
  

 1

Current Topics in Genome Analysis
 Fall 2006

Week 5 (Part 2): Detection and Characterization
of Non-Coding Functional Elements

Elliott H. Margulies, Ph.D.

Sequencing Complete

International Human Genome Sequencing Consortium (2001) Initial sequencing and analysis of
the human genome. Nature 409: 860-921.

International Human Genome Sequencing Consortium (2004) Finishing the euchromatic
sequence of the human genome. Nature 431: 931-945.
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Next Phase: Interpretation

Drew Sheneman, New Jersey -- The Newark Star Ledger 

Characterizing the Human Genome
 ~3 billion bases

 20,000-25,000 protein-coding genes
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What are Genomic Functional Elements?

 DNA sequences that either encode for some
functioning unit (i.e. RNA) or that bind to
proteins that perform some function

Protein

Protein-BindingProtein-Coding Structural or 
Regulatory

Functional ElementFunctional ElementFunctional Element

RNA
RNA

Non-Coding

DNA

Non-coding Functional Elements

 Critical for gene regulation

 Maintain/Modify chromatin structure

 Candidate regions for human disease
mutations

 Better understanding of human biology

 Changes in gene regulation rather than gene
structure might be more influential in
evolution (King & Wilson, 1975)

King MC & Wilson AC (1975) Evolution at two levels in humans and chimpanzees. Science 188: 107-116
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Identifying Functional Elements

 We understand the “language” of coding
sequences (i.e., protein-coding genes)
– Exons and introns
– Triplet code
– Complementary datasets (i.e., ESTs, cDNAs)

 The language of non-coding functional
elements is poorly understood
– We don’t know what to look for
– Signal:Noise problem with short degenerate

motifs

Multi-Disciplinary Approaches are Needed

 Find sequences that are likely functional
without prior knowledge of the function

 Then characterize functions

Experimental
Wet-lab Research

Computational
Analyses
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TGCCGCGGAACTTTTCGGCTCTCTAAGGCTGTATTTTGATATACGAAAGGCACATTTTCCTTCCCTTTTCAAAATGCACCTTGCAAACGTAACAG
GAACCCGACTAGGCANAYOUGFINDAMEGGGAGGAGGAGGAAGGCAGGCTCCGGGGAAGCTGGTGGCAGCGGGTCCTGGGTCTGGCGGACCCTGA
CGCGAAGGAGGGTCTAGGAAGCTCTCCGGGGAGCCGGTTCTCCCGCCGGTGGCTTCTTCTGTCCTCCAGCGTTGCCAACTGGACCTAAAGAGAGG
CCGCGACTGTCGCCCACCTGCGGGATGGGCCTGGTGCTGGGCGGTAAGGACACGGACCTGGAAGGAGCGCGCGCGAGGGAGGGAGGCTGGGAGTC
AGAATCGGGAAAGGGAGGTGCGGGGCGGCGAGGGAGCGAAGGAGGAGAGGAGGAAGGAGCGGGAGGGGTGCTGGCGGGGGTGCGTAGTGGGTGGA
GAAAGCCGCTAGAGCAAATTTGGGGCCGGACCAGGCATHISAISAIMPORTANTGSTUFFGTGAAGGCGGGGGAAAGAGCAAAAGGAAGGGGTGG
TGTGCGGAGTAGGGGTGGGTGGGGGGAATTGGAAGCAAATGACATCACAGCAGGTCAGAGAAAAAGGGTTGAGCGGCAGGCACCCAGAGTAGTAG
GTCTTTGGCATTAGGAGCTTGAGCCCAGACGGCCCTAGCAGGGACCCCAGCGCCCGAGAGACCATGCAGAGGTCGCCTCTGGAAAAGGCCAGCGT
TGTCTCCAAACTTTTTTTCAGGTGAGAAGGTGGCCAACCGAGCTTCSUPERCALAFRAGALISTICEXPEALADOTIOUSAGTATGGGTTGGGTT
TGGGGTAAAGGAATAAGCAGTTTTTAAAAAGATGCGCTATCATTCATTGTTTTGAAAGAAAATGTGGGTATTGTAGAATAAAACAGAAAGCATTA
AGAAGAGATGGAAGAATGAACTGAAGCTGATTGAATAGAGAGCCACATCTACTTGCAACTGAAAAGTTAGAATCTCAAGACTCAAGTACGCTACT
ATGCACTTGTTTTATTTCATTTTTCTAAGAAACTAAAAATACTTGTTAATAAGTACCTAAGTATGGTTTATTGGTTTTCCCCCTTCATGCCTTGG
ACACTTGATTGTCTTCTTGGCACATACAGGTGCCATGCCTGCATATAGTAAGTGCTCAGAAAACATTTCTTGACTGAATTCAGCCAACAAAAATT
TTGGGGTAGGTAGAAAATATATGOTBLUEGTATTTATTGTTATGAGACTGGATATATCTAGTATTTGTCACAGGTAAATGATTCTTCAAAAATTG
AAAGCAAATTTGTTGAAATATTTATTTTGAAAAAAGTTACTTCACAAGCTATAAATTTTAAAAGCCATAGGAATAGATACCGAAGTTATATCCAA
CTGACATTTAATAAATTGTATTCATAGCCTAATGTGATGAGCCACAGAAGCTTGCAAACTTTAATGAGATTTTTTAAAATAGCATCTAAGTTCGG
AATCTTAGGCAAAGTGTTGTTAGATGTAGCACTTCATATTTGAAGTGTTCTTTGGATATTGCATCTACTTTGTTCCTGTTATTATACTGGTGTGA
ATGAATGAATAGGTACTGCTCTCTCTTGGGACATTACTTGACACATAATTACCCAATGAATAAGCATACTGAGGTATCAAAAAAGTCAAATATGT
TATAAATAGCTCATATITMADEGTHISTSLIDEAONGMYABIRTHDAYGSEPTEMBERGTWENTYEIGHTHAGCATGTGCAGTTAATCCTGGAAC
TCCGGTGCTAAGGAGAGACTGTTGGCCCTTGAAGGAGAGCTCCTCCCTGTGGATGAGAGAGAAGGACTTTACTCTTTGGAATTATCTTTTTGTGT
TGATGTTATCCACCTTTTGTTACTCCACCTATAAAATCGGCTTATCTATTGATCTGTTTTCCTAGTCCTTATAAAGTCAAAATGTTAATTGGCAT
AAATTATAGACTTTTTTTAGCAGAGAACTTTGAGGAACCTAAATGCCAACCAGTCTAAAAATGCAGTTTTCAGAAGAATGAATATTTCATGGATA
GTTCTAAATACTAATGAACTTTAAAATAGCTTACTATTGATCTGTCAAAGTGGGTTTTTATATAATTTTCTTTTTACAAATCACCTGACACATTT
AATATAGGTTAAAAAATGCTATCAGGCTGGTTTGCAAAGAAAATGTATTACAAAGGCTGCTAAGEEKSAMAKEAGOODCHUSBANDSTGTTCTCC
AAAATATTTCATAAGGTGCTTTAAGAATAGGTATGTTTTTAAAAGTTAAGTTCCTACTATTTATAGGAACTGACAATCACCTAAAATACCAATGA
TTACAAACTTCCTTCTGGCCTTCTGGACTGCAATTCTAAAAGTGTAAAAAACATATTTTCTGCATTAAGTTAGGCAGTATTGCTTAGTTTTCAAA
GTGGTAGGCTTTGGAGTCAGATTATTTTGATTCAGATCCTACATCTACTGTTTAGTAGCTCTGTTGCCTGAGGCAGGTCCCTTAACATCTCTGTG
TGTGACTTGACCTTTAAAAONETDAYALEFTIESTWILLARULEATHEGWORLDTATGAATGTGAAAAGTTAGCCTAATGTTAACTGCTATTATT
ATGGATTACCATATTTTCACATTCATCACAGTACATGCACCTTGTTAATATAAGATGCTCAATTCATCTTTGAGTATAATTTTGTGACTCTCAAT
CTGGATATGCAATGAGTGGGCCTGTATGAGAATTTAATTTATGAAAAATTGTGTTTCACATGGCCTTACCAGATATACAGGAAACACGTCACATG
TTTCTATTGTATGTTGTTAAATGCCTTAGAATTTAACTTTCTGAATAGGATCCCTTCAGTTTGAGAGTCATAAAAGAGTAAAATTATTATGGTAT

>target1:1308901-1311845 

Comparative Genomics to Decode the Genome

Charles Darwin

 Served as naturalist on a British science expedition
around the world (1831 -- 1836)

 The Origin of Species (1859)
– All species evolved from a single life form
– “Variation” within a species occurs randomly
– Natural selection
– Evolutionary change is gradual
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Other Intellectual Foundations
 Darwin (1859)

Theories of Evolution

 Mendel (1866) (rediscovered in 1900)
Genes are units of heredity

 Avery, McCarty & MacLeod (1944)
DNA as the “transforming principle”

 Watson & Crick (1953)
Structure of DNA

 Sanger (1977)
Methods of sequencing DNA

Rationale Behind Comparative Genomics

 DNA represents a “blueprint” for the
structure and physiology of all living things

 All species use DNA

 Mutations occur randomly throughout the
genome
– Neutral theory of evolution (M. Kimura, 1983)

 Mutations in functional DNA are less likely to
be tolerated

Kimura M. (1983) The neutral theory of molecular evolution. Cambridge University Press, Cambridge
[Cambridgeshire]; New York.
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Fewer Mutations are Found in Functional DNA

 Functional sequences will be “more similar”
when compared between different species

Functional ElementFunctional Element
DNA

Comparative Genomics

 Find sequences that have diverged less than we
expect
These sequences are likely to have a functional role

 Our expectation is related to the time since the last
common ancestor

Human

Platypus

HorseChimpanzee

Rat

Evolutionary Distance

Zebrafish
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Comparative Sequence Analysis

 Generate comparative sequence datasets
– Targeted approaches

• NISC Comparative Sequencing Program        
http://www.nisc.nih.gov

– Genome-wide
• “Finished” genomes
• Draft whole-genome shotgun
• Low-redundancy sequencing

 Generate multi-sequence alignments

 Downstream analysis efforts

Sequence Alignments

CATGGGCAAATTGGCCCATTGGCCATGGGGGCCCACCGTA

CATGGGCAAATTGGCCCATTGGCCATGGGGGCCCACCGTA
||||||||||||||||||||||||||||||||||||||||

CACGGGCTAATCCGCCAATTGGCTATGGGG-CCCAGCGTA
|| |||| |||  ||| |||||| |||||| |||| ||||
CATGGGCAAATTGGCCCATTGGCCATGGGGGCCCACCGTA

CACGAACTAATCCGCCAATAGCCTATAGCG-CACAGCGAA
  |  | |     |   ||      |   |    |  | |
CATGGGCAAATTGGCCCATTGGCCATGGGGGCCCACCGTA

30% Identical

80% Identical

100% Identical
Species 1

Species 2

Species 1

Species 2

Species 1

Species 2
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Tools for Aligning Genomic Sequences
(Targeted Regions)

Genome Research (2000) 10:577-586

Resources for Targeted Sequence Analysis

Genome Research, 2004, 14(3):472-7

http://www.dcode.org/
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Genome-wide Multi-sequence Alignments

 This is not a “solved problem”

 Significant challenges:
– Finding the correct sequences to align
– Not all sequences should align
– Dealing with insertions/deletions
– Handling duplications and rearrangements
– Missing data challenges (i.e., sequencing gaps)

Genome Research (2004) 14:708-715 

Genome Research (2003) 13:721-31

Genome Research (2004) 14:693-699
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Genome Browsers

http://genome.ucsc.edu

http://www.ensembl.org

http://www.ncbi.nlm.nih.gov/mapview/

Multi-sequence Alignments at UCSC
Click here for 

track details page
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Chaining Alignments

 Chaining bridges the gulf between large syntenic blocks
and base-by-base alignments.

The Challenge:

 Local alignments tend to break at transposon insertions,
inversions, duplications, etc.

 Global alignments tend to force non-homologous bases
to align.

The Solution:

 Chaining is a rigorous way of joining together local
alignments into larger structures.

Slide (though modified) Courtesy of Jim Kent

Protease Regulatory Subunit 3

Slide Courtesy of Jim Kent

Chains join together related local
alignments
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Net Alignments: Focus on Orthology

 Frequently, there are numerous mouse alignments
for any given human region, particularly for coding
regions.

 Net finds best mouse match for each human region.

Slide (though modified) Courtesy of Jim Kent

Click here for a more complicated example
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Summary of Alignments

 Not a solved problem

 Accuracy of alignment significantly affects
downstream analyses

 Choosing the correct orthologous sequences
to align is a major challenge

Constrained Sequences
 Highly conserved sequences
 Sequences under purifying selection
 ECOR – Evolutionary COnserved Region

– Variant: ECR

 CNS – Conserved Non-coding Sequence
 CNGs – Conserved Non-Genic sequence
 MCS – Multi-species Conserved Sequence
 SCAMs – Sequence Conserved Across Multiple   

species
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Finding Constrained Sequences

CACGGGCTAATTCGCCCATTGGCTATGGGG-CCCAGCGTA
|| |||| |||| |||||||||| |||||| |||| ||||
CATGGGCAAATTGGCCCATTGGCCATGGGGGCCCACCGTA

85% Identical
Species 1

Species 2

Significant

Not
Significant

Species 1

Species 2

Compare to some measure of neutral
evolution

Neutral Evolution

 No selective pressure/advantage to keep or
change the DNA sequence

 Amount of observed variation correlates with:
– Rate of mutation
– Length of breeding cycle
– Amount of time since the last common ancestor

 The neutral rate can vary across the genome
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Types of Neutrally Evolving DNA

 4-Fold Degenerate Sites
Third position of codons which can be any base and

code for the same amino acid
Second

GGlyGluAlaVal
AGlyGluAlaVal
CGlyAspAlaVal
UGlyAspAlaValG
GArgLysThrMet
AArgLysThrIle
CSerAsnThrIle
USerAsnThrIleA
GArgGlnProLeu
AArgGlnProLeu
CArgHisProLeu
UArgHisProLeuC
GTrpStopSerLeu
AStopStopSerLeu
CCysTyrSerPhe
UCysTyrSerPheU

LastGACUFirst

Types of Neutrally Evolving DNA

 Ancestral Repeats
Ancient Relics of Transposons Inserted Prior to the

Eutherian Radiation

Adapted from Hedges & Kumar, Science 297:1283-5
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Insights from Human-Rodent Sequence
Comparisons

 Sequence Conservation
– ~40% in Alignments
– ~5% Under “Selection”

• ~1.5% Protein Coding
• ~3.5% Non-Coding

Nature 420:520, 2002

Nature 428:493, 2004

Determining the Fraction of Sequence Under
Purifying Selection

Genome-Wide
Distribution

Neutrally
Evolving

Conservation Score

Functionally
Constrained

Adapted From Figure 28, Nature 420:553

Neutral + Functional = Genome-Wide

Genome-Wide – Neutral = Functional
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All 44 ENCODE Regions
29,998,016 Bases

Coding32%

~60%

8% UTRs

Constrained
Sequence

Other

01/06/2006 MSA-Compiled Dataset

Constrained
Sequence

Measures of Sequence Conservation

Genome Research (2003) 13:2507-2518

Genomic Evolutionary Rate
Profiling

Binomial-based Method 

Genome Research (2005) 15:901-913

PHylogenetic Analysis with 
Space/Time models

binCons

GERP

phastCons
Genome Research (2005) 15:1034-1050
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Constrained Sequences Available from UCSC
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The ENCODE Project

 ENCODE:

         ENCyclopedia Of DNA Elements

 Goal: Compile a comprehensive encyclopedia of all
functional elements in the human genome

 Initial pilot project: 1% of human genome

 Apply multiple approaches to study and analyze that
1% in an international consortium

Which 1% was Selected for Analysis?

 Manually picked
– Prior interest or data
– 14 regions
– 500 kb – 1.9 Mb

 Randomly Selected
– Non-coding conservation

between Human & Mouse
– Gene Density
– Three or four from each strata

Conservation
low medium high

lo
w

m
ed

iu
m

hi
ghG

en
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D
en

si
ty
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Integration of ENCODE Data
Gene Annotation

Comparative Sequence 
Analysis

DNA-Protein Interactions

RNA Expression

Promoter Identification

All 44 ENCODE Regions
29,998,016 Bases

Coding32%

~60%

8% UTRs

20%
Other ENCODE
Functional
ElementsConstrained

Sequence

Other

~40%

01/06/2006 MSA-Compiled Dataset

Constrained
Sequence
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Assessing the Overlap between Constrained
Sequences and Experimental Annotations

Overlap between Constrained Sequences and
Experimental Annotations
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Why not a Complete Correlation Between
Sequence Constraint and Sequence Function?
 Likely not due to false positive experimental

annotations

 Did not ascertain all functions at all time-points

 Annotation is larger than the functioning unit

 Fail to detect constraint that is not reflected in the
primary sequence

 Reproducible biochemical events with no biological
consequence to the organism

 Not constrained throughout all mammals
Lineage-specific constraint beyond this 5%

Comparative Genomics can Help Identify
Sequences that are Likely Functional


