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Computational Biology: Genomes, Networks, Evolution

Lecture 17
Comparative genomics I:

Genome annotation using
evolutionary signatures



Module V: Comparative genomics and evolution

« Today: Whole-genome comparative genomics
— Evolutionary signatures for systematic genome annotation

* Next week: Phylogenetics and Phylogenomics
— Distance-based and model-based phylogenetics approaches
— Gene trees and species trees, reconciliation, coalescence

« Computational foundations:
— Evolutionary rates and models of evolution

— Dynamic programming on two-dimensional tree structures
— Synteny-based alignment, genome assembly



Key goal: Evolution preserves functional elements
Gal4

Scer TTATATTGAATTTTCAAAAATTCTTACTTTTTTTTTGGATGGACGCAAAGAAGTTTAATAATCATATTACATGGCATTACCACCATATACA
Spar CTATGTTGATCTTTTCAGAATTTTT-CACTATATTAAGATGGGTGCAAAGAAGTGTGATTATTATATTACATCGCTTTCCTATCATACACA
Smik GTATATTGAATTTTTCAGTTTTTTTTCACTATCTTCAAGGTTATGTAAAAAA-TGTCAAGATAATATTACATTTCGTTACTATCATACACA
Sbay TTTTTTTGATTTCTTTAGTTTTCTTTCTTTAACTTCAAAATTATAAAAGAAAGTGTAGTCACATCATGCTATCT GTCACTATgéCATATA

* x %

Scer TATCCATATCTAATCTTAQ
Spar TATCCATATCTAGTCTTAQ
Smik TACCGATGTCTAGTCTTAQ
Sbay TAGATATTTCTGATCTTT(

TGTTGT-GGAAAT-GTAAAGAGCCCCATTATCTTAGCCTAAAAAAACC--TTCTCTTTGGAACTTTCAGTAATACG
TGTTGT-GAGAGT-GTTGATAACCCCAGTATCTTAACCCAAGAAAGCC--TT-TCTATGAAACTTGAACTG-TACG
TGTTAC-GGGAATTGTTGGTAATCCCAGTCTCCCAGATCAAAAAAGGT--CTTTCTATGGAGCTTTG-CTA-TATG
TATTATAGAGAGATGCCAATAAACGTGCTACCTCGAACAAAAGAAGGGGATTTTCTGTAGGGCTTTCCCTATTTTG

* K * Kk Kk K * ok Kk Kk A * Kk k * * * * K * x * kkk K * kK
GAL4 GAL4 GAL4
Scer CTTAACTGCTCATTGC----- TATATTGAAGTACGGATTAGAAGCCGCCGEAGILGGGCGACAGCCCTCCGALCGGAAGACTCTCCTCCGTGCGTCCTCGTCT
Spar CTAAACTGCTCATTGC-———— AATATTGAAGTACGGATCAGAAGCCGCCGAGCGGACGACAGCCCTCCGALCGGAATATTCCCCTCCGTGCGTCGCCGTCT
Smik IRTAG GG C Y € ATATTGAAATACGGATGAGAAGCCGCCGAALCGGACGACAATTCCCCGALCGGAACATTCTCCTCCGCGCGGCGTCCTCT
Sbay TCTTATTGTCCATTACTTCGCAATGTTGAAAT CGGATCAGAAGCTGCCGACICGGATGACAGTACTCCGGCGGAAAACTGTCCTCCGTGCGAAGTCGTCT
P e e . S .| b S e S . 2 2 .4 x Xk % % P S &S SRS S 2ok ok ok ok ] ok ok ok * ok kk
GAL4
Scer TCACCGG-TCGCGTTCCTGAAACGCAGATGTGOCTCGCGCCGCACTGCTCCGAACAATAAAGATTCTACAA--——~— TACTAGCTTTT--ATGGTTATGAA

Spar TCGTCGGGTTGTGTCCCTTAA-CATCGATGTACJCTCGCGCCGCCCTGCTCCGAACAATAAGGATTCTACAAGAAA-TACTTGTTTTTTTATGGTTATGAC

Smik ACGTTGG-TCGCGTCCCTGAA-CATAGGTACGECTCGCACCACCGTGGTCCGAACTATAATACTGGCATAAAGAGGTACTAATTTCT--ACGGTGATGCC

Sbay GTG-CGGATCACGTCCCTGAT-TACTGAAGCG CTCGCCCCGCCATACCCCGAACAATGCAAATGCAAGAACAAA TGCCTGTAGTG——GCAGTTATGGT
* % * * % * % % * * L L L L e e Sl L L L L o

* K %

MIG1
Scer  GAGGA-AAAATTGGCAGTAA----CCTGGCCCCACAAACCTT-CAAATTAACGAATCAAATTAACAACCATA-GGATGATAATGCGA————-— TTAG--T
Spar  AGGAACAAAATAAGCAGCCC----ACTGACCCCATATACCTTTCAAACTATTGAATCAAATTGGCCAGCATA-TGGTAATAGTACAG——=—-=— TTAG--G
Smik  CAACGCAAAATAAACAGTCC----CCCGGCCCCACATACCTT-CAAATCGATGCGTAAAACTGGCTAGCATA-GAATTTTGGTAGCAA-AATATTAG--G
Sbay  GAACGTGAAATGACAATTCCTTGCCCCT-CCCCAATATACTTTGTTCCGTGTACAGCACACTGGATAGAACAATGATGGGGTTGCGGTCAAGCCTACTCG
* Kk kKx * * * k * * * K * * * %
MIG1 TBP
Scer  TTTTTAGCCITATTTCTGGGETAATTAATCAGCGAAGCG--ATGATTTTT-GATCTATTAACAGATATATAMNATGGAAAAGCTGCATAACCAC———-— TT
Spar  GTTTT--TCITATTCCTGAGACAATTCATCCGCAAAAAATAATGGTTTTT-GGTCTATTAGCAAACAITATAAATGCAAAAGTTGCATAGCCAC———-— TT
Smik  TTCTCA--CCTTTCTCTGTGATAATTCATCACCGAAATG--ATGGTTTA--GGACTATTAGCAAACAITATAAATGCAAAAGTCGCAGAGATCA-—==-— AT
Sbay  TTTTCCGTTTACTTCTGTAGTGGCTCAT--GCAGAAAGTAATGGTTTTCTGTTCCTTTTGCAAACATATANATATGAAAGTAAGATCGCCTCAATTGTA
*  * i * kK O, * * % * K K * % K K
Scer  TAACTAATACTTTCAACATTTTCAGT--TTGTATTACTT-CTTATTCAAAT----GTCATAAAAGTATCAACA-AAAAATTGTTAATATACCTCTATACT
Spar  TAAATAC-ATTTGCTCCTCCAAGATT--TTTAATTTCGT-TTTGTTTTATT----GTCATGGAAATATTAACA-ACAAGTAGTTAATATACATCTATACT

We can ‘read’ evolution to reveal functional elements

L OMNservdloIll I1SIdlri

Yeast (Kellis et al, Nature 2003), Mammals (Xie, Nature 2005), Fly (Stark et al, Nature 07)



Comparative Genomics

Lecture 17 : :
(Today): Using evolution to study genomes

Evolution Genomics

Lectures 18-19 Usi ics to stud luti
(Thursday): sing genomics to study evolution




Comparative genomics |I: Evolutionary signatures

* Nucleotide conservation: evolutionary constraint
— Purifying selection, neutral branch length, discovery power
— Detect constrained elements: nucleotides, windows, HMM
— Estimate fraction constrained: signal vs. background

Evolutionary signatures: focus on pattern of change
— Different functions < Characteristic patterns of evolution
Signatures of protein-coding genes

— Reading-frame conservation, codon-substitution frequency
— Likelihood ratio framework: Estimating Q-Qy, scoring

— Revise genes, read-through, excess constraint regions
Signatures of microRNA genes

— Structural and evolutionary features of microRNAs

— Combining features: decision trees, random forests

— Sense/anti-sense miRNAs, mature/star arm cooperation
Measuring selection within the human lineage




Comparative genomics for genome annotation
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 Compare related species to discover functional elmts

« Evolution process: random mutation, natural selection
— Non-functional regions: accumulate mutations, kept

— Functional regions: accumulate mutations, decrease fitness

— Evolutionary time: less fit organisms & their genes thin out

6
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Power of many closely related: total branch length

Flies |
Mammals

© Source unknown. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faqg-fair-use/.

* More branch length = more events = more power
— Goal: functional vs. non-functional based on # of mutations
— Very close distances: no mutations in either region
— Sufficient distance: ability to distinguish increases
— Very far distances: functional regions no longer conserved
* Many closely related species >> few distantly related
— For same total branch length: prefer many close species
— Functional regions conserved for each pair of species
— Non-functional regions accumulate noise independently
— Analogy: recording a concert with multiple microphones



http://ocw.mit.edu/help/faq-fair-use/

Comparative genomics |I: Evolutionary signatures

* Nucleotide conservation: evolutionary constraint
— Purifying selection, neutral branch length, discovery power
— Detect constrained elements: nucleotides, windows, HMM
— Estimate fraction constrained: signal vs. background
« Evolutionary signatures: focus on pattern of change
— Different functions < Characteristic patterns of evolution
« Signatures of protein-coding genes
— Reading-frame conservation, codon-substitution frequency
— Likelinhood ratio framework: Estimating Q-Q, scoring
— Revise genes, read-through, excess constraint regions
« Signatures of microRNA genes
— Structural and evolutionary features of microRNAs
— Combining features: decision trees, random forests
— Sense/anti-sense miRNAs, mature/star arm cooperation




Genome-wide alignments reveal orthologous segments
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Courtesy of Don Gilbert. Used with permission. 100 genes

© Source unknown. All rights reserved. This content is excluded from our Creative
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 Genome-wide alignments span entire genome
 Comparative identification of functional elements -
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Comparative genomics and evolutionary signatures
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« Comparative genomics can reveal functional elements
— For example: exons are deeply conserved to mouse, chicken, fish
— Many other elements are also strongly conserved: exons / regulatory?
 Develop methods for estimating the level of constraint
— Count the number of edit operations, number of substitutions and gaps
— Estimate the number of mutations (including estimate of back-mutations)
— Incorporate information about neighborhood: conservation ‘windows’
— Estimate the probability of a constrained ‘hidden state’: HMMs next week
— Use phylogeny to estimate tree mutation rate, or ‘rejected substitutions’
— Allow different portions of the tree to have different rates: phylogenetics
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Detecting rates and patterns or selection (w/1r)

Mouse A C ACATATGTCAGAAATG GCTTGCA
Rat . . . . . G . . T . . . . . G T .
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Manuel Garber, Or Zuk, Xiaohui Xie

Unusual patterns 1

© Source unknown. All rights reserved. This content is excluded from our Creative
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Measuring constraint at individual nucleotides
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* Reveal individual transcription factor binding sites
« Within motif instances reveal position-specific bias
* More species: motif consensus directly revealed



http://ocw.mit.edu/help/faq-fair-use/

Detect SNPs that disrupt conserved regulatory motifs

chrl7:43,961,427-43,972,498
[ T

= | | [ T | I
pl3.2 plz2 pll.2 qll.2 ql2 g21.2 g21.32 -
43962 kb 43,964 kb 43,966 kb 43,968 kb 43,970 kb 43,972 kb
rs6504340 LD block r5?2{m109 rssoﬁgsa rsggagao rSBSDEEM.O
Strong enhancer HS MM
chromatin states K562 Nﬁfp‘-;z

SiPhy w 12-mers

SiPhy w 12-mer elements I ||. |

RefSeq genes | wll—3 Hoxs1

s

rs6504340 LD block rs8073963: A/G mm
Strong enhancer in K562

SiPhy w 12-mers= -
SiPhy w 12-mer elements
Foxo motif

F=9
siehy revector (NN HENNN=N=_B-nulnll =N sllsi=nnl. Eeniian=-§

g, T C T C 7T a4 O = A, o =
himp
Gorilla
Oramgutan
Ahesus
Sarmas et A \
Tarsier C T
Mouse Lemur T A
Bushiaby 5 T
Tree Shrew

EE

Sause

Rat \ A, Lo
Hangaraa Aat T [

Guinea Pig a [

Squirmel

Aabbin & C

Pk

Alpaca

IDalipkin

Caw L

Haorse o

can

Dag

Miicrabat T

Megabat 4

Hedgehag

SFre e A, C C

EEEE|
"

=
A

A=A A=
_|
iz}

R

Eephant
o dk Myrae
Tenmec
Armacilio — T G i
Shath A e L c

© Source unknown. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/fag-fair-use/.

* Functionally-associated SNPs enriched in states, constraint
* Prioritize candidates, increase resolution, disrupted motifs
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Comparative genomics |I: Evolutionary signatures

* Nucleotide conservation: evolutionary constraint
— Purifying selection, neutral branch length, discovery power
— Detect constrained elements: nucleotides, windows, HMM
— Estimate fraction constrained: signal vs. background
« Evolutionary signatures: focus on pattern of change
— Different functions < Characteristic patterns of evolution
« Signatures of protein-coding genes
— Reading-frame conservation, codon-substitution frequency
— Likelinhood ratio framework: Estimating Q-Q, scoring
— Revise genes, read-through, excess constraint regions
« Signatures of microRNA genes
— Structural and evolutionary features of microRNAs
— Combining features: decision trees, random forests
— Sense/anti-sense miRNAs, mature/star arm cooperation  «




Estimating portion of the genome under constraint

Constraint calculated over a 50mer

4 mammals 29 mammals
5% FDR 5% FDR
=2 0.6% =2>1.8%
detectable detectable

Constraint calculated over a 12mer

4 mammals 21 mammals
5% FDR 5% FDR
=»no signal 2>1.1%
detectable

© Source unknown. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.

Or Zuk, Manuel Garber
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Estimating total fraction under constraint

PDF
Background ). -===- Cutoffs
3 3 ‘ -
‘ " s Excess Constraint
True Positives
/ Signal (FG) -
Conservation S o
False Positives

© Source unknown. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/fag-fair-use/.

Actual distribution of conservation scores (Signal) vs. expected
distribution if no constraint (Background).

At any cutoff: true positives (TP) and false predictions (FP)
Can’t detect all constrained elements since curves overlap

But we can estimate the total amount of excess constraint by
integrating over entire area between the two curves

16
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Detection of evolutionarily constrained elements
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Excess positive/purifying selection Distribution of constraint-
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Coverage depth higher in functional regions

0.18q =—Exons, n=20.9

- AR, p=114

0.1691 — HMRD elements, u = 23.9
0.144 — 29way elements, p =24.3
— New elements, y = 24.4
N by Masked genomic, p = 17.1

Frequency

15 20 25 30
Number of aligned species

© Source unknown. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.

Challenges of low-coverage genomes: varying aligment depth
Evidence of selection against deletions in functional regions
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Increase in power from HMRD to 29 mammals

29 mammals

(HMRD) Human
Mouse Rat Dog

T log-odds T log-odds w w
(12mers) (50mers) (12mers) (50mers)
~— —_— ~~

7.1/1.5/4.6 6.8/1.8/41 5.7/1.1/3.8 5.7/1.8/3.0

]

4.2/0.0/0.0 5.3/0.1/0.3 4.5/0.0/0.0 5.1/0.6/1.7

Estimated / kmers detectable at 5% FDR / base pairs detectable at 5% FDR

Small increase in estimate of genome percentage under constraint
Dramatic increase in power to detect small constrained elements

Manuel Garber, Or Zuk -



Comparative genomics |I: Evolutionary signatures

* Nucleotide conservation: evolutionary constraint
— Purifying selection, neutral branch length, discovery power
— Detect constrained elements: nucleotides, windows, HMM
— Estimate fraction constrained: signal vs. background

« Evolutionary signatures: focus on pattern of change
— Different functions < Characteristic patterns of evolution

« Signatures of protein-coding genes
— Reading-frame conservation, codon-substitution frequency
— Likelinhood ratio framework: Estimating Q-Q, scoring
— Revise genes, read-through, excess constraint regions
« Signatures of microRNA genes
— Structural and evolutionary features of microRNAs
— Combining features: decision trees, random forests
— Sense/anti-sense miRNAs, mature/star arm cooperation =



Comparative genomics and evolutionary signatures
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Comparative genomics can reveal functional elements
— For example: exons are deeply conserved to mouse, chicken, fish
— Many other elements are also strongly conserved: exons / regulatory?

Can we also pinpoint specific functions of each region? Yes!
— Patterns of change distinguish different types of functional elements
— Specific function < Selective pressures < Patterns of mutation/inse/del

Develop evolutionary signatures characteristic of each function
Stark et al, Nature 20072
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Evolutionary signatures for diverse functions
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.‘\ g—"w TATGTEGM C TCACTCTATTTTETCCECEAACATECATCTAGTCCACCETTTETTCATGATTAAG TT CCTCACTAGATTTCATCCTOGTCTAT TARST TEEE TCAGCACE — H(“AAGAG
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D.mel. T~ AATTARTGGCGTTmmmmmmmmm TCGCAGC-GECTGG-Cmmmmmmmm === === TGTTTATTA
D.sim. \ATTAATGGCGTT-~ TCGCAGC--GCTGG-C--- ~~TGTTTATTATT
D.sec ~AATTAATGGCGTT-~ TCGCAGC--GCTGG-C--
D.yak \RTTAATGGCGTT=========== TCGCAGC--GCTGG-CTG
D.ere. -ATC---AATTAATGGCGTT-~ TCGCAGC--GGTGG-Cmmmmmmmm === mmm e e e TGTTTATTA'
D.ana. CATTTATTAT---T-===========, ARTTARTGGTATT-- TCTTGACTGGCTGC-CTGCC--~TGCCTGTTA--TTTGTTGTTTATTA
D.pse.  CATTTATTAT---T---=-~ GAT---AATTAATGGAACTTTGGTCAGTT-TTGCTGCCTGCCTG-TTGCCTGCTGCCTGTTGCTTTTGCTGTTTATTA
D.per  CATTTTTTCT---T------ GAT---AATTAATGGAAATTTGGTCACTTATTACTGCCTGCCGG-T------~ CACCTCTCGCTTCTGCTGTTTATTATT
D.wil. CATTTATTAT---TATTTATATT---AATTAATGAAGTTT TCGTTTC T TTCGTATGGTT:
D.moj.  TATTAATTATGTAT------ ATAATTAATTAATGAAGTT-----—-—---" TT--=~C-=GCTTTAT-~=============—=—= = CGTTTATCGACAGCTATTTTTAAT-~
D-vir  CATTARTTAT---T ~ATA---ARTTAATGAAGTT GCGTT-T: GTTTATCGACAGCTATTTTTAAT-~
D-gri- CATTAATTATGAGT- ~ATT---AATTAATGAAGTT T CTCT-T GCTCACCGATA( TTTTARTAC

Regulatory motifs
Mutations preserve consensus

Courtesy of Macmillan Publishers Limited. Used with permission.

Source: Stark, Alexander et al. "Discovery of functional elements in 12 Drosophila
genomes using evolutionary signatures."” Nature 450, no. 7167 (2007): 219-232.

- Increased Branch Length Score
- Genome-wide conservation

Stark et al, Nature 2007
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http://dx.doi.org/10.1038/nature06340

Implications for genome annotation / regulation
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D.sim GEARGEATECTCTTTTCTEACTCTATIT TS TOGECGAACATEGATCTAGTGCACGS
D.sec GEAAGGATGCTCTTTTCTGACTCTATTTTETCGECGAACATEGATCTAGTGCACT
D.yak GGARGCATGCTCTTTTCTCACTCTATTTTETCEECCAACATEEATCTACTCCAC

AA
2973676738 1 |10 Izo |29 Iss |47 57 67
a-y D.mel GCGAUUUGEAGCUCUCAAGUUUGGGUCAC - GGGUGACCCAGACAUGAAGGCUGCCARAUUGT
‘éig D.sim GCGAUUUGGAGCUCUCAAGUUUGGGUCAC - GGGUGACCCAGACAUGAAAGCUG CCARAUCGC
=g D.sec GCGAUUUGEAGCUCUCAAGUUUGGGUCAC - GEGGUGACCCAGACAUGAAGGCUG CCAAAUUGC
so—S- & 4 Dyak GCGAUUUGGAGCCCUUAAGUUUGGGUCAU - GGGUGACCCAGACAUGAGGGCUG CCAAGUU
A6—C," D.ere GCGAUUUGGAGCCAUUAAGUUUGGGUCAT - GEGGUGACCCAGACAUGAGGEGCUG CCAAGUU
§;‘§ D.ana GCGAUUUGGEAGCCCUCAAGUUUGGGUCA - GCGUGUCCCAGACAUGAUGGCUG CCARAUU
v o D.pse = CGAUUUGGEAGCCCUCAAGUUUGGGUCA - GGGUGACCCAGACAUGAUGGCUACUAGAUC
g-¢g D.per = CGAUUUGGAGCCCUCAAGUUUGGGUCAC - GGGUGACCCAGACAUGAUGGCUA CUAGAUC
19- A=Y 7 D wil GCAAUUUCGAACUAUUAAGUUUGGAUCAC GUGAUCCAGACAUAAUAGAUCUGAGAUTUUT
s-¢ D.moj AACAUUUGE - CCUGUCAAGUCUGCACCAT GUGGCCCAGACAUGACAAG CARAUGUU
Y-4 D.vir AGCAUUUG UUGCCAAGUCUGUGGCAU - GUAUGUCGCAGACAUGACAAUC - GCAAAUGCU
a7y D.gri AGCAUUUGE UUUGUUAAGUCUGCGUCAU GUGCCGCAGACAUGACAAA CARAUGUU
175,8:33757 L O G O G O G G G G G G G G G (O G O G O G )30 ) D)D) )N ) ) ) )
abocdefgh iklm nop grstuvwxyzA Azyxwvutsrg pon mlki hgfedcba
MiRNA miRNA"
¥ /‘; D.mel TGCTCTT TTCTeACTC TAT T T ETCCECGAACATEEATCTACTCCACCETEE - TTCATEATTAAGTTCCTEACTAGATTTCATGC TOETCTAT TAAGTTGRET

CACA -ACGH

3- TTCATGATTAAGTTCGTGACTAGATTTCATGCTOGTCTAT TAAGTT

TCATGATTAAGTTCGTGACTAGATTTCATGCTOGTCTAT TAAGTT

TCATGATTAAGTTCCTCACTAGATTTCATGCTCETCTAT TAACGT TEGST!

D.ere

fEiskis iz ™1 ¢

WNY W

B Ty

- D.ana _ATTT
D.pse CAGOGTTIGCTCTTCTCTGACTCTATTTTETCGGUGAA CATGEATCTAGTGCACGGTTS - TTCATGAT TAAGT TCSTGACTAGATTTCATGCTCSTCTATT! TT!
D.per CAGOGTTTECTCTTCTCTGACTCTATTTIGTCGECGAACATEGATCTAGTGCACGGTTE - TT
Dowil  TATETEACAGOATC TC TTEAC T TATTTTETCGACCAR CATECATCTACTECACGETT TGTT ATCATTARGTTC
D.moj - _TTTTGCTCTTCTCTCACTETATTTTETCCELC
D.vir - - TTTTECTCTTCTCTGACTCTATTTTETCGECGAACATEGATCTAGTECACGE
D.gri cARCTGOTGC TCTTTTCTGACTCTATT I ISTCGECGAACATEEATCTAGTG A

TGCTCTTTTCTEACTCTATTTTETCCECC
TCTTTTTCTEACTCTATTTTETCCEC

CATECATCTACTGCA TCATGATTAAGTTCCTCACTAGATTTCATGCTOCTCTATT! TT! T
CATECATCTACTGCA GT- TTCATGATTAAGTTCCTCACTAGATTTCATGCTOCTCTATT! TT! T

TGATTARGTTOGTGACTAGATTTCATGCTOSTCTAT TAAGTTOGET!

TCATTAAGTTCCTCACTAGATTTCATGCTOCTCTATT TT!

TCATGATTAAGTTOGTGACTAGATTTCATGCTOGTCTAT TAAGTT
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D.mel.  CATTTATTAT---T
D.sim.  CATTTATTAT---T
D.sec. CATTTATTAT---T
D.yak- CATTTATTAT---T
D.ere.  (GITTATTAT---T:
D.ana. (CATTTATTAT---T AATTAATGGTATT: TCTTGACTGGCTGC-CTGCC---TGCCTGTTA--TTTGTTGTTTATT?
D.pse.  CATTTATTAT---T------ GAT---AATTAATGGAACTTTGGTCAGTT-TTGCTGCCTGCCTG-TTGCCTGCTGCCTGTTGCTTTTGCTGTTTA
D.per  CATTTTTTCT---T------ GAT--~-AATTAATGGAAATTTGGTCACTTATTACTGCCTGCCGG=T~====== CACCTCTCGCTTCTGCTGTTTA'
D.wil. - CATTTATTAT---TATTTATATT---AATTAATGAAGTTT TCGITTC: G-T. TTCGTATGGTT-~
D.moj.  TATTANTTATGTAT------ ATAATTAATTAATGAAGTT~-=n=n===-- T-==-C==GCTTTAT-======mmmmmmmmmmemnee CGTTTATCGACAGCTATTTTTAAT-~
D.vir — CATTAATTAT---T------| ATA---AATTAATGAAGTT GCGTT-T CGTTTATCGACAGCTATTTTTAAT-~
D.gri CATTANTTATGAGT------ATT---AATTAATGAAGTT T GCTCT-T CGCTCACCGATAGCTATTTTTAATAC

Courtesy of Macmillan Publishers Limited. Used with permission.

Source: Stark, Alexander et al. "Discovery of functional elements in 12 Drosophila
genomes using evolutionary signatures.” Nature 450, no. 7167 (2007): 219-232.

Novel protein-coding genes
Revised gene annotations
Unusual gene structures

Novel structural families
Targeting, editing, stability
Riboswitches in mammals

Novel/lexpanded miR families
miR/miR* arm cooperation
Sense/anti-sense miR switches

Novel regulatory motifs
Regulatory motif instances
TF/miRNA regulatory networks

Single binding site resolution
Stark et al, Nature 2007 =23
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Comparative genomics |I: Evolutionary signatures

* Nucleotide conservation: evolutionary constraint
— Purifying selection, neutral branch length, discovery power
— Detect constrained elements: nucleotides, windows, HMM
— Estimate fraction constrained: signal vs. background

« Evolutionary signatures: focus on pattern of change
— Different functions < Characteristic patterns of evolution

« Signatures of protein-coding genes
— Reading-frame conservation, codon-substitution frequency
— Likelihood ratio framework: Estimating Q-Q, scoring
— Revise genes, read-through, excess constraint regions

« Signatures of microRNA genes
— Structural and evolutionary features of microRNAs
— Combining features: decision trees, random forests
— Sense/anti-sense miRNAs, mature/star arm cooperation =



Evolutionary signatures for protein-coding genes

(Dsindes  CATAAATAAAR--F
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Frame-shifting indels Periodic mutations Synonymous substs.

« Same conservation levels, distinct patterns of divergence
— Gaps are multiples of three (preserve amino acid translation)
— Mutations are largely 3-periodic (silent codon substitutions)
— Specific triplets exchanged more frequently (conservative substs.)
— Conservation boundaries are sharp (pinpoint individual splicing signals)

= Evolutionary signatures of protein-coding selection

25



Evolutionary signatures of protein-coding genes

Second Letler
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DNA insertions and deletions can either Some point mutations to the DNA
insert/remove AAs, or totally mangle the sequence do not change its protein
remainder of the protein (frameshift). translation at all.

Natural selection tends to tolerate mutations with little/no effect on the protein.



Protein-coding sequences tolerate distinctive types of change

ancestor ATG AGC TCA TTC CTC ATG GGT TAT CCG CAT GCC CCACAT CAC GTC CAG AGT CCC ATG TCC ATG GGC AAT GGC CTG GAT
dmel ATG AGC TOT BT CTC ATG GGT TAT CCG CAT BGA cCA CAT BAT GTC CAG AGT CCC ATG TCC ATG GGC RAT GGC TG GAC
dsimATG AGC TOT TTT CTC ATG GGT TAT CCG CAT BOA CCACAT CAT GTC CAG AGT CCC ATG TCC ATG GGC AAT GGC TTG GAC
dsec ATG AGC FOT TFT CTC ATG GGT TAT CCG CAT BEA CCA CAT BAT GTC CAG AGT CCC ATG TCC ATG GGC AAT GGC TT6 GRC
dyak ATG acC BT 0@ cTc TG BBE TAT coc cAT BEE coa caT BEE BFE AR AGT CCC ATG TOC ATG GGC AT Goc TG GRE
dere ATG AGC FOT TTT CTC ATC GGT TAT CCG CAT BOT CCACAT CAT 8T CAG AGT CCC ATG TCC ATG GGC AAT GGT TT6 GAC
danaaTc acc B88 TTc o aTc 60 TAE 888 B88 cocc 888 caTcac oTe cac BBE cCC ATG TCCATG GGC AAT GGC OTG GAT
dpse ATG AGC TCA TTC CTC ATG GGT TAT BEA cAT coc B8 CAT CAC GTC CAG AGT CCC ATG TCC ATG GGC AAT GGC CTG GAT
dper ATG AGC TCA TTC CTC ATG GGT TAT BOA CAT GeC B0E CAT CAC GTC CAG AGT CCC ATG TCC ATG GGC AAT GGC CTG GAT
dwil ATG AGC TCA TTC CTC ATG GGT TAT CCG CAT GCC CCA CAT BAT GTC CAG AGT CCC ATG TCC ATG GGC AAT BGA ETE GAT
dvir ATGAGC TCATTC CTC ATC GGT TAT BGA cAT BEE coa caT BAT cTc cac HEE coc AT Too ATG BEE AAT coc BTH GAT
dmoj ATG AGC TCA TTC BFAATC BGE TAT 8C6A cAT BEE cocacaT BAT cTe cac REE CCC ATG TCC ATG GGC AAT GEGA cTc BRA
dgriATG AGC TCA TTC CTC ATG GGT TAGC BCA caT BEE 868 caT cac eTc oac BBE ccC ATG TCC ATG GGC AAT GGC CTG GAT,

protein-coding exon

chr3R: 2620000 | 2625000 |

FlyBase Protein-Coding Genes
el == M e A
1

-

lies, Mosquito, Honeybee, Beetle Multiz Alignments & phastCons Score,

Conservation

conserved non-coding
sequence

ancestor GTGGOGAGT GCA TTT CCC AGA GGA GTT GAT AGG AGT CTG ARACTA CTG ATA ART TEC TTT TTA ATT AGC ACA GAG CAG
dmel cTc il BEE 866 rrr coc aca con [l cor BB B8 cTc BRE cra cve ara BEE Tec TTT TTA ATT Acc ach [§Ell cac
dsimcrc Bl RS 866 rrT coccaca con il car BB BEE crc rancTacTe AT BB Tec TTT TTA ATT Acc aca Bl cac
dsec oTc il BEE 88 rrr coc aca con [l car BEE B8l cTc nan BT cve AT BB TeC TTT TTA ATT AcC Ach [l cac
dyak cTC Bl BB cca TrT 60T BEE oo~ TS ERE BRE B8 crc ~on B8 crc AT BEE B8 T A BBl Acc ack GCH CRG
dere o7 BB EEE cca TTT 86T Aca con I8 e BB BEE £T6 nna BB cTc AT BB Tec TTT TTA ATT Acc ach BBl cac
dana cTC B B8E cca v B ~cx BEE 085S B8E -.cc 588 BEE ~~~ BlE c7c 856 B8F Tcc TTT TTA ATT Acc Ach cac [
dpse TG il B8E cca v BEE 66E BEE 588 BEE r.cc ~cT 65C BEE BBl crc ~T» B8E Tcc TTT TTA ATT AcC Ach cAG HEE
dper oTc [l R8T cca v IS CEE NEE BEE BBE -.cc ~oT ETC BB BB crc ~72» BEE Tcc 7T TTA ATT A ach cac HER
dwil cTG Gec ACT o EE BEE ~cx BEE crr BRE B ~cr BEE 888 888 cTc ATT ~aT TCC TTT TTA ATT Acc HET HEE TAR
dvir 6T cec acT cca il EEE BEE BNl 65T B8 crc B8l BRE cTc ATa AT TGO TTT TTA ATT Acc N BEE cac
dmoj GTGGCG - GCCATAT GCAGGT CGT GTT- - CTC GGT CAG CTG ATG GAT GAC TTT TTA ATT AGT ATA GCG CAG
dgri GTGGCG AGT Gea ToT BEE B8R B8 -~ B8N 556 B8l c7c 86% B8 c7c ~ra anT B8 TTT TTA ATT AGC CTA GCG CAG

© Source unknown. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
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Il Substitution typical of intergenic regions

Kn OoOWwWn enes stand out [ISubstitution typical of protein-coding regions
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Comparative genomics |I: Evolutionary signatures

* Nucleotide conservation: evolutionary constraint
— Purifying selection, neutral branch length, discovery power
— Detect constrained elements: nucleotides, windows, HMM
— Estimate fraction constrained: signal vs. background

« Evolutionary signatures: focus on pattern of change
— Different functions < Characteristic patterns of evolution

« Signatures of protein-coding genes

— Reading-frame conservation, codon-substitution frequency

— Likelinhood ratio framework: Estimating Q-Q, scoring
— Revise genes, read-through, excess constraint regions
« Signatures of microRNA genes
— Structural and evolutionary features of microRNAs
— Combining features: decision trees, random forests
— Sense/anti-sense miRNAs, mature/star arm cooperation =



Signature 1: Reading frame conservation

RFc | Gene Intergenic RFC
100% 60%
100% 55%
100% 90%
100% 40%
100% 60%
100% 100%
100% 20%
100% 30%
100% 40%

2100% | [7] Conserved Mutation Gap [ Frameshift |260%
Genes Intergenic Separation
Mutations 30% 58% > 2-fold
Gaps 1.3% 14% > 10-fold
. Frameshifts 0.14% 10.2% > 75-fold ;




Reading Frame Conservation Test

Scer CTTCTAGATTTTCATCTT-GTCGATGTTCAAACAACGTGTTA-—--—-- TCAGAGAAACAGCTCTATGAGAAATCAGCTGATG

o |} 1 g 1 | < q ’.
1 1 1

Spar :’I'ATTCATAE—",'L'CTCATCT'I‘:ChTCAATGTTCAAACAGCGTGTTA:CAGAC'ACAGAGAAACAGCTTO:—ﬁ'GAGAAGTCAGCCGGTd RFC
Spar f1 12312312-812312312312312312312312312312312312312312312312312312-31231231231231231 > 43%
Spar f£2 23123123-123123123123123123123123123123123123123123123123123123-12312312312312312 > 34%
Spar £3 31231231-231231231231231231231231231231231231231231231231231231-23123123123123123 > 23%

“Fl> «F2—« F1 v+« F2—> «F3——
Gene Intergenic
100% 60%
100% 60%
100% 90%
100% 40%
100% 60%
100% 100%
100% 30%
100% 30%
100% 30%
100% | [ Conserved Mutation [ |Gap [l Frameshift | 56%




Revisiting gene content with RFC test

Accept Reject
~4000 named genes 99.9% 0.1%
~300 intergenic regions 1% 99%
2000 Hypothetical
ORE< 1500 500

High sensitivity and specificity

Example of a rejected ORF

ATG
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Comparative genomics |I: Evolutionary signatures

* Nucleotide conservation: evolutionary constraint
— Purifying selection, neutral branch length, discovery power
— Detect constrained elements: nucleotides, windows, HMM
— Estimate fraction constrained: signal vs. background

« Evolutionary signatures: focus on pattern of change
— Different functions < Characteristic patterns of evolution

« Signatures of protein-coding genes
— Reading-frame conservation, codon-substitution frequency

— Likelihood ratio framework: Estimating Q-Q, scoring

— Revise genes, read-through, excess constraint regions
« Signatures of microRNA genes
— Structural and evolutionary features of microRNAs
— Combining features: decision trees, random forests
— Sense/anti-sense miRNAs, mature/star arm cooperation =



ancestor ATGAGC TCATTC CTCATG GGT TATCCG CAT GCC CCACATCACGTCCAGAGT CCC ATG TCC ATG GGC ART GGC CTG GAT

dmel ATG acc TET FTT cTc ATG GGT TAT CCG CAT BEA CCACAT AT GTC CAGAGT CCC ATG TCC ATG GGC AAT Goc TTE BAE
dsimATG AcC TET TTT CTC ATG GGT TAT CCG CAT GCA CCACAT CAT GTC CAGAGT CCC ATG TCC ATG GGC AAT GGC TTE GAC
dsec ATG AGC TET ITTT cTC ATC GGT TAT CCG CAT BEA CCACAT AT GTC CAGAGT CCC ATG TCC ATG GGC AAT GGC TTE GAC
dyak ATG acc TET TTT cTc aTe B6E TAT ccc CAT BET ccACAT CAT ETT AR AGT CCC ATG TCC ATG GGC AAT Goc TTE BAE
dere ATG AGC TET TTT CTC ATG GGT TAT CCG CAT BET CCACAT CAT ETT CAGAGT CCC ATG TCC ATG GGC AAT BET TTE GAC
danaATG AGC TOC TTC CTC ATC GEC TAC CCC CAC GCC CCE CAT CAC GTC CAG AGC CCC ATG TCC ATG GGC AAT GGC CTG GAT
dpse ATG AGC TCA TTC CTC ATG GGT TAT ECA CAT GCC ECC CAT CAC GTC CAG AGT CCC ATG TCC ATG GGC AAT GGC CTG GAT
dper ATG AGC TCA TTC CTC ATG GGT TAT BEA CAT GCC BCC CAT CAC GTC CAG AGT CCC ATG TCC ATG GGC AAT GGC CTG GAT
dwil ATG AGC TCA TTC CTC ATG GGT TAT CCG CAT GCC CCACAT CAT GTC CAG AGT CCC ATG TCC ATG GGC AAT GGA OTC GAT
dvir ATGAGC TCA TTC CTC ATG GGT TAT BCA CAT BEE ccacaT AT cTC cac RBE ccc ATG TCC ATG BET AAT Goc ETA GAT
dmoj ATG AGC TCA TTC BEM AT BBE TAT BEA cAT BEE coacar BAE cTe cac BEE coo ATG TCC ATG GeC AAT BEA crc BRE
dgriATGAGC TCA TTC CTC ATG GGT TAC CCA CAT BCE CCE CAT CACGTC CAG AGE CCC ATG TCC ATG GGC ART GGC CTG GAT

protein-coding exon

ancestor GTGGCGACT GCATTT CCCACGA GCGAGTT GAT AGG AGT CTGAARACTACTGATAART TGC TTT TTA ATT AGC ACA GAG CAG

dme1 crc Hlll B8 666 7T ccc aca coa [l caT B B8l cvc BAE cta crc aTa il Tec TTT TTA ATT Acc ach [{lll cac
dsimcrc HEl BB 688 rrrcoccacacea [l car BB B crc anacTacre AT Bl roc TrT TTA ATT Acc aca [l cac
dsec TG Hilll B8 888 7T coc aca coa [§lll oo §EE B8 cTc Ana BT TG ATA B8 Tee TTT TTA ATT AGC Ach [l cac
dyak cTc Bl B8 cca T E6T HEN oo~ [I5E 68 B B8E cvc ~an B8l crc AT §EE Bl rrT 772 Bl 2cc aca GEA EAG
dere crc BBl B8§ coa T 86T Aca con 8 oar B B8E £76 ~nn B8 cTc ATa BEE rcc T TTA ATT Acc aca §lll cac
dana crc Bl B8 cca T BE Acx BEE 08 888 ~.cc 88 §88 ~.»» BEE c7c B8 888 rcc 7TT 7T7A ATT AcC Ach cac IS
dpse 6Tc [l B8 cca T HEE 666 HES B80S B8E .cc ~cT 6FC BHE B8l crc A7a §lE rcc TTT TTA ATT AGC Ach cac HER
dper crc Bl B88 cca v I8 56E HEE 558 888 ».cc ~oT 676 B8 B8l crc ~7a 88 roc TTT TTA ATT Acc Aca cac HEH
dwileTe cec AcT con il B ~ca BEE o 66 B ~ o B8l 688 B8 c rc AT AnT TeC TTT TTA ATT Acc AET HEE TAA
dvircTe cee acT cox [l FEE BEE BES 55T B8 c66 Bl cvc B8l B 8 cTc AT2 AAT TG TTT TTA ATT Acc [l BB cac
dmoj 616 cec BBl coa TAT GCA 66T ceT erT Bl 666 Bl CTE GET CAG CTG ATG GAT GAC TTT TTA ATT AGT ATA GCG CAG
dgri GTE 6ce AcT coa TeT BEE BEE B8 v B8 586 B8 cvc 568 88 crc AT aaT BBl TTT TTA ATT ACC CTA GCE CAG

conserved non-coding sequence

A method to distinguish these evolutionary signatures should:

¢ Quantify the distinctiveness of all 642 possible codon substitutions

® Synonymous: very frequent in protein-coding sequences

® Nonsense: much more frequent in non-coding than coding regions

®* Model the phylogenetic relationship among the species

® Multiple apparent substitutions may be explained by one evolutionary event

® Tolerate uncertainty in the input
® Unknown ancestral sequences
® Alignment gaps, missing data

® Report the [un]certainty of the result

® Quantify confidence that given alignment is protein-coding

® Units: p-value, bits, decibans, etc.
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Codon evolution can be modeled as a Bayesian network

dmel

dsim

dsec

dyak

Conditional probability distribution (CPD) giving,
for all codons a & b, Pr(dyak = b|Ancestor = a)

Each site (codon alignment
column) is treated
independently.

Given the topology and CPDs,
we can simulate evolution of an
ancestral sequence.

Additionally given extant (leaf)
sequences, the ancestral
sequences can be inferred.

For L leaves, CPDs total about

(2L — 2) - 642

parameters.
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The Bayes net is parameterized as a continuous-time Markov process

dmel
| |_[|_|; dsim
[ ——t '« dsec
" Ii \J—' dy ak
| —I— ‘ L dere
L dana
5 i e & [ dpse
i e e dper
I . dwi
——* dvir
I I [ 1 Imo)
\—‘ dgr

Rate matrix (Q)

© Source unknown. All rights reserved. This content is

excluded from our Creative Commons license. For more Branch |engths t
information, see http://ocw.mit.edu/help/faq-fair-use/. -

Each CPD is determined by a rate matrix shared throughout the tree
and a branch-specific ‘time’ (branch length):

Pr(child = b|parent = a;t) = [e®],.4

Intuition: The branch lengths specify how much ‘time’ passed between any two nodes. The
rate matrix describes the relative frequencies of codon substitutions per unit branch length.
Synonymous substitutions have high rates and nonsense substitutions have low rates.

We can obtain maximum likelihood estimates of (2L — 2) 4 642
parameters using EM in training data.


http://ocw.mit.edu/help/faq-fair-use/

Example nucleotide (4x4) rate & substitution matrices

(-4 2 1 1 )\A

Q= 2 -4 1 1 |G
1 1 -4 2 |C
1 1 2 -4 /T
A G C T

Pr(child = b|parent = a;t) = [th]a,b

cQt _ i ﬂQn is the solution to the system of differential equations describing the Markov process
n!
n=0

MatrixExp[Q » 0] // MatrixForm
(1

0
LD

[ T S R e T e
= O Qo o

[ T e T e

MatrixExp[Q »0.001] // MatrixForm // HumberForm[#, 4] &

[ 0.996 0.001993 0.000998 0.000998 |
0.001933 0.995 0.00099E 0.000998
0.00099E 0.000998B 0.996 0.0015993

V0.000998 0.0009398 0.0015993 0.996 |

MatrixExp[Q »0.01] // MatrixForm // NumberForm[#, 4] &

[ 0.9611 0.01932 0.009803 0.009803 |
0.01932 0.%611 O0.009B03 0.009803
0.009B03 0.009%BO3 0.9611 0.01932

‘\0.009B03 0.009B03 0.019%32 0.9611 |

Analogy:y(t) = e
solves the differential equation

dy _

model of evolution.

MatrixExp[Q = 0.1] // MatrixForm // NumberForm[#, 4] &

[ 0.692 0.1432 0.0B242 0.08242 )
0.1432 0.692 0.0B242 0.08242
0.08242 0.08242 0.692 0.1432

v 0.08242 0.08242 0.1432 0.692

MatrixExp[Q+1.0] // MatrixForm // NumberForm[#, 4] &

L2454 0.2454
2454 0.2454
2558 0.2533
2533 0.2558 |

(0.2558 0.2533
0.2533 0.25548
0.2454 0.2454
v 0.2454 0.2454

oo o Q0

MatrixExp[Q «10.0] // MatrixForm // NumberForm[#, 4] &

0.25 0.25 0.25 0.25
0.25 0.25 0.25 0.25

(0.25 0.25 0.25 U.ZE}
V025 0.25 0.25 0.25)

Side note: Jukes-Cantor and Kimura models are
set up so that the entries of e have closed-form
solutions.
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The hairy math: how do we estimate Q?

Collect many alignments of known protein-coding sequences (training
data)

Consider the probability of the training data as a function of O

Likelihood(Q) = Pr(Training Data; Q, t)

Still computed using Felsenstein algorithm

Choose the Q that maximizes that probability:

Q = argmax (Likelihood(Q))
Q
N

Maximization strategies: expectation-maximization; gradient ascent;
simulated annealing; spectral decomposition; others

Note: Q represents thousands of parameters

Branch lengths can also be optimized in the same way (simultaneously)

Non-coding model estimated similarly, with random non-coding regions
as training data.
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We can compute the probability of any given alignment, marginalizing over all
possible ancestral sequences, using Felsenstein’s pruning algorithm.

ancestor ATGAGC TCATTC CTCATG GGT TATCCG CAT GCC CCACATCACGTCCAGAGT CCC ATG TCC ATG GGC ART GGC CTG GAT ancestor GTGGCGACGT GCATTT CCCAGAGGAGTT GAT AGG AGT CTGARACTACTGATAAAT TGC TTT TTAATT AGC ACA GAG CAG

dmel ATG AGC TET TTT CTC ATG GGT TAT CCG CAT GEA CCACAT CAT GTC CAGAGT CCC ATG TCC ATG GGC AAT GGC TTG GAC
dsimATGAGC TCT ITT CTC ATG GGT TAT CCG CAT GEA CCACATCAT GTC CAGAGT CCCATG TCC ATG GGC AAT GGC TTGE GAC
dsecATGAGC TCT ITT CTC ATG GGT TAT CCG CAT GEA CCACATCAT GTC CAGAGT CCCATG TCC ATG GGC AAT GGC TTE GAC
dyak ATG AGC TCT ITT CTC ATG BGC TAT CCCG CAT GET CCACATCAT GTT CAAAGT CCCATG TCC ATG GGC AAT GGC TTGE GAC
dere ATG AGC TCT TTT CTC ATG GGT TAT CCG CAT GET CCACATCAT ETT CAGAGT CCCATG TCC ATG GGC AAT GET TTGE GAC
danaATGAGC TCC TTC CTC ATG GGE TAC CCC CAC GCC CCE CAT CACGTC CAG AGC CCC ATG TCC ATG GGC AAT GGC CTG GAT
dpse ATGAGC TCATTC CTC ATG GGT TAT CCA CAT GCC EEC CAT CACGTC CAGAGT CCC ATG TCC ATG GGC AAT GGC CTG GAT
dper ATGAGC TCATTC CTC ATG GGT TAT CCA CAT GCC CEC CAT CACGTC CAGAGT CCC ATG TCC ATG GGC AAT GGC CTG GAT
dwil ATGAGC TCATTC CTCATG GGT TAT CCG CAT GCC CCACATCAT GTC CAGAGT CCCATGE TCC ATG GGC AAT GGA CTC GAT
dvirATGAGC TCATTC CTCATG GGT TAT CCA CAT GG CCACATCAT GTC CAG AGC CCC ATG TCC ATG GET AAT GGC CTA GAT
dmoj ATG AGC TCA TTC ETAATC GGC TAT ECA CAT BCE CCACAT CAT GTC CAG AGC CCC ATG TCC ATG GGC AAT GEA CTG -
dgriATGAGC TCATTC CTCATG GGT TAC CCA CAT GCE CCGE CAT CACGTC CAG AGC CCC ATG TCC ATG GGC AAT GGC CTG GAT

protein-coding exon

1
Pr(Leaves; Q, 1) = o777

dmel crc Hill B8 866 T coc aca coa il ca BEE B8 ctc BRE cTa crc ATa B8 Tec TTT TTA ATT Acc aca [l cac
dsimcTc Bl B 666 17T coc aca coa [§ll oa BEE B8 cTc naa cTa cTG ATa B8 TG TTT TTA ATT Acc aca Bl cac
dsec crc Hll B8 B88 7T ccc aca coa [l T B8l B8l crc 22 85T crc aTa BlE Tec TTT TTA ATT Acc aca [§lll cac
dyak cTc Bl B8 cca T E6T HEN oo~ [I5E 68 B B8E cvc ~an B8l crc AT §EE Bl rrT 772 Bl 2cc aca GEA EAG
dere TG BBl B8 coa T 86% aca con [l ca BN B8N T56 oo @88 cTc ATa BBE rcc TTT TTA ATT Acc aca [l cac
dana crc Bl B8 cca T BS Ac» EEE 0E 088 .cc 88 B8 .~ » B0 crc B8 888 rcc 77T TTA ATT Acc aca cac I8
dpse cTc Il BE§ cca rr Bl 666 HEE B8 B0 ~.cc ~cT 67 BHE B8l cTc 272 §EE Tcc TTT TTA ATT AcC Aca cac HER
dper crc il B8§ cca rrr BB 666 NS 688 888 ».cc ~oT 670 BHE 88 crc a7a 888 rcc 7T TTA ATT AcC Ach cac HEH
dwil 6T GG ACT Goa il Bl ncn BEE o GHE B ~ o B8 688 B8 c rc ATT ~aT Tee TTT TTA ATT Acc HET HEN TAR
dvir cTe cec acT con il NS BEN IS8 55 §EE 666 Bl cvc B8l B8 crc ATa AaT TGC TTT TTA ATT Acc [l BB cac
dmoj GTG Gcc-cchaTmGGTCGTGTT-EGG-ETCGGTCAGCTGATGGATGACTTTmAsTTMTsTAGCGCAG
dgri GTGGCG AGT Goa TeT HEE FEE B8l oo+ B8 686 B8l crc 568 88 crc ~ra anT {8l rTT TTA ATT AGC OTA GCG CAG

conserved non-coding sequence

1
Pr(Leaves; Q, 1) = 157

If | simulate alignments randomly according to the model, I'll get this
exact alignment once every 10"7 samples
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Now suppose we’ve estimated
two rate matrices:

Qc estimated from known

= mw n

-

On estimated from non-

coding regions coding regions

© Source unknown. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/fag-fair-use/.

These specify different rates of codon substitution, which in turn lead to different
probabilities of any given alignment:

ancestor ATGAGC TCATTC CTCATG GGT TATCCG CAT GCC CCACATCACGTCCAGAGT CCC ATG TCC ATG GGC ART GGC CTG GAT ancestor GTGGCGACGT GCATTT CCCAGAGGAGTT GAT AGG AGT CTGARACTACTGATAAAT TGC TTT TTAATT AGC ACA GAG CAG

dmel ATG AGC T8 TFT CTC ATG GGT TAT CCG CAT BEA cca caT BAF GTC CAG AGT CCC ATG TCC ATG GGC AAT GGC FTE GRE
dsimaTG acc BET 9T cTc ATG GGT TAT CCG CAT BEA CCACAT BAT GTC CAGAGT CCC ATG TCC ATG GGC AAT Goc PTG BAE
dsec ATG AcC FEH F8T cTC ATG GGT TAT CCG CAT BOA cca caT BAE GTC CAG AGT CCC ATG TCC ATG GGC AAT GGC
dyak ATG AcC T8 TFT cTc ATc B8E TAT cce caT BEE cca caT BAT BFT GAE AGT CCC ATG TCC ATG GGC AAT GG TTE GRE
dere ATG acc 6T FTF cTc ATG GGT TAT CCG CAT BET CCACAT GAT 6TT CAG AGT CCC ATG TCC ATG GGC AAT BET TT6E BAE
danaATG AGC [8E TTC cTC ATC BBE TAE BEE BAE ccc BEE cAT cAC ¢TC cAG BBE CCC ATG TCC ATG GGC AAT GGC CTG GAT
dpse ATG AGC TCA TTC CTC ATG GGT TAT BEA cAT Gec BEE CAT CAC GTC CAG AGT CCC ATG TCC ATG GGC AAT GGC CTG GAT
dper ATG AGC TCA TTC CTC ATG GGT TAT BEA CAT Gec BEE CAT CAC GTC CAG AGT CCC ATG TCC ATG GGC AAT GGC CTG GAT
dwil ATG AGC TCA TTC CTC ATG GGT TAT CCG CAT GCC CCACAT BAE GTC CAG AGT CCC ATG TCC ATG GGC AAT BGH BTE GAT
dvir ATG AGC TCA TTC CTC ATG GGT TAT BEA caT BEE ccacar BEE cTo cac BEE coc ate Toc AT BBE anT coc Rl caT
dmoj ATG AGC TCA TTC BTAATG B6E TAT BEA caT BEE cca caT BAT 6T cAG BEE CCC ATG TCC ATG GGC AAT GEA cTc BRE
dgriATG AGC TCA TTC CTC ATG GGT HAE B6A caT BEE B6E caT cac eTc cac BBE CcCC ATG TCC ATG GGC AAT GGC CTG GAT

1
10117
1
10152

Pr(Leaves; Q¢ t)

Pr(Leaves; Qn,t) =

dmel crc il BE8 888 rrr coc acacon [l e BB BB cTc BRE cTa ot AT Bl Tec TTT TTA ATT Acc ach [l cac
dsimGTG 17 ccc acacea [l car cTGAAA CTA CTG ATA Bl rce TrT TTA ATT Acc ack [§lll cac
dsec T Nl BES B rrr cocacacon [l e BB BB cTc Ann BT crc AT Bl Tec TTT TTA ATT Acc ach [l cac
dyak T Hlll BEf cca rrr 66T BE cc - S G5 BEE BEE crc ~nn B8 crc Ao BEE Bl v 772 Bl Acc ach GCH BRE
caT B B8 ©56 ~nn B crc ama B8 roc o TTA ATT Acc aca Ell cac

dana crc Bl B8 cca TTT -Aca---AGG {6 B .~ ». B cvc B8 88 Tcc TTT TTA ATT AGC Aca GAG [BE
HE8 cco B B oo nra B8 roo TTT TTA ATT Acc aca cac HEE
dper crc 8l B8§ cca T HEE 66S HEE 658

creara @l Tcc TTT TTA ATT AcC Ach cac HEH
dwil 6T GG AGT Goa il Bl ~cn BEE o GHE B ~ o B8 688 B8 c rc ATT ~aT TeC TTT TTA ATT Acc HET HEN TAR
dvir ere cce act cox il BN BEE NS 65E B crc Bl B8 crc aTaanT Tec TTT TTA ATT Acc [ Bl crc

dmoj 676 ee BBl coa TAT G6A 66T cet erT Bl 666 Bl 6T GeT CAG CTG ATG GAT GAC TTT TTA ATT AGT ATA GCG CAG
dgri GT6 66 AT cea T FEE BEE §8E cr+ 58 6RE B8l cvc 660 @88 c1c 212 AaT B TTT TTA ATT AGC CTA GCG CAG

1
10275
1
10254

Pr(Leaves; Qc¢,t)

Pr(Leaves; Qn,t) =
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ancestor ATG AGC TCA TTC CTC ATG GGT TAT CCG CAT GCC CCA CAT CAC GTC CAG AGT CCC ATG TCC ATG GGC AAT GGC CTG GAT
dmel ATG AGC T8E T8 CTC ATG GGT TAT CCG CAT BEH cca caT Bl 6TC CAG AGT CCC ATG TCC ATG GGC AAT GGC 06 BRE
dsimATG AGC TET TTT CTC ATG GGT TAT CCG CAT BEA CCA CAT BAT GTC CAG AGT CCC ATG TCC ATG GGC AAT GGC 1
dsec ATG acc BET FFE cTc AT6 GGT TAT cCG CAT BEA cCa CAT BAT GTC CAG AGT CCC ATG TCC ATG GGC AAT coc TG BAE
dyak ATG acc T8 B8E cTc arc B8E TAT ccc caT BEE coa car BEE BFE GRE AGT CCC ATG TCC ATG GGC AAT GGC ey
dere ATG acc 6T 9T cTc ATG GGT TAT CCG CAT BET CCACAT GAT 6TT CAG AGT CCC ATG TCC ATG GGC AAT BET TG BAC 10117 35
danaaATG acc B8E TTc cTe aTc BEE TAE E6E BRE ccc B88 caT cac eTc cac BBE cCC ATG TCC ATG GGC AAT GGC CTG GAT — 1 0

dpse ATG AGC TCA TTC CTC ATG GGT TAT B8A CAT ¢ec BEE CAT CAC GTC CAG AGT CCC ATG TCC ATG GGC AAT GGC CTG GAT 1

dper ATG AGC TCA TTC CTC ATG GGT TAT GCGA CAT GCC BEE CAT CAC GTC CAG AGT CCC ATG TCC ATG GGC AAT GGC CTG GAT P L
al \' . t

Pr(Leaves; Qc¢,t) =

dwil ATG AGC TCA TTC CTC ATG GGT TAT CCG CAT GCC CCA CAT BBl GTC CAG AGT CCC ATG TCC ATG GGC AAT BGH BTE GAT
dvir ATGAGC TCA TTC CTC ATG GGT TAT BEH caT BEE cca caT BEF cTc cac REE ccc ATG Tec ATG BT AAT Goc BTA GAT
dmoj ATG AGC TCA TTC BTA ATG BEE TAT BEA CAT BEE ccacaT BAT cTC cac BBE cCC ATG TCC ATG GGC AAT BEA crc BRE
dgriATGAGC TCA TTC CTC ATG GGT MG BEA caT BEE BEE caT cAC 6TC cAG BBE CCC ATG TCC ATG GGC AAT GGC CTG GAT

This alignment is 103° times more probable under the coding model than the non-coding model.

ancestor GTG GCGAGT GCATTT CCCAGAGCGAGTT GATAGGACGT CTGARACTACTGATAAAT TGC TTT TTAATT AGC ACA GAG CAG

dmel crc Jlll BEE 868 rrr cocc acacon [l cnr BEE BBl cTc BRE cTa cre AT Bl Toc TTT TTA ATT Acc ach [l cac 1

dsimcrc JEE B8 866 rrr ccc acacea [l car BB B8l crc ran cra cre aTa BB8 Tec TTT TTA ATT Acc aca [l cac P L . t .

dsec cTc NIl BRS B8E r7T cccacacon i@l cat cTGARA 88T cTc ATA Bl Toc TTT TTA ATT AcC Aca [l cac r ( caves ’ Q Cy _) —_— W

dyak T [l B cca T 66T Bl oo~ N GRS BRE B8 crc ~on BEE crc ars S Bl 1T oo Bl foc ach BEA BRE ]_0 — 2 1
dere crc JI8 B8 cca TrT 86T aca coa [l oo B BEE 756 »an BEE crc AT 888 rcc TrT TTA ATT Acc aca [l cac — 1 0

dana 6Tc Nl B8 cca T HEE A c» EE 55 BEE -.cc 806 088 .~ » BEE c7c B8 888 Tcc TTT TTA ATT AGC Ach GAG IS 1 -

dpse TG [l B8 ccn rrr B ----AGG neT G056 Bl Bl crc ara B88 Toc TTT TTA ATT Acc Ach cac HEE

dper GTG -- GCATTT AGGAGT CTGATA - TGC TTT TTAATT AGC ACA GAG - P I' (Lea.VBS . Q N 3 t) = =

dwil GTG GCGAGT GCA--AGA-GTT RS B8 .7 088 688 B8 c 7 ATT AaT TGC TTT TTA ATT Acc AET Bl TAR - 10254

dvir ore cec acT con il SN BEE EE 655 BEE 666 Bl crc B B8 crc aTa anT Toc TTT TTA ATT Acc I Bl crc
dmoj 6TG oo BEH GoA TAT GCA GET ceT oTT B8E cec Bl CTC GET CAG CTG ATG GAT GAC TTT TTA ATT AGT ATA GCG CAG
dgri GTE GCE ACT Goa ToT NS Bl B8E -+ B8N 688 B8E c v 56§88 crc ATa aaT B8l TTT TTA ATT AGC CTA GCG CAG

This alignment is 10?! times less probable under the coding model than the non-coding model.

Pr(Leaves; Qc¢, t)
Pr(Leaves; Qn,t)

This likelihood ratio is our measure of confidence that

the alignment is protein-coding.



Comparative genomics |I: Evolutionary signatures

* Nucleotide conservation: evolutionary constraint
— Purifying selection, neutral branch length, discovery power
— Detect constrained elements: nucleotides, windows, HMM
— Estimate fraction constrained: signal vs. background

« Evolutionary signatures: focus on pattern of change
— Different functions < Characteristic patterns of evolution

« Signatures of protein-coding genes
— Reading-frame conservation, codon-substitution frequency
— Likelihood ratio framework: Estimating Q-Qy, scoring

— Revise genes, read-through, excess constraint regions

« Signatures of microRNA genes
— Structural and evolutionary features of microRNAs
— Combining features: decision trees, random forests
— Sense/anti-sense miRNAs, mature/star arm cooperation -



Evolutionary signatures can predict new genes and
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New protein-coding genes
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New genes supported by lllumina BodyAtlas transcripts
Submitted to GENCODE for validation / manual curation,

A
AT
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Translational read-through in flies and mammals

One of four novel candidates in the human genome: OPRL1 neurotransmitter

humshias T &% E T % B G BV e B O OE B W D Jhe BV MW OB W ovE: D o fny DOF T OGN ST GEn UL T @ W T ol G B s BT P OW oK T 25 L @
humanjLCCTCTGAGJLCGGTJLCCGCGGCCCGCATGJLCTAGGCGTGGACCTGCCCLTGGTGCCTGTCAGCCCGCJLGAGCCCATCTACGCCCJULCACJ‘.GAGCTCACACJLGGTCJLCTGCTCTC-GCGGACJLCACCCTGGGCCCTGLGCJ‘.TCCLG
rhesusACCTCTGAGJLCGGTJLCCGCGGCCCDCGTGJLCTAGGCGTGGACCTGCCTLTGGTGCCCGTCAGCCCGCJLGAGCCCATCTACGCCCJULCACGGAGCTCACACMGTCJLCTGCTCTCHGCTIZ'-ACJLCACCCTGAGCCCTGJLGCJLTCCAG
hushbsbyjl.CCTCTGAGjLCTGTCCCACGGCCTGCATGJLCTAGGCGTGGACCTGCCCLTGGTGCCTGTCAGCCCGCJLGAGCCCATCTACJLCCCJULCACJLGAGCTCACCCILGGTTJLCTGCGCTCHGCTGACACA.TGAGCCTTG“LCECAG
rat,jLCTTCTGAGJLCAGTJLCCACGGCCJ‘.GCATGJLCTAGGCGTGGACCTGCCTLTGGTGCCTGTCAGCCCACJLE'-AGCCCATCTACJLCCCJULCACGGAGCTCACACILGGTCJLCTGCTCTCHGTTGAC————CCTGAJLCCTTGJLGCJLTC-
mc-useACCTCTGAGJLCAGTJLCCACGGCCGGCATGJLCTAGGCGTGGACCTGCCCLTGGTGCCTGTCAGTCCACJLGAGCCCATCTACJ‘.CCCJULCACGGAGCTCACACJLGGTCJLCTGCTCTCHGTTIZ'-AC————CCTGAJLC——TGJLGCGTC-
guineapigjl.CCACTGAGJLCAGTJLCCACGGCCCGCATGJLCTAGGCGTGGACCTACCCJLTGGTGCCTGTCAGCCCACJLGAGCCCATCTACTCCGJULCACJ‘.GAGCTCACACJLAGTCJLCTGCTCTTHJ’.CTE‘-ATJL———CCTGAJLC——TJLJLGC-TGJL
hedgehogj‘.CCTCCGACGCGGTGCCCAGGCCCDCGTGJLCTAGGCGTGGACCTGCCTCTG%CCTGTCAGCCCGCJLGAGCECCJ‘.GCACJ‘.CCCJULCACGGAGCTCACACJLGGTCJLCGGCACTCHGCTGAC————————————————————————
dogACCTCTGAGACGGTGCCGCGGCCCGCATGACTAGGCGTGGACCTGCCCATGGTGCCCGTCAGCCCGCAGAGCE-Et;TCAACGCCCMCAEGGAGCTCACCCAGGTCACCGCTCTC“GCTGACCCAACCTGAGTCCTGAGTATTG,E'ZF.
catACCTCTGAGACAGTACCACGGCCCGCATGACTAGGCGTGGACCTGCCCATGGTGCCTGTCAGCCCACAGAGCE-EGTCCACACCCMCAEGGAGCTCACCCAGGTCACTGCTCTC“GCTGACGCAACCTGAGCCCTGAGCGTCGCC
hc-rseACCTCTGAGACAGTCCCGCGGCCTGCATGACTAGGCGTGGACCTGCCCATGGCTCCTGTCAGCCCGCAGAGCDEETCAACACCCMCAEGGAGCTCACCCAGGTCACTGCGCTC“GCTEATACCACCTGAGCCCTGAGC--
armadillDACCGCCGAGGCCGTGCCGCGGCCGGCETGACTAGGCGTGGACCTGCCCGCGGCGTCCGTCAGCCCGCAG—GCE-EGTCCACGCCCMCAEGGAGCTCA[-ZGCA—GTCACCGCCGTCEGTC-CGGCCCTGCGCC!I;‘-E:E:‘E_'{AGC ——————
elephantACCTCAGAGACAGTGCCGCGGCCTGCATGACTAGGCGTGGACCTGCCCCTGGTGCCTGTCAGTCCGCAGAGCE-EGTCCACGCCCMCAEGGAGCTCA[-ZG,CAGGTCACCGCTCTCBCTG--GCCTMGCA-AGC ——————
+*

*EEkET E *k tE ok +* * + * *Et E* * * ** +

Protein-coding
conservation

Continued protein-coding

214 stop No more
conservation codon conservation

Stop codon
read through

 New mechanism of post-transcriptional regulation?
— Conserved in both mammals (4 candidates) and flies (350 candidates)
— Strongly enriched for neurotransmitters, brain-expressed proteins, TF regulators
— After correcting for gene length: TF enrichment remains

« Evidence suggestive of regulatory control

— Read-through stop codon perfectly conserved in 93% of cases (24% at bkgrnd)
— Upstream bases show increased conservation. Downstream is TGAC.

— GCA triplet repeats Lin et al, Genome Research 2007
— Increased RNA secondary structure Jungreis et al, in preparation 4




Discover of translational readthrough genes

SACMI1L } {100 bases
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\GC C-GAGG TCT ITT TAAAGC CTT H G
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G-C
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57 TT TAC TGACCCGCT TTCCAC U -|c|@Stop 2
A GAGT G178 TAC TGACCC GCT FTC CAC A‘rc GGC CTGAGG- CU
s o o G-
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B FOPOOCCCOO OO0

s AG GAGCCGAGG TC TTAGGAAGC CTT
;TT-TTTTAAAGCCTT
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c T,uru“””-TGA-GC T1C CAC ATC AGE CAG AGG [ 717 AR AGz Tt STOP 1

TTATGCAAAACTG TTTACTGAC GGTTTTTT TAAAACCTT

AAC TGGAGT CTT TAC TGA [l

GCTTTCCACATCAGE

AC CAGCCT

('XD

UUU " CCUGAGGUCULUU
Typical of protein-coding genes Typical of non-coding regions
I synonymous substitution [l Non-conservative substitution
-Conservative substitution I Frame-shifting indel
Frame-preserving indel - Stop codons
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Discovery of 4 readthrough genes,
abundant in many animal genomes
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Overlapping selection in protein-coding exons

H OKA 2 Hox-Phx

UCSC Genes
leotid
. S-codon resolution I W F7 ] 500 nucleotides
SYH.CDHSUEIHI 15-codon resolution I ==
Elements (SCES) | 30-codon resolution m— =]

2

Local
Synonymous |,
Rate Estimate
(%)

1 2 3 4 &5 6 7 8 9 10 11 12 13

rhombbmere 4 éxpression rhombomere 2 expr.
(Lampe et al., NAR 2008) (Tiimpel PNAS 2008)
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10,000 overlapping synonymous constrained elements
Roles in splicing, translation, regulation .
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Codon-specific measures of positive selection

10"% | VPRBP Positive sites = 38
Negative sites = 321
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Gene-wide vs. punctate regions of exons positive selection,
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Comparative genomics |I: Evolutionary signatures

* Nucleotide conservation: evolutionary constraint
— Purifying selection, neutral branch length, discovery power
— Detect constrained elements: nucleotides, windows, HMM
— Estimate fraction constrained: signal vs. background

« Evolutionary signatures: focus on pattern of change
— Different functions < Characteristic patterns of evolution

« Signatures of protein-coding genes
— Reading-frame conservation, codon-substitution frequency
— Likelinhood ratio framework: Estimating Q-Q, scoring
— Revise genes, read-through, excess constraint regions

« Signatures of microRNA genes
— Structural and evolutionary features of microRNAs
— Combining features: decision trees, random forests

— Sense/anti-sense miRNAs, mature/star arm cooperation

~

9



New RNA structures and families

No. of No. of RNAz DNAse Avg. correlation of

No. of novel No. of novel  EvoFold overlap  hypersensitivity  tissue-specific expression

structures  structures families  families score  enrichment (x) overlap (%) within families

EvoFold all (no CDS) 27,012 26,643 n/a n/a 14 13.5 25 (P < 5e-3) n/a
Unfiltered families 3293 3081 1254 1215 18 17.3 25 (P =7e-3) 0.14 (P = 1e-3)
Filtered families 725 526 220 181 18 29 32 (P < 4e-3) 0.15(P=<1e-3)

New structs fall in families, supported by evolut/energy

Scale 20 kb | {
UCSC genes | TSIX
XIST —- et —_—

EvoFold predictions ID=36870 (minus strand) |

220 ENCODE CSHL RNA-seq minus strand raw signal (small RNA in K562 chromatin)

Small RNA expression
0 . i i i . A . =5 b Wil T i v Ao, 1
_jf—}t—;, e ———

chrX: | 729582001 72958220 | 72958240 | 72958260 | 72958280 | 72958300 |

EvoFold predictions ID=36870 (minus strand) ( ({ ({{ ((COCC (OO0 - e e )N ) e MMNNN)

ENCODE CSHL RNA-seq minl;is étrahd ‘raw signal (small RNA in K562 chromatin)

220 _
0
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Ex: new struct in XIST long non-coding RNA
Known function in X-chromosome inactivation
Possible functional domain of XIST?

~UG G 40
C}G "A/
G C
30 —A
1
Bic s o 40
2 c'-':é\G\A
AR g
U._ 6
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UugC—G
Ge_g
10-U—A
U—A—60
U—A
U—A
C=6
C—G
A—U
G—¢
1-U—A—68
5’ 3’

XIST structure (36870)
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RNA families: orthologous/paralogous conservation

Structural RNA families Al

p-values 0.013

MAT2A
2

Mammal cons.

0.3 |

P o>
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Example of

BER CExE

0.037 0.219 6.2e-5

No change

Il Conserved paired nucleotide
Conserved unpaired nucleotide

Changes characteristic of RNA evolution
Bl Silent G+ U substitution

I Silent substitution in unpaired base

[ Silent base-preserving double substitution
[E Non-canonical double substitution

Changes disruptive of RNA structures

I Disruptive single substitution
I Disruptive insertion or deletion

F

0.022

Human
Guinea Pig
Squirrel
Rabbit
Hedgehog
Tenrec
Sloth
Opossum
Lizard

X. tropicalis
Tetraodon
Fugu
Stickleback
Medaka
Zebrafish

10, | 20
UCUGGGGUAUGG(]
UCCCAGACUUGG]
ss « + « »UUGUGAY
UGGY

UCUGGGGUAUGGCEUAAGUACAGAGAZ
UCUGGGGUAUGGC
UCUGAGGUAUGGU[ET
UCUGGGGGAUGGC
UCUGAGGUAUGGC[:
U-GGGGGUAUGGCUT
UCUGGGGUAUGGU[!
UCUGGGGUGUGGC[GU
U-UGGGACCGGGUG
UCUAGGCUUGGGC[:
UCUGAGGCCCGGCGUGGA!
UCUGAGGCCCGGCGUGGAUZ
UCUGAGACGCAGCGUGGA
UCUGGAACUCGGCGU
'UUGAGCCUUGGCGUCGG

* *kkkkk* *%
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30 40
GCCAUCACCUCAGA
GCCAAGCUCUGAGA
BUCACEGEE s « s

CCA luucaca

CCUUGGGUU
BRI o s o

Y )« ) ) 20,0 )

nmlki hgfedcba

GCCAUCACCUCAGA
GCCAUCGCCUCAGA
GCCAUCACCUCAGA
GCCAUCUCCUCAGA
GCCAUCACCUCAGA
GCCCUCACCUCAGA
GCCGUCACCUCAGA
GCUAUCACCUCAGA
GCCCUUGUCUCAAA

AGCCUUUGCCUU--~-

GUCGGGCUUUCAGG

AGUCGGGCUGUCAGG

GCUGUGGUUUCAGA

\WGCCGAUGUUUCAGA
AGCCGGGAUCUCAAG

DEREIEV PR IE

mlkji hgfedcba

new structural 3’UTR family in MAT2A gene

likely role in detecting S-adeosyl-methionic (SAM) level
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Computational challenge of miRNA discovery

60-100
true miRNAs




volutionary signatures for microRNA genes
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Distinguishing true miRNAs from random hairpins

Evolutionary features

1

|'1 Correlation with conservation profile

il
(1) ——
,80 MFE of the consensus fold 1|0
—l—
(2) —
——
2

? Structure conservation index

il
(3) ——

Structural features

Hairpin stability (MFE z-score) 1.4
o] > 14
¥ Mumber of asymmetric loops g
? MNumber of symmetric loops 1.5

Feature performance

Enrichment
51
4551
Total [,

Cons. Profile % 327

il T &

36
Am / Loop Cons. g 574 19
9

Arm Cons. 131.707 52 5

Structure Cons. |, 2110.295 5 6
Hairpin Energy 13,885 3 39
% Paired Bases 262 543 # 2.3
Am length Ty % 1.7
Loop Length 1547,327 R 14

59
Structure Length { § 548 799 1.4
35
Loop Symmetry 5 1147 35 3
0 10 20 30 40 50 60 70 80 90 100

Bknown (60) M Random (760,355)

Combination of features:
> 4,500-fold enrichment
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Comparative genomics |I: Evolutionary signatures

* Nucleotide conservation: evolutionary constraint
— Purifying selection, neutral branch length, discovery power
— Detect constrained elements: nucleotides, windows, HMM
— Estimate fraction constrained: signal vs. background

« Evolutionary signatures: focus on pattern of change
— Different functions < Characteristic patterns of evolution

« Signatures of protein-coding genes
— Reading-frame conservation, codon-substitution frequency
— Likelinhood ratio framework: Estimating Q-Q, scoring
— Revise genes, read-through, excess constraint regions

« Signatures of microRNA genes
— Structural and evolutionary features of microRNAs

— Combining features: decision trees, random forests

— Sense/anti-sense miRNAs, mature/star arm cooperation s



MIRNA detection using many decision trees
MFE<3?

 For each tree:

es no
g — Randomly select:

[Profi|ecorr<8] [ StrCOnSde>3] « Subset of features to base classification on

« Subset of +/- training examples
yeﬂo yes/\m « Remainder of testing examples
— Use to train a decision tree classifier:
NormiRNA - NOT [ #1o0ps>2 - Select a feature and cutoff at each level
yes/ \ no « Continue with feature/cutoff at next level
o (...)
[Stability>4] T — Evaluate performance on test set:

 Push each element down the decision tree

yes/ \no . P -
 Leaf label gives classification decision

vt [ #Loops<5] « To combine trees:
yes/ \ no — Average prediction class across trees
— Report class with maximum # of votes

miRNA NOT
56



Random Forests: Combine many decision trees

© Source unknown. All rights reserved. This content is excluded from our Creative
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 Many decision trees:
— Each can select cutoffs and direction of cutoff
— Each feature can be reused multiple times
— Used serially (AND) and in parallel (OR)
 Ensemble classifier
— Bagging: model averaging, combines predictions
— Can take median of predictions

 Advantages: Robustness, Feature importance
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Evidence 1: Novel miRNAs match sequencing reads

Gene rhea Novel-4
|
el S O -
amel ACTTGCCCTTCAARACG- AACTAAT-TGATGGTTCCASTGABATATETTIGATAT TCTTEETTGT TTCAT TCAARAGT TCACCCAGGAATCARACATATTAT TACTETEACCCTERCCAATCTACTARAACACTCAGET
d=im ACTTGCCCTTCAAAACG- AACTAAT -TGATEET TCCASTGAGATATGTTTGATAT TCTTGETTGTATCAT T CAARAGT TCACCCAGGAATCARACATATTAT TACTSTEACCCTCRCCAATCTACTARAACACTCAGCT
d=sec ACTTGCCCTTCAARRATG- AACTAAT-TGATEGT TCCARTGARATATGETTTGATAT TCTTGETTET TTCAT TCAARAGT TCACCCAGGAATCARACATATTAT TACTETEACCCTCRCCAATCTACTARAACACTCAGET
dyak ACTAGCCCTTCAARACG- AACTAAT -TGATEETTCCASTGARATATETTTEATAT TCTTRETTAT TTCAT TCAARAGT TCACCCAGGARTCARACATATTAT TACTETEACCCTCECCAATCTACTARRACACTCAGET
derTe ACTAGCCCTTCAAATCG- AACTAAT-TOATGGT TCCARTGAGATATE T TTGATAT TCTIGETTET TTCAT TCAARAGT TCACCCAGGARTCARACATATTAT TACTETAGCCTTCRCCAATCTACTARAAACACTCAGECT
dana ACTCGCCTCTCCAAACACARCTAAT -TGATEET TCCARTGAGATATETTTRATAT TCTTEETTAT TACAT TCAARAGT TCACCCAGAAATCARA CATATTAT TACT GTEAC TCTCRCCAATCTACTARAATACACAGET
dpEe ACCAACCCA-----ACG- ARCTAAT-TOEEGATTCCASTGAGATATAT TTEATAT TOTTEATTAT TACAT TCAAGAGT TCACCCAGGAATCARACATATTAT TACTCTEATACCCOGAAATCTACTARA - - COCCCARR
dper ACCAACCCA-----ACG-AACTAAT-TOEGSEATTCCASTGABATATGTTTGATAT TCTTGETTGT TACAT TCAAGAGT TCACCCAGGARTCARACATATTAT TACTSTSATACCCGEAAATCTACTARA - - COCCCARA
awil ATCTECCCACAARAACG- AACTAAT-TOATGGTCCCARTGABATATATTTEATAT TCTTGET TG T TACAT TCAARAGT TCACCCAGGARTCARACATATTAT TACTETEAT CETCEE-AATCTACTARARRACCRAATTCT
amo] AACTACCTATCC- -ACT- ACCTCATCTAACGAT TCCASTGAGATATGTTTGATATTCTIGGETTET TACAT TCAARAGT TCACCCAGGARTCARACATATTAT TACTSTSAT COCT TAAACTCTACTAARAACGRAACTA
davir AATCAAACTACC--CCC-CACTCATCTAATGAT TCCASTAAGATATGTTTRATAT TCTTGETTET TACAT TCAARAGT TCACCCAGGAATCARACATATTAT TACTSTEAT TGTTSAAACTCTACTARA- - CCAACCAA
dgTl ACCAACCAR-CT--ACC-CACTCATCTAATGATTCCASTGAGATATAT T TGATAT TCTTRATTAT TACAT TCARRAGT TCACCCAGGAATCARACATATTAT TACTCTEAT TETTGAAACTCTACTARARACARATCOMA
LR SR A B R e e T e S SR I I B [ B 5 30 515 1 (5 1 U K o RN O [ -32.40
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AR R R EE AR R RS AR R RN R R R R R R R R R AN R R R R R R R e R R R R L R R R R A R A R R R R R R R R R R A R R A R R R R R R R AR R R R R R R R RS R R R R R R R R R ]
R RS LR E RS RIS AR E R AR RS R R R R IR R RRR R R R AR R R R R R Rl R e R E R e R R R R R R AR R ERRE R R R AR SRR R R RS R R RS R AR AR R RN R R RS R R RNl R RS RRELRRRREREES)
AR RN EEE R R R R R R R R RS R R R R R R RN R R RS R R R R R R R R R R R R R E R I L R R R R A R R R R R R R N R R R A R R R R A R R R R E A RS R R R AR R R AR R R EE R R A AR E L AN R E RS}
*RE LR R R ww ISR E SRS R R AR R RS R R R R RS RREEREEE RN SRR R SRR R R R RS I AR R EEERER R R ERE S R RS R E AR R R RN SRR SR R AR R R RN EEES] IES R R S ERENS ] LS *w e
* * R W * AR SRS EEESREREEE R R (IR R RS SRR RN SR A RS R R R SR RN RS R AR R RS AR R AR R R R RS R R RS R S R R R R R R R S RN RS R AR R R R LS IS R R SR EESS W *
LR *h W o " ISR EEE R R EE R R LR R RS S R RS e R R e R R R R R R AR R RS A R R R R R R RS RS R R A R e R AR R R R R S R AR R R AR R LS LB SR RS S SR ERS] w
* * " * LR SR B R * * w IR R RS R E RS R AR SR R E R SRR R RS R RS R E R NS ISR R SRR R R RS R EEE R RS R RS R R ER SRl R RS R RERRE] " ¥ REF AR RAN W
* * ok w W R R L3 W (IR E S R RS S R S S R RS R R R R R E R R RS IS R EE R EEEEEEE S SR S R R SR R R R SRR SR EE RS R R D] w w PR R RS SRR R
* * W * ok w w W LR R RN R N e R e R R R R R R RS R IR AR B RN AR R R R R E SR S E R R S R R R R R RN S R R R RN i AR RN E R RS
GATGGTTCChGTGhGhThTGTTTGATnTTCTTGGTTGTTTChTTCAhhAGTTChCCCnGGAhTChthhThTTATTACTGTGﬁCCCTC
§ 0o b .rH-’[IHLIlHll-:-:l o 4 ) L O TP AU TPNPPPRO RO I | e o b 8 e s e T T [
ABATATGTTTGATATTCTT
JU ABATATGTTTGATATTCTTO
46 AGATATGTTTGEATATTCTTGE
11  AGATATGTTTGEATATTCTTEET
1  AGATATGETTTGATATTCTTEETT P 348 d
« reads
34 AGATATGTTTGATATTCTTREETTGT
1 AGATATGTTTGATATICTTGETTGTT
1 GATATETTTGATATTCTTEET
2 GATATGTTTGATATTCTTGGTTG
1 ATATGTTTGATATTCTTGETT 16 reads
1 TATGTTTGATATICTTEETTS
1 ATGTTTGATATTCTTEETTS
1 TETTTEATATTCTTEETTS
1  ACCCAGGARATCAAACATATTATTA
1 CCCASGAATCAAACATATTAT
7 COCAGGAATCARACATATTATT
L0 PR O IR (e e F T 70 5T 0 I 0 1 O T T 1 e R I B
R b B I L = GnTPGTTCCAGTPAGATnTGTTTGATnTTCTTGGT:rc:TTTCATTCAAAAGTTcnf‘c-::hPGuTPnuchATTnTTnCTGTGnCCCTP
uby, Bartel, Lai

© Source unknown. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/fag-fair-use/.
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Evidence 2: Genomic properties typical of miRNAs

NOVE| 30 Gene cdc2c

T A0 A

 Novel miRNAs in introns of known genes
* Preference for + strand, transcription factors

NUVE| 29 mlR 11 Gene Eof

(A0 . AN A

« Genomic clustering with novel / known miRNAs
« Same family, common origin / same precursor

© Source unknown. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/fag-fair-use/.
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Two ‘dubious’ protein-coding genes are in fact miRNAs

Two novel miRNAs overlap exons (5’UTR and coding!)

URGLL  LAMARI L RAGIARL L
U LARGRG] A KR LRAK..

© Source unknown. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/fag-fair-use/.

« Both CG31044 and CG33311 were independently rejected as dubious
based on their non-protein-coding conservation patterns (Lin et al.)

 Novel miRNA genes provide explanation for their transcripts, as
their precursor miRNA
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Comparative genomics |I: Evolutionary signatures

* Nucleotide conservation: evolutionary constraint
— Purifying selection, neutral branch length, discovery power
— Detect constrained elements: nucleotides, windows, HMM
— Estimate fraction constrained: signal vs. background

« Evolutionary signatures: focus on pattern of change
— Different functions < Characteristic patterns of evolution

« Signatures of protein-coding genes
— Reading-frame conservation, codon-substitution frequency
— Likelinhood ratio framework: Estimating Q-Q, scoring
— Revise genes, read-through, excess constraint regions

« Signatures of microRNA genes
— Structural and evolutionary features of microRNAs
— Combining features: decision trees, random forests

— Sense/anti-sense miRNAs, mature/star arm cooperation =




Surprise 1: microRNA & microRNA* function
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Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.

Both hairpin arms of a microRNA can be functional
— High scores, abundant processing, conserved targets

— Hox miRNAs miR-10 and miR-iab-4 as master Hox regulators
Stark et al, Genome Research 2007 ¢
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Evidence of miR-iab-4 anti-sense (AS) function
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© Cold Spring Harbor Laboratory Press. All rights reserved. This content is excluded from our Creative Commons license. For more information,

see http://ocw.mit.edu/help/fag-fair-use/.

Source: Stark, Alexander et al. "A single Hox locus in Drosophila produces functional microRNAs from opposite DNA strands." Genes & development

22, no. 1 (2008): 8-13.

« A single miRNA locus transcribed from both strands
 The two transcripts show distinct expression domains (mutually exclusive)
« Both processed to mature miRNAs: mir-iab-4, miR-iab-4AS (anti-sense)

» Stark et al, Genes&Development 2008
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miR-iab-4AS leads to homeotic transformations
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© Cold Spring Harbor Laboratory Press. All rights reserved. This content is excluded from our Creative Commons license. For more information,
see http://ocw.mit.edu/help/fag-fair-use/.
Source: Stark, Alexander et al. "A single Hox locus in Drosophila produces functional microRNAs from opposite DNA strands." Genes & development
Mis-expression of mir-iab-4S & AS:
alteres>wings homeotic transform.
Sense/anti-sense pairs as general \ / | T
building blocks for miRNA regulation +

22, no. 1 (2008): 8-13.
Stronger phenotype for AS miRNA .—
10 sense/anti-sense miRNAs in mouse Stark et al, Genes&Development 2008 o
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Comparative genomics |I: Evolutionary signatures

* Nucleotide conservation: evolutionary constraint

— Purifying selection, neutral branch length, discovery power
— Detect constrained elements: nucleotides, windows, HMM
— Estimate fraction constrained: signal vs. background
Evolutionary signatures: focus on pattern of change
— Different functions < Characteristic patterns of evolution
Signatures of protein-coding genes

— Reading-frame conservation, codon-substitution frequency
— Likelihood ratio framework: Estimating Q-Qy, scoring

— Revise genes, read-through, excess constraint regions
Signatures of microRNA genes

— Structural and evolutionary features of microRNAs

— Combining features: decision trees, random forests

— Sense/anti-sense miRNAs, mature/star arm cooperation
Measuring selection within the human lineage
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Mammalian constraint matches Human SNPs
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© Source unknown. All rights reserved. This content is excluded from our Creative
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Human SNPs match mammalian-wide twofold constraints
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Mammalian constraint matches Human SNPs
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Human polymorphism B
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A->G polymorphism | A->C polymorphlsm A->T polymorphlsm A G C Trucleotides

- ancestral allele

* derived allele (G,C,T)

—- increase in frequency
transition (A->G)

-= transversion (A->Q)

== transversion (A->T)

Cumulative probability

0.5 10

11 statistical probability

© Source unknown. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.

Genome-wide agreement of selection and polymorphisms
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Human constraint outside conserved regions

Active regions Average
diversity
(heterozygosity)

Conserved

Aggregate over

the genome

© Source unknown. All rights reserved.

This content is excluded from our Creative
Commons license. For more information,

see http://ocw.mit.edu/help/fag-fair-use/.

» 6.8 \
 Non-conserved regions: « Conserved regions:
— ENCODE-active regions — Non-ENCODE regions
show reduced diversity show increased diversity

=» Lineage-specific constraint in  =» Loss of constraint in human
biochemically-active regions when biochemically-inactive,


http://ocw.mit.edu/help/faq-fair-use/

Strongest: motifs, short RNA, Dnase, ChiP, IncRNA

Mean frequency of derived alleles :
Feature 0.190 = 0.200 = 0.210 Extent Comparison
Protein coding (ND) | | |3 MB
Protein coding (all) | 5MB
UTR | 20 MB
GENCODE TSS | 172 MB
annotatlﬂns Intron I 725 MB
CDS (fourfold) | 1MB
Repeat I 680 MB
Intergenic I 776 MB
I Bound motifs | 3 MB
Novel short RNA | 2 MB
EN.C.DDE DNAse | 310 MB
EC'tIVI'I’y’ FAIRE | 239 MB
ChIP I 113 MB
Novel long RNA | 882 MB
Non-ENCODE | 466 MB
_ Transcribed I 302 MB
Chromatin Promoter | 47 MB
states Enhancer | 285 MB
Insulator | 35 MB
Inactive chromatin I 954 MB

© Source unknown. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faqg-fair-use/.

+ Significant derived allele depletion in active features -
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Bound motifs show increased human constraint
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© Source unknown. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/fag-fair-use/.

Position-specific reduction in bound motif heterozygosity
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Most constrained human-specific enhancer functions

Transcription initiation from Pol2 promoter| !
Transcription coactivator activity

Transcription factor binding

Chromatin binding ,

Negative requlation of transcription, DNA-dependent |
Transcription factor complex !
Protein complex

Protein kinase activity

Nerve growth factor receptor signaling pathway
Signal transducer activity

Protein serine/threonine kinase activity |
Negative requlation of transcription from Pol2 prom |
Protein tyrosine kinase activity .1, o1s o010 o020 o021 o2z oz
|n utero embryonic deve|opment © Source unknown. All rights reserved. This content is excluded

from our Creative Commons license. For more information, see
http://ocw.mit.edu/help/faq-fair-use/.

Regulatory genes: Transcription, Chromatin, Signaling.
Developmental enhancers: embryo, nerve growth
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Comparative genomics |I: Evolutionary signatures

* Nucleotide conservation: evolutionary constraint

— Purifying selection, neutral branch length, discovery power
— Detect constrained elements: nucleotides, windows, HMM
— Estimate fraction constrained: signal vs. background
Evolutionary signatures: focus on pattern of change
— Different functions < Characteristic patterns of evolution
Signatures of protein-coding genes

— Reading-frame conservation, codon-substitution frequency
— Likelihood ratio framework: Estimating Q-Qy, scoring

— Revise genes, read-through, excess constraint regions
Signatures of microRNA genes

— Structural and evolutionary features of microRNAs

— Combining features: decision trees, random forests

— Sense/anti-sense miRNAs, mature/star arm cooperation
Measuring selection within the human lineage
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