Large Scale Sequence Analysis with
Applications to Genomics

Gunnar Ratsch

Friedrich Miescher Laboratory, Max Planck Society
Tibingen, Germany

Talk at CSML, University College London
March 18, 2009

Gunnar Ratsch (FML, Tibingen) Large Scale Sequence Analysis March 18, 2009 1/67



Friedrich Miescher Laboratory
of the Max Planck Society

Discovery of Nuclein:

o from lymphocyte & salmon
e “multi-basic acid” (> 4)

“If one ...wants to assume that a single substance ...is the specific
cause of fertilization, then one should undoubtedly first and foremost

consider nuclein” (Miescher, 1874)
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Friedrich Miescher Laboratory
of the Max Planck Society

150000 of the DNA of C. elegans
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AAGCCTAAGCCTAAGCCTAAGCCTAAGCCTAAAAAATTGAGATAAGAAAA
CATTTTACTTTTTCAAAATTGTTTTCATGCTAAATTCAAAACGTTTTTTT
TTTAGTGAAGCTTCTAGATATTTGGCGGGTACCTCTAATTTTGCCTGCCT
GCCAACCTATATGCTCCTGTGTTTAGGCCTAATACTAAGCCTAAGCCTAA
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CTAAGACTAAGCCTAAGACTAAGCCTAAGACTAAGCCTAATACTAAGCCT
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Research Topics

Friedrich Miescher Laboratory

@ Inference methods for structured data

e E’ = Develop fast and accurate learning methods
£ C
0 B
§§ @ Convergence properties of iterative algorithms
=> Boosting-like algorithms and semi-infinite LPs
6 Genome annotation )
= Predict features encoded on DNA
] o
§§ @ Biological networks
< g => Understand interactions between gene products
s
© Analysis of polymorphisms
Y = Discover polymorphisms and associate with phenotypes )
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Research Topics

Inference methods for structured data
=> Develop fast and accurate learning methods

Convergence properties of iterative algorithms

=> Boosting-like algorithms and semi-infinite LPs

Genome annotation
=> Predict features encoded on DNA
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Biological networks

=> Understand interactions between gene products

Analysis of polymorphisms

= Discover polymorphisms and associate with phenotypes

J
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Inference Methods for Structured Data

Friedrich Miescher Laboratory
of the Max Planck Society

© Large scale sequence classification
with Sonnenburg (Fraunhofer, Berlin) & Schélkopf (MPI Biol. Cybernetics)

GC Content before '‘AG'

GC Content after 'AG'
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Inference Methods for Structured Data

© Large scale sequence classification
with Sonnenburg (Fraunhofer, Berlin) & Schélkopf (MPI Biol. Cybernetics)

@ Analysis and explanation of learning results

with Sonnenburg (Fraunhofer, Berlin)

GC Content before '‘AG'

GC Content after 'AG'

Gunnar Ratsch (FML, Tibingen)
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Inference Methods for Structured Data

Friedrich Miescher Laboratory
== of the Max Planck Society

© Large scale sequence classification
with Sonnenburg (Fraunhofer, Berlin) & Schélkopf (MPI Biol. Cybernetics)

@ Analysis and explanation of learning results
with Sonnenburg (Fraunhofer, Berlin)

© Sequence segmentation & structure prediction
with Altun (MPI Biol. Cybernetics)

GC Content before '‘AG'
k-mer Length
Log-intensity

transcript

-30 -20 -10 O
Position 0

GC Content after 'AG'
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Friedrich Miescher Laboratory
of the Max Planck Society

Computational Genome Annotation

Simplest formulation:
@ Given a DNA sequence x € {'A",'C','G','T'}t
o Find the correct label sequencey = y1y> ...y
(y; € Y = {"intergenic’, “5' UTR", “coding”, “intron”, ... })
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Friedrich Miescher Laboratory
of the Max Planck Society

Example: C. elegans (I: 43,500 - 52,050

CAGGTAGCTTCAGCATCTAAGCAGC CTGTAATCCATCATATTACATTGOCCACTTTCACCGCTGCTTGCCCACTGAATAC °AC
GCTGAGACTACCTGATTTTCATAACGAGACOGC TTCAAC “GAAAATCTCGACTTTTTCACC CTCAAAACTTTTTCAGCGGTC
TGCCARAACGATTTTC TGTATTCAGTGGGCARGCAGC YGGGAATACAAAACCTARACTTTTTCTGAAACATGATAC TTARAT
TCCTCACGAGGGAC TAGGOCATGGCCGAGGGGCCGACAAGTTTCATCGGCCATTTATCTTGC CGCCTGITTTCTTTCGTTTTICACAGCTTTTTCCCATTTTTTC
GGC TCGCCACGATGTATC TAAATTGCCATGTCGTGACGAGACCCTCIC ‘ACTGCAACTTTT
"GTGACGAGACCCAC TTIC “CCTCC ACARAC
GIGCTGARACCTATTTC JGATAAATC OGAC TTTC; CCACATGOGCC C
¢ TGATCGCTGCGATCC CC TCC YGATTC JGOGGAACACGGACCAATTCARGCGGX
TIX "GCTTTTTTCOGTTTTCGAAC TAGGCGGGGCTCAGGCACCCATCTACCTAC TGCATCARCCGAACGGCOGTCTCGCATTG
GoCecs oe TTCGAACCAAAAGTTCGCAAAAAC TCTCACACAGATTGACGCGC C "CCCGCCCC "CAAAT
"GCGGTGOGGTTC CAC ACTC TTTCTTGCARGACCTACTGCAATTTC “CGAATTTTC ccc
TTCTGAAGC C SCGAGTTGC C \AGTARGCAC
TIC TTCGTGCTTGGRGCCC X C "GOGTGGCC & AGTT
TACCGATTGATCCGC TAGACACGCCCACACGGTTTTACGAGAAGC GTTTTTCGIGTCGGGACCC GOGOGGC \ACCTTTTC
TGATCTCTCTICARARATCGC AAATGTC X XCTTC o "COGATCCCGAACTGCCGGGA
CTGC TTGTTIC YGATTGCTTCGCGAGACCCARACTCACACATTTACC X T
TC AC X TATTTIC ACTGATTTTCTATATTCTGCCACTARAGCTTAAARACTTGCCCTGC
GACGAC 2 GATCACTCACTTGTTCACTTATCACTICK “CTCCAGTGATTCC “CAGTTTTGC! X GOl “AT
TACTTICIC T TTCCAGARAACAGTCCATTTTCCAGGCACGTTCGAGTCCTTGGACCCCAGCGATCTCGTGTCTCCACAACGAATCGAATATTCACCGGAGAACCACACGGACCGATTCCC ACT
AAAAAATCGAAAC X C TC CTARAATTCARA
(CGAAGCAGGCGTAGGTCGCCTOCK ¢ “CTGGTCCCAGCACGAATGCTATTTTTC CGAGCCT! CACG
‘ACAATTTGICC TTATTCCG TC C TCAGACCTCGTAGGC!
TTTC AATTTCCAACTARARTC TTTIC Ar\"w‘nn AAC “AACAATTTTT
"CGAATOGC TTCARGTAC AGAATCATC IC GG
AC JGACTTTCAAC “AGAATIC TCTCACC T ARAC AR AT ABCEROO0 TTTATCGATTTACGCGAC!
AAGCTTTTTC! JGTGCCGAGACCCATGTCCTTTTARACTTC CC TTTTGGCCCARAACCTCCARAARGT
AC TAGCTTTTIC TGAC CAAACTGTC TATTTTICACIT TCTGC YGAGGARAC
CCGIC: TTTTTCAAACK ‘AATGAAACACTGAATATX TC CTAAARAACGGCGATTTTTCACTAGCTT
GGCATCGACGAGCTCCTATCCGACE AGCGATGGOCCGCAGCOGCACACGATTCTTCTAGAATTCC “CGACGTGGC YGACGAGTCTTATAC
ACACACCGTTGCTCGATATATCTTCTCAGGC GCTTTCC "CGACTTTC "GAAATTACTTC IC "GAATTCTTTCAGGATTC
AAAGTCGTTGCTCGTAC TTTTCACATX TCCTCCATTTTTCCAGTARATC “GACGAGACAAAGCTGACCGACGGOGCAAGCGGCTGGETGOCGAGTATCCCGACAGATATCGATTCARAAG
« GATTTTTCAACCTATTTIC TCOGTGC GGC "GGTGCAG
GGCCTGC! ACACARACCGTANTCCCCTTOGCGCTAAACAACACGOGCAACGATGCTCCGCTTGAGGAL TC ACT
GCC “ACCGCAGCGCGTGC AGCATTTGCGOGTGAC “ACARATTACACCGAATGGTCGAGCTC \CACGTGCACAC CC
ACGCCCGC TTTCTTTGC “CTTTGTC ACACC \TTCAGCTCGACCAACGCCTC GGC
OGRARAC TGOGTCTCTTTTCCCGCATTTTTOGAAGATC TTTCTGACTCCAC YGACGGACCCTGCCC TCGGGCAC
TAACAGACGGAACGACTCC T \ACACGTTGIGTCAGGCTGTCTCATTGC TAC C “GTCAGCACGCTCTTAACCATG
TTTTCGGACCC AGCAC TGC TAC AGCAC TTGC GATTAIC T
GTAACAARAAGACCCAGTAATTCAATTACTTIC ARAAAATCATC C: TTTCAAGTGACTCTTIC AGEAC TGCTGCACTAT
TGCAGCAC TGICGTACTACTGGAGACTGCAGC "GAACGGCTACTGIC AC “ACAAARGC AGAAATTC TATTGCGAACTTTT
\ACGOGCAAAAACCARATTCAGC JGGTGTTTC GG (CACGTACCGTATATTCTCTATCTAATTTOCAGGIC
TTTIC TACGACAGAACIC AC \ACTGOGGGACTCCTCC TCACATGCIC AACCTC
\ACCACACTTGCACCGAACTGC TTTACC TCOGCTTTTTACTC TGAGC TTOGCGGGARAC GAGAC TC e
GICATAGCAANTC] AGAGCTAGTC TAGCTAGIC CCTAGIC "AGAGCTAGGC YGTGGTTACTCCGAGT
GGTTGAC TAAGC TCTAC C “GTTTCCTAC YCCCTTTIC ‘AGARTCAK
TGGCAGGTTGCCACTAACCTGACGCGGTTTACC JGGCGCGTGCATAGC TAGTAATCAGAAGATCGGGGTTCGGGARACGGCAGGRGC TATGAAGCAGGGCGAAG
“CTAATACGGAATY CTGACACAAACCTGACGTTGACCTGTTGCCGGCOCGOGGCGECTTAGTGTCARCTTGACAGOGGETOGCGAT TICACCTGCCAGTTGTTCTCCATTCAGCAGCCAGCGACCTGC
CCAGATATC TTCTTATCAGAAGCTG! GGTTGAC TTTCGACC "CACTGCC AGT
GOGRRAC TGGTTATC TTIC AAAC TACTACGGGCGTGAAG
TCAAATCAGGATTCARATCCARGACAACTCGAACGCATTCCAAAGATCGTATCATAACGATCCACAACCTTCATCAGCCGAAGAAC TGAGTACGGAGCTCABRATGCCTTAAG
AT GCGGAGCCCACCAGGATCAACCATTANTOGCAACACTCTTCCGCARTCACATICH CACTCTATTTCTGTGCGAGAAC \AGSCTCGAACTGCGG
TTTATTCCC! TTCAGGTGCCACTGC \ACCGCTTCGCTTCATCAATGCTC TATTCARAAC “ACTGTTTCCGTTCAGAGGTCATCARCCAAGTTCTTCATGTIC
C YGTGAAC \TGGGCARRAC "CGATGGAACTATGACTGCARAGGCTTGTTC “CTAC TCTCTCG
AAC] JGICTICTAGTGATCATACTTTTOGOCAGATTOCC YGGAARAC GAATTCGTTICATC ‘ACTAGCAAT
\AGTTCACCGATTCTCGARACACAGTCATCTGGCOGGTGCGGAACTTGACGARGTTAC YGAGC TAGCGAC TCAGAAGTACCARATGTCTTATCTAT

C TGC TGCCCATIC TTCCAAC "GARAC “CTC GGARAG
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Example: C. elegans (I: 43,500 - 52,050

Friedrich Miescher Laboratory
of the Max Planck Society

CAGGTAGCTTCAGCATCTARGCAGC "CTGTAATCCATCAT

T TACATTGCCCACT T ICACCACTGCTTGOOCACTCARTAC
CCTGAGACTACCTGATTTCATANCGAGACORC TTCAAC “GAAAATCTCGACTTTTTCACCK \ACTTTTTCAGOGGIX
\CGATTTTC TGTATTCAGTGGGCARGCAGC YCGGAATACAARACCT! AA('v'r'm'mrm ACATGATAC TTARAT
TCCTCACGAGGGAC TAGGCCATGGCCGAGGGGCCGACAAGTTTCATCGGCCATTTATCTTGC, CGCCTGTTTTCTTTCGTTTTTCACAGCTTTTTCCCATTTTITC
GGC TCGCCACGATGTAIC TAAATTGCCATGTCGTGACGAGACCCTCIC ‘ACTGCAACTTTT
"GTGACGAGACCCAC TTIX CCTCC ACARAC
GIGCTGARACCTATTTC "GATARATC \COGAC! “ATTTC] CCACATGOGCC C
TGTAGTC TGATCGCTGCGATCC JOGAAAAATCC T1C JGOGGAACACGGACCAATICARGCGGOE
mmmmmm\"r C TAGGCGGEGCTCAGGCACCCATCTACCTAC TGCATCARCCGAACGGCGTCTCGCATTG
GoCecs AATTCGAACCAAAAGTTCGCARARAC TCTCACACAGATTGACGCGC "CCCGCCCC "CAAAT
SCETE0C0TTe C ACTC? TTTCTTGCARGACCTACTGCAATTTC “CGAATTTTC ccC
TTCTGAAGC C JGAGTTCC "GTGGCTTTTTCAGTAAGCAC
TIC TTCGTGCTTGGRGCCC GOGTGGCC YOGOOCCTIC AGTT
TACCGATTGATCCGC TAGACACGOCCACACGOTTTTACGAGABCC GTTTTTCGIGTCGGGACCC GOGOGGC TCCARACCTTTTC
TGA CCGATCCCGAACTGCCGGC
TTGTTIC X mrmmx:u‘mr ACTCACACATTTACK X
AC TATTTIC ACTGATTTTCTATATTCTGCCACTARAGCTTAAARACTTGCCCTGE
GATCACTCACTTGTTCACTTATCACTICK "CTCCAGTGATTCC “CAGTTTTGC! X A
TACTTICIC T TTCCAGARAACAGTCCATTTTCCAGGCACGTTCGAGTCCTTGGACCCCAGCGATCTCGTGTCTCCACARCGAATCGAATATTCACCGGAGAACCACACGGACCGATTCCC ACT
cce) AAATCGAAAC X C TC CTAAAATTCAAA
CGAAGCAGGOGTAGGTCGCCTCGC ¢ CTGGTCCCAGCACGAATGCTATTTTIC CGAGCCT! CACG
GARAGGCC CACAATTTGTCC TTATTOCC TC C TCAGACCTCGTAGGC]
TTTC AATTTCCAACTARRRTC TTTIC r\"v\" AAARAC “AACAATTTTT
"CGAATOGC TTCARGTAC AGAATCATC IC yee
ACI 'GACTTTCAAC “AGAATIC TCTCACC T ARAC AR AN T ABCCROO0 TTTATCGATTTACGCGACARA
AAGCTTTTTC! YGTGCCGAGACCCATGTGCTTTTARACTTC CC TTTTGGCCCARAACCTCCARAAAGT
AC TAGCTTTTIC TGAC CARACTGTC TATTTTTCACTTAAAATCTGC YGAGGARAC
CCGTC TTTTTCAAACK ‘AATGAAACACTGAATATX TC CTAAANAACGGCGATTTTTCACTAGCTTTIC
GGCATCGACGAGCTCCTATCCGAC AGCGATGGOCCGCAGCOGCACACGATTCTTCTAGAATTCC CCGACGTGGCT TC T.AFGA{‘R‘T'T‘ \TAC]
ACACACCGTTCCTCGATATATCTTCTCAGGC 'GCTTTCC JOGACTTTC TTACTTCTT! GGATTC
AAAGTCGTTGCTCGTAC TTTTCACATC TTTTTCCAGTAAATC CACGACA AT GACSECECANGCGACTGARTECCGAGTAT CCGACAGATATCGATTCARAG
« TTTTTCAACCTATTTICAATTAATCCGTGC? TC TC GGC "GGTGCAG
GGCCTGC! “ACACAAAACOGTAATCCCCTTCGCGCTAAACAACACGOGCAACGATGCTCCGCTTCAGRAC TC ACT
GCC ~“ACCGCAGCGOGTGC AGCATTTGCGOGTGAC ‘ACAAATTACACCGAATGGTCGAGCTGAAAACACGTGCACAC e
ACGCCCGC TTTCTTTGC “CTTTGTC ACACCACGIGT! ACGCCTC GGC
OGRARAC TGOGTCTCTTTTCCCGCATTTTTOGAAGATC TTTCTGACTCCAC YGACGGACCCTGCCC TCGGGCAC
TAACAGACGGAACGACTCC T ACACOTTGTGTCAGGCTOTCTCATTE TAC X “GTCAGCACGCTCTTAACCATG
TTTTCGGACCC AGCAC TGC TAC AGCAC TTGC "GATTATC T
GTAACAARAAGACCCAGTAATTCAATTACTTIC ARAAAATCATC X TTTCAAGTGACTCTTIC AGEAC TGCTGCACTAT
TGCAGCAC TGICGTACTACTGGAGACTGCAGC "GAACGGCTACTGIC AC “ACAAARGC TTC T GAACTTTT
ARACGCGCAAAAACCAAATTCAGC JGGTGTTTC GG "CACGTACCGTATATICTCTATCTAATTTCCAGGTC
TTTIC TACGACAGAACIC AC \ACTGOGGGACTCCTCC TCACATGCIC \ACCTC
AAARCCACACTTGCACCGAACTGC TTTACC TCOGCTTTTTACTC TGAGC TTOGCGGGARAC GAGAC TC e
GICATAGCAANTC] AGAGCTAGTC TAGCTAGIC “CTAGTC "AGAGCTAGGC YGTGGTTACTCCGAGT
IT TAAGC TCTAC C “GTTTCCTAC YCCCTTTIC ‘AGARTCAK
TGGCAGGTTGCCACTAACCTGACGCGGTTTACC YGGOGOGTGCATA TAGTAATCAGAAGATCGGGGTTCGGGARACGGCAGGRGC TATGAAGCAGGGCGAAG
“CTAATACGGAATY CTGACACAAACCTGACGTTGACCTGTTGCCGGCOCGOGGCGCCTTAGTGTCAACTTGACAGCGGGTCGCGATTTCACCTGCCAGTTGTTCICCATTCAGCAGCCAGCGACCTG
CCAGATATC TTCTTATCAGAAGCTGAATCATTTCCGGTTGAC TGTGT GACC "CACTGCC AGT
GOGRRAC TGGTTATC TTIC AAAC TACTACGGGCGTGAAG
TCARATCAGGATTCAAATCCAAGACAACTCGAACGCATTCCARAGATCGTATCATAACGATCCACARCCTTCATCAGCCGAAGAAC T TGAGTACGG!
ANGOGGAGOCCACCAGEATCARCCATGTARTCGCARCACTCTTOCGGARTCACATTGH CACTCTATTTCTGTGCGAGAAC “AGCACAAAGSCTOGAACTGCGGAAGCTCGCGC
\TTTATTCCC! TTCAGGTGCCACTGCAAAAAACCGCTTCGCTTCATCAATGCTC TATTCARAAC ACTGTTTCCGTTCAGAGGTCAICAACCARGTTCTTCATGTTGAA
AC YGTGAAC \TGGGCARRAC "CGATGGAACTATGACTGCARAGGCTTGTTC “CTAC TCTCTCG
AAC] GTCTTCTAGTGATCATACTTTTCGCCAGATTCCC CGGARRAC GAATTCGTTTCATC \CTAGCAAT
\AGTTCACCGATTCTCGARACACAGTCATCTGGOGGTGCGGAACTTGACGAAGTTAC YGAGC TAGCGAC TCAGAAGTACCARATGTCTTATCTAT
C TGCCCATIC TTCCAAC GARAC CTC GGARAG
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Example: C. elegans (I: 43,500 - 52,050

Friedrich Miescher Laboratory
of the Max Planck Society

CAGGTAGCTTCAGCATCTAAGCAGC] TT TTTTGTATTCCTGTAATCCATCATATTACATTGCCCACTTTCACCGCTGCTTGCCCACTGAATAC TTTTTCACTTGGAAATTGTTTTAGC
GCTGAGACTACCTGATTTTCATAACGAGACCGC “AARATTCAAC “GARAATCTCGACTTTTTCACC CCTCARAACTTTITCAGCGGT
AGATGCCAARACGATTTIC TGTATTCAGTGGGCAAGCAGC (GGGAATACAAAACCTAAACTTTTTCTGARACATGATAC TTAAAT
TCCTCACGAGGGAC TAGGCCATGGCCGAGGGECCGACAAGTTTCATCGGCCAT TTATCTTGCT TG TTTICCGCCTGTTTICT TTCGTTTTTCACAGCTTTTTCCCATTTTITC
'GGC TCGCCACGATGTATC TAAR TGTCGTGACGAGACCCTCIC \CTGCAACTTTT
(GTGACGAGACCCAC TTTC CTC CARACTTT T
SISCIGARACCIATTIO GTCAR? CGATAAATCH OGAC TTIC CCACATGCGCC
CTGTATTTGGGCGAAGGAGATCTCGA A TCTGATOGCTGOGATOCGAGRAAGATCOGAAARATCOGAGAT TGAACTCACGATTCTCT TGGAT T TT TGOGOGGAACACCGACCAATTCAAGOGGCGAARG
AAATTCANT T TTTICOCTITTTICOGTPTTOGRAC TAGGCGGGGCTCAGGCACCCATCTACCTAC T u‘\}[E»‘A"PAACTY‘CATCHACCCAI\CGG(‘G’CTC&AT S
Geeees ~CGAAARTTCGAACCAAMAGTTCGCAARARC TCTCACACAGATTGACGCGCT:
G GCGGTGOGGTIC CACARARACTC TTTCTTGCAAGACCTACTGCAATTIC AT ICIGATIRGO00
TTCTGAAGC TCGTTTATTTTICC GAGTTGC CAATTTT TGGCTTTTTCRGTAAGC
TIC TTOGTGCTTGGR0CK X GOGTGACC CGCCCCTIC GTT
OO GO CA G GG T A A OO OO T TTAGAGAAG T TTAGIGOGT TS TGTOSGGALC GCGOGGC CTCCAAACCTTTTC TTTTT
TGATCTCTCTTCAAAAATCC AAATGTC “AGATGGARATTC ATCCCGAACTGCCX
~CCTGC TTGTTIC X mrmvvmx:nrm ACTCACACATTTACK X
X TATTTIC AACTGATTTTCTATATTCTGCCACTARAGCTTAARAACTTGCCCTGL
AATTTCGACGACGAGGATTTTGCCAATTTTATCGATCACTCACTTGTTCACTT (‘u “TTC “CTCCAGTG? “CAGTTTTGC! 2GC
TC TACTTTCIC TTTCCAC \ACAGTCCATTTTCCAGGCACGTTCGAGTCCTTGGACCCCAGCGAT \v\ STCTCCACAACGAATCGAA' 'T‘/AT‘T‘C»("('G’:AC»AFLAC;\LCC;\CCG—\WCF('C:\'T‘AFD\I*HT:\'T'CFC'T‘
TCGAAAC % C T TTT
TC; CTGGTCCCAGCACGAATGCTATTTTIC CGAGCCT hocRce
TITICACATTTSICCATIT TTATTOCC TCGTTCTTTTTTTTT TTTARAATTGCC TTATTCTCAGACCTCGTAGGCA
TTTCCAACTAARATCTTY TTTTCARARAACCIC C “AACAATTTTT
AACCGAATCGCGTTTTTTGGCTTCAAGTACAAGTTATTCAGAATCATCAAAATGGGAGAGATACTCATATAAGCTAGAG AGANCG ATTGCC CGG
GACTTTCAAC AGAATTCAAGTARARATGGGTTCATCTCACCAGGATATATTTTTCCGTCAAACACAAACATTCAACGAGCCCCAGGGATGGACATTTATCGATTTACGCGACA
1-\1-\u|uul SCTCOCGAGACCCATCTGCTTTTARACTIC C TTTTGGCCCAAAACCTCCARARAGT
TAGCTTTTIC TGAC CAAACTGTX TATTTTTCACTTAAATCTGCARTTTTT GAGGARAC?
CC TCAARGTTAGC TTTTTC AC( \TGJ \CACTGAATATCT? \CGGCGATTTTTCACTAGCTTTTC
GGCATCGACGAGCTCCTATY (((m(‘}( (T‘T‘(A(,uk—\l.u TGGCAAAGCGATGGCCC n((((»(A( CACGA! I S Il IHJ\HT’TK( CAGAAAAAGACCGACGTGC TGATGATGTTCTATTTGGATTTTA OGACGAG! ('T‘Tl\'T‘l\ CA
ACACACCGTTGCTCGAT TCTCAGGC TGGGCGCTTTCCAGTTGTA? TTTCCGACTTTC] G \TTACTTCTT! T XC
AAAGTOGTTGCTCGTAC T TTCACATCAAAATCCTCCATTTTTCCAGTAARTC GACGAGACARAGCTGAGOGACGGCGCARGCGGCTGAGTC TATCOCGACACATATCGATTCARAAG
I GATTTTTCAACCTATTTICAATTAATCCGIGC T IC Sees GGTCCAG
GECCTGC ACACAAAACCGTAATCCCCTTCGCGCTAAACAACACGOGCAACGATGCTCCGCTTGGGRAC TC
G “ACCGCAGCGCGTGC “AGCATTTGCGCGTGAC ACAAATTACACCGAATGGTCGAGCTGAAAACACGTGCACAC ¢
ACGOCOGC TTTCTTTGC “CTTTGIX ACACCACGTGTATTCAGCTCGACCARCGCCT GGG
CGARAC TGOGTCTCTTTTCCOGCATTTTTOGAAGATCARAAC TTTCTGACTCCAC JGACGGACCCTGGCC TCGGGCAC
TAACAGACGGAACGACTCC TAAAAACACGTTGTGTCAGGCTGTCTCATTGE TAC ‘ GTCAGCACGCTCTTAACCATG
TTTTCGGACKC AGCAC TGC TAC AGCAC TTGC GATTATC TT
GTAACAARAAGACCCAGTAATTCAATTACTTIC TCATC X TTTCAAGTGACTCTTIC AGCAC TGCTGCACTAT
TGCAC TGTCGTACTACTGGAGACTGCAGC “GAACGGCTACTGIC “AC "AC \AGC CAC TTC TATTGCGAACTTTT
ARAOGOGCAAAAACCAAATTCAK GGIGTTIC G CACGTACCGTATATTCTCTATCTAATTTCCAGGTC
TTTIC TACGACAGAACTC AC ACTGCGGGACTCCTCK ACATGCTC ACCIC
AAARCCACACTTGCACCGAACTCC TTTACC TCCGCTTTTTACTC TGAGC TTCGCGGGARAC GAGACARRATC e
GICATAGCARATC AGAGCTAGIC TAGCTAGIC “CTAGTC AGAGCTAGGC GTGGTTACTCCGAGT
GGTTGAC TRAGC TCTAGARAAC XGTTTCCTAC CCCTTTTC AGARTCAGC
TGGCAGGTTGCCACTAACCTGACGCGGT TTACCTG TG T TATCGGCGCGTGCATAGC T TAGTGGT TICAGGARATGATGCTAGTAATCAGAAGATCGGGGT TCGGGARACGGCAGGGGCTTGAAGGTTRGGTTCTATGAAGCAGGGCGARG
CGGTATATATGGGCCTAATACGGAATCT: \TTTCACCTGCCAGTTGTTCICCATTCAGCAGCCAGCGACCTGE
CCAGATATC TTCTTATCAGAAGCTGAATCATTTOCGGTTGAC TGTGITACTGATTTCGACC ~CACTECC AGTATTCC
c TGGTTATC TTIC ARAC TACTACGGGCGTGAAG
ATCTGAAGAAGCTCAAATCAGGATTCAAATCCAAGACAACTCGAACGC! l\T’TY CAAAGATCGTATCATAACGATCCAC CAGCCGAAGAACATGAGGAAGATATCGTC ,I\A,ulu J,l;ﬂ.,wl'
AATGCGGAGCCCACCAGGATCAACCATGTAATCGCAACACTCTT T AGGCTCGAACTGCGGA
TTCAGC AAAAA( X \CTC IH\'\"F"T‘T\"}-\(‘ \GGTCATCAACC!
A G A A O G A T A A A TR TG TG TSGARCTATGAC T GCARASGC TG TOGSAATSGOCTACGAT IGARTCACTAAGTIACTCICIOS
CTTCTAGIGATCATACTTTTCGCCAGATTCCC ACGATTTGGGACGAATTCGTTTCATCTTGAAGTACACTAGCA
TTGTGGATCAAGTTCACCGATTCTCGAAACACAGTCATCTGGCGGTGCGGAAC STAATTCGAGCAGTAATGAAACTAGCGACGA :\(,A(,(,ul-\.-@\ ,’(D(An(.’T‘A( CAAATGTCTT!

GACGAAGTTACTGAGGATGAATATTC
\TTCCAACTG!

A
TGCCCATIC CAGATCGAAACGATCGAANACCTOGGATAT TACTGATTATGGARAGAAGAGAAAGAATCGGARAG
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Friedrich Miescher Laboratory
of the Max Planck Society

Some Problem Characteristics

@ Genome sequence of 100Mb (C. elegans; yet relatively small)

e Can be interpreted in both directions
e The human genome is 35x larger
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of the Max Planck Society

Some Problem Characteristics

@ Genome sequence of 100Mb (C. elegans; yet relatively small)

e Can be interpreted in both directions
e The human genome is 35x larger

@ Segment boundaries exhibit specific sequence patterns

e Almost every position is a potential segment start
e Many “examples” to classify
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Friedrich Miescher Laboratory
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Some Problem Characteristics

@ Genome sequence of 100Mb (C. elegans; yet relatively small)

e Can be interpreted in both directions
e The human genome is 35x larger

@ Segment boundaries exhibit specific sequence patterns

e Almost every position is a potential segment start
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e Can be interpreted in both directions
e The human genome is 35x larger

@ Segment boundaries exhibit specific sequence patterns

e Almost every position is a potential segment start
e Many “examples” to classify

@ Statistics within different segments differs
e Score segments of different length

@ Segments are known to appear in a certain order
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Some Problem Characteristics

@ Genome sequence of 100Mb (C. elegans; yet relatively small)

e Can be interpreted in both directions
e The human genome is 35x larger

@ Segment boundaries exhibit specific sequence patterns
e Almost every position is a potential segment start
e Many “examples” to classify

@ Statistics within different segments differs
e Score segments of different length

@ Segments are known to appear in a certain order
5'UTR intron intron 3'UTR

1 1 | I I B [

intergenic exon exon exon intergenic

Summary: BIG label sequence learning problem
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Max-Margin Structured Output Learning

Friedrich Miescher Laboratory
of the Max Planck Society
@ Learn function f(y|x) scoring segmentations y for input x
e Maximize f(y|x) w.r.t. y for prediction:

argmax f (y|x)
yeT*
o Idea: f(y|x) > f(y|x) for wrong labels y # y

Gunnar Ratsch (FML, Tibingen)
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Max-Margin Structured Output Learning

the Max Planck €

@ Learn function f(y|x) scoring segmentations y for input x
e Maximize f(y|x) w.r.t. y for prediction:

argmax f (y|x)
yeT*

o Idea: f(y|x) > f(y|x) for wrong labels y # y

@ Approach:
o Given N sequence pairs (x1,¥1), .-, (Xn,Yy) for training
e Solve using column-generation techniques:

N
min  C ;gn + PI[f]

wrt. f(yulxn) = F(ylxn) = £(yn,¥) = &n
forally,#ye T n=1,...,N

Gunnar Ratsch (FML, Tibingen) Large Scale Sequence Analysis March 18, 2009
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Max-Margin Structured Output Learning

the | Planck

@ Learn function f(y|x) scoring segmentations y for input x
e Maximize f(y|x) w.r.t. y for prediction:

argmax f(y|x)
yeT*

o Idea: f(y|x) > f(y|x) for wrong labels y # y

@ Approach:
o Given N sequence pairs (X1,¥1),--.,(Xn,Yy) for training
e Solve using column-generation techniques:

N
min an::lfn + P[f]
w.rt. f(yalxn) = F(ylxn) = £y, y) = &n
forally,#ye T n=1,...,N
All the remaining details are in f, P[f], and ¢(-,-).

Gunnar Ratsch (FML, Tibingen) Large Scale Sequence Analysis March 18, 2009
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Parametrization of f

Requirements:
@ Must allow efficient computation of argmaxycy. f(y|x)
@ Better has a small number of parameters
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Parametrization of f

Requirements:
@ Must allow efficient computation of argmaxycy. f(y|x)
@ Better has a small number of parameters

Plausible model:
@ Represent segmentation as sequence of segments:

(Pi,Q;>Yi)> fori:la"'al
@ Model is additive in segment properties (Semi-Markov)

I
fylx) := Z(fyl,(XNp,-N) + £ (Xpimg;) + 1 (Xngin))

i=1
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(Pi,Q;>Yi)> fori:la"'al
@ Model is additive in segment properties (Semi-Markov)

I
fylx) := Z(fyl,(XNp,-N) + £ (Xpimg;) + 1 (Xngin))

i=1

Need to learn to score strings x.,!
= String kernels!?? No! ...
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Parametrization of f

Requirements:
@ Must allow efficient computation of argmaxycy. f(y|x)
@ Better has a small number of parameters

Plausible model:
@ Represent segmentation as sequence of segments:

(Pi,Q;>Yi)> fori:la"'al
@ Model is additive in segment properties (Semi-Markov)

I
fylx) := Z(fyl,(XNp,-N) + £ (Xpimg;) + 1 (Xngin))

i=1

Need to learn to score strings x.,!
= String kernels!?? No! ... Yes!

Gunnar Ratsch (FML, Tibingen) Large Scale Sequence Analysis March 18, 2009
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Solve Problem in two Steps

Friedrich Miescher Laboratory
the Max Planck Society

/
f(le) = Z(f:v/;(XNPiN) + f;(xPiNq,') + f;/:(x’vqf"v))

i=1

fi(x.) = A (g (x.)
@ Step 1: String analysis, leading to gy, : x — R
@ Step 2: Combination, leading to h,, : R — R
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Solve Problem in two Steps

Friedrich M|escher Laburatory
the Max Planck S

/

. /
f(le) = Z(fy;(XNPiN) + f;j(xpiNq/’) + f;/:(x’vqf"v))
i=1
f(x:) == hy(g,,(x.))
@ Step 1: String analysis, leading to gy, : x — R
@ Step 2: Combination, leading to h,, : R — R
How to train g (x.)?
@ Should be large, if x, is part of true label sequence

@ Two-class problem: x, at every possible position is negative,
except at boundaries of true segments
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Solve Problem in two Steps

/

f(le) = Z(f:v/;(XNPiN) + f;j(xpiNq/’) + f;/:(x’vqf"v))
i=1
f.(x.) == h,(g},(x.))
@ Step 1: String analysis, leading to gy, : x — R
@ Step 2: Combination, leading to h,, : R — R

How to train g (x.)?
@ Should be large, if x, is part of true label sequence

@ Two-class problem: x, at every possible position is negative,

except at boundaries of true segments
How to train hj (-)?
@ Simple 1-d function, e.g. piece-wise linear function

Gunnar Ratsch (FML, Tibingen) Large Scale Sequence Analysis March 18, 2009
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Friedrich Miescher Laboratory
e Max Planck Society

Discriminative Gene Prediction (simplified)

Sequence AATCAACGTTGGCTCCACGAATACGGATOGCGCTGOGACGAGGATATCGGTCCTACTTAAACAAACAATTCTGATTTCAGGARCAAT AR

SVMar g

detector ”
@ output
g l
= SVMus 3 ’J

detector n |'l

true splicing  E———

wrong splicing  E——————— —

@«

g candidate v q Y e

M cumulative Y margin
splice score

[Ratsch, Sonnenburg, Srinivasan, Witte, Miiller, Sommer, Schélkopf, 2007]

Simplified Model: Score for splice form y = {(p;, g;)}7_;:

J

J—1 J J-1
F(y) = Z Ser(£°7) + Z Sac(F°) + Z St(pj1 —qj) + Z Ste(q—py)
=1 =2 =1 =y

Splice signals Segment lengths
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Discriminative Gene Prediction (simplified)

Sequence AATCAACGTTGGCTCCACGAATACGGATOGCGCTGOGACGAGGATATCGGTCCTACTTAAACAAACAATTCTGATTTCAGGARCAAT AR

SVMar g
detector ”
@ output [
o
= SVMus 3 ’J
detector n H

true splicing  E———

wrong splicing  E——————— —

@«

g candidate v q Y e

M cumulative Y margin
splice score

[Ratsch, Sonnenburg, Srinivasan, Witte, Miiller, Sommer, Schélkopf, 2007]

Simplified Model: Score for splice form y = {(p;, g;)}7_;:

J-1 J J-1 J
F(y) = Z Ser(£°7) + Z Sac(F°) + Z St(pj1 —qj) + Z Ste(q—py)
=1 =2 =1 =y

Splice signals Segment lengths

Tune free parameters (in functions S¢r, Sag, Si.. Si,) by solving
linear program using training set with known splice forms
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Example: Intron/Exon Boundary

True Splice Sites

D
D

Friedrich Miescher Laboratory
f the Max Planck Society

q
<

CT...GTC

GTA...GAAGCTAGGAGCGC. . .ACG

CGT...GA

Gunnar Ratsch (FML, Tibingen)

~
~

e e

150 nucleotides window around dimer

GCCAATATTTTTCTATTCAGGTGCAATCAATCACCCATCAT
ATTGAATGAACATATTCCAGGGTCTCCTTCCACCTCAACAA
AGCAACGAACTCCATTACAGCAAGGACATCGAAGTCGATCA
GCCAATTTTTGACCTTGCAGAATCAATCGTGCACGTTCGGA

Large Scale Sequence Analysis

March 18, 2009
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Example: Intro

Potential Splice Sites

n/Exon Boundary

A NS O A VANNAY

he Max Planck Society

Friedrich Miescher Laboratory

AT T O 1T )y ) (1) ()]
N VAN

CT...GTC

Gunnar Ratsch (FML, Tibingen)

A\ ) A\ AV A

GTA...GAAGCTAGGAGCGC. . .ACG

CGT...GA

~ 150 nucleotides window around dimer

GCCAATATTTTTCTATTCAGGTGCAATCAATCACCCATCAT
ATTGAATGAACATATTCCAGGGTCTCCTTCCACCTCAACAA
AGCAACGAACTCCATTACAGCAAGGACATCGAAGTCGATCA
GCCAATTTTTGACCTTGCAGAATCAATCGTGCACGTTCGGA
-1 CATCTGAAATTTCCCCCAAGTATAGCGGAAATAGACCGACG
-1 GAAATTTCCCCCAAGTATAGCGGAAATAGACCGACGAAATC
-1 CCCAAGTATAGCGGAAATAGACCGACGAAATCGCTCTCTCC
-1 AATCGCTCTCTCCCTGGGAGCGATGCGAATGTCAAATTCGA
-1 ACCAAAAAATCAATTTTTAGATTTTTCGAATTAATTTTTCG
-1 TGCTTTGCATGTTTCTAAAGTTACAGCCGTTCAAAATTTAA
-1 GCATGTTTCTAAAGTTACAGCCGTTCAAAATTTAAAAACTC
-1 ACCAATACGCAATGACTGAGTCTGTAATTTCACATAGTAAT

R e e

Large Scale Sequence Analysis

March 18, 2009
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Example: Intron/Exon Boundary

Friedrich Miescher Laboratory
f the Max Planck Society

CT... GTC|GTA. . .GAAGCTAGGAGCGC. . .ACGICGT ...GA

~ 150 nucleotides window around dimer

Basic idea:
For instance, exploit:

@ Exons have more G's and C's

GC content 5' of "AG'

@ Certain motifs near boundary

Sonnenburg, Schweikert et al. 2007

GC content 3' of 'AG'

Gunnar Ratsch (FML, Tibingen) Large Scale Sequence Analysis March 18, 2009 14 / 67



Substring Kernels

Fnednch M|escher Laburatory
of the Max Planck Socie

@ General idea

e Count common substrings in two strings
e Sequences are deemed the more similar, the more common
substrings they contain
e Variations
Allow for gaps
Include wildcards
Allow for mismatches
Include substitutions
Motif Kernels
Assign weights to substrings

Gunnar Ratsch (FML, Tibingen) Large Scale Sequence Analysis March 18, 2009 15 / 67



Friedrich Miescher Laboratory

of the Max Planck Society

Spectrum Kernel

o General idea [Leslie et al., 2002]

o For each k-mer s € ¥, the coordinate indexed by s will be the
number of times s occurs in sequence x.
Then the k-spectrum feature map is

OO (x) = (fs(x))sext

Here ¢s(x) is the # occurrences of s in x.
The spectrum kernel is now the inner product in the feature
space defined by this map:

kSpectrum (X, X/) _ <¢§pectrum (X), cpipectrum (X/)>

o Dimensionality: Exponential in k: |Z|¥
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Simulation Example (Acceptor Splice Sites)

Friedrich Miescher Laboratory
of the Max Planck Society

@ Linear Kernel on GC-content features

Spectr
@ Spectrum kernel kP (x, x')
ROC for GC features and Spectrum kernel GC Features and Spectrum kernels
1 1
0.8
i GC Features & ) 0.9
© linear kernel o}
o 06 Spectrum kernel %
& (1% order) T 09
Q 3
a | Spectrum kernel
o 04 wd i
=] (3" order) Z
0.85¢
0.2
0 0.8
0 0.2 0.4 0.6 0.8 1 2 4 6 8
false positive rate substring length
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Position Dependence

of the Max Planck Society

o Given: Potentlal acceptor splice sites
GAAGAACGTTTCAACCATTTTGAG
CATTACAGATATAATAATCTAATT

TTCACTAACACATCCGTCTGTGCC

ATCATCAATCTCCAAAACCAACAC

intron exon
@ Goal: Rule that distinguishes true from false ones
@ Position of motif is important ("T" rich just before 'AG’)

@ Spectrum kernel is blind w.r.t. positions

@ New kernels for sequences with constant length
o Substring kernel per position (sum over positions)

o Oligo kernel
o Weighted Degree kernel
o Can detect motifs at specific positions
o weak if positions vary
o Extension: allow “shifting”

Gunnar Ratsch (FML, Tibingen) Large Scale Sequence Analysis March 18, 2009
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Welghted Degree Kernel [Ratsch and Sonnenburg, 2@ Friedrich Miescher Laboratory

of the Max Planck Society

e Equivalent to a mixture of spectrum kernels (up to order K) at

every position for appropriately chosen ('s:

K L—k+1

k(x;, ;) Z Z B kSpmmm(ulwk( i), k(X))
k=1 I=1

L K—k+1 _ nK—k+1
where [y = S (K—k+1) — 2k(k+1)

@ Can be equivalently computed by

K L—k+1

k(x;, X;) Z Z Bil(uri(xi) = upipi(x;))
k=1 I=1

for appropriately chosen (.

Gunnar Ratsch (FML, Tibingen) Large Scale Sequence Analysis March 18, 2009
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Weighted Degree Kernel Block Formulation

of the Max Planck Society

e Without shifts: Compare two sequences by identifying the
largest matching blocks:
K(si,82) = w7 +W1 + W2+ W2 + W3
S$1—>—AGTC GACATEAGTAGACAGHA! —
o
S2—»— TTAT CARAGACATCAGTAGAC Il T—>

where a matching block of length k implies many shorter

matches:
min(k,K)

Z B (k—j+1).

@ With shifts: Allows matchmg subsequences with offsets

k(5:,5;) = W3 + Wes + Wiy
51 CTACGTATT TCEGATTG—>»
e
So—>»—T ARAGG CCTGAAGACGGE—>

Gunnar Ratsch (FML, Tibingen) Large Scale Sequence Analysis March 18, 2009
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Friedrich Miescher Laboratory
of the Max Planck Society

Substring Kernel Comparison

Spectrum and WD kernels

0.95 @ Linear kernel on GC-content
§ features
g 09 @ Spectrum kernel
= .
g @ Weighted degree kernel
* oo o Weighted degree kernel with

shifts
0.8
2 4 6 8

substring length

Remark: Higher order substring kernels typically exploit that
correlations appear locally and not between arbitrary parts of the
sequence (other than e.g. the polynomial kernel).
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Fa St St ri n g ke rn e | S ? . Er\??‘rlcrl?‘ Mlef?hfr Laboratory

@ Use index structures to speed up computation
o Single kernel computation k(x,x’) = (®(x), d(x'))
o Kernel (sub-)matrix k(x;,x;),i € l,j € J
e Linear combination of kernel elements

N N
F(x) =Y aik(xj,x) = <Z o d(x;), d>(x)>
i=1 i=1

@ Idea: Exploit that ®(x) and also SV, o;®(x;) is sparse:
o Explicit maps
e Sorted lists
o (Suffix) trees/tries/arrays
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Efficient data structures

Friedrich Miescher Laboratory
of the Max Planck Society

e v = ®(x) is very sparse

o Computation with v requires efficient operations on single
dimensions, e.g.

lookup vs orupdate vs = v+ «

@ Use trees or arrays to store only non-zero elements
= Substring is the index into the tree or array

@ Leads to more efficient optimization algorithms:
e Precompute v = Z,N:1 a;P(x;)
o Compute S-N ., a;k(x;,x) by

2. v

s substring in x
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Explicit Maps

Friedrich Miescher Laboratory
the Max Planck Society

®

Require O(]Z|%) memory

Explicitly store w = . a;P(x;)

@ lookup and update operations are O(1)
Updating all f(x;) takes O(Q-L-k+ N-L-k)
Very efficient, but only work for small k

(4
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Sorted I_|StS —— Friedrich Miescher Laboratory

== of the Max Planck Society

Generate a sorted list with pairs (u, «) of length Q - L
o O(Q - L-log(Q- L))

Requires O(Q - L - k) memory

Iterate trough list and k-mer list of example (pre-sorted)
e identify co-occuring k-mers

Single f(x;) requires O((Q - L - log(Q - L) + L) - k)
All f(x;) require O((Q - L -log(Q - L)+ N - L-log(N -L))- k)

©

(]

Requires additional sorting of long lists

Also works for large k
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Friedrich Miescher Laboratory
of the Max Planck Society

Example: Trees & Tries

Tree (trie) data structure
stores sparse weightings on
sequences (and their subse-
quences).

lllustration: Three se-
quences AAA, AGA, GAA
were added to a trie (a's
are the weights of the se-
quences).

@ Building tree: O(Q - L - k)
e Compute all f(x;): O(N-L- k)
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Solving the SVM Dual

of the Max Planck Society

maximize, Z,Nzl Qi — % ZIN:]. Zszl aiayiyik(xi, x;)
s.t. SN iy =0
0o <Cfori=1,2,...,N.
Requires N2 kernel computations
@ expensive to compute (O(k - L - N?))
@ expensive to store matrix (O(N?))
Solving QP using interior point methods is expensive: O(N?)
Idea: Chunking based methods: Iterate
@ Select small number of variables
@ Optimize w.r.t. to these variables
@ Stop if converged

Gunnar Ratsch (FML, Tibingen) Large Scale Sequence Analysis March 18, 2009
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Chunking

of the Max Planck Society

N N N
Fla) = > i oi— %Zi:l Zj:l aia;yiyik(x;, x;)
s.t. ZIIVI]_ oy = 0

0L <Cfori=1,2,...,N.

@ Select @ variables iy, ..., ig

o Random (inefficient)

o Sequential (inefficient)

e Heuristic selection motivated by KKT conditions
Requires f(x;) = Z,N:l aik(x;, x;) for all j
Points that have too small margin, but a; < C

°
@ Points that are outside margin area, but o; > 0
o Pointswith0 < q; < C

@ Solve QP of size Q (O(Q?))
e Update f(x;) if necessary

Gunnar Ratsch (FML, Tibingen) Large Scale Sequence Analysis March 18, 2009
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Chunking

Friedrich Miescher Laboratory
the Max Planck Society

@ What do we need per iteration
o Compute f(x;) = Z,N:l aik(x;, x;) for all j
o Solve QP of size Q

e Complexity: O(Q - N + @3)

o First part very expensive for large N
e Can we speedup computing f(x;)?

@ So far for string kernels: O(Q - N - L - k)
o With new data structures: O(N - L - k)
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Algorithm

=— of the Max Planck Society

INITIALIZATION
;=0 a=0fri=1,...,N
LOOP UNTIL CONVERGENCE
Fort=1,2,...
Check optimality conditions and stop if optimal
Select working set W based on g and «, store o = «
Solve reduced QP and update «
clear w
w — w+ (o — af)y;®(x;) for all j € W

Update f; = f; + (w, ®(x;)) forall i=1,..., N

See Sonnenburg et al. [2007a] for more details.

All implemented in Shogun toolbox
(http://www.shogun-toolbox.org)

Gunnar Ratsch (FML, Tibingen) Large Scale Sequence Analysis March 18, 2009
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Friedrich Miescher Laboratory
of the Max Planck Society

Human Splice Sites with WD Kernel

e 10
0.6 4 5
10
g
§ €
o
2os 2
E 2 10
£ 2
J 5
% 04 3
B a 10'
&
£o3 1
& € .2
§ o 10
02 £
F =
% 1
01 1 o
q
q
10 10 10° 1’ 10 10 10 10 10 10
Number of trairing examples Number of training examples
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Friedrich Miescher Laboratory
of the Max Planck Society

Example: Predictions in UCSC Browser

chrl 110900 111000 111100 111200 111300 111400 111500 111600 111700 111800 111900 112000 112100 112200
| | | | |

WormBase Gene Annolauons

F53G12.10.1m

F53G12.10.3/m—————

F53G12.10.2 mg————
F53G12.10;

Acce;;tbr ||

0.9
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Example: Predictions in UCSC Browser

Friedrich Miescher Laboratory
e Max Planck Society

Gunnar Ratsch (FML, Tibingen) Large Scale Sequence Analysis March 18, 2009 32 /67



Integration of Signals

Friedrich Miescher Laboratory
of the Max Planck Society

DNA TSS Donor Acceptor Donor Acceptor polyA/cleavage
TIS Stop
pre-mRNA
mRNA
polyA —
Protein
I

(oo
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nGASP Competition

Find the most accurate gene finder for annotation of new
nematode genomes:

@ Highly controlled competition conditions

o 4 Categories:

Cat 1: Ab initio gene finders

Cat 2: Dual/Multi-genome gene finders

Cat 3: Gene finders that use EST/cDNA alignments
Cat 4: Combining algorithms

@ 47 submitted predictions from 17 different groups,
including Fgenesh, Augustus, N-SCAN

e Evaluation on gold standard set of genes
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Results: nGASP

Friedrich Miescher Laboratory
of the Max Planck Society

Nucleotide | Exon | Transcript | Gene
Cat. Method Avg Avg Avg Avg

1  mGene.init 93.83 82.64 | 45.92 51.49
1 Craig 93.23 79.16 35.57 39.58
1 EuGene 91.72 76.64 38.64 4416
1 Fgenesh 92.65 79.96 40.61 45.90
1 Augustus 93.01 79.34 40.77 49.42
2 mGene.multi 94.31 82.06 | 46.10 53.2
2 N-SCAN 92.73 77.17 33.43 38.23
2 EuGene 91.86 77.79 40.22 46.51
3  mGene.seq 94.46 87.83 58.97 66.30
3 Gramene 96.81 80.11 32.04 40.62
3 Fgenesh++ 93.64 85.68 59.27 65.30
3 Augustus 94.74 86.33 57.77 65.46

mGene: Most accurate method in the nGASP genome annotation
challenge for C. elegans
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Friedrich Miescher Laboratory
of the Max Planck Society

Results: mGene on Wormbase
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Results: Genome-wide Predictions

Annotation of other nematode genomes:

Friedrich Miescher Laboratory

of the Max Planck Society

(Schweikert et al., 2009)

Genome Genome | No. of | No. exons/gene || mGene || best other
size [Mbp] | genes (mean) accuracy || accuracy
C. remanei 235.94 | 31503 5.7 96.6% 93.8%
C. japonica 266.90 20121 53 93.3% 88.7%
C. brenneri 453.09 | 41129 5.4 93.1% 87.8%
C. briggsae 108.48 | 22542 6.0 87.0% 82.0%

Gunnar Ratsch (FML, Tibingen)
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Friedrich Miescher Laboratory
of the Max Planck Society

Results: Genome-wide Predictions

Annotation of other nematode genomes: (Schweikert et al., 2009)
Genome Genome | No. of | No. exons/gene || mGene || best other
size [Mbp] | genes (mean) accuracy || accuracy
C. remanei 235.94 | 31503 5.7 96.6% 93.8%
C. japonica 266.90 20121 53 93.3% 88.7%
C. brenneri 453.09 | 41129 5.4 93.1% 87.8%
C. briggsae 108.48 | 22542 6.0 87.0% 82.0%

o C.elegans model works well for closely related species.

@ For intermediately distant organisms one can employ techniques
to transfer learnt information. (Schweikert et al. 2009)
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Results: Genome-wide Predictions

Annotation of other nematode genomes:

Friedrich Miescher Laboratory
of the Max Planck Society

(Schweikert et al., 2009)

Genome Genome | No. of | No. exons/gene || mGene || best other
size [Mbp] | genes (mean) accuracy || accuracy
C. remanei 235.94 | 31503 5.7 96.6% 93.8%
C. japonica 266.90 20121 53 93.3% 88.7%
C. brenneri 453.09 | 41129 5.4 93.1% 87.8%
C. briggsae 108.48 | 22542 6.0 87.0% 82.0%

o C.elegans model works well for closely related species.

@ For intermediately distant organisms one can employ techniques

to transfer learnt information. (Schweikert et al. 2009)

e For distantly related organisms retraining necessary:

— Galaxy based web service http://mgene.org/webservice
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Limitations/Extensions
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@ Gene finding accuracy still far from perfect
e Misses genes, predicts incorrect gene models
o Does not (yet) predict alternative transcripts
e Cannot predict when transcripts are
expressed /modified /degraded. . .
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@ Accurate enough to accurately predict the effects of SNPs?
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@ Needs to be adapted to new genomes
o Requires sufficient number of known gene models for “training”
o Develop methods that exploit evolutionary information and gene
models from other genomes [Schweikert et al., 2008]
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@ Gene finding accuracy still far from perfect

e Misses genes, predicts incorrect gene models

o Does not (yet) predict alternative transcripts

e Cannot predict when transcripts are
expressed /modified /degraded. . .

@ Accurate enough to accurately predict the effects of SNPs?

e Annotate all the newly sequenced variations of genomes
e Consensus site changes just the first step [Clark et al., 2007]

@ Needs to be adapted to new genomes
o Requires sufficient number of known gene models for “training”
o Develop methods that exploit evolutionary information and gene
models from other genomes [Schweikert et al., 2008]

= Model and understand the differences in transcription, RNA
processing & translation.
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Alternative Splicing: First Steps

Predictions of alternative splicing

@ Predict novel alternative splicing as independent events

@ Use only information available to splicing machinery (Ratsch et.
al, ISMB'05)

@ Quite accurate for frequently appearing patterns

@ Requires known gene structures
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Alternative Splicing: More Steps

@ Combine gene finding with prediction of single alternative
splicing events

e Predict the splice graph of a gene
e Machine learning challenge:

o Input: DNA sequence
@ Output: Splice graph
@ mSplicer approach can be extended to
e Include predictions of alternative splicing events
o Predict “simple splice graphs”

@ Predicting arbitrary graphs is considerably harder
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Domain Adaptation for Classification

Motivation:
@ Increasing number of sequenced genomes

@ Often newly sequenced genomes are poorly annotated
@ However often relatives with good annotation exist

o ldea: Transfer knowlege between organisms

Study on domain adaptation for splice site prediction.
Example: Splice site annotation in nematodes
@ Newly sequenced organism: C. brennerei
e 590 confirmed splice site pairs
@ Well annotated relative: C. elegans
e 36782 confirmed splice site pairs
[Schweikert et al., NIPS'08]
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Splice Site Recognition

Friedrich Miescher Laboratory
of the Max Planck Society

Idea: Discriminate true signal positions against all other positions

Binary classification problem
@ True sites: fixed window around a true splice site

@ Decoy sites: all other consensus sites

= We learn a classification model from labeled training examples
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Formal definition of Domain Adaptation

Terminology:
@ Well annotated organisms: Source domain

@ Poorly annotated organisms: Target domain

Distributional point of view:
@ In Supervised Learning, example-label pairs are drawn from
P(X,Y)
e Ps(X,Y) might differ from P+ (X, Y)

e Factorization: P(X,Y) = P(Y|X) - P(X)
o Covariate Shift: Ps(X) # Pr(X)
o Differing Conditionals: Ps(Y|X) # Pr(Y|X)
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Sp|ice Slte Prediction and Domain Adapt@ﬂiedrichMiescherLaboratory

of the Max Planck Society

@ Sequence subject to opposing forces:

conservation change

ﬁI
Y

stabilizing selection randomly occuring
in functional elements mutation

° Ps(X) # Pr(X)
e Assume a splicesite pattern x occurs more frequently in a group
of genes (e.g. chromosome)
e Duplication or deletion events could lead to altered P(X)

o Ps(Y|X) # Pr(Y|X)
e Think of the conditional as underlying mechanism
e Evolution of splicing machinery
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Domain Adaptation Algorithms Overview

TargetOnly SourceOnly Combined KMM/Shift
-
([ s | (oo e ] [zt | [(soer s |
Convex CombinedConvex Regtrick DualTask
(T N EETT () (e (Lo LS sorarean ]
=
o [ s

Gunnar Ratsch (FML, Tibingen) Large Scale Sequence Analysis March 18, 2009 46 / 67



Domain Adaptation Methods
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TargetOnly SourceOnly

& e

Splice Site Model

Splice Site Model

Formula:

min w w—I—CZ§,

w,b,&

st y(w’ x;—l—b)—l—é;—lZO‘v’iE[l,n]
& >0Viell,n

Resulting Model: f(x) = sign(w'x + b)
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Domain Adaptation Methods
Combined

Target Data Source Data i

l Splice Site Model |
Idea:

@ Train on union of source and target
@ Set trade-off via loss-term

Formula:

min w Tw + CSZ§,+CTZ§:

wa

s.t. y,-(w x;+b)+£i—120Vi€[1,n+m]
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Domain Adaptation Methods

Convex
mrqm Model Source Model

Idea:
@ Combine trained models
o Efficient hyperparameter-optimization
Formula:
F(x) = afs(x) + (1 — a)fr(x)
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Friedrich Miescher Laboratory

Domain Adaptation Methods = e o

AdvancedConvex

Targzt Data Target Data  Source Data

Target Mode! [ General Model ]

Idea:

@ Takes interactions between source and target examples into

account
@ Two times linear search spaces for individual methods

@ Captures 'General" and 'Target-specific’ component

Formula:
F(x) = afc(x) + (1 — a)fr(x)
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Regtrick

Source Madel

Idea:
@ Previous solution contains prior information
o Modified regularization term

Formula:

1 n
min Ew;wr +C Zﬁ;—Bwst

wr,§ 1
st yi(wix; +b)+&—1>0Vie[l,n
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Domain Adaptation Methods
DualTask

Source Data
arge

LI source boce
General
Component

Idea:
@ Simultaneous optimization of both models
@ Similarity between solution enforced

Formula: . mn
. 2
min —llwg —w +C ; 1
i glws—wrl?+ €3 e (1

st. yi((ws,®(x;))+b)>1—-¢& Viel....m
yi((wr,®(x;)) + b) > 1-¢ Viem+1,...,m+n
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Domain Adaption Methods
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Kernel Mean Matching

Source Target

Idea:

@ Match mean of source and target by reweighting examples

@ Higher-order moments defined by mean when using a universal
kernel

[Huang, Smola, Gretton, Borgwardt, Schélkopf, 2007]
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Domain Adaption Methods

Shift (KMM)
Source Target
Mean . . - Me.an

Idea:
@ Based on same assumption

@ Mean matching via translation rather than reweighting
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Large scale experiments

C. elegans
source :
domain
target
domain C.remanei P pacificus D. melanogaster A. thaliana

100 M years 200 M years 990 M years 1600 M years

@ Varying distances
o Different data set sizes
[MPI Developmental Biology, Departments 4 & 6 and UCSC Genome Browser]
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Experimental Setup ——— Fredrich Miescher Laboratory

@ Source dataset size: always 100k examples

o Target dataset sizes: {2500, 6500, 16000, 64000, 100000}
o Simple kernel (WDK of degree 1)

@ Model selection for each method

@ auROC/auPRC measured for each setting

Gunnar Ratsch (FML, Tibingen) Large Scale Sequence Analysis March 18, 2009 56 / 67



Results - Baseline Methods
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Results - Improvement over Baseline Methods
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Results - Summary

@ Considerable improvements possible
@ Sophisticated domain adaptation methods needed on distantly

related organisms

@ Best overall performance has DualTask

@ Most cost effective Convex/AdvancedConvex

C. remanei P. pacificus D, melanogaster A. thaliana
DualTask ...-- + . H . H EE - - EEE
AdvancedConvex +  + -- : -- | e et v - ol - |
Augmented |l . i s
Shift B 1BE
Convex - |l x S| -
Combined N S
Regtrick 25| b Sl | e B :
SourceOnly R e | --- ----
Tageony  [NENENEN . BNENEN . BEEN m
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Domain Adaptation for LSL

Problem:
o Very little data

o Relatively small amount of
sequences available

e Only =50 well analysed
genes

Solution:
e Exploit that P. pacificus is
closely related to C. elegans

@ Can use C. elegans signal and
content sensors

@ But how can adapt the C.
elegans parameters for gene
structure prediction?

Gunnar Ratsch (FML, Tibingen) Large Scale Sequence Analysis

March 18, 2009
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Domain Adaptation for LSL

Friedrich Miescher Laboratory
of the Max Planck Society

prediction performance on P.Pacificus
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Domain Adaptation for LSL
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prediction performance on P.Pacificus
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@ Preliminary results!
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Summary and Future Work
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@ Genome Annotation is a huge structured output learning problem
@ Proposed a two-step learning procedure separating the kernels
from the structured output prediction
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Summary and Future Work =
@ Genome Annotation is a huge structured output learning problem
@ Proposed a two-step learning procedure separating the kernels
from the structured output prediction
@ Sequence classification already challenging (large!)
@ String data structures make training feasible
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Summary and Future Work

Genome Annotation is a huge structured output learning problem

Proposed a two-step learning procedure separating the kernels
from the structured output prediction
Sequence classification already challenging (large!)
String data structures make training feasible
Gene prediction is more difficult in reality
e Predict splice graphs/alternative transcripts
o Regulation!? Auxiliary data!?
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from the structured output prediction
Sequence classification already challenging (large!)
String data structures make training feasible
Gene prediction is more difficult in reality
e Predict splice graphs/alternative transcripts
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Domain Adaptation
e First thorough comparison of Domain Adaptation Algorithms
e Learn models for multiple organisms simultaneously
e Develop more efficient training procedure
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Summary and Future Work

Genome Annotation is a huge structured output learning problem

Proposed a two-step learning procedure separating the kernels
from the structured output prediction
Sequence classification already challenging (large!)
String data structures make training feasible
Gene prediction is more difficult in reality
e Predict splice graphs/alternative transcripts
o Regulation!? Auxiliary data!?
Domain Adaptation
e First thorough comparison of Domain Adaptation Algorithms
e Learn models for multiple organisms simultaneously
e Develop more efficient training procedure
Integrate these ideas into the gene finder
e Annotate the thousands of genomes that are currently being
sequenced

® 6 o
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Results: RT-PCR Validation

Validation of gene predictions for C. elegans: Schweikert et al., 2008

No. of genes | No. of genes | Frac. of genes
analyzed | w/ expression

New genes 2,197 57 ~ 42%
Missing unconf. genes 205 24 ~ 8%
new genes missed genes
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