
1	  

Roger Alexander!
Gerstein lab group meeting!
23 August 2012!

mod/ENCODE Integrative Comparison!
!Worm, Fly, and Human!
! !Chromatin!
! !Regulation!
! !Transcription!
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What do worms, flies, and humans have in common?!



Similarities will be very basal – 
molecular pathways, germ layers, 
basic cell-cell interaction 
mechanisms. 

Realize that the human branch 
includes the entire history – birth 
to extinction – of the dinosaurs. 



A cool example of heterochrony – 
entire anatomical structures / 
tissue assemblages can shift in 
developmental timing and spatial 
localization.  
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What do worms, flies, and humans have in common?!

•  They are all animals (metazoans).!
•  They are multicellular.!
•  They are triploblast – i.e. they have three germ layers!

–  endoderm!
–  mesoderm!
–  ectoderm!

•  They are bilaterian – i.e. bilaterally symmetric.!

•  BUT humans are deuterostomes, while worms and flies are protostomes.!



.!
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Animal Phylogeny – Origin of Multicellularity!

Mol. Biol. Evol. 2006 23: 93 
Mol. Phylo Evol. 2002 24: 358 

Porifera = sponges 



8	  

Animal Phylogeny – Origin of Multicellularity!

Evolution of the phospho-tyrosine signaling machinery in premetazoan lineages. 
PNAS 2008 105: 9680 

Sponge 
(e.g. N. vectensis) 

Choanoglagellate 
(e.g. M. brevicolis) 
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What do worms, flies, and humans have in common?!

•  They are all animals (metazoans).!
•  They are multicellular.!
•  They are triploblast – i.e. they have three germ layers!

–  endoderm!
–  mesoderm!
–  ectoderm!
–  Diploblasts lack mesoderm.!

•  They are bilaterian – i.e. bilaterally symmetric.!

•  BUT humans are deuterostomes, while worms and flies are protostomes.!
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        Triploblasty!

Evolution of striated muscle: Jellyfish and the origin of triploblasty 
Devel. Biol. 2005 282: 14 

(A) Ancestral metazoan with !
   flagella (thin black lines), !
   adhesive structures (thick black spikes), !
   digestive area (blue), !
   gametogonia (orange), !
   and primordial myocytes (light green and!

! ! ! !      light red)!

(C) Intermediate stage formed from 
panel B (or from panel A). It has a 
through gut and anterior– posterior 
polarity, primordial myocytes start 
aligning along the digestive tube.!

(D) massive 
extracellular matrix 
(ECM) has evolved; 
most myocytes 
differentiated into 
smooth muscle type 
(green)!

(F) Radial animal with 
central gut and 
striated muscle (red). 

(G) Zootype ancestor 
with digestive tube.!
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What do worms, flies, and humans have in common?!

•  They are all animals (metazoans).!
•  They are multicellular.!
•  They are triploblast – i.e. they have three germ layers!

–  endoderm!
–  mesoderm!
–  ectoderm!

•  They are bilaterian – i.e. bilaterally symmetric.!
•  They have a zootypic stage, i.e. a body plan built from HOX gene regulatory networks!
•  and they have a phylotypic stage!

•  BUT humans are deuterostomes, while worms and flies are protostomes.!
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Animal Phylogeny – Bilateria!

Tree of Life web (http://tolweb.org/Bilateria) 
Mol. Phylo Evol. 2002 24: 358 
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What do worms, flies, and humans have in common?!

•  They are all animals (metazoans).!
•  They are multicellular.!
•  They are triploblast – i.e. they have three germ layers!

–  endoderm!
–  mesoderm!
–  ectoderm!

•  They are bilaterian – i.e. bilaterally symmetric.!
•  They have a zootypic stage, i.e. a body plan built from HOX gene regulatory networks!
•  and they have a phylotypic stage!

•  BUT humans are deuterostomes, while worms and flies are protostomes.!
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Phylotypic Stage!

Nature 1993 361: 490 

•  stage of development at which all major body parts are represented in their
 final positions as undifferentiated cell condensations!

•  OR the stage after the completion of the principal morphogenetic tissue
 movements!

•  OR the stage at which all members of the phylum show the maximum
 degree of similarity!

•  vertebrates: tailbud stage!
•  insects: fully segmented germband stage!
•  leeches: fully segmented, ventrally closed stage!
•  nematode after the completion of most embryonic cell divisions!

•  The phylotypic stage is NOT the earliest stage – variability of early stages
 may result from adaptation to particular types of reproductive strategy or to
 the demands of embryonic nutrition.!



“The amphioxus-vertebrate comparison suggests that the vertebrate
 head is homologous to the anterior, but not cephalized, segments of
 the lower chordate.” 

“HOX cluster genes really do seem to encode relative position within
 the organism rather than any specific structure, and the patterns are
 conserved despite major shifts in other developmental mechanisms.” 

“HOX cluster genes are also present in Hydra (phylum Cnidaria).” 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Universality of HOX genes!

Nat. Comm. 2011 2: 248 



18	  The zootype and the phylotypic stage.!
Nature (1993) 361: 490 

HOX genes and the phylotypic stage!
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Nature (2010) 468: 811 

Phylotypic Stage!
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Phylotypic Stage!

Nat. Comm. 2011 2: 248 

There is a problem with using early embryo stages for comparison 
across wide swaths of the phylogenetic tree. Embryonic stages 
have diverged further than the zootypic / phylotypic stage. 



Bonferroni-
corrected !
p-values 

Jingyi Jessica Li, Peter Bickel, Haiyan Huang, Steven Brenner 

Fly stage 

Worm stage 
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Developmental stage mapping between worm and fly 
based on co-expression clustering of orthologs!
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What do worms, flies, and humans have in common?!

•  They are all animals (metazoans).!
•  They are multicellular.!
•  They are triploblast – i.e. they have three germ layers!

–  endoderm!
–  mesoderm!
–  ectoderm!

•  They are bilaterian – i.e. bilaterally symmetric.!
•  They have a zootypic stage, i.e. a body plan built from HOX gene regulatory networks!
•  and they have a phylotypic stage!

•  BUT humans are deuterostomes, while worms and flies are protostomes.!
–  This difference in later development, after the phylotypic stage, appears unimportant for our

 analysis.!



.!
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Protostomes vs Deuterostomes!

Wikipedia user YassineMrabet 
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mod/ENCODE Integrative Comparison!
!Worm, Fly, and Human!
! !Chromatin!
! !Regulation!
! !Transcription!



29	  

Chromatin: How much of the histone code evolved !
at or before the origin of Bilateria?!

29	  The zootype and the phylotypic stage.!
Nature (1993) 361: 490 
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Biophysics of chromatin architecture!

30	  

The Major Architects of Chromatin: Architectural 
Proteins in Bacteria, Archaea and Eukaryotes.!
Crit. Rev. Biochem. Molec. Biol. (2008) 43: 393 

Macromolecular crowding forces 
chromatin condensation with or 
without the presence of 
chromatin-binding proteins. 
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Biophysics of chromatin architecture!

31	  

The Major Architects of Chromatin: Architectural 
Proteins in Bacteria, Archaea and Eukaryotes.!
Crit. Rev. Biochem. Molec. Biol. (2008) 43: 393 

Supercoiling, tension, and torque 
are key to genome architecture in 
bacteria, archea, and eukaryotes.  
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Chromatin binding and remodeling mechanisms!

32	  

The Major Architects of Chromatin: Architectural 
Proteins in Bacteria, Archaea and Eukaryotes.!
Crit. Rev. Biochem. Molec. Biol. (2008) 43: 393 
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Chromatin binding and remodeling mechanisms!

33	  

The Major Architects of Chromatin: Architectural 
Proteins in Bacteria, Archaea and Eukaryotes.!
Crit. Rev. Biochem. Molec. Biol. (2008) 43: 393 
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mod/ENCODE Integrative Comparison!
!Worm, Fly, and Human!
! !Chromatin!
! !Regulation!
! !Transcription!
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Cell-type- and Tissue-specific  
Regulatory Networks from DNase Data!

Stam lab, ENCODE NCP008. Nature (6 Sept 2012) 
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Stam lab, ENCODE NCP008. Nature (6 Sept 2012) 

Cell-type- and Tissue-specific  
Regulatory Networks from DNase Data!
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Stam lab, ENCODE NCP008. Nature (6 Sept 2012) 

Cell-type- and Tissue-specific  
Regulatory Networks from DNase Data!
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Stam lab, ENCODE NCP008. Nature (6 Sept 2012) 

Cell-type- and Tissue-specific  
Regulatory Networks from DNase Data!
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Stam lab, ENCODE NCP008. Nature (6 Sept 2012) 

Cell-type- and Tissue-specific  
Regulatory Networks from DNase Data!



40	  
Stam lab, ENCODE NCP008. Nature (6 Sept 2012) 

Cell-type- and Tissue-specific  
Regulatory Networks from DNase Data!
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mod/ENCODE Integrative Comparison!
!Worm, Fly, and Human!
! !Chromatin!
! !Regulation!
! !Transcription!
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Classes of non-coding RNA!

Nature (2012) 482: 310 
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ncRNA Discovery in C. elegans – useful resource!

RNA (2012) 18: 626 

•  The majority of the yet un-characterized is-ncRNA are expressed at low
 levels and/or only during specific stages of C. elegans development (Wang
 et al. 2011) and would thus only be detectable by very large sequencing
 depths. !

•  We reasoned that cleavage fragments (or other processed fragments) of
 mature rRNAs and mRNAs would most likely have monophosphate 59
 termini and could thus largely be eliminated by treatment with Terminator
 59-phosphate-dependent exonuclease (TEX).!

Runsheng Chen, Institute of Biophysics, Chinese Academy of Sciences, Beijing 
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ncRNA Discovery in C. elegans!

RNA (2012) 18: 626 
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Possible function for ncRNA: !
de novo gene birth via proto-genes!

Nature (2012) 487: 370 



Transcription Paper Outline!

•  Comparison of protein-coding genes!
–  Comparison with existing annotations (Hillier, Davis, Brown)!

–  Splicing complexity (Graveley)!

–  Comparison of select orthologs (Mortazavi, Harrow, Celniker)!

•  Comparison on non-coding RNAs (Brown, Lai, Gerstein, Guigo, Samsonova)!

•  Comparison of pseudogenes (Gerstein)!

•  Analysis of relationship of upstream regions to 
transcript level (Gerstein, Weng)!

•  Expression clustering (Brenner, Gerstein)!
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Datasets!

•  agreed-upon “expression compendium”!
–  total RNA!
– ENCODE Tier 1!

•  developmental time courses (worm, fly)!
•  matched embryonic datasets!
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Comparison with existing annotations!

•  Because of the difficulty of assembling full transcripts with short 
reads and comparing their expression across species, we will focus 
on comparing transcript elements:!

–  Transcript Start Sites (TSSs)!
–  Transcript End Sites (TESs)!
–  Splice Junctions (SJ)!
–  de novo exons!
–  de novo genes!
–  de novo transcripts!
–  Expression values for each above element!
–  Expression values for the annotations!
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Number of protein-coding genes	  

Adam Frankish! 49	  



Finding all isoforms of a gene can be difficult	  
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Simple Case!

Hard Case!



Analysis of Splicing Complexity!
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Transcript Annotations 

Event Classifications 

Comparison of Event Types 

Brenton Graveley!
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•  For all three species, compare motifs and conservation!
  at splice sites for constitutive vs. alternative exons, and!
  highly switching vs. low switching.!

•  Analyze number of !
  isoforms per gene. !
  Highlight outliers !
  (Dscam, etc.)!

Number of isoforms 
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Analysis of Splicing Complexity!

Brenton Graveley!



Comparison of select orthologs!
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Case Study: DUT / Dut / dUTPase / dut-1 

Adam Frankish!



Comparison of non-coding RNAs	  
•  How much of the nc genome is transcribed?!

–  per megabase!
–  across entire agreed-upon “expression compendium”!
–  in ~matched embryonic stages!
–  Ubiquitous vs Stage- / Cell-line specific transcription!

•  You cannot directly compare annotations (Gencode vs Flybase vs 
Wormbase)!

•  so, use a tiered approach; build a table or pie chart!
–  first compare the existing annotations!
–  incRNA algorithm!

•  breakdown by RNA class!
–  de novo mapping / TAR calling!

•  issues: repeats, multi-mapped vs unique reads!
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Comparison of existing annotations	  

rRNA, tRNA, miRNA, snRNA, snoRNA (! mouse excludes tRNA)!

Adam Frankish!

Loci!
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Number of short ncRNA 
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Comparison of pseudogenes!
•  Pseudogenes annotated using automated pipelines intersected with manual curation!

* Estimated total number of pseudogenes in human genome.!
** Including  Unitary (138), IG (161) TR V (21) and polymorphic (24) pseudogenes!

Human – GENCODE! Worm! Fly!

Total! 11240 (14112*)! 1198! 529!
Duplicated! 2158! 538! 119!
Processed! 8715! 255! 95!
Ambiguous! 23! 405! 315!
Others**! 344!

1	  

Automated	  Pipelines	  
Pseudopipe	  

&	  
Retrofinder	  

Pseudopipe	  

Manual	  
Annota>on	  

WormBase	  
FlyBase	  

Manual	  
Annota>on	  

HAVANA	  

GENCODE	  
Worm	  Pgenes	  
Fly	  Pgenes	  

57	  



*Transcribed Pseudogenes!
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Human	   Worm	  



*Transcription Factor Binding Sites!
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Human! Worm	  

•  TFBS	  were	  selected	  within	  2kb	  upstream	  of	  the	  pseudogene	  start	  site	  
•  95	  (58)	  duplicated	  and	  29	  (20)	  processed	  pseudogenes	  had	  TFBS	  in	  the	  upstream	  

region	  

(%
)	  

(%
)	  



Analysis of relationship of upstream regions to transcript level!
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Analysis of relationship of upstream regions to transcript level!
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Analysis of relationship of upstream regions to transcript level!
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Expression clustering of protein-coding and ncRNA genes in embryo development !

Many	  co-‐expression	  modules	  are	  enriched	  with	  ncRNAs	  (red	  circles).	  

Fly	  
modules	  

Species	   Developm
ental	  
stages	  

Protein-‐
coding	  
genes*	  

Non-‐
coding	  
RNAs*	  

Co-‐
expression	  
modules**	  

Worm	  (C.	  elegans)	   111	   9114	   855	   69	  

Fly	  (D.	  mel.)	   50	   8340	   357	   46	  

*	  >80%	  valid	  samples,	  coeff.	  of	  variance	  >	  1	  in	  the	  modENCODE	  finalized	  
datasets	  in	  June	  2012	  
**	  clustering	  via	  weighted	  gene	  co-‐expression	  network	  analysis	  (WGCNA)	  

Worm	  
modules	  
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63	  Daifeng Wang 



Influence of ncRNA hubs on protein-coding co-expression modules!

Influen>al	  ncRNAs	  (high	  network	  centrality)	  exist	  in	  modules	  NOT	  enriched	  with	  
ncRNAs	  (blue	  circles).	  

Fly	  modules	  
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64	  Daifeng Wang 



•  Gene expression threshold: FPKM >=1 and z >= 1.5!
•  Significance calculated from fraction of orthologs co-expressed 

between pairs of stages compared to hypergeometric expectation!

•  Cluster numbering facilitates follow-on analysis:!

Fly stage 

Worm stage 
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Developmental stage mapping between worm and fly 
based on co-expression clustering of orthologs!



Bonferroni-
corrected !
p-values 

Jingyi Jessica Li, Peter Bickel, Haiyan Huang, Steven Brenner 

Fly stage 

Worm stage 
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Developmental stage mapping between worm and fly 
based on co-expression clustering of orthologs!



END!
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Comparison of Fly Stages!

Jingyi Jessica Li, Peter Bickel, Haiyan Huang, Steven Brenner 

# genes!
in stage 
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Bonferroni-
corrected !
p-values 



Comparison of Worm Stages !

Jingyi Jessica Li, Peter Bickel, Haiyan Huang, Steven Brenner 

# genes!
in stage 
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Bonferroni-
corrected !
p-values 


