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Why exome sequencing

Cheaper than whole-genome sequencing

Exome is the protein-coding region of the genome — 1-2%

Mutations in exome likely cause protein expressions
alterations — causes for diseases

Provides molecular evidence to assist in clinical diagnosis



Exome sequencing - overview
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Exome capture kits
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Exome capture kits

Kits cover different regions
Coverage variability

- Quantity and quality of the input DNA

- Library insert length and its distribution

- Repeat elements, tandem repeats and pseudogenes
- Extreme GC content

- Sequencing



How much coverage?

EdgeBio suggestions

Research studies - 30X and 50X
Clinical studies - at least 100X

+4+ mean of coverage -> ++ % of the target region covered

Reads on target

- Agilent: 77-83%
- lllumina TruSeq: 69-70%
- NimbleGen: 84-86%



Applications of WES

Single gene disorders (Kabuki Syndrome, Kohlschutter-

Tonz Syndrome)

Ng et al Nat Genet 2010
Schossig et al. Am J Hum Genet 2012

Genetic heterogenic disorders (autism, schizophrenia)

Girard et al. Nat Genet 2011
Yu et al. Neuron 2013

Cancer research (somatic mutations)
Varela et al. Nature 2011



Mendelian disorders

Rare, genetic disorders

40-82 per 1000 live births

Majority ot patients without a diagnosis

>3000 disorders with unknown genetic causes
Stitziel et al, Genome Biol 2011

Sequencing study

Family (parents) o
genetic cause

ten needs to be sequenced as well to find
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Setup

RARRRRRRARRAAR 250 patients
Blood samples

NibleGen kit
llumina HiSeqg 2000 or Genome Analyzer lIx (24 cases)

Coverage: avg 130X with >95% of target bases at least 20X
coverage

Goal

|dentify known mutations (not elucidating new ones)
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Results

|dentitied 86 mutated alleles — causative in 62 patients

25% molecular diagnostic rate (33 autosomal dominant, 16
autosomal recessive, ? X-linked) = many mendelian diseases
have yet to be discovered

4 patients - two non-overlapping molecular diagnoses (will
increase as more causing mutations are known)

Mutation types
small frameshift, in-frame, nonsense, splice missense mutations

Yang et al. N Engl J Med (2013)
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Applications in cancer

Comparison of normal vs tumor tissue
|dentification of driver mutations

Find copy number variations (CNVs) and large structural
variations (SVs)

|dentify germline mutations that increase risk of getting
cancer

Hill et al. The genetics of melanoma: recent advances. (2013)
Tenedini et al. Targeted cancer exome sequencing reveals recurrent mutations in
myeloproliferative neoplasms. (2013)
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http://www.ncbi.nlm.nih.gov/pubmed?term=Tenedini%20E%5BAuthor%5D&cauthor=true&cauthor_uid=24150215

Analysis



NGS Platform

[llumina, SOLID, 454, ...

¥

Quality Assessment

Trimming, Filtering, ...

v

Read Alignment

Reference Genome

Y

Variant ldentification
SNP, INDEL, CNV, SV

Germline / Somatic * Structural Variants

Annotation

Public Databases, Conservation Scores, ...

Pipelines

*

Visualization

Variant, Annotation, ...

Genome Browser * Circos Plots

Prioritization / Filtering

14



Quality control



Quality control

Problems

Base calling errors

Poor quality reads

Homopolymer issue

Reads and adapter contamination

Problem handling

Visualization of base quality scores and base distributions
Trimming & filtering of reads

- score and properties
- primer contaminations, N content, and GC characteristics
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FastQC

Java standalone tool

Fastg quality control (not aligned BAM,SAM)

Qutputs a report in HTML format
-> view in browser

http://www.bioinformatics.babraham.ac.uk/proj

ects/tastgc/
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http://www.bioinformatics.babraham.ac.uk/projects/fastqc/

Good per base sequence quality

Quallty scores across all bases {Illumma 1.5 encodmg}
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Good per base N content

N content across all bases
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Poor per base N content

N content across all bases
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What to look for ?

[A Base calling quality
[A GC content

AN content

[A Adapter contamination
[A Trimming/filtering: FASTX-Toolkit, PRINSEQ
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Alignment

Current human reference genome
- hg19 (UCSC, chr prefix)
- GRCh37 (Genome reterence consortium)
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hg20

An issue has been encountered in the processing of the GRCh38
assembly. This issue is expected to delay the release of the
assembly by several weeks. We will provide an updated release

date estimate as it becomes available. If you have questions or
concerns about this let us know.
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Alignment

Tools
BWA, Bowtie, BFAST, ...

Colorspace support dropped
BWA > 1.6.0: Bowtie > 2.0

Index of reference genome has to be created prior to
aligning
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Decoy sequences

Sequences missed in hg19 assembly -- ~36Mb

Contains sequences of

- Epstein-Barr virus — often used in lymphoblast cell lines
to “immortalize” cells

- HuRef (Craig Venters sequence)

- de novo assembly of NA12878 (from 1000 genomes
project)

- human DNA sequences studied in bacteria
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Decoy sequences

Sequences missed in hg19 assembly -- ~36Mb

Contains sequences of

- Epstein-Barr virus — often used in lymphoblast cell lines to
“immortalize” cells

- HuRef (Craig Venters sequence)

- de novo assembly of NA12878 (from 1000 genomes project)
- human DNA sequences studied in bacteria

+ Avoid false forced alignment
+ Speed improvements

http://www.cureffi.org/2013/02/01/the-decoy-genome/
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http://www.cureffi.org/2013/02/01/the-decoy-genome/

Alignment evaluation

e.g. Qualimap
Implemented in JAVA
Features

- mapping coverage and nucleotide distribution

- main properties of the alignment data

- reads mapped inside/outside of the regions defined in an
annotation reference

- sequencing depth statistics
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Qualimap

Coverage across reference

ERR089819.bam
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What to look for ?

[A Correct reference genome

[A Alignment parameters - stringent vs. flexible
[A Color space support?

[A Sequence duplications

[A Reads on target?

[A Further information

- Benchmarking short sequence mapping tools (PMID: 23758764)
- Comparative analysis of algorithms for next-generation sequencing
read alignment (PMID: 21856737)
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Variant calling



Variant calling

|dentification of SNPs, INDELs, CNVs, SVs
Germline mutations and somatic mutations

Tools

Atlas SNP & Atlas INDEL
Crisp

FreeBayes

GATK

SAMtools

SNVer

SomaticSniper

VarScan
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A (Germline callers) B (Somatic callers)

SAMtools

VarScan 2

713/114

1384/300

SNVer
231/233 SomaticSniper
13393/0
CRISP VarScan2
870/414
C (CNV identification tools) D (Exome CNV identification tools)
cnv_sim
ExomeCNV CONTRA
RDXplorer CNVnator
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A (Germline callers)

SAMtools

713/114

cate ~INDELs

y ‘
11522/431 @

SNVer
231/233
0/0
8/0
CRISP VarScan2

870/414

SNP / INDEL
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Tools differ widely regarding called INDELs and
show larger agreement in identified SNPs



B (Somatic callers)

VarScan 2

1384/300

N\

SNP / INDEL

SomaticSniper
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C (CNV identification tools)

cnv_sim

RDXplorer

CNVnator
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Variant caller evaluation

Highly confident set of reference (http://arxiv.org/abs/1307.4661)

- GATK - UnitiedGenotyper

- GATK - Haplotype Caller

- FreeBayes

- Ensemble calling method (combining previous 3)

Post-processing methods of alignment (BAM files)
- MarkDuplicates & GATK base QS recalibration &
realignment around INDELs

- Only de-duplication (samtools)
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http://arxiv.org/abs/1307.4661

SNPs

Indels

Results of variant caller evaluation

GATK best-practice BAM preparation (recalibration, realignment)

Concordant Discordant (missing) Discordant (extra) Discordant (shared)
81651

80524

79890 79931

4526

3886 3816

1891 1992 2008

1085 o3¢
220 287

5898 5850 5751

4885
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SNPs

Indels

Results of variant caller evaluation

Minimal BAM preparation (samtools de-duplication only)

Concordant

81604
80985

5872 5787

80372 80360

5763

Discordant (missing)

3993

3244 3226

2814

1525 1713

Discordant (extra)

1144 913
269 325

Discordant (shared)

2028 2152 2169
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Summary of variant caller evaluation

FreeBayes outpertorms the GATK callers on both SNP and

INDEL calling; particularly resolving hom/het calls (discordant
shared variants)

GA

K Haplotype Caller is better than UnitiedGenotyper

Ensemble calling approach performs best - but takes the
longest
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What to look for ?

[A What type of problem (Mendelian disorder, cancer, ...)
[A Good coverage where variant is called
[A Homopolymer problem ...

[ Quality score recalibration and realignment around
NDELs can be skipped in new versions - still good
oerformance and huge speed improvements
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Variant annotation



Variant annotation

Predict functional impact of variants
- query predefined scores
- list/combine different predictions

Basis for filtering variants
- Database links (dbSNP, retseq, GO)
- sequence/region-based functional annotation

Tools

ANNOVAR (command line / web)
SeattleSeq (web)

SnpEff (command line)

SVA (GUI)

VEP (web)
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What to look for ?

[A Annotating SNP & small INDELs works good
[A Annotations for CNVs and SVs are limited

[A Check versions of databases for filtering
e.g.: dbSNP 130 is considered contaminated with false
positives

[A Legal issues when using web applications

[A Updates of underlying databases
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Visualization

Visualization
|GV / Savant / UCSC genome browser

Locally installed pipelines & workflow tools

Galaxy (http://galaxy.i-med.ac.at)
Simplex - Java based exome seq pipeline (PMID: 22870267)

Tools
BEDtools, samtools, vcttools, cutadapt

UCSC tools (bedGraphToBigWig, wigToBigWig, ...)
Picard (insert size metrics, mark duplicates, ...)
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Linux

most abundant sequence, its frequency, and percentage of total in file.fq:

cat myfile.fq | awk '((NR-2)%4==0){read=%$1;total++;count[read]++}END{for(read in count){if(!max]| |count

Convert .bam back to .fastq:

samtools view file.bam | awk 'BEGIN {FS="\t"} {print "@" $1 "\n" $10 "\n+\n" $11}' > file.fq

Keep only top bit scores in blast hits (best bit score only):

awk '{ if(!x[$1]++) {print $0; bitscore=($14-1)} else { if($14>bitscore) print $0} }' blastout.txt

Keep only top bit scores in blast hits (5 less than the top):

awk '{ if(!x[$1]++) {print $0; bitscore=($14-6)} else { if($14>bitscore) print $0} }' blastout.txt

Trim leading whitespace in file.txt:

sed 's/~[ \t]*//' file.txt

Trim trailing whitespace in file.txt:

sed 's/[ \t]*$//' file.txt

https://github.com/stephenturner/oneliners
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https://github.com/stephenturner/oneliners
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