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Mapping and Sequencing of the Human Genome
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Genome Sequence Assembly
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1560 base pairs out of ~3,200,000,000 ...

>chromosome :GRCh37:18:45357322:45458115: -1

AACCAARATTTAGGTTAAACACTTATACCTGGCATCCCCTACCCGGGCCCTAAGTGCTCT
CCARAGACCCCACCTCTGGGCTTATTTACATCGCGAACCCGCCCTCGTTCAGCAACACGA
GGGCCCCGCCCGCTCATTTGCATAGGGCGCGCCCAGTCACGGGCCGGGTCCTCGGGCTTC
TCCCGAACCCCTTTTCTCTCTCAGGCGCGTCCTCCGCGCTGCGCGGGGCCTCCCCGTGGE
ATGAGCACGTGTCCGCTGCCGGCCTCACGACGGACGGTGGACGAGGCGGCAGGCCCCTAC
AGGCCCCACCCACGACGCTGGCGAGGGATCGGGCGGTCACCGGGAATCGTCTTAATGCGC
GGCAAGGCGCGGGCCTCTCCCTCTCCGCCCGTGAGCCCCGGETGGGAGCGCGCCGGLCGLCC
AACTCAAGCGAAACCGCGGGCGTCCCGCCCCGCCCGGCCGCGCCCCGCCTCGCCTCACGT
TAGACTGGGGAGGCGGGACCAATCAGCGAGCGACGTCTCCCTTCCGATTCGAGGCCCCCG
ATGCGCGGCTCACACCCCGAGCTTCCCTCGTGCTGATTGGCTGCGGGCGCCGCCGGTCCG
GCCGGGAGGCGGGGCGGGCCGTAGGCAMAGGGAGGTGGGGAGGCGGTGGCCGGCGACTCC
CCGCGCCCCGCTCGCCCCCCGGCCCTTCCCGCGGTGCTCGGCCTCGTTCCTTTCCTCCTC
CGCTCCCTCCGTCTTCCATACCCGCCCCGCGCGGCTTTCGGCCGGCGTGCCTCGCGCCCT
AACGGGCGGCTGGAGGCGCCAATCAGCGGGCGGCAGGGTGCCAGCCCCGGGGCTGCGCCG
GCGAATCGGCGGGGCCCGCGGCCCAGGGTGGCAGGCGGGETCTACCCGCGCGGCCGCGGLG
GCGGAGAAGCAGCTCGCCAGCCAGCAGCCCGCCAGCCGCCGGGAGGTGGGTGCGTGGECGC
CGCGGCGGCCGGCGGCCGAGGGCGGAGGGCGGAAGCGGAGGTGGGCTGGCGGGGGAGGGT
GCGGCCGTGCGGGCGGCCGGTAGGGCTGCGGGCGCGCGCCTGAGGGGAGGAGGGGCAGCG
CGGGCGCGCGCGTCCTCACCCCCTCCTTCCCCGCGGGCGGCGGCCAGGCTCCCTCCCCTC
CCCTTCCCTCTCCTCCCCTCCCCTCCCCTCTCTTCCCCTACCCTCCCGCGCGCCCGGGCC
GCCGGCCGGGCCCGGGECCTGGGEGCEGEGCEGGGAAGACGGCGGCCGGGAGTGTTTTCAGT
TCCGCCTCCAATCGCCCATTCCCCTCTTCCCCTCCCAGCCCCCTCCATCCCATCGGAAGA
GGAAGGAACAAAAGGTCCCGGACCCCCCGGATCTGACGGGGCGGGACCTGGCGCCACCTT
GCAGGTAAAGCCTGGGCGCCCGCGGGCCTCCAGCTAGGGAAGTGTTTGCGTGCGTCCGCG
GCCGGGGCGATGGGCCGTGTCACATGGCCGCTGCGGGTGGGGGECTGGGETGTGGTGAGTT
CGGGGGCTGTGGGTGCGCCGGCCCGGGCGEGTGCGGGTTCGGGGCCGGAGAGCCGGGAAGGE
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Annotation of Exons, Transcripts and Genes

>chromosome:GRCh37:18:45357322:45458115: -1

AACCAARATTTAGGTTAAACACTTATACCTGGCATCCCCTACCCGGGCCCTAAGTGCTCT
CCAAAGACCCCACCTCTGGGCTTATTTACATCGCGAACCCGCCCTCGTTCAGCAACACGA
GGGCCCCGCCCGCTCATTTGCATAGGGCGCGCCCAGTCACGGGCCGGGTCCTCGGGCTTC
TCCCGAACCCCTTTTCTCTCTCAGGCGCGTCCTCCGCGCTGCGCGGGEGCCTCCCCGTGGEE
ATGAGCACGTGTCCGCTGCCGGCCTCACGACGGACGGTGGACGAGGCGGCAGGCCCCTAC
AGGCCCCACCCACGACGCTGGCGAGGGATCGGGCGGTCACCGGGAATCGTCTTAATGCGC
GGCAAGGCGCGGGCCTCTCCCTCTCCGCCCGTGAGCCCCGGTGGGAGCGCGCCGGECGELCC
AACTCAAGCGAAACCGCGGGCGTCCCGCCCCGCCCGGCCGCGCCCCGCCTCGCCTCACGE
TAGACTGGGGAGGCGGGACCAATCAGCGAGCGACGTCTCCCTTCCGATTCGAGGCCCCCG
ATGCGCGGCTCACACCCCGAGCTTCCCTCGTGCTGATTGGCTGCGGGCGCCGCCGGTCCG
GCCGGGAGGCGGGGCGGGCCGTAGGCAAAGGGAGGTGGGGAGGCGGTGGCCGGCGACTCC
CCGCGCCCCGCTCGCCCCCCGGCCCTTCCCGCGEGTGCTCGGCCTCGTTCCTTTCCTCCTC
CGCTCCCTCCGTCTTCCATACCCGCCCCGCGCGGCTTTCGGCCGGCGTGCCTCGCGCCCT
AACGGGCGGCTGGAGGCGCCAATCAGCGGGCGGCAGGGTGCCAGCCCCGGGGCTGCGCCG
GCGAATCGGCGGGGCCCGCGGCCCAGGGTGGCAGGCGGGTCTACCCGCGCGGCCGCGGCG
GCGGAGAAGCAGCTCGCCAGCCAGCAGCCCGCCAGCCGCCGGGAGETCGETGCETEGCEL
CGCGGCGGECCGGECGEGCCGAGGGCGGAGGGCGGAAGCGGAGGTGGECTGGECGGGEGGEAGGGEL
GCGGCCGTGCGGGCGGCCGETAGGGCTGCGEGCGCGEGCGCCTGAGGGGAGGAGGGGCAGCG
CGGGCGCGCGCETCCTCACCCCCTCCTTCCCCGCGGGCGGCGGCCAGGCTCCCTCCCCTC
CCCTTCCCTCTCCTCCCCTCCCCTCCCCTCTCTTCCCCTACCCTCCCGCGLCGCCCGGGLC
GCCGGCCGGGECCCGGECCTGGGEEGCEGEGEGCGGGAAGACGGCGGCCGGGAGTGTTTTCAGT
TCCGCCTCCAATCGCCCATTCCCCTCTTCCCCTCCCAGCCCCCTCCATCCCATCGGAAGA
GGAAGGAACAAAAGGTCCCGGACCCCCCGGATCTGACGGGGCGGGACCTGGCGCCACCTT
GCAGGTAAAGCCTGGGCGCCCGCGGGECCTCCAGCTAGGGAAGTGTTTGCGTGCGTCCGCG
GCCGGGGCGATGGGCCGTGTCACATGGCCGCTGCGGGTGGGEGCTGGGETGTGGTGAGTT
CGGGGGCTGTGGGTGCGCCGGCCCGGGECEGTGCGEGEGETTCGGGGCCGGAGAGCCGGGAAGGE
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Annotation of Genetic Variation
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>chromosome:GRCh37:18:45357322:45458115: -1

AACCAARATTTAGGTTAAACACTTATACCTGGCATCCECTACCCGGGCCCTAAGTGCTCT
CCAMARACCCCACCTCTGGGCTTATTTACATCGCGAACCCGCCCTCGTTCAGCARCACRA
GGGCCCCGCCCRCTCATTTGCATAGGGCGCGCCCAGTCACGGGCCRGGTCCTCGGGCTTC
TCCCGAACCCCTTTTCECTCTCAGGCECGTCCTCCGCGCTGCGCGGGGCCTCCCCGTGGE
ATGAGCACGTGTCCGCTGCCGGCCTCACGACGGACGGTGGACGAGGCGGCAGGCCCCHAC
AGGCCCCACCCACGACGCTGGCGAGGGATCGGGCGGTCACCRGGAATCGTCTTAATGCGC
GGCAAGGCGCGGGCCTCTCCCTCTCCGCCCGTGAGCCCCGGTGRGAGCGCGCCGGCGCCC
AACTCAAGEGAAACCGCGGGCGTCCCGCCCCGCCCGGCCGCGCCCCGCCTCGCCTCACGE
TAGACTGGGGAGGCGGGACCAATCAGCGAGCGACGTCTCCCTTCCGATTCGAGGCCCCCG
ATGCGCGGCTCACACCCCGAGCTTCCCTCGTGCTGATTGGCTGCGGGCGCCGCCGGTCCR
GCCGGGAGGCGGGGCGGGCCGTAGGCAAAGGGAGGTGGGGAGGCGGTGGCCGGCGACTCC
CCGCGCCCCGCTCGCCCCCCGGCCCTTCCCGCGGTGCTCGGCCTCGTTCCTTTCCTCCTC
CGCTCCCTCCGTCTTCCATACCCGCCCCGCGCGGCTTTCGGCCGGCGTGCCTCGCGCCCT
AACGGGCGGCTGGAGGCGCCAATCAGCGGGCGGCAGGGTGCCAGCCCCGGGGCTGCGCCE
GCGAATCGGCGGGGCCCGCGGCCCAGGGTGGCAGGCGGGTCTACCCGCGCGGCCGCGGCG
GCGGAGAAGCAGCTCGCCAGCCAGCAGCCCGCCAGCCGCCGGGAGGTGGETGCGTEGLGE
CGCGGCGGCCGGCGGCCGAGGGCGGAGGGCGGAAGCGGAGGTGGGCTGGCGGGGGAGGGT
GCGGCCGTGCGGGCGGCCGGTAGGGCTGCGGGCGCGCGCCTGAGGGGAGGAGGGGCAGCG
CGGGCGCGCGCGTCCTCACCCCCTCCTTCCCCGCGGGCGGCGGCCAGGCTCCCTCCCCTC
CCCTTCCCTCTCCTCCCCTCCCCTCCCCTCTCTTCCCCTACCCTCCCGCGCGCCCGGGCC
GCCGGCCGGGCCCGGGCCTGGGGGCGGGEGCGEGGAAGACGGCGGCCGGGAGTGTTTTCAGT
rccsccrccaamcccccarrccﬁcrcrrccccrcccascccccrccarcg:i:gscanca
GGAAGGAACAAAAGGTCCCGGACCCCCCGGATCTGACGGGGCGGGACCT CACCTT
GCAGGTARAGCCTGGGCGCCYGCGGGCCICCAGCTAGGGAAGTGTTTGHGTGCGTCCGCG
GCCGGGGCGATGGGCCGTGTCACATGGCCGCTGCGGGTGGGGGCTGGGGTGTGGTGAGTT
CGGGGGCTGTGGGTGCGCCGGCCCGGGCGTGCGGGTTCGGGGCCGGAGAGCCGGGAAGGG
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 Annotated Maps of genomes are
—essential for our understanding ...

~ But, how to build them?
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Havana Manual Annotation Tool — ZMap

066 [X| ZMap.1 - - chr6-18_2696324-2864370
File Edit View Raise ticket uelpl
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Havana Manual Annotation Tool — Blixem

o606 [X| Blixem (nucleotide alignment): chr6-18_2696324-2864370

+ | ~ I Wholel -139000 -138500 -138000 -137500 -137000 -136
100%

80%

60%

40%

20%

0%

— —]

100%

80%

60%

40%

20%

0%

Sort by: ldentity [vlg( Ak A <<<>5> Q¢ |.137910 EM:AJ650317.1(453) : 156
Name Score %Ild  Start Sequence End
chré-18_2<>24-2864370(+1) - 13795lcctctttcgcctcatttttaattgcagattgagsaacagttgactttggaaaagttscatgagtggactaaacctgagaa =i'378741
DC630677.1 ' 793 gactttggaaaagctgcacgagtggaccaaacctgagaail2ll B
C0646669. 1 635 : gactttggaaaagctgcacgagtggaccaaacctgagaaioz4
DC633817.1 794 3 gactttggaaaagctgcacgagtggaccaaacctgagaaillos
CN8e6517.1 561 : gactttggaaaagctgcacgagtggaccaaacctgagaailo73
CN648382.1 777 : actttggaaaagctgcacgagtggaccaaacctgaaaa 948
C0582553.1 795 Z gttg g . gctg .. g 939
1l o 0
BG672370.1 529
BG671069. 1 479 -
RP11-<>1-003X i 560 hd
chr6-18_2<>24-2864370(-1)-13795/ggagaaagcggagtaaaaattaacgtctaactccttgtcaactgaaaccttttcaacgtactcacctgatttggactctt -137871
FC130754.1 +#94 94 665 taactccttgtcaactgaaaccttttcgacgtactcacctggtttggactctt 3 =
DR103481.1 +#79 B2 728 tcta.ctccttgtagactgaaacctttttgacgtactcacctggtttcgectctt 149
CV797137.1 +80 81 524 tctaactcctcgtttattgaaacctttttgacgcacttacctggtttgcactcttill I~
@AlAm_l_féam 21 s&_l trttia ﬂl
»
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Is there a Problem? Well, the Growth Rate ...
EMBL-Bank Growth

15-Oct-2012
' ' lel2
108
] lell
le7 -
E lelO
0 w
g 180 le9
@ w
S ®
= w
g le5 le8
led le7
le3 le6

1985 1990 1995 2000 2005 2010
Year

— Sequences (255.1 millions) —Bases (466.6 billions)

http://www.ebi.ac.uk/ena/about/statistics

S ?;”arhger e, EMBL-EBI

institute




Ensembl Project — Aims

 Funded to provide metazoan genomes to the world

« Aims to provide automated genome annotation system
 Integrate with other resources of biological information

* Graphical representation of complex data sets

« lLarge-scale data export tools

* Openness - all software, data and results freely available

e, EMBL-EBI




Ensembl Project — Background

« Started in 1999 by Michele Clamp and Ewan Birney

 Joint project between
« European Bioinformatics Institute (EBI)
* Wellcome Trust Sanger Institute (WTSI)

» Group of ca 45 people led by
Paul Flicek (EBI) and Steve Searle (WTSI)

 Ensembl strategy committee: Ewan Birney (EBI),
Tim Hubbard (WTSI) and Richard Durbin (WTSI)

 Mainly Wellcome Trust funded

- Additional EMBL, EU, BBSRC and
NIH-NIAID funding

e’ EMBL-EBI |




The Ensembl System — Overview

1. Scalable database system for storing genomic data and
annotation

2. Automatic annotation method based on a rule set of
heuristics

Ensembl Genome Analysis and Annotation Pipeline

3. Public web interface for genome annotation display
Ensembl Genome Browser

e, EMBL-EBI




Human Proteins Other Proteins Human cDNAs Human ESTs

@

GeneWise Aligned Aligned
genes cDNAs ESTs

GeneWise genes

with UTRs < Cluster Merge Cluster Merge
Supp(zr;«:icci,::nmltlo Gene Builder
y
P;e;'nn:;‘::y cDNA genes
Gene
ombiner
y

Final set bseudogenes Core Ensembl Ensembl
+ pseudogenes g genes EST genes
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Ensembl Uses Computational Algorithms — Exonerate

Query: SMAD2 HUMAN Q15796 Mothers against decapentaplegic homolog 2 (SMAD 2).
Target: AC120349 AC120349.5 Homo sapiens chromosome 18, clone RP11-380M21, complete sequence.

1 : MetSerSerIlelLeuProPheThrProProvValValLysArgLeulLeuGlyTrpLysL : 20

FErrrerrrrrrrerrrrrrerrrrrre et r et et e
MetSerSerIleLeuProPheThrProProvValVallysArgLeuLeuGlyTrpLysL

62055 : ATGTCGTCCATCTTGCCATTCACGCCGCCAGTTGTGAAGAGACTGCTGGGATGGAAGA : 62112
21 . vsSerAlaGlyGlySerGlyGlyAlaclyvGlvGlyvGluGloAsnGlyGlnGluyGlyly o 30
79 : ro{Se} >>>> Target Intron 1 >>>> ({r}ThrCysSerGlulle
LI} ++ 25956 bp {0 EP e
ro{Se} {r}ThrCysSerGlulle
62287 : CA{AG}gt................cc.......ag{C}ACTTGCTCTGAAATT

59 : AspGluLeuGluLysAlaIleThrThrGlnAsnCysAsnThrLysCysValThrIleP : 78

FErrrerrrrrrrerrrrrrerrrrrre et r et et e
AspGlulLeuGluLysAlaIleThrThrGlnAsnCysAsnThrLysCysValThrIleP

62227 : GATGAGCTTGAGAAAGCCATCACCACTCAAAACTGTAATACTAAATGTGTTACCATAC : 62286
79 : ro{Se} >>>> Target Intron 1 >>>> {r}ThrCysSerGlulle[lrpGl : 86
I ++ 25956 bp LTI PPl
ro{Se} {r}ThrCysSerGlulle[lrpGl
62287 @ CA{AGIgL . v ittt ittt e e ag{C}ACTTGCTCTGAAATT[IGGGG : 88266
87 : yLeuSerThrProAsnThrIleAspGlnTrpAspThrThrGlyLeuTyrSerPheSer : 105

FErrrerrrrrrrerrrrrrerr et e et e et et e
yLeuSerThrProAsnThrIleAspGlnTrpAspThrThrGlyLeuTyrSerPheSer

88267 : ACTGAGTACACCAAATACGATAGATCAGTGGGATACAACAGGCCTTTACAGCTTCTCT : 88323

106 : GluGlnThr{Ar} >>>> Target Intron 2 >>>> ({g}SerLeuAspGlyA : 114
FITEETTEE{TT++ 1038 bp ALY
GluGlnThr{Ar} {g}SerLeuAspGlyA

88324 : GAACAAACC{AGIgL .ttt ittt et ag{G}TCTCTTGATGGTC : 89388

BYsanger 6, EMBL-EBI
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Biological Evidence

All Ensembl gene predictions are strictly based on
experimental evidence

* UniProtKB/Swiss-Prot

A manually curated database and therefore of highest accuracy
 NCBI RefSeq

A partially manually curated database
* UniProtKB/TrEMBL

Automatically annotated translations of ENA coding sequence (CDS)
features

« European Nucleotide Archive (ENA)

Comprehensive set of nucleotide sequences owned by original
submitters

International Nucleotide Sequence Database Collaboration (INSDC)
ENA (EBI, UK), GenBank (NCBI, USA) and DDBJ (NIG, Japan)

gbmrigter e, EMBL-EBI
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Ensembl-Havana Merged Gene Set

« Automatically annotated Ensembl transcript sets for
human, mouse, zebrafish and pig are merged into manually
curated Havana transcript sets.

« Exon boundary and coding sequence (CDS) have to overlap

« GENCODE gene set for human
http://www.gencodegenes.org/

« Comparison provided colour-coded:

 Ensembl-Havana merged:
 Ensembl or Havana only: red

119.59 kb Forward strand jme—
— w— )
45.35 Mb 45.35 Mb 45.37 Mb 45.38 Mb 45.39 Mb 45.40 Mb 45.41 Mb 45.42 Mb 45.43 Mb 45.44 Mb 45.45 Mb 45.46 Mb
Contigs <AC1203495

Genes (Merged Ens...

—
<SMAD2-201
protein coding
—
<SMAD2-202
protein coding
45.35 Mb 45.35 Mb 45.37 Mb 45.38 Mb 45.39 Mb 45.40 Mb 4541 Mb 45.42 Mb 4543 Mb 45.44 Mb 45.45 Mb 45.46 Mb
—=at Reverse strand 11959 kb
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Merge Criteria — Coding versus Coding
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New Developments — RNA-Seg-based Annotation

pre-mRNA
Exon

MRNA

Short read is split by
intron when aligning :
to reference Genome R /

http://en.wikipedia.org/wiki/File:RNA-Seg-alignment.png
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RNA-Seq Technology

* Whole Transcriptome Shotgun Sequencing (WTSS)
« High-throughput, deep sequencing of cDNA libraries

« Challenges:
« Tens of millions of short reads, ideally ~100 bp, paired ends
* Hundreds of Gigabyte to few Terabyte of data

* Options for Ensembil:
« Build a complete gene set from scratch
 Add novel models into an existing gene set
* Improve existing gene sets by extending transcript models
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Danio rerio abcd1 — RNA-Seq Transcripts
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Danio rerio abcd1 — RNA-Seq UTR Extension
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Danio rerio abcd1 — RNA-Seq Read Alignments
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Homo sapiens SMAD2 — lllumina® Body Map 2.0
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Homo sapiens MLL — lllumina® Body Map 2.0
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Wé have built and confinually improve
~ static genome maps ...

" Is there more to it?
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Service Updates — A Dynamic Map
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Epigenetics

« Epigenetics signifies stable and heritable changes in gene
expression without changes in the genetic code.

SAM

* Molecular mechanisms " \_ ) e
- DNA methylation T:lo ] ﬁio

* In vertebrates typically occurs at CpG sites
« Conversion of cytosine to 5-methylcytosine
« DNA (cytosine-5-)-methyltransferases (DNMT)

« Histone modifications (post-translational)

* Acetylation 28
* Histone acetyltransferases (HAT)
» Histone deacetylases (HDAC)
« Methylation (mono-, di-, tri-)
» Histone methyltransferases (HMT)
* Histone demethylases

2cv5

PDBe
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Epigenetic Mechanisms

wellcome trust

institute

sanger e/

EPIGENETIC MECHANISMS

are affected by these factors and processes:
* Development (in utero, childhood)

* Environmental chemicals
* Drugs/Pharmaceuticals
* Aging

CHROMATIN

Q’) METHYL GROUP

DNA ¥ |

HEALTH ENDPOINTS
* Cancer

* Autoimmune disease

* Mental disorders

* Diabetes

EPIGENETIC

‘ FACTOR

/

' DNA methylation

' Methyl group (an epigenetic factor found
in some dietary sources) can tag DNA

HISTONE TAIL

DNA accessible, gene active

Histones are proteins around which

Histone modification

The binding of epigenetic factors to histone “tails"
alters the extent to which DNA is wrapped around

DNA can wind for compaction and DNA inaccessible, gene inactive histones and the availability of genes in the DNA
gene regulation. to be activated.

http://commonfund.nih.gov/epigenomics/figure.aspx
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The ENCODE (ENCyclopedia Of DNA Elements) Project

| nature
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DECODING 5
THEBLUEPRINT
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Science Volume 306, Issue 5696 Nature Volume 447 Number 7146 Nature Volume 489 Number 7414
(22 October 2004) (14 June 2007) (6 September 2012)
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@ @ ’ Cross link cell (XChIP)

Genome-Wide Experiments cal e
. oo o‘\bfo@f o
* Chromatin | soenen
Immunoprecipitation (ChiP) ® za 9,
* Pull-down of transcription o

factors bound to DNA

* Pull-down of modified
histones bound to DNA

- bead-antibody-
protein—-target DNA
complex

+ Initially, ChIP on CHIP | e
+ Hybridisation with tiling R
array (chip) M
- Now, mainly ChIP-Seq e / \\
 Massively parallel “

sequencing

Sequencing

qPCR Chip

http://en.wikipedia.org/wiki/Chromatin immunoprecipitation
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Ensembl Regulatory Build — Schema
Download available data from SRA/ArrayExpress and map reads to current genome build using bwa.
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It i 3 I Y U N M Y

| _

b

\

Peak call with SWEMBL, reconcile replicates for binding regions (DNase 1 and TFs).

l

Single linkage cluster across all data and cell lines to give multicell requlatory core regions.

\E

Overlap with supporting data within cell lines e.g. histone modifications, to define supporting bounds.

l

Apply annotation based on genomic distribution of supporting features.

— | e ‘ - -
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SMADZ2 Promoter — Transcription Factor Binding Sites
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SMAD2 Promoter — Histone Modifications
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SMAD2 Promoter — DNA Methylation
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SMAD2 Promoter — Genome Segmentation
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Putting It Back Together ...
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