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Overview of Drosophila modENCODE assays 



Drosophila modENCODE datasets 

• ~1000 datasets with links to data download (2010) 



Drosophila Data Set Submissions (June 2012) 

PI Project Data Types Total 

S. Celniker Transcriptome mRNA, ncRNA, hnRNA; treatments  898 

E. Lai Small RNAs miRNA, siRNA, piRNA 75 

B. Oliver Comparative 
Transcriptome pseudoobscura vs. melanogaster 30 

S. Henikoff Histone Variants variants, nucleosome turnover 48 

G. Karpen Chromatin histone modifications, chromosomal 
proteins 593 

D. MacAlpine Replication complexes, origins, timing, 
differential replication 45 

K. White Regulation transcription factors 474 

TOTAL: 2,163 



Combined increase in genome coverage  

• Single coverage of the genome: 20%  75~80% 
• Multiple coverage: 50% >4 annotations, 30% >8 annot 

50% 

30% 



Annotation: New regions come to life 

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

BEFORE 

AFTER 



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 
 



• Coding 
genes 

Genes and 
Transcripts 

• Structured & 
non-coding 
RNAs 

• microRNAs 

 20AA peptides 

 roX2, HSRω 

 New/hybrid mirtrons 
 within coding exons 



Evidence of translational read-through in fly/human 

• 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-I editing of stop codon TAG|TGA|TAA  TGG 
– Cryptic splice sites?  RNA secondary structure? 

Protein-coding 
conservation 

Continued protein-coding 
conservation 

No more 
conservation 

Stop codon 
read through 

2nd stop 
codon 

Jungreis, Lin, et al, 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 

Ernst et al Nature Biotech 2010 

Also: Peter Park, Amos Tanay, Bill Noble. 

2. Histone 
modifications 

3. DNA accessibility 

1. DNA methylation 

Epigenomic maps 



Characteristic chromatin marks / domains 

Chromatin signatures predictive of different 
classes of elements 



Promoter signatures H3K36me1 repl. origins 

Examples of new / surprising elements 



Nine intensity-based chromatin states 

active TSS 
active exon, elongation 
active intron, enhancer 
active intron, intergenic 
male X genes (DC) 
Polycomb 
heterochromatin 
heterochromatin-like 
basal, intergenic euch. 

18 histone marks, S2 and BG3 cells 
enrichments for 

functional 
elements 

Kharchenko, Park, Karpen 

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



30 discrete chromatin states 
in eu/heterochromatin 

• Diversity of elements captured 



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 

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

TFs 
miRNAs miRNAs 

TFs 



Hotspots, motifs, states, and origins 

HOT regions depleted in known sequence motifs 
Enriched in specific states, ORC, new motifs 



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

chromatin preferences 
• Regulatory motifs 

underlie preferences 
• Additional non-specific 

binding beyond motifs 



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

chromatin preferences 
• Regulatory motifs 

underlie preferences 
• Additional non-specific 

binding beyond motifs 
 
 
 

• State prefs predict TF 
pairwise co-occurrence 
 



Insights from integrative analysis 
1. Annotate coding/non-coding genes 
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2. Annotate chromatin regulatory regions 

– Enhancers, promoters, diversity of functions 
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Combined datasets derive functional regulatory net 

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

 Capture  
functional 
consequences  
of targeting 



Functional enrichments in integrative network 

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

Expression patterns 
correlated with function 
correlated with motifs 

correlated with binding 



Predicting new GO functional annotations for genes 

• Shared activity and regulation  shared function 
• Tissue expression confirms functional predictions 

>1000 new functional 
predictions 



Predicting stage-specific regulators of expression 

• Coordinated changes between TFs and their targets 
 



Predictive power for gene expression levels 

28 

Inferred network 

Predicted expression 
(Inferred net) 

Regulator expr. 

Error in inferred 
network: E 

True expression 

Random networks 

….. 
Random network 

generation 

Predicted expression 
(Random net) 

Regulator expr. 

Error in random 
network: E* 

Cell line expr. of 
regulators Cell  predictable genes 

Predictable genes in time course 

Yes 

No Un-predictable genes in time course E<
E*? 

• Cross-validation 
• vs. random network 
• Evaluate in hold out 



Example: predicting gro expression 

• Predict target expression 
as a function of TF levels 
gro=f(TF1 , TF2 , … , TFn) 

       =w1TF1+w2TF2+….+wnTFn 

• vs. true, random net, TFs 

• Predictive in new cell types 29 

TRUE 

gro 
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Gene expression prediction for 1,500 genes! 

• Linear regression model: Target_expr=F([TF1_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 
9 human cell types 9 marks 

H3K4me1 

H3K4me2 

H3K4me3 

H3K27ac 

H3K9ac 

H3K27me3 

H4K20me1 

H3K36me3 

CTCF 

+WCE 

+RNA 

HUVEC Umbilical vein endothelial 

NHEK Keratinocytes 

GM12878 Lymphoblastoid 

K562 Myelogenous leukemia 

HepG2 Liver carcinoma 

NHLF Normal human lung fibroblast 

HMEC Mammary epithelial cell 

HSMM Skeletal muscle myoblasts 

H1 Embryonic 

x 

81 Chromatin Mark Tracks  
(281 combinations) 

Ernst et al, Nature 2011 

• Learned jointly 
across cell 
types 
(virtual 
concatenation) 

• State definitions 
are common 

• State locations 
are dynamic 

Brad Bernstein ENCODE Chromatin Group 



Chromatin states dynamics across nine cell types 

• Single annotation track for each cell type 
• Summarize cell-type activity at a glance 
• Can study 9-cell activity pattern across 

Correlated 
activity 

Predicted 
linking 



Link TFs to target enhancers 
Predict activators vs. repressors 

Link enhancers to target genes 

Introducing multi-cell activity profiles 

HUVEC 
NHEK 
GM12878 
K562 
HepG2 

NHLF 

HMEC 

HSMM 

H1 

Gene 
expression 

Chromatin 
States 

Active TF motif 
enrichment 

TF regulator 
expression 

Dip-aligned 
motif biases 

ON 
OFF 

Active enhancer 
Repressed 

Motif enrichment 
Motif depletion 

TF On 
TF Off 

Motif aligned 
Flat profile 



Ex2: Gfi1 repressor of 
K562/GM cells 

Ex1: Oct4 predicted activator 
of embryonic stem (ES) cells 

Coordinated activity reveals activators/repressors 

• Enhancer networks: Regulator  enhancer  target gene 

Activity signatures for each TF Enhancer activity 



xx 

• Disease-associated SNPs enriched for enhancers in relevant cell types 
• E.g. lupus SNP in GM enhancer disrupts Ets1 predicted activator 

Revisiting disease-  
associated variants 



Mechanistic predictions for top disease-associated SNPs 

Disrupt activator Ets-1 motif  
 Loss of GM-specific activation 
 Loss of enhancer function 
 Loss of HLA-DRB1 expression 

Erythrocyte phenotypes in K562 leukemia cells Lupus erythromatosus in GM lymphoblastoid 

` 

Creation of repressor Gfi1 motif  
 Gain K562-specific repression 
 Loss of enhancer function 
 Loss of CCDC162 expression 



Detect SNPs that disrupt conserved regulatory motifs 

• Functionally-associated SNPs enriched in states, constraint 
• Prioritize candidates, increase resolution, disrupted motifs 



Automating prediction of likely causal variants in LD 
 HaploReg (compbio.mit.edu/HaploReg) 

• 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 
 



Need: A systems-level understanding of genomes and gene regulation 
• The regulators:  Transcription factors, microRNAs, sequence specificities 
• The regions:  enhancers, promoters, and their tissue-specificity 
• The targets:  TFstargets, regulatorsenhancers, enhancersgenes 
• The grammars: Interplay of multiple TFs  prediction of gene expression 
 The parts list = Building blocks of genome/disease regulatory networks 

CATGACTG 
CATGCCTG 

Disease-associated 
variant (SNP/CNV/…) 

Gene annotation 
(Coding, 5’/3’UTR, RNAs) 
 Evolutionary signatures 

Non-coding annotation 
 Chromatin signatures 

Roles in gene/chromatin regulation 
 Activator/repressor signatures 

Other evidence of function 
 Signatures of selection (sp/pop) 

Interpreting complex disease: from regions to models 

• Challenge: from loci to mechanism, pathways, drug targets 



Next steps: Fly vs. Worm vs. Human 



Human-mouse-fly-worm orthologs 
• Phylogenomics approaches 

– Species-specific gene-specific rates 
– Incomplete lineage sorting/deep coalescence 
– Unified models of Dup-Loss-Coalescense 

Gene-tree species-tree reconciliation Deep coalescence of duplicates 

Javier Herrero, Jessica Wu, Matt Rasmussen, Mukul Bansal 



Genotype-phenotype 

• Population genomics of Drosophila 
– Trudy MacKay, Charles Langley et al 

• Selective pressures  modENCODE 
– Purifying selection, positive selection, 

recombination hotspots vs. annotations 
– Understand deleterious mutations 

• Trait-associated regions  modENCODE 
– Help annotate trait-associated variants 
– Role of motifs, networks in observed phenotypes 

• Systematic mutations and drug screening 
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