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A Dynamic Programming: Quadratic algorithm
I Requires O(m*n) time and space
A Infeasible for millions of short reads
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Simple kmer Index, k=3

S = ACGAAAACTCGATTACTCGACC

Hitlist Hitlist Hitlist
AAA ACC CGA
AAC ACG e
AAG ACT GAA
AAT AGA e
ACA e TTT
A Size of that table: %= 64 entries =| k
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Simple kmer Index, k=3

S = ACGAAAACTCGATTACTCGACC

Hitlist Hitlist Hitlist
AAA ACC CGA 1
AAC ACG 0) e
AAG ACT GAA
AAT AGA e
ACA e TTT
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Simple kmer Index, k=3

S = AGAAAACTCGATTACTCGACC

Hitlist Hitlist Hitlist
AAA ACC CGA 1
AAC ACG 0) e
AAG ACT GAA 2
AAT AGA e
ACA e TTT
A Size of that table: %= 64 entries =| k



Simple kmer Index, k=3

S = ACGAAAACTCGATTACTCGACC

Hitlist Hitlist Hitlist
AAA 3,4 ACC 19 CGA 1
AAC 5 ACG 0 é é
AAG| Empty ACT 6,14 GAA 2
AAT| Empty AGA é é é
ACA| Empty é é TTT Empty




Searching a Read

Hitlist Hitlist Hitlist
AAA 3,4 ACC 19 CGA 1
AAC 5 ACG 0 é é
AAG| Empty ACT 6,14 GAA 2
AAT| Empty AGA é é é
ACA| Empty é é TTT Empty

A Read Sequenc&CT
I Potential match at position 6 and 14




Verification Algorithm
Banded Dynamic Programming




PairwiseAlignment
- Global Alignment

A Needleman-Wunsch
A Constant gap penalty s

F(1,7) = maxs;

F(i-1,j-1)+S(xi,y)) 6
FG-1))+s

— O = o

F(i,j-1)+s
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PairwiseAlignment
- Local Alignment

A Smith-Waterman
A Constant gap penalty s

F(i-1j-D+S(x,.y,)

. F(i-1j)+s
F(i,]) =max;
F(,j-1D+s
0

Match: +1
Mismatch: -1
Space: -2
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PairwiseAlignments- Variants

A Overlap alignments ACGTTAGTTAGC
ACTTAGCAACTTG

A Semiglobal alignments - ACGECCAACTTAGTTAGE -
AA- TTTGT

A Banded alignments




Banded Alignment

Banded DP matrix

Lower Diagonal
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Technigues

A Index

I Hash tables,knerIndex

I Suffix trees, suffix arrays

I BurrowsWheelerTransformation (BWT) of a suffix array
A Filtering Algorithms

I Single or multiple seeds

I Pigeonhole principle

I g-gram filtering
A Verification

I Simple seeénd-extend

I Banded dynamic programming

I Quality-based dynamic programming



Variant Calling

Short Indels  Structural Variants
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SNP Calling
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SNP Calling
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SNP Calling
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ensus A ATTC ATT A ACT TA-CT ATCA T
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Set of reads
Reverse



SNP Calling

Consensus sequence

0 10 20

A ATTC ATT A ACT TA-CT ATCA T

"A ATTC A
G
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CAC € €
read? : A ACT TA-CT
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readt
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SNP Calling

0 10 20

Consensus A ATTC ATT A ACT TA-CT ATCA T

read1 A ATTC A

read3 < ATT A ACT TA—CT.ATC
G G € €

read?7 < A ACT TA-CT

€ € €
read8 g ACT TA-CT A
G G G

/7 X

Variations: Indels & SNPs




SNP Calling

0 10 20

Consensus A ATTC ATT A ACT TA-CT ATCA T

read1 A ATTC A
read3 < ATT A ACT TA—CT.ATC

CAC €

read?7 A ACT JD¥F

read8

Sequencing errors: Insertions, deletions & basecalling errors



Variant Calling

Short Indels  Structural Variants
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SNP Calling

A Tools
I GATK (Genome Analysis Toolkit)
I SAMtoolsmpileup(MAQ SNP Caller)
I CASAVA SNP Caller
I Pyrobayeg454)
I GigaBayes
I Commercial packages (CLC Bienomatix etc.)

A My rough guess for the opesource community
IS that about 80% or 90% use GATISAMtools
mpileup



SNP Annotation

A Differentiating
I Coding/Noncoding SNPs
I Known/Unknown SNP8I{SNP1kGP)
I Homozygous/Heterozygous

A Annotating coding SNPs
I Affected Gene/Transcript names

I Silent/Nonsilent mutations
I Amino acid change

A Predicting possible impacts of an amino acid
substitution (SiftPolypher. X 0



Annotation Tools

A Annotation of coding SNPs
A GATK (Genome Analysis Toolkit)
A ANNOVAR
A Commercial packages (CLC Bienomatix etc.)

A Predicting possible impacts of an amino acid
substitution
A PolyPhen2, Mutation Taster, Sift, etc.



GATK

A Java library
A Easily extendable
A Readyto-use tools are scarce

A SNP Calling + Annotation is difficult to get
running, long runtimedhr-by-chrworks)

A Supports VCF

A Software library for tool development



GATK; SNP Calling

Genome Analysis Toolkit, McKenna et al
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SAMtoolampileup

A Call & Filter SNPs and INDELs
A Very fast compared to GATK
A Output is in VCF

A SNP Calling

samtoolsmpileup-uf ref.faalnl.bamaln2.bam| bcftoolsview-bvcg- > var.raw.bcf

A SNP Filtering

bcftoolsview var.raw.bcf| vcfutils.plvarFilter-D100> var.flt.vcf



AnnovarAnnotation

A Set ofperl scripts

A Based on the UCSC annotation database

A Generic across different species

A SNP Calling + Annotation is easy to get runnir
A VCF is supported as input

A Easy to use SNP annotation tool



Generic Annotation

A Drosophila

chrX.fa 2527302 A T hom 222 48 60 exonic
CG10260 nonsynonymous$SNV  CG10260:NM_130658:exon10:c.6509A>T:p.Q2170L,

A Human

chri0.fa 93603 C T hom 43.3 17 42 exonic
TUBBS synonymous SNV TUBB8:NM_177987:exon4:c.729G>A:p.P243P,

A Format

chr pos ref alt hom/het  snpqual. depth mq X



Genebased Annotation

A Human

chri0.fa 93603 C T hom 43.3 17 42 exonic
TUBBS synonymous SNV TUBB8:NM_177987:exon4:c.729G>A:p.P243P,

A Type

I exonig splicinghcRNAUTRS5, UTRBtronic,
upstream, downstreamntergenic

A Gene, Neighboring gene

T If the variant iexonidintronic/ncRNA
A Gene name

I Otherwise
A Neighboring genes



ExonicAnnotation

A Human

chri0.fa 93603 C T hom 43.3 17 42 exonic
TUBBS synonymous SNV TUBB8:NM_177987:exon4:c.729G>A:p.P243P,

A Type

I frameshiftinsertion,frameshiftdeletion, frameshiftblock
substitution,stopgain stoploss nonframeshiftinsertion,
nonframeshiftdeletion, nonframeshiftblock substitution,
nonsynonymous$NV, synonymous SNV, unknown

A Gene, transcript, sequence change in the
corresponding transcript and amino acid
change



Additional Annotation for Human

chrl5.fa

45404066 G A hom 104 16 60 snpl32
rs2001616 exonic DUOX2 nonsynonymousNV
DUOX2:NM_014080:exon5:¢c.413C>T:p.P138Lavsift 0.02 ljb_pp2 0.474
segdup Score=0.973842;Name=chr15:45427292 tfbs
Score=818;Name=V$MYCMAX_03ncedb6way Score=317;Namded=26 band
15921.1 dgv Name=3961

A Further Information (in bold)

I dbSNRv132), SIFT and PolyPhen2
Segmental duplication

Transcription factor binding site
Conserved element

Cytogenetic band

Structural variants in DGV and GWAS



Variant Calling by Consensus



SNP Calls, chrl9

Mpileup/ Annovar

Sample #Total #dbSNPs #Novel SNVs #Synonymous_SNV#Nonsynonymous_SNV#Novel_synonymous_SN\#Novel_nonsynonymous_SN\

Samplel 69682 66122 3560 895

Sample2 69092 65590 3502 897

GATK

Sample #Total #dbSNP<#Novel SNP<#Missense_SNPs

Sample180188 71113 9075 879

Sample2 80008 71133 8875 884

880

869

#Nonsense_SNPs

31 62

28 56

#Novel_missense_SNPs #Novel_nonsense_SNPs

86 1

76 1



SNP Call Overlap

A Samplel
I 69682Mpileup/ AnnovarCalls
I 80188 GATK Calls
I 67149 calls in common (96%, 83%)

A Sample2
I 69092Mpileup/ AnnovarCalls
I 80008 GATK Calls
I 66855 calls iIn common (97%, 84%)



Somatic changes

A Call breakdown

I GATK: good quality, tumor specific: 2263 (407 not
INn dbSNF

I Mpileup/ Annovar good quality, tumospecifc
1105 calls (116 not IdbSNP

I Common calls 445 (43 not dibSNP
A Commonexonic somatic, novel calls: 0
A Commonexonic somatic: 7




Study Design



Raw SNP Calls, Human Genome

Sample #Total #dbSNPs #Novel SNPs #Missense SNP<#Nonsense SNPs#Novel missense SNPs #Novel_nonsense SNPs
Samplel 3994410 3589636 404774 10970 93 1227 25
Sample2 3783797 3400926 382871 10416 90 1142 23

Even focusing only on the novel missenseand nonsense
SNPs leaves a list of several hundreds of SNPSs!




Raw SNP Calls, Human Genome

Sample #Total #dbSNPs #Novel SNPs #Missense SNP<#Nonsense SNPs#Novel missense SNPs #Novel_nonsense SNPs

Samplel 3994410 3589636 404774 10970 93 1227 25

Sample2 3783797 3400926 382871 10416 90 1142 23
Crosscomparisons!

At least Tumor vs. Germline, even better multiple matched
tumor-germline pairs showing a similar phenotype.




Comparind AnnotatingVariantCalls

Matched Time-course Pedigreedata
Tumorc Normal data
d ata. Pedigree ’zr——/@/

1) Initial T

2; F?;::?isslijczrrlor k_@/ %ﬂ% %P_/@/
3) Rel

4) R:r?ijs.sseion ‘D Cg ‘ Cg rﬂ

Key

5) S eCO n d ary [Jmale | affected male (Efdec:eased male
Tu m Or O female @ affected female .Q’ deceasad female

Multiple Tumor PopulationScale Constraints
Probes
Tumor heterogeneity

Tumor purity
Aneuploidy
Sample availability

Too oo To T




Computational Methods to Detect Genomic
Rearrangements
using NexdGeneration Sequencing Data
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Genomic Rearrangements

A 1 Kb to several Mb in size

A Copy number variants wﬁf
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Genomic Rearrangements

A 1 Kb to several Mb in size
A Copy number variants

I Deletion /?i%, ‘Q X
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Genomic Rearrangements

A 1 Kb to several Mb in size
A Copy number variants

T Deletion § ‘Q
I Duplication %
A Insertion, Inversion | L
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Genomic Rearrangements

. 27
A 1 Kb to several Mb in size #‘“z(}gw
A Copy number variants | \
I Deletion / \
I Duplication B N 0
A Insertion, Inversion, Translocation oo T

Dupl i cation
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Genomic Rearrangements

A 1 Kb to several Mb in size

“WHN),
A Copy number variants . A
g | |

i Deletion | \
i Duplication P W 0
A Insertion, Inversion, Translocation cerecion I
A More abundant than SNPs s BEIEEEE |
é A C GEMC G é I nver si on- N
e ACGACGe
Base pairs 2.5 Mb 4 Mb
% genome 0.08%

0.12%



Genomic Rearrangements
A 1 Kb to several Mb in size ”“""9%@«"‘[,

A Copy number variants

I
I
I
[
[
I Duplication B R 0

I Deletion |
A Insertion, Inversion, Translocation oo T
A More abundant than SNPs - B
A Either neutral or nomeutral in function nsertion [ TR
A Non-neutral mechanisms |
| nver si on- N

I Disrupting genes
I Creating fusion genes
I Copy number changes of dosaggnsitive genes



Technologies to Discover
Genomic Rearrangements



Technologies

A Fluorescent in situ hybridization (FISH)
I Fluorescent AMY1 gene CNV

probes
detect and
localize the
presence or
absence of
specific DNA
sequence

(a) Japanese (b) African (c) Reference

C Perry et al. (2007)




Technologies

A Fluorescent in situ hybridization (FISH)

A Comparative Genomic Hybridization (CGH)
I Test vs. reference sample Litra-High
i 2.1 million probes -
I Different types
AWhole-Genome Tiling Arrays

AWhole-Genome Exoifrocused Arrays
ACNYV Arrays




Technologies

A Fluorescent in situ hybridization (FIS

)

A Comparative Genomic Hybridization (CGH)

A GenomeWide Human SNP Array 6.0

I 1.8 million genetic markers
A 906,600 SNPs
A 946,000 probes for CNVs

Lot #: SAMPLES
Exp. Date: 00/00/00
( For Research Use Only
@52001900000000000000SAMPLES41931
Genome-Wide Human SNP Array 6.0

GeneChip®

=

Afigetx




Technologies

A Fluorescent in situ hybridization (FISH)
A Comparative Genomic Hybridization (CGH)

A GenomeWide Human SNP Array 6.0

A Human 1MDuo DNA Analysis BeadChip

I 1.2 million genetic markers
AMarkers for SNPs and CNV regions
I Targeted studies

A 60,800 additional custom SNPs
A 60,000 custom CNitargets




Technologies

A Fluorescent in situ hybridization (FISH)
A Comparative Genomic Hybridization (CGH)

A GenomeWide Human SNP Array 6.0
A Human 1MDuo DNA Analysis BeadChip

A NextGeneration Sequencing (NGS)
I Whole-genome sequencing
I Targeted, e.g. RN8eq




Focus on NGS

10° 102 10* 10° 108  BEvent Sze

0 1 1 1 1 1 1 1 I I (in bp)

Sanger
sequencing

Karyotype

FISH

Arrays

Next-Generation Sequencing

A Limitations of Arrays
I Lower resolution for genomic rearrangements

| Balanced events (e.g., inversions) cannot be
detected using signal intensity differences

I No breakpoint information



Computational Methods



Detecting
Genomic Rearrangements
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Detecting
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Mate-pair or paired-end

mapping abnormalities
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Mate-pair or paired-end
mapping abnormalities
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Mate-pair or paired-end
mapping abnormalities

------------------------------------------------------------------------------------------------------------------------------------------------------------------
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Mate-pair or paired-end
mapping abnormalities

------------------------------------------------------------------------------------------------------------------------------------------------------------------

Reference —_—
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Mate-pair or paired-end
mapping abnormalities

------------------------------------------------------------------------------------------------------------------------------------------------------------------

Reference —_—

=
° Sequence
+ p \
o f i \.
; Newly -~ Insertion™.
s Sequenced - -
Genome e e
------------------------------------------------------------------------------------------------------------------------- C Lee et al. (2009)
- Reference E— -
E >equence "“~~-..,L__De'l eti onil_,.-""
v
< Newly
o Sequenced -
Genome —_— B A
- Reference ——» EE—
o Sequence
h “<”Inversion
v Newly
5 Sequenced
Genome e B —

......................................................................................................................... C Korbel et al. (2007)




Mate-pair or paired-end

mapping abnormalities
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Mate-pair or paired-end

mapping abnormalities
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Mate-pair or paired-end

mapping abnormalities

— S
Ref er ence
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Read-depth

signals




Read-depth
signals
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Read-depth
signals

-
- ——_—
—_
—_—  ——
—_— -
—_— -
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- . > | - - -
|

1 Copy 1 Copy 0 Copy 2 Copy 2 Copy

C Chiang et al. (2009)




Read-depth
signals

A Down-Syndrom
I Partial Trisomie 21

o
=10 20 30 40 |
chr21
IOg #Read%isease
2
#Read%lormal

CXie etal. (2009)




Split-read
alignments

Ref er ence
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Split-read
alignments

Ref er ence ———ceeccccccccccccccccccccccccccan —
Sequence

Del eti on




Split-read
alignments

Ref erence -——ceeessccccccccccccccccccccccoe —
Sequence

Del eti on

O, 0O, 0O, Oé Initialize top rowwth Os




Split-read
alignments

Ref erence -——ceeessccccccccccccccccccccccoe —
Sequence

Del eti on

O, 0O, O, Oé Initialize top rowwth Os

Favor | ong gaps




Split-read
alignments

Ref erence -——ceeeseccccccccccccccccccccccco" —
Sequence

Del eti on

0, 0, O, Oé Initialize top row with Os

Favor | ong gaps

a Search last row for maxi num score A

C Ye et al. (2009)

C Ameur et al. (2010)




‘ ‘ ‘ Local assembly

Large I nsertion
Ref er ence
Sequence —— - —_—
— —_—P e —
e Tt SOTTRRE —
e —
—— —P e —
e ot SERSSTIRITSIRRRSERRRSRRR B ——
. R SETRREEIRRRRORR R <+ —
Mapped Reads Mapped Reads
Local Assenbly

C Rausch et al. (2009)
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Ref er ence
Sequence

Large Insertion
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Mapped Reads Local Local Mapped Reads
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‘ ‘ ‘ IIIIIHHH%HIHH%HHHHHIIIIII

Ref er ence
Sequence

Large Insertion
. TR - —_—
- — s SIS -
e R S ——
—— — —— e -
- R .
e Sl S ~—

. T S — S

Mapped Reads Local Local Mapped Reads
Assenbl y Assenbl y

Anchori ng assenbl ed
contigs of all
unmapped reads

C Hajirasouliha et al. (2010)




Computational Methods for De Novo
Genomic Rearrangement Detection

Paired-end mapping

Read-depth

Slit-read

Local assembly

Deletion

Short insertion
(< Insert Sze)

Large insertion
(> Insert Size)

Inversion

Tandem duplication

Translocation

Gain/Loss (CNVs)

Region / Breakpoint

SNNNOKS

Region

4

4
4

Region

A

SN8S

Breakpoint

4
J

Breakpoint




Structural Variant Detection
Tools

A Readdepth tools
I CNVerCNVnatoretc.

A Pairedend mapping
I PEMerBreakdancer

A Splitread
I Age,Pindel



Validations

A Technical Validations
I PCRAmpliconsequencingExoncapture

A Recurrent Validation

I What is the variant allele frequency In a larger
cohort
ATarget Enrichment
AArray studies



Variant Aware Read Mapping




Known SNPs

o) CATTT- TTTGAA &
6 CATHGMTTGAAe | C¢CATERETTGAA



Known Rearrangements

Junction C (60bp)

Deletion e GGCTTCAAE
30bp (— —) 30bp
e GGCAGCTCCECITCAA

30bp <€ > 30bp 30bp <€ > 30bp

Insertion ¢ GGCTAGCT/ECTTACTTCAA ¢

Junction A (60bp) Junction B (60bp)

C Lam et al. (2010)




Target Enrichment

Tobias Rausch
July 2011



GENOMIC SAMPLE
(Set of chromosomes)

SureSelect™

V00000000000C Target Enrichment System

W Capture Process SureSelect
- Baits
LI 1 pmom SN - cRNA probes
0000C 0000¢ UL ;’\ﬁ'w * Long (120
GENOMIC SAMPLE (PREPPED Sure e bases)

. J « Biotin labeled

.....

Hybndization

STREPTAVIDIN COATED MAGNETIC BEADS

000C 50e0¢ 0000C \
9090% o000c 0008 + F A
0000C  9000C

00, wﬁ@%&o

is / HiSeq 2000
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Technologies

Common
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Figure 1 Roadmap for the application of next generation sequencing
technologies for the identification of disease-relevant genomic vanations.

Majewski J, Schwartzentruber J, Lalonde E, et al. J Med Genet (2011).



Technologies

Table 1 Comparison of commercially available technologies for human
whole exome capture (numbers taken from their respective data sheets)

Agilent NimbleGen lllumina
Probe size 120 bases 55—105 bases 95 hases
Target region size 50 Mb 44.1 Mb 62 Mb
Probe type RNA DNA DNA
No of probes b61824 2.1M 3404217
Mo of targeted exons 188 260 ~ 300000 201121
Reads on target (%) =65 =65 =65
On targets =200 bases (%) 11 83 80
Bases with >0.2< mean =80 =80 =80

read coverage (%)

Majewski J, Schwartzentruber J, Lalonde E, et al. J Med Genet (2011).



Target Enrichment Analysis

A Quality Control
A On-target / Off -target Analysis
A Coverage Analysis
A GGContent, Allelic Balance, etc.

A Data Analysis
A SNP, Shortindel and SV Calling
A Relating the Variant Calls to Public Databases



Individual Baits vs. Target Region:
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Ontarget / Offtarget Analysis
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GA Lane, 50MB Kit

A 37 million reads, 32 million mapped (86%)
A 105bp reads

X xt.baseComp
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Ratio of targets above coverage

1.0

0.9

0.8

0.7

0.5

0.5

0.4

GA Lane, 50MB Kit

s 8 sequence_ SureSelect.bed

]

[}

)

&)

o]

10

20 30

Avg. coverage level

40



HiSed.ane, 50MB Kit

A 185 million reads, 160 million mapped (86%)
A 105bp pairedend reads

s 8 1 sequence.txt.baseComp s 8 1 sequence.txt.baseQual
GC-Content: 0.45

Avg. base qual

Read position Read position



HiSed.ane, 50MB Kit

s 8 sequence SureSelect.bed
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Ratio of tangets above coverage
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Independent Comparison teefSeq

On-tanget ratio
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Independent Comparison teefSeq
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Frequency
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1000 Genomes Project

80/20 rule
80% of the targets above 20x coverage
Histogram of all 1000 Genomes exome data sets
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Allelic Balance
chrl, whole genome sed.
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Allelic Balance
chrl,exoncapture
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Allelic Balance fdinDelslbp-10bp
(Whole Genome Seq.)

BAF for herozygously called InDels
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Allelic Balance fdnDelslbp-5bp
(Target Enrichment)

BAF for herozygously called InDels
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Allelic Balance fdnDelslbp-5bp
(Target Enrichment)

BAF for herozygously called InDels
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Caveats:

(i) Shortindelstend to occur around tandem repeats

(i) Alignment is much harder in these regions

(ii) High false discovery rate of &liDelCallers (10%40% FDR)

Indel length




Copy Number Variants




Copy Number Variants

-
-  ——
 ——
 ——— e —_—
s D B
> | —_— -
_— -— _—
- > | - - -

1 Copy 1 Copy 0 Copy 2 Copy 2 Copy




Logxratio

Copy Number Variants

A Down-Syndrom
I PartialTrisomie2l

10 20 30 40
chr21
IOg # Read%isease
2
# ReadS\Iormal




Large Genomic Rearrangements

A Samplel
A Sample2
A Sample3
A Sample4

Readdepth approach

Source: Thomas Zichner



Case Study

HapMapTrio



HapMapTrio

NA12892 NA12891

o B

NA12878



HapMapTrio

NA12892 NA12891

o B

NA12878

ANA12878 and NA12891 were sequenced



Individual Baits vs. Target Region:

A_36_B41642 [55>5>) | Baits
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A All bait and target region coordinates are hg18
Ac201f tSYy3adK 2F GFNBHSG NE:
Ac2dart fSy3adK 2F ol AdG asSladz
A Approximately 1% of the human genome



ExonLength Distribution

Histogram of log2(x)

A All baits are
of length
120bp

| I | |
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Target Region Length Distribution

Histogram of log2(x)

A All baits are
of length
120bp




Mapped Reads

NA12878 NA12891

4775149,11% 3586497,11%

B #Reads mapped B #Reads mapped

#Reads unmapped #Reads unmapped

38163843,89% 29133027,89%

A Mapped SOLiDreads
A NA12878: 133,915,955 mapped reads
A NA12891:108,092,260 mapped reads




Ontarget / Offtarget Analysis

NA12878 - lllumina

W HReads in targeted regions

20,389,403,
53%
17,774,440,
47%

#Reads in off-targeted regions

NA12891 - lllumina

W HReads in targeted regions

16,259,993,
56%
12,873,034,
44%

#Reads in off-targeted regions

NA12878 - SOLiID

W HReads in targeted regions #Reads in off-targeted regions

79,815,980,
60%

54,099,975,
40%

NA12891 - SOLiD

W HReads in targeted regions

62,078,729,
57%
46,013,531,
43%

#Reads in off-targeted regions




Avg. Coverage for each Target

. a

Hlumina SOLID

A SOLiDdistribution is shifted to the right due to
higher sequencing coverage



