exoression o 3w0si Gene ontoloev functional enrichments for hiological nrocess
Network size True positive rate for predictions
Network name Network description NumTFs NTargets Edges/TG Function | DevExpr | Tissues PPI
motifNet Conserved regulatory motifs in promoters 104 11,09 7 -11% -4% -18% 35%
boundNet  ChlIP-inferred experimental TF binding sites 76 12482 13 7% 12% 16% 16%
REDfly Literature-based known regulatory network 82 88 3_37% 64% 43% 61%
FuncNet Functional network with chrom/expr activity 576 9436 24 19% 46% 19% 60%

« Combine TF binding, motifs, correlated TF/TG activity
 Reveal ‘functional’ edges, response determinants
 Functional net shows increased predictive value




Predicting new GO functional annotations for genes
1.0 10k
5 1,586
0.8 O
o 1k \
© < / 1286
© Q
2 0.6 3 ,
= cellular respiration 0.94 % /
4 oxidative phosphorylation 0.91 =100 _~
£ spindle elongation 0.86 -
g 0.4] reg. of RNA metabolic process 0.82 1 E —A— Genes with no previous annotation
= organ morphogenesw 0.81 > Genes with previous annotation
= pattern specification process 0.81 Z
regulation of transcription 0.81 10 N N A
02l | imaginal disc development 0.80 || 005 015 025 035 045
' organ development 0.78 Estimated False Discovery Rate (FDR)
nelrlvdmflfs system development 0.78
cell differentiation 0.78 -
muscle structure development 0.73 >1OOO new fu n Ct' on al
O ] I I I - -
0 0.2 04 0.6 0.8 1.0 predictions
False Positive Rate

e Shared activity and regulation = shared function
 Tissue expression confirms functional predictions



Predicting stage-specific regulators of expression

e H: Ets98B, Dif/Rel,
-  sug, Mes2, Lh,...
L: Mad, bed, tin,
~° TflIB, prd.gt, ...

I, H:NELF-B, BEAF-32,| |
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| prd, NELF-B,
M hib, bab1, Tr...

3
U HTr, su(Hw), 5
-1 Cp190, cad
K= L twisens 7
24 11 2 18 H: su(Hw)
6 y
1
8
1
0 . - H H } | I ! I | i 1 I
2 4 6 8 10 12 14 16 18 20 22 L1 L2 L3 L3 LAL3 PP 5 1 2 3 N\& Td\5d 30
Embryos (hours) Larvae (stages) ae (days)
1
2 ! 15 H:Chro
2 4 | L:tin, prd,
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i L L:chinmo
run, gsb-n, .. P
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 Coordinated changes between TFs and their targets



Predictive power for gene expression levels

Random network
YA NEid - NAY

Inferred network Random networks
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le 1 I
Error in inferred True expression Error in random
network: E network: E*
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Yes . .
. —  Cross-validation
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Cell line expr. of ¥
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~ , Logexpression = .

Example: predicting gro expression

- = = PREDICTED

Embryo Larva Pupa

—

TRUE

RANDOM

“* Predict target expression

AAduh

—r

Log expression

L B

Cell line

5
4
j I‘ I
2
1

CME_W1_Cl.8 Kcl167 ML-DmBG3

L

S2_DRSC

as a function of TF levels
gro=f(TF,, TF,, ..., TF,)

=W, TF+wW,TF+....+wW TF,

e vs. true, random net, TFs

* Predictive in new cell types



Gene expression prediction for 1,500 genes!
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Linear regression model: Target_expr=F([TF,_expr,...])
Learn coefficients in 27 time-points, predict in other 3
‘Unpredictable’ genes are also less reproducible
‘Predictable’ genes: learned weights work in cell lines




Insights from integrative analysis

1. Annotate coding/non-coding genes
— Peptides, structures, microRNAs, readthrough

2. Annotate chromatin regulatory regions
— Enhancers, promoters, diversity of functions

3. Define regulator targets and networks
— Hierarchy, TF/miRNA networks, HOT regions

4. Predictive models of gene regulation
— Functional nets =» gene function/expression

5. Implications for human disease
— Annotate non-coding SNPs, link to TFs/targets




ENCODE: Study nine marks in nine human cell lines

81 Chromatin Mark Tracks

9 marks 9 human cell types o
H3K4mel HUVEC Umbilical vein endothelial (2% combinations)
H3K4me2 NHEK Keratinocytes i :
H3K4me3 . —— e — = —
GM12878  Lymphoblastoid
H3K27ac _ e e
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H3K27me3 HepG2 Liver carcinoma S . e
H4K20mel NHLF Normal human lung fibroblast — f—
H3K36me3 HMEC Mammary epithelial cell e e~ e
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+WCE . B e et ve wr ey  EUEEE
H1 Embryonic — =
+RNA - - e e —
Brad Bernstein ENCODE Chromatin Group = = - —
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Chromatin states dynamics across nine cell types

WLS in H1 ES cells (poised) WLS in GM12878 cells (repressed) WLS in HUVEC cells (active) WLS in NHLF cells (active)
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Introducing multi-cell activity profiles

Gene Chromatin | Active TF motif TF regulator | Dip-alighed

expression States enrichment expression | motif biases
I

HUVEC
NHEK
GM12878 ----
K562
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HSMM

H1

l l l l l

Link enhancers to tatdek ddrfetp target enhancers
Predict activators vs. repressors

. ON Active enhancer B Motif enrichment () TF On /\J Motif aligned
@ OFF [J Repressed Motif depletion @) TF Off |—j Flat profile




Activity signatures for each TF

Coordinated activity reveals activators/repressors

Enhancer activity
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 Enhancer networks: Regulator = enhancer - target gene
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Revisiting disease- 8 gsET
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 Disease-associated SNPs enriched for enhancers in relevant cell types

« E.g.lupus SNP in GM enhancer disrupts Ets1 predicted activator




Mechanistic predictions for top disease-associated SNPs
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=» Loss of GM-specific activation = Gain K562-specific repression
=» Loss of enhancer function =» Loss of enhancer function

=» Loss of HLA-DRB1 expression = Loss of CCDC162 expression



Detect SNPs that disrupt conserved regulatory motifs
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* Functionally-associated SNPs enriched in statels, constraint
 Prioritize candidates, increase resolution, disrupted motifs




Automating prediction of likely causal variants in LD

=» HaploReg (compbio.mit.edu/HaploReg)

Query SNP: rs17145713 and varianis with r° == 0.95
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o Start with any list of SNPs or select a GWA study

— Mine publically available ENCODE data for significant hits
— Hundreds of assays, dozens of cells, conservation, motifs

— Report significant overlaps and link to info/browser

Ward and Kellis, NAR 2011



Insights from integrative analysis

1. Annotate coding/non-coding genes
— Peptides, structures, microRNAs, readthrough

2. Annotate chromatin regulatory regions
— Enhancers, promoters, diversity of functions

3. Define regulator targets and networks
— Hierarchy, TF/miRNA networks, HOT regions

4. Predictive models of gene regulation
— Functional nets =» gene function/expression

5. Implications for human disease
— Annotate non-coding SNPs, link to TFs/targets




Interpreting complex disease: from regions to models

(?ene annotation Roles in gene/chromatin regulation
(Coding, 5'/3'UTR, RNAs) = Activator/repressor signatures

= Evolutionary signatures\ /7

CATGACTG

CATGCCTG
ﬁease-associat%
Non-coding annotation variant (SNP/CNV/...) Other evidence of function

=» Chromatin signatures =» Signatures of selection (sp/pop)

 Challenge: from loci to mechanism, pathways, drug targets
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Enhancers Promoters Post-transcriptional control  microRNAs

Need: A systems-level understanding of genomes and gene regulation
 The reqgulators: Transcription factors, microRNAS, sequence specificities
 The regions: enhancers, promoters, and their tissue-specificity

 The targets: TFs—>targets, regulators>enhancers, enhancers—>genes
 The grammars: Interplay of multiple TFs - prediction of gene expression
=>» The parts list = Building blocks of genome/disease regulatory networks




Integrative Analysis of the

Identification of Functional Elements

Caenorhabditis elegans Genome and Regulatory Circuits by
by the modENCODE Project Drosophila modENCODE
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p. 1758, the new findings reveal essentially all of the tens of thousands of RNA and protein
molecules that each of these organisms produces, as well as how their genetic informa-
tion is packaged. Extensive Web-based databases built on these data are freely available
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Most of the government funding for biomedical research in the
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Human-mouse-fly-worm orthologs

* Phylogenomics approaches
— Species-specific gene-specific rates
— Incomplete lineage sorting/deep coalescence
— Unified models of Dup-Loss-Coalescense

edes So®oo\ P=1/2N

.....
......

d m, rn m, 1, Dog Human Mouse Rat

Gene-tree species-tree reconciliation Deep coalescence of duplicates
Javier Herrero, Jessica Wu, Matt Rasmussen, Mukul Bansal



Population genomics of Drosophila
— Trudy MacKay, Charles Langley et al

Selective pressures < mModENCODE

— Purifying selection, positive selection,
recombination hotspots vs. annotations

— Understand deleterious mutations

Trait-assoclated regions < modENCODE
— Help annotate trait-associated variants
— Role of motifs, networks in observed phenotypes

Systematic mutations and drug screening
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