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Genome Structural Variation

Deletion Duplication Inversion



Genetic Variation

Types.
Sequence
ASingIe baseyair changes point mutations

A Small insertions/deletioindrameshift microsatelliteminisatellite

A Mobile element8d retroelemeninsertions 80Gbp-10kb in size)

A Largescale genomic variation {>kb)
| Largescale Deletiondnversion, translocations

I Segmental Duplications

A Chromosomal variatiah translocations, inversions, fusions.

Cytogenetics



Introduction

A Genome structural variation includes copy
number variation (CNV) and balanced events
such as inversiorend translocatiors originally
defined as > kbp but now >50bp

A Objectives
1. Genomic architecture and disease impact.

2. Detection and characterizatiomethods
3. Primate genome evolution
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Perspective: Segmental Duplications (SD)

Definition: Continuous portion of genomic sequence represented
more than once in the genome ( >90% and > 1kb in Igdhgihistorical
copy number variation

@ Intrachromosomal

@ Interchromosomal Distribution

; i E ; Interspersed
:: i; Tandem

Configuration



Importance: Structural Variation

Non Allelic Homologous Recombination
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Human Disease
Triplosensitive, Haploinsufficient and Imprinted Genes
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Importance: Evolution of New Gene Function

Acquire New/
Modified Function

Duplication Mutation

Mutation Mutation

Maintain old Loss of Function
Function




Human Genome Segmental Duplication Pattern

A-4% duplication (125 Mb)
A>20 kb, >95%

£59.5% pairwise (> 1 Mb)
AEST rich/ fdg
A\ssociated with Alu repea

" She, Xet al.,(2004)Nature 431:92730
http://humanparalogy.gs.washington.edu




Mouse Segmental Duplication Pattern
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Human Segmental Duplications Properties

A Large (>10 kb)

A Recent (>95% identity)

A Interspersed (60% are separated by more than 1 Mb)
A Modular in organization

A Difficult to resolve




Model #1: Rare Structural Variation

O— AR

O_

ABC

GAMETES

l NAHR

ABC

< om=

Human Disease

J,
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Triplosensitive, Haploinsufficient and Imprinted Genes

AGenomic Disorders: A group of diseases that results
from genome rearrangement mediated mostly byail@tic
homologous recombinatiofinoue & Lupski , 200R




DiGeorge/VCFS/22g11 Syndrome
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Duplication Map

AL30 candidate regions (298 Mb)

A3 associated with genetic disease
A arget patlents array CGH
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Genome Wide CNV Burden
(15,767 cases of ID,DD,MCA vs. 8,328 controls)

Developmental DelayCases
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~14.2% of genetic cause of
developmental delay |
explained by large CNVs
(>500kbp)
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Cooper et al.,Nat. Genet 2011
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Model #2: Copy Number Polymorphisms and Disease

Gene Type Locus Seg. Dup Phenotype
GSTT1 Decrease 22911.2 54.3 kb halothane/epoxide sensitivity
GSTM1  Decrease 1p13.3 18 kb toxin resistance, cancer susceptibility
CYP2D6 Increase 22q13.1 5kb antidepressant sensitivity
CYP21A2 Increase 6p21.3 35 kb Congenital adrenal hyperplasia
LPA Decrease 6027 5.5*n kb Coronary heart disease risk
RHD Decrease 1p36.11 ~60 kb Rhesus blood group sensitivity
C4A/B Decrease 6p21.33 32.8 kb Lupus (SLE)
DEFB4 Decrease 8p23.1 ~310 kb Crohn Disease
DEFB4 Increase 8p23.1 ~310 kb Psoriasis

CO— > > > > >— Increase

1T
O—mm)Em)Em ) ——

O—:>‘:>— Decrease

ADisease CNPs enriched within duplicated sequences.



Structural Variation and Enriched Gene Functions

m Unique regions

G-protein modulator

Protein kinase L Duplicated regions
G-protein coupled receptar
Transferase . g . .
Select regulatory molecule Drug thOlelcatlon.
Protease glutathioneS-transferase, cytochromeP450, carboxyleste
Other signaling molecule
« Intermediate filament Immune response and inflammation:

Cation transporter

Natural killercell receptors, defensin, complement factors
Growth factor

Select calcium bin;?:gc;;:z:i Surface Integrlty genes:
Serine protease mucin, late epidermal cornified envelope genes, galectin
* Cytoskeletal protein S f . .
Cinase urface antigens:

Hydrolase melanoma antigen gene family, rhesus antigen

Immunoglobulin receptor family member
Receptor

* Miscellaneous function
Defense/immunity protein

* Structural protein

Signaling molecule

* Cell adhesiocn molecule

= Cadherin

0 2 4 6 8 10 12 14
= log ;5 (p-value)

AEnvironmental interaction and cell-cell signaling molecules enriched
Cooper et al.2007



Copy-Number Detection is not Sufficient!

Color-Blindness in Humans: The Opsin Loci
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Deeh SS,Clin. Genet, 2005



Common and Rare Structural Variation are Linked
17921.31 Deletion Syndrome

Chromosomel7




17921.31 Inversion

O  E— | | — |
Chromosome
M
Inverted

A Region of recurrent deletion is a site of common inversion
polymorphism in the human population

A Inversion is largely restricted to Caucasian populations

I 20% frequency in European and Mediterranean population:

A Inversion is associated with increase in global
recombination and increased fecundity

Stefansson, Ket al.,(2005)Nature Genetics



> A'Common Inversion Polymorphism
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LI T Direct Orientation allele ( Hll_?
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Alested 17 parents of children with microdeletion and found that every parent
within whose germline the deletion occurred carried an inversion
Anversion polymorphism is a risk factor for the microdeletion event



Duplication Architecture of 17g21.31
Inversion (H2) vs. Direct (H1) Haplotype

00000000000000000000000000000000000000000000000000000000000000000

H1

H2

Del break
Inversion break

Anversion occurred 2.3 million years ago and was mediated by the LRRC37dugticon
A2 haplotype acquired humapecific duplications in direct orientation that mediate rearrangemel
and disruptiKANSL1gene

Zody et al, Nat. Genet 2008, Itsara et al., Am J. Human Genet 2012

»
]




Structural Variation Diversity
Eight Distinct Complex Haplotypes
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Summary

A Human genome is enriched for segmental duplications which
predisposes to recurrent large CNVs during geethproduction

A 15% of neurocognitive disease in intellectual disabled children is
N caulyENW® 8% ofnormalscarry largeevents

A Segmental Duplications enriched-26 fold for structural
variation.

A Increased complexity is beneficial and deleterious: Ancestral
duplication predisposes to inversion polymorphism, inversion
polymorphisms acquires duplication, haplotype becomes positivel
selected and now predisposesticrodeletion



Genomewide SV Discovery Approaches

Hybridization -based

A lafrateet al., 2004Sebatet al.,
2004

A SNP microarraysvicCarroll et
al., 2008, Coopeet al, 2008,
Itsaraet al, 2009

A Array CGH: Redoret al.2006,
Conradet al.,2010, Parlet al.,
2010, WTCCC, 2010

Single molecule analysi

Optical mapping: Teague et al.,
2010

-

Sequencingbased
A Readdepth: Bailey et al, 2002

A FosmidESP:Tuzunet al.2005,
Kidd et al.2008

A Sanger sequenciniylills et al,
2006

A Next-gen sequencindiorbel et
al. 2007, Yoonet al, 2009,
Alkan et al., 2009,Hormozdiari
et al.2009, Cheret al.2009;
Mills 1000Genomes Project,
Nature, 2011




Array Comparative Genomic Hybridization

Array of DNA Molecules
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SNP Microarray detection of Deletion (llumina)
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SNP Microarray detection of Duplication (llumina)
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Clone-Based Sequence Resolutiaof Structural Variation

Human Genomic DNA

Human DNA

/ — | Genomic Library (1 million clones)

Seqguence ends of genomic inserts &

l Map to human genome
Concordant Insertion Deletion Inversions
Fosmid
> < > < > < < <
Build35

Dataset:1,122408fosmid pairs preprocessed5.5X genome coverage)
639204 fosmid pairs BEST pairs 8.8 X genome coverage)



Genomewide Detection of Structural Variation (>8kb)
by End-Sequence Pairs
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Experimental Approaches Incomplete
(Examined 5 identical genomes >bkbp)

Fosmid ESP Array CGH

Clone Conrad et al.
sequencing N=1,128
Kidd et al.

N=1,206

McCarroll et al.
N=236
Affymetrix 6.0 SNP Microarray Kidd et al., Cell 2010



Next-Generation Sequencing Methods

A Read pair analysis — ———
i Deletions, small novel insertions, inversions, transposons .
I Size and breakpoint resolution dependent to insert size . —

A Read depth analysis
I Deletions and duplications only —— —
I Relatively poor breakpoint resolution |

A Split read analysis

i Small novel insertions/deletions, and mobile element — -~
iInsertions -/
i 1bp breakpoint resolution — -
A Local and de novoassembly —
i SVinunique segments |
i 1bp breakpoint resolution *i:‘-?—_%'_.%—:—*

Alkan et al.,Nat Rev Genet, 201]



Computational Approaches are Incomplete
159 genomes (4 X) (deletions only)

ReadPair ReadDepth

1772 (33%)

Split-read
Mills et al., Nature 2011



Challenges

A Size spectrud >5 kbp discovery limit for most
experimental platforms; NGS can detect much smaller bu
misses events mediated by repeats.

A Class bias: deletions>>>duplications>>>>balanced event:
(inversions)

A Multiallelic copy number statésincompletereferences and
the complexity of repetitive DNA

A Exomevs. Genome
A False negatives.



Using Sequence Read Depth

A Map whole genome sequence to reference genome
I Variation in copy number correlates linearly with read-depth

A Caveat: need to develop algorithms that can map reads to all possible
locations given a preset divergence (eg. mrFAST, mrsFAST)

lllumina Sequence

Reference Sequence m 25 s
Sequence to Test -3 millio ds
Random Genome

Sample

unique duplicated

Bailey et al., Science, 2002



Personalized Duplication or CopyNumber Variation Maps

Venter (Sanger)

Watson (454
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Atwo known ~70 kbp CNPs, CNP#1 duplication absent in Venter but predicted
in Watson and NA12878, CNP#2 present mother but neither father or child

Alkan, Nat. Genet2009



Copy number from short read depth

A Map reads to reference withrsFAST . A
I Recordsll placements for each read

'r F
A Petlibrary QC, (G+C)bias correction
A Train estimator using depths at regions of NALBSO7 GE comrection

known, invariable copy /\

A 1 kbp-windowed CN genomewideeatmap

fit on avg depth
- - fit on all points (weighted by data)

GC corrected read dep
e i
N
\

00000



http://mrsfast.sourceforge.net/

interphase FIsH Read-Depth CNV Heat Maps vs. FIS
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17921 MAPT Region for 150Genomes

chrl7: 40900000 42100000

__71% of Europeans carry at least
"~ Partial duplication distal (17921
associatedd all inversions carry
the duplication

CEPH
European

__24% of Asians are hexaploid for

"~ NSF gene N

ETHYLMALEIMIDE -
SENSITIVE FACTOR potentially
Important in synapse membrane
fusion; NSF (decreased expressiol
In schizophrenia brains (Mimics,
2000, Drosophila mutants results
In aberrant synaptic transmission)

Asian

Yoruba
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15—

Read-Depth vs. Quantitative PCR
O— >
CCL3L106 chemokine ligand 3like (1.9 kbp)

Sequencing based copy number estimates

qPCR based copy number estimates
25
population population
Asian 0 Asian
European European
2 Yoruba 15 B voruba
i l L |

TERRRENE Ihll-u :

) )
a 2 12 14
rel_log2

count
=

REGREES 1 000

A Tested155 genomes readdepth (1-2 X coverage) vs. QPCR
A r2=0.93between sequence and quantitative PCR estimates



Unique Sequence Identifiers Distinguish Copies

copy 1 ATGCTAGGCATATAATATCCGACGATATACA@'ITAG TTAGE

copy 2 ATGCTAGGCATAATATCCGACGATATACATATACATGTTA
copy 3 ATGCTAZGCAT/GAATATC@CGATATACATATACATGTTAGé
copy4d ATGCTAG CATATAATATCCGACGATA"@@TACATG TTAG.

S b

A Self-comparison identifies 3.9 million singly unique nucleotide
(SUN) identifiers in duplicated sequences

A Select 3.4 million SUNs based on detection in 10/11
genomes=informative SUNs=paralogous sequence variants that
are largely fixed

A Measure readepth for specific SUNsgenotype copynumber
status of specific paralogs
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CNV Detection by ExomeReadDepth

— coniler
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Frequency

Detecting Smaller CNVs

Estimated sizes of CNVs in this study

140~
. W Novel CNVs found by exome

120- W Previously identified CNVs

Validated
Novel
CNVs

100-
80-
60-
40-
' o lllumina i1M SNP Microarray
20- (2+ exon calls from Sanders et al. 2011)
o- O Exome/CoNIFER (this work)
0 kbp 20 kbp 40 kbp 60 kbp 80 kbp 100 kbp

Estimated size of exome call (bp) o _
o aCGH validation (this work)

A 5-fold increased sensitivity for CNVs <= kBp than high density
SNP microarray.

CoNIFERsoftware:


http://conifer.sourceforge.net/index.html

1)

2)

3)

Going Forward

Focus on comprehensive assessment of genetic variation
NGS are indirect and do not resolve structure by provide
specificity and excellent dynamic range response.

High quality sequence resolution of complex structural
variation to establishalternate references/haplotypesd often
show extraordinary differences in genetic diversity

Technology advances in whole genonee quenci ng nl
Gener ati on :boagrene sequenairgy technologies
with NGS throughput in order to sequence and assemble genome

de novo



WG Sequencing Recent Gene Duplicates is difficult .
Public Build34
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She et al. Nature, 2005



Shorter-Read Technologies further Limit.

Surmn of aligned hases (kb

Identity Distribution NCBI Build 36 WGAC 94% +
Celera WSSD +

§0,000 - W Build36 YH WSSD

| Celera (MGSA)

mH
a0,000 4 436,586
40,000 /
30,000 +

73,964,953 9,600,810
20,000 4
10,000 1 YH WGAC
D 1 I I 1 II 1
80 91 82 53 94 85 T3] 8y 8a 99 100
[dentity (%)

A SOARde novo Assembly YB 93% of SDs missing

A Subsequent improvements in algorithms, llumina read length,
reads from longer inserts, fosmid pools all improve continuity but
leave 7581% of SDs missing or mi@assembled

Alkan et al. Nat. Methods, 2011Chaisson et al unpublished



SingleMolecule ReatTime Sequencing (SMRT)

. Emission

Excitation

Long reads no cloning oramplifciation but lower throughput
and 15% error rate



HGAP and QUIVER

ARTICLES |

Nonhybrid, finished microbial genome assemblies
from long-read SMRT sequencing data

Chen-Shan Chin!, David H Alexander!, Patrick Marks!, Aaron A Klammer!, James Drake!, Cheryl Heiner!,
Alicia Clum?, Alex Copeland?, John Huddleston?, Evan E Eichler?, Stephen W Turner! & Jonas Korlach!

Long reads :
= R ? Construct pre-assembled
Longest — o . reads
‘seed’ reads
Pre-assembled = Assemble
reads —y - - D to finished
Genome genome

Chin et al. Nat. Methods 2013


https://github.com/PacificBiosciences/Bioinformatics-Training/wiki/HGAP
https://github.com/PacificBiosciences/Bioinformatics-Training/wiki/HGAP
https://github.com/PacificBiosciences/Bioinformatics-Training/wiki/HGAP
https://github.com/PacificBiosciences/Bioinformatics-Training/wiki/HGAP

A Simple Experiment

_ CHI17-41F14 _
’ © CHI17-33G3
BAC Tiling ) _ CHI17-169A24
CH17-170H8
Path ' _CH17-124M20
© _ CHI7-157L1 _
' _ CH17-202L17 _
) _CHI17-227A2
b
SegDup ~ MIEEMEW T )R .

Organization

A Select tiling path of BAC previously sequenced using Sanger and
corresponding to region of Complex SD

A Sequence each clone (~200 fold) using on average 1 SMRT Cell
and assemble using HGAP and QUIVER

A Compare Sanger and Pacbio assembly using BLASR



Results

ARHGAP27 #-—

ARHGAP27 I LOCE44 RHR1 -8 MAPT bt KANSLI1-AS1 LRRC37A W WNT3 Wi
T ERHMI - CRHR1 H——e———tid TH LOC644 ARLI7A b———H
MAPT-AS1 KANSL1 BH-+—+4-—b-1 ARL17B b H
MIR4A3 MGC57346 H pe p -

Segmental duplications

S Ren T 3RERRR e

>>>>>>>
= § 5

>>>>>>>

PacBio supercontig
0

Sanger supercontig
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1355
|

500 Kbp

A Accurate (QV#45) assembly of complex region of human genome
by BACi 125difference® 31/44favor PacBioover Sanger

A Most differences arimdelsbut one large scale collapse2sfkbp
region tol2 kbp

Huddleston et al. Genome Res2014



Strategy for Resolving
Complex Regions

Select Clones by BAGend
Seguence Data

\ 4

Nextera lllumina Sequencing
(96-well format)

¥

PacBio Sequencing of Tiling
Path




Whole Genome Sequencing witliPacBIo

A CHM18 completenydatidiformmole (CHML)-i P| at i num Gen o me
A 10X Sequence coverage using RSHE3 chemistry
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http://datasets.pacb.com/2013/Human10x/READS/index.html
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Transitioning into the Centromeric Satellite

A Single31.8kb read mapping to edge of centromere on chromosomnis:

° “% A HSAT2RS anchor and
SRIELB i e extends 25 kbp into

éigg e & T ARl LI :

g@@f@ ,w.'s Smsdam s EEGG centromeric

e ik e gg s R Site of extensive copy number
e polymorphism and potential

hotspot for rearrangements

associated with cancer

“‘% A Data suggest that 5 bp
. HSAT2 is organized into a
2.8 kbp HOR

83/0_31790 RQ=0.880

i

o
3

_p0/36

nl3lo0l_233841_42213_cl00579392550000001823095604021436_s1
T ] T 7 3 7




Summary
A Approaches

I Multiple methods need to lmmploye@d Readpair+Read
depth+SplitReaand an experimental method

I Tradeoff between sensitivity and specificity
I Complexity not fullyunderstood

A Readpair and readiepth NGS approaches
I narrow the size spectrum of structural variation
I lead to more accurate prediction of capymber
I unparalleled specificity in genotyping duplicated genes
(reference genome quality Key
A Third generatiorsequencingnethods hold promise but
require high coverage



" Johnod Duplication is the
primary force by which new
gene functions are created

AThere are 990 annotated
genes completely contained
within segmental duplication




Duplication Acceleration in Human Great Ape Ancestor
Mbp of Overlap

Macaque Orangutan Gorilla Chimpanzee Human

Chimp 19.1 23.7 6.0 66T
1.19 2.95 0.99 1.09

Human T

(17.85) 4.2
g ~§ Myr

Vi
6.94 «
(0.22 o ~12-16 Myr
16.1
134 | .
B 5.7
Mbp
(23.33 Orangutan Mbp/million years

AA 3-4 fold excess ine novosegmental duplications in common

ancestor of human, chimp and gorilla but after divergence from
orangutan

Aot a continuous accumulation
Marques-Bonetet al., Nature, 2009 Ventura et al., Genome Re2011



Great Ape Genome Diversity Project

. »l?' . "-,

A Deep genome sequencing of
79 wild and captive born great
apes (6 species and 7
subspecies) and 10 human
genomes

¥ A 167 Mbp (83.6 million SNPs
and 84.0 fixed SNVs)

A 469 Mbp affected by copy
number

A 745 CNV; 1080 indels; 806
SNVs affect gene structure

Prado and Sudmantet al., Nature, 2013



Ape Segmental Duplication Patterns
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Rate of Duplication

1.8 mya
0.76

6.5 mya
16.5 mya )

P

*
m 2.Omya,’0_17

0.35

*

duplicated bp /
substituted bp

C X1.1 mya

Bornean Orangutan

Sumatran Orangutan

Denisova

Homo Sapiens

Bonobo

Nigerian/Cameroonian/
Western Chimpanzee

1.1 mya

Eastern/Central
Chimpanzee

Eastern Gorilla

Western Gorilla

p=9.786X 1012

Sudmant PH et al. Genome Res2013



Rate of Deletion

O

*0=4.79X 109



