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Genetic Variation

Types.

Sequence
® Single base-pair changes — point mutations

® Small insertions/deletions— frameshift, microsatellite, minisatellite

® Mobile elements—retroelement insertions (300bp -10 kb in size)

® Large-scale genomic variation (>1 kb)

— Large-scale Deletions, Inversion, Translocations

— Segmental Duplications

® Chromosomal variation—translocations, inversions, fusions.

Cytogenetics



Introduction

o Genome structural variation includes copy-
number variation (CNV) and balanced events
such as inversions and translocations—originally
defined as > 1 kbp but now >50 bp

e Objectives
1. Genomic architecture and disease impact.
2. Sequence-based detection methods

3. Primate genome evolution and the core duplicon
hypothesis.
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Perspective: Segmental Duplications

Definition: Continuous portion of genomic sequence represented
more than once in the genome ( >90% and > 1kb in length)
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Importance: Structural Variation

Non Allelic Homologous Recombination
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Importance: Evolution of New Gene Function

Acquire New/
Modified Function

Duplication Mutation

Mutation
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Human Genome Segmental Duplication Pattern

*~4% duplication (125 Mb)
e >20 kb, >95%

*59.5% pairwise (> 1 MDb)
*EST rich/ “gene” rich
*Associated with Alu repeats

" She, X et al., (2004) Nature 431:927-30
http://humanparalogy.gs.washington.edu




Mouse Segmental Duplication Pattern
VAN | | L

. L
chril FIIIIIIIII I LT gl e i [ nn |;__Iﬂ ] gy e Lo LT [
.f|.

0

IEAVEL D 1on A II!I
e |
LT ".-"P Wt uliuilli[jg norno1 i moo1 150 oim
Y | ) )/',.!
L IIILI.II]'I nm o omn g T [ 150011
T ..__.I'i:l mo nirn E 1 o 1 Lﬁy

118 Mb or ~4% dup

e >20 kb, >95%

*89% are tandem

*EST poor

eAssociated with LINEs

H
E—

She, X et al., (2008) Nature Genetics

1
1



Human Segmental Duplications Properties

Large (>10 kb)
Recent (>95% identity)
Interspersed (60% are separated by more than 1 Mb)

Modular (duplicon architecture) ~389 acceptor
regions
2.7% Genetic Difference, human vs. chimpanzee

What impact in terms of human variation?
Is it still ongoing?



Model of Genomic Disease/Variation
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-Genomic Disorders. A group of diseases that results
from genome rearrangement mediated mostly by non-allelic
homol ogous recombination. (/noue & Lupski , 2002).




DiGeorge/VCFS/22g11 Syndrome

O B Mormal haart I E Heart with tetrology of Fallot ~

— D225427 Increased Partial obstruction
Pulmonary anery Oxygenated outflow in {stenosis) of right
{to lungs) : L hilood flow aorta s . ventricular outflow

(to lungs) and
in left heart pulmonary valve

— D22575

Aarta
(to body) §

— D225941

Wentricular
septal defect

sy

\ — D225944
“a — TEx _
" Right
R atrium
A
— 0225284

— cas 82 pH17

leoxygenated
lood flow in Thickened
ight heart Right and left veniricles right vantricle
(hypertrophy)

1/2000 live births
180 phenotypes
75-80% are sporadic (not inherited)

WJ&F% LTE
 ©Mayo Foundation for Medical



Genomic Disorders (mediated by SDs)

Genomic Disorder Brain Congenital L ocus Interval LCR Dublicon %identi Incidence Incidence
Anomalies kb size kb P ty (%) (MR)

Williams-Beuren syndrome Severe MR gzzgéggac'al’ heart 7911.23 1,600 >320 PMS2/GTFI2  96-99 0.01 0.5
small hands, feet,

Prader-Willi syndrome Severe MR hypotonia, obesity, 15g11.2-913 3500 400 HERC2 92-99 0.007 0.35
short stature

Angelman syndrome Severe MR Mmicrocephaly, 15q11.2-q13 3500 400  HERC2 92-99 0.007 0.35
hyoptonia, seizures
crainiofacial,

Smith-Magenis syndrome Severe MR peripheral 17p11.2 4000 200 SMSREP 98.2-99 0.004 0.2
neuropathy

dupl7pll.2 mild MR peripheral 17p11.2 4000 200  SMSREP 98.2-99 0.001 0.05
neuropathy

Velocardiofacial syndrome  mild MR 32:};';2 craniofacial 55019 5 ~3000  ~300 LCR22 98-99 0.03 0.7

Cat Eye Syndrome Severe MR inr:“"’fac'a"co"’bo 22q11 3000 400  LCR22 98-99 0.003 0.15

Inv dup(15) Mild/Severe mild facial, seizures ~ 15q11/q14 4000 400 HERC2 98 0.01 0.5
fibromatous

Neurofibromatosis Mild MR tumours, visual 17q11.2 1500 85 NF1REP 98.4 0.003 0.03
defects

CMT1A no MR peripheral 17p12 1400 24  CMTIA-REP  98.7 0.01 NA
neuropathy

HNPP no MR peripheral 17p12 1400 24  CMTIA-REP  98.7 0.001 NA
neuropathy

0.089 2.80%
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Large CNVs and Neurocognitive Diseases

Pediatric intellectual disability (or idiopathic mental
retardation) ~15-17% of cases (>500 kbp)

Simplex autism—10% (10-fold when compared to
normal controls)

Schizophrenia—increase in frequency of gene disruptive
CNVs when compared to controls

30-40% of events are mediated by SegDups

Most pathogenic events that have been identified show
breakpoints within SD (eg. 16p11.2, 15¢q13.3 and
17921.3), however, there are several hundred singleton
occurrences

DeVries, AJHG, 2005; Sharp, Nat. Genet, 2006; Sebat, Science, 2007,
Walsh, Science, 2008, Hilgers-Ropers Review COGD, 2008
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17921.31 Inversion

Chromosome
M
Inverted

Region of spontaneous deletion is a site of common
Inversion polymorphism in the human population

Inversion is largely restricted to Caucasian populations
—  20% frequency in European and Mediterranean populations

Inversion Is associated with increase in global recombination
and increased fecundity

Stefansson, K et al., (2005) Nature Genetics



A common 1nversion under selection in Europeans
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«Tested 17 parents of children with microdeletion and found that every parent
within whose germline the deletion occurred carried an inversion
Inversion polymorphism is a risk factor for the microdeletion event



Duplication Architecture of 17/921.31
Inversion (H2) vs. Direct (H1) Haplotype

00000000000000000000000000000000000000000000000000000000000
_____

H1

H?2 | I III|I|I|I \I\II II|IIIII|I

*H1 Flanking SD: 169 kbp, seq 1D=98.3%, 0 kbp in direct

*H2 Flanking SD: 441 kbp, seq 1D=99.3%, 95 kbp in direct
*H2 duplication architecture is a “premutation” haplotype
Zody et al., Nat. Genet, 2008



15q13.3 Recurrent Microdeletion
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zewoeecs| 27eeeces| 2seecesn|  2occeece| Seceecce| Sieccees)

Segmental L
Duplications L 2

IMRSES mom (del 159150

15q13.1-13.3 deletion

B985, del 154913 (Zuffardin

150133 deletion s e i

Bzasl repest (Troina 15413 dell

e e ——

S45585 (del 15913, Zuffardil

—*-MIL—MWWMMWMM

Chromosomne Bands Localized by FISH Mapping Clones
R [ 150135.2 | ]
15013, 1 15413, 3
Gap Lacations
I [ ] [ |
FefIedq Genes - - -
=4l coLcAsc| APEAZ wl TOFL KLF13 ARHEAF11A ] RYRS |- T h dd a aI t tw th
ocA2 MOMLZ |  CHRFAMTA OTUD7Sei™ ™ ™ ® Lo i r% |0n p Im S pr &1 WI
HERCZ TJFL M HTHRLS | 8" CHRNAT HY ‘« .
e errrmn) “reTRTLT epilepsy/abnormal EEG

GOLGASG | MTHRE1E |
*CHRNA7(gated ion channel protein)
linkage to myoclonic epilepsy

Sharp et al., Nat. Genet, 2008

15q13.3 deletion

15013.1 deletion



Epilepsy and 1591.3.3 Microdeletion

 |diopathic generalized epilepsy

without mental retardation—
screened two independent cohorts
of North-Western European
ancestry (12/1,223 IGE patients
and 0/3699 population controls;
joint p=5.32 x 108).

10/12 patients have breakpoints
consistent with BP4-BP5
segmental duplication mediated
rearrangement that was identified
In children with mental
retardation.
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Schizophrenia and 15g13.3 Microdeletion

Large recurrent microdeletions associated with
schizophrenia

Hreinn Stefansson'*, Dan Rujescu®*, Sven Cichon®**, Olli P. H. Pietildinen’, Andres Ingason', Stacy Steinberg’,
Ragnheidur Fossdal', Engilbert Sigurdsson®, Thordur Sigmundsson®, Jacobine E. Buizer-Voskamp’,
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Magnus Haraldsson®, Brynja B. Magnusdottir®, Ina Gieglingl, Hans-Jiirgen Méller”, Annette Hartmann?,

Kevin V. Shianna'?, Dongliang Ge'?, Anna C. Need'?, Caroline Crombie'?, Gillian Fraser'?, Nicholas Walker'*,
Jouko Lonnqvist'®, Jaana Suvisaari'®, Annamarie Tuulio-Henriksson'®, Tiina Paunio™'?, Timi Toulopoulou'®,
Elvira Bramon'®, Marta Di Forti'®, Robin Murray'®, Mirella Ruggeri'’, Evangelos Vassos'®, Sarah Tosato'”,
Muriel Walshe'®, Tao Li'®'*, Catalina Vasilescu®’, Thomas W. Mihleisen’, August G. Wang'?, Henrik Ullum*",
Srdjan Djurovic?"*?, Ingrid Melle®?, Jes Olesen®’, Lambertus A. Kiemeney?*, Barbara Franke®®, GROUPT,
Chiara Sabatti*®, Nelson B. Freimer®’, Jeffrey R. Gulcher', Unnur Thorsteinsdottir', Augustine Kong',

Ole A. Andreassen®"*?, Roel A. Ophoff"*, Alexander Georgi*®, Marcella Rietschel*®, Thomas Werge®,

Hannes Petursson®, David B. Goldstein'?, Markus M. Néthen®?, Leena Peltonen®®*°, David A. Collier'®'¥, David St
1,21

Clair'* & Kari Stefansson Nature 455:237-41 2008
«7/4,213 cases vs. 8/39,800 controls, OR 11.54 , p=5.3 X 104

Rare chromosomal deletions and duplications
increase risk of schizophrenia  Nature 455:232-6 2008

The International Schizophrenia Consortium*

«9/3,931 cases vs. 0/3,181 controls, OR 17.9, p=0.0029



Disease Heterogeneity
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Mental Retardation

(0.3% n=6/ 2,082)
Sharp et al., 2006,
2008

Schizophrenia
(0.2% of 16/7,604)
ISC, 2008 &
Stefansson, 2008

15013.3 BP4-BP5
1.5 Mbp Del

Epilepsy
(1.0% or 12/1,223)
. Helbig et al., 2009

Autism
(0.3% of 5/1445)
Miller et al., 2008




Genomic Hotspot Model of Disease

Recurrence,
High New
Mutation Rate
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CNV Size (kb)

Individually Rare Collectively Common
(N=2,493 normal individuals Illumina SNP Microarrays)
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*8% of normals carry an event > 500kbp
*90.2% of variant bp are below 1% polymorphism



Model #2: Copy Number Polymorphisms and Disease

Gene Type Locus Seg. Dup Phenotype
GSTT1 Decrease 220911.2 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
O— >| >II >1 >| >— Increase
O—EmEmEms)——

1T

Q—l:>-l:>— Decrease

 Disease CNPs enriched within duplicated sequences.



Structural Variation and Enriched Gene Functions

G-protein modulator
Pratein kinase

G-protein coupled receptar
Transferase

Select regulatory molecule
Protease

Other signaling molecule

« Intermediate filament
Cation transporter

Growth factor

Ion channel

Select calcium binding protein
Serine protease

* Cytoskeletal protein
Kinase

Hydrolase
Immunoglobulin receptor family member
Receptor

* Miscellaneous function
Defense/immunity protein
* Structural protein
Signaling molecule

* Cell adhesiocn molecule
= Cadherin

m Unique regions
» Duplicated regions

Drug detoxification:
glutathione-S-transferase, cytochromeP450, carboxylesterases

Immune response and inflammation:
Natural killer-cell receptors, defensin, complement factors

Surface integrity genes:
mucin, late epidermal cornified envelope genes, galectin

Surface antigens:
melanoma antigen gene family, rhesus antigen

0 2 4 6 B8 10 12 14
= log ;5 (p-value)

Environmental interaction and cell-cell signaling molecules enriched

Cooper et al., 2007



Copy-Number Detection is not Sufficient!

Color-Blindness in Humans: The Opsin Locli

a
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*Normal phenotypic variation O ) )

*Red-green color vision defects,X-linked

8% of males and 0.5% females. NEur. ‘::
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Adapted from Deeb, SS, Clin. Genet, 2005
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Seqguence-Based Resolution of Structural Variation

Human Genomic DNA

Human DNA

/ — | 7" _Genomic Library (1 million clones)

Sequence ends of genomic inserts &

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

Dataset: 1,122,408 fosmid pairs preprocessed (15.5X genome coverage)
639,204 fosmid pairs BEST pairs (8.8 X genome coverage)



Genome-wide Detection of Structural Variation (>8kb)
by End-Sequence Pairs
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Fosmid Size Distribution(G248)
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Fine-Scale Structural Variation Map: (build35 vs. Fosmids)
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Structural Variation Project Summary

e 17 human genomes sequenced to 0.3 X Sanger sequence (8-10 X
6 Yoruban, 5 CEPH, 5 Asian (3 Japanese (JPT), 2 Chinese (CHB)
e |dentifies ~2051 sites of structural variation and 525 novel insertions
Average Mean in  Estimated
—— 1 Number of Number of n_mt’ silico Physical ~ StdDev
LapRaty Aty aade Paired Clonac Y incart cize Coverase (Lh)
(kb) (Best Clones)
G248 NA1S510 2,298,774 1,141,942 308 708,952,412 0.25 594,609 399 8.21 275 8.25 106 ii2 52
ARCT Yoruba NA1RS17 2,076,237 902 218 405 841505234 0.29 616,047 176 {02 18R 1164 |R 44 64
ABCE Yoruba NA18507 3,331,676 1,588,700 465 1,549,030,580 0.54 1,050,579 36.7 13.34 3.85 11.55 164 113 T4
ABCY Japan NA18956 2,076,828 1,007,581 497 1,032,726,952 0.36 738,786 39.5 10.10 2.26 6.78 174 205 83
ABC10 Yoruba NA10240 2,118,546 1,032,070 483 1,022,392,331 0.35 741,949 41.0 10.51 1.84 5.52 263 320 95
ABCI11 China NA18555 1.966.644 51.157 478 39,700,332 0.33 724,998 40.0 10.04 1.77 5.31 307 286 72
ABC12 CEPH NA12878 2,168,656 1,039,478 464 1,005,800,422 0.35 755,087 398 10.39 1.4 42 290 299 83
ADM1I Ve lon AATOTAD A NgT 109 1 AN £33N £90 1 A0 973 1120 N1 ST 0T TNl 1N IN 1 79 £ NEQ A0 0
MADWV LD Iuluua INAALTLLT z.,UJ.J,.J‘IL l,U’U‘l,J.JU HL0 l,UOJ,L.’J,lJO uay f._?.’.,OJ.’ 272 1u.0u L.r/ .21 Fasll 71 71
ABC14 CEPH NAI12156 2,021,844 005 384 537 1,086,415,113 0.38 782,310 394 10.68 1.72 5.16 303 297 104
Vil China NA18532 1,992,678 990,194 320 1,036,706,925 (.36 726,247 343 8.62 1.82 5.46 201 248 78
ABCl16 Japan NA18947 1,530,585 622,504 370 560,604,744 0.19 500,049 383 6.63 1.45 4.35 164 175 38
ARCIR CEPH NA10R47 1,203,756 444 663 169 444 126,730 015 361,412 302 490 1.81 543 21 20 [
ABC21 CEPH  NAI1993 678,662 239.748 381 258,415,799 0.09 202,343 39.6 2.77 1.65 4.95 48 53 13
ABC22 CEPH NA11840 777,200 256,967 343 266,283,260 0.09 212,681 38.7 2.85 1.91 5.73 41 24 11
ABC23 Yoruba NA18523 1,504,416 566,334 179 569,946,866 0.20 467,955 187 6.26 1.72 5.16 107 113 32
ABC24 Yoruba NA18502 1.380.651 544.470 368 507.621.602 0.18 453,587 38.9 6.11 1.52 4.56 167 165 39
ABC27 Japan NA18942 1,227,159 458,599 350 429,089,775 0.15 374,887 38.9 5.05 1.43 4.29 126 131 25
Total 30,407,704 13,881,539 439 13.342,592,224 4.62 10,062,263 134.79 2,838 2,896 260
k] L) 8 ¥ 5 k) b hd b ra hd y 'y
Total
(non- 899 908 244
redundant)

Kidd et al., Nature 2008, Kidd et al., Cell, 2010



An End-Sequence Pair Clone Resource
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Mertebrate MUltiz Alighment & Conserwation

13.9 million clones mapped to thereference genome (1 clone every 500 bp
Publicly available from UW Genome Sciencesand Coriell (last 8 libraries

browser view (http://hgsv.washington.edu )



Sequence Map of Structural Variation in Normals (n=8)
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2711720 (1.56%) are known risk factors of human disease
Including: coronary heart disease, fetal anemia, obesity,

psoriasis, Crohn disease, color-blindness, lupus,
lupus, halothane/epoxide sensitivity, etc.
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Size Distribution of Sequenced SVs
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eTargeted 1135 loci for fosmid insert capillary sequencing, 1054 resolved
589 deletions,384 insertions and 81 inversions

*Mean size 14.1 kbp (del); 6.1 kbp (insertion) and 196 kbp (inversion)
*Analyzed 2,081 breakpoints and inferred mechanism(s)

Kidd et al.,, Cell, 2010



Discovery of “New” Human Genomic Sequences

No b35
One-end to b35
Anchored
Clones M;\ NO bSS\:é>E>QL
to b35 Hits

Spanned Unspanned

50.8% 35.4% 8.4%
(211/415) (145/410) (51/610)

sidentify 26,556 OEA clones; 4996 cluster into 525 locations



Chrl14 Copy-number polymorphic Novel Sequences

45.8 Mbp 48.5 Mbnp 68.3 Mbp 81.1 Mbp 93.9 Mbp
> < El B s B B B 1 BE 1

YRI:

JPT,
CHB

CEU.

Self’

ldentified ~3,013 novel human sequences that are CNP.
Kidd et al., Nat. Meth., 2010



Summary

Human genome is enriched for segmental duplications
which predisposes to recurrent large CNVs during germ-
cell production

17% of neurocognitive disease in intellectual disabled
children is caused by CNVs—8% of normals carry
potentially pathogenic rare event

Ancestral duplication>>Inversion
polymorphism>>predisposition to microdeletion

Read-pair approach allows to discover and completely
sequence normal CNVs—estimate 300-500 inversions,
deletions and duplications (>5 kbp) per genome.



Genome-wide SV Discovery Approaches

Hybridization-based

Single molecule analysis

lafrate et al., 2004, Sebat et al.,
2004

SNP microarrays: McCarroll et
al., 2008, Cooper et al., 2008,
Itsara et al., 2009

Array CGH: Redon et al. 2006,
Conrad et al., 2010, Park et al.,
2010, WTCCC, 2010

Optical mapping: Teague et al.,
2010

Sequencing-based

Read-depth: Bailey et al, 2002

Fosmid ESP: Tuzun et al. 2005,
Kidd et al. 2008

Sanger sequencing: Mills et al.,
2006

Next-gen sequencing: Korbel et
al. 2007, Yoon et al., 2009,
Alkan et al., 2009, Hormozdiari
et al. 2009, Chen et al. 2009,

1000 Genomes Project




Array Comparative Genomic Hybridization
Array of DNA Molecules

Disease individual T Normal Human
DNA Sample DNA Sample

Cy5 Chan' 'Cy3 Channel
\/

Merge

uoirezipligh
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*High-throughput detection of large-scale
Deletions and Duplications.



SNP Microarray detection of Deletion (Illumina)
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SNP Microarray detection of Duplication (IHlumina)

1
e
[

%)

CICJ 1 - cm ess e, em o secem e o owume oo o o > meo
- . <

g . . °% . -

Lt O 5 o%ee ® e w | LI T * . P

: et

D

<_IE O ) ” qu 'LF]“ |T4'] ain ..| | lt[ .. |‘l|'1’" IH| lr”
g 05 ABB

s AR or AAB A

nd

Sk

-

Human chromosome 2 position



Percentage of CNV Calls

CNV Detection Resolution

Fosmid Maggim

Array Platforms >

NextiGen Sequence
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Next Generation Sequencing Fosmid Mapping Array CGH (oligo) and SNP Platforms BAC Array CGH
High Density Medium Density
—&— Hormozdiari 2009 —&—Kidd 2008 —&—Conrad 2009  =#—Itsara 2009 Redon 2006 BAC

=== 1000 Genomes
Yoon 2009

== MNcCarroll 2008

Jakobsson 2008
Redon 2006 Affy

450K |



Challenges

Size spectrum—>10 Kkbp discovery limit for most
commercial platforms.

Class bias—deletions>>>duplications>>novel
Insertions>>palanced events (inversions)

Multiallelic copy number states.
Repeat/duplication bias
Throughput

False negatives.



Method Comparison
(gains and losses > 5 kbp on same 5 individuals)

Fosmid clone Ultra-dense tiling array

End-sequence pair CGH
Kidd et al., 2008 Conrad et al., 2010
(N = 1,206) (N =1,128)

Affymetrix 6.0 SNP microarray
McCarroll et al., 2008 (N = 236)

Kidd et al., Cell 2010



Next-Generation Sequence Methods

Read pair analysis
— Deletions, small novel insertions, inversions, transposons
— Size and breakpoint resolution dependent to insert size
Read depth analysis
— Deletions and duplications
— Relatively poor breakpoint resolution
Split read analysis
— Small novel insertions/deletions, and mobile element insertions
— 1bp breakpoint resolution
Local and de novo assembly

— SV in unigue segments
— 1bp breakpoint resolution



Challenges and algorithms for NGS

« Short read mapping
— Discard non-unique: lose sensitivity and detection power.
— Try to utilize all information: higher sensitivity, less specificity.
* micro-read Fast Alignment Search Tools

Seguence reads

}
MrEAST
MrsFAST
ReW mead Pair J \Wd de novo assembly
WSSD VariationHunter || NovelSeq
Segmental duplications Deletions, small novel insertions, Novel sequence insertions

Large Deletions mobile element insertions, > 200 bp
inversions



MrFAST algorithm

Designed for reads generated with the IHlumina platform
Small indels up to 6 bp supported

Iterative search: All locations and underlying sequence variation are
returned

Guaranteed sensitivity within user-specified edit distance threshold

Most other algorithms discard multi-mapping reads:
— Reduced “mappability” in complex regions of the genome
— Good performance in unigue sequence

mrFAST-based algorithms:
— Access to duplications and repeats
— Higher sensitivity comes with higher FDR.

http://mrfast.sourceforge.net Alkan et al., Nat. Genet, 2009
Hach et al., Nature Meth.2010



Multiple vs. unigue mapping

Genome I
|| e .
Reads e e o
multiple unique
mapping mapping
I N

copy=2 copy=2

- -——
copy=1 copy=1

Modified from Chiang & McCarroll, Nat Biotech, 2009



Read-Pair Analysis: Variation Hunter

 VariationHunter-SC: Maximum parsimony approach; using all discordant map locations;
finds an optimal set of SVs through a combinatorial algorithm based on set-cover

 NA18507: Yoruba male, sequenced with the Illumina Genome Analyzer
— 42X sequence coverage Read length: 36bp; average insert size: 208bp, standard deviation: 8.25bp

NA18507 Paired-End Reads Span Length Histogram

9e+06 T T T T T
Be+06 | Statistics: -

Mean. 208.08
Median: 208

Span > mean + 3 s.d , Be+06F 7
g
DELETION b ses06 | i
5 . insertion <= —3 i
Span < mean - 3 s.d. g d4es06 deletion T
INSERTION ® 50406 | .
2e+06 -
1e+06 —
0 1 L 1 1
— 0 50 100 150 200 250 300 350
Inverted Orientation span length (bp)
INVERSION
Validated (Kidd 2008) VariationHunter-SC VariationHunter-Pr Bentley 2008
Predicted Overlap Predicted Overlap Predicted Overlap
Deletion 143 8,959 85 8,537 85 5,704 av
Inversion 82 504 23 181 11 NA NA
Insertion NA 5,575 NA 7,142 NA NA NA

Hormozdiari, Alkan, et al, 2009



: NA18507

Case Study

NA13507 Delefion Size Histogram
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1000 Genomes: Validation

YRI trio: NA19238, NA19239, NA19240
Deletion calls with lHlumina read pair analysis
Validation: arrayCGH and PCR

5000 -

ngher S.enSItIVIty. 4500 7 — ® Invalidated
than unique-location
based methods fr— = Validated
Higherfalse
discovery rate
o Assumes complete ] —
reference genome 15097
o Paralogous variants that 10007
do not exist in the 500 -
reference genome will 0 . . .
be invalidated Spanner VariationHunter  BreakDancer WTSI

1000G Consortium 2010, Mills et al., in press 2011



Variation Hunter for Alu insertions

. — IS Mobile

e 8 hlgh'depth genomes +1 < iq al Element

— Onetrio (YRI: NA18506, NA18507, NA18508)  —» i <» 4 insertion

—— v
Individual Population Seq. Coverage Phys. Coverage # Alu Novel

NA18506 YRI 40.1x 255x 1,720 1,280
NA18507 YRI 27.1X 157x 1,579 1,144
NA18508 YRI 37X 214x 1,744 1,293
NA10851 CEU 22X 160x 1,282 781
AK1 Korean 22.5X% 49x 909 582
YH Han Chinese 11.4x 27X 1,160 698
KB1 Khoisan 21x 25X 457 313
HGDP01029 Khoisan 4x 12x 307 214
Non Redundant Total 4342 3,432

m 63/64 (98%0) sites tested with PCR are validated.
m 7 de novo predictions, 0/5 validated as de novo but are inherited
m 1,437/4,342 (33.1%) map within genes (RefSeq May 2010)

Hormozdiari et al., 2010



Familial transmission of Alus
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Assembly: NovelSeq

ZAL%Q&
PSP N } orphans

map with mrFAST

reference 4 é : : . ; _.\_ de novo assembly and
genome 4\3 ;

contamination filter

insertion clustering
breakpoint
—
OEA+ OEA-
| II local
l { assembly
omgtn orphan
length ~ L ol

\/

merging OEAs & orphans

Novel
sequences

Hajirasouliha et al., 2010



# of contigs

NovelSeq: NA18507

Unmapped reads assembled into 4,154 contigs (>200bp) with AbySS.
Total 2.9 Mb; N50 size: 955 bp

NA18507 Contig length histogram (AbySS)
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Number of total contigs, and contigs map to various sequence datahases with

Total Buld3e6 “enter WGS  HuRef
==1 kh 779 13 744 43
>=200bp (<1Kh] 3336 110 2957 69

MATB507 Fosmid WGES
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Scaling up: 1000 Genomes Project

Individuals sequenced in Pilot 1

® Yoruba
mCEPH 3
Japanese

®Han )

SV Subgroup applies 19
distinct algorithms
«160 genomes 2-40X

120

100

80

60

40

20

Histogram of Pilot 1 lllumina effective coverage

5 8 9 10

SV Summary

Validated predicted
Deletions 10,810 22025
Tandem Dups - 501
Mobile Elements - 5371
Novel Ins 128 128

Total 28025



Using Sequence Read Depth

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

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

NGS Sequence

Reference Sequence m
Sequence to Test >3 millio ds
Random Genome

Sample

unique duplicated

Bailey et al., Science, 2002




Copy number from short read depth

Map reads to reference with mrsFAST A\
— Records all placements for each read

Per-library QC, (G+C)-bias correction

Train estimator using depths at regions
of known, invariable copy

1 kbp-windowed CN genomewide
heatmap




Personalized Duplication or Copy- Number Variation Maps
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*Two 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. Genet, 2009



Percentage of Intervals

Seqguence coverage and detection power

100

95

90

85

80

75

70

65

10

20

30

40 50
SD Size (kb)

60

70



Absolute Copy Number Validation

NA18507
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nterphaseisiRead-Depth CNV Heat Maps vs. FISH
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«72/80 FISH assays correspond precisely to read-depth prediction (>20 kbp)
*80/80 FISH assays correspond precisely to+/- 1 read-depth prediction



17q21 I\AAPT Region for 150 Genomes
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__71% of Europeanscarry at least
" Partial duplication distal (17921
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24% of Asians are hexaploid for
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SENSITIVE FACTOR potentially
important in synapse membrane
fusion; NSF (decreased expression
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(Mimics, 2000), Drosophila
mutantsresultsin aberrant
synaptic transmission)

Sudmant et al., 2010, Science
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Read-Depth vs. Quantitative PCR
O—Em)Em)mm)ms)
CCL3L1—chemokine ligand 3-like (1.9 kbp)

Sequencing based copy number estimates

qPCR based copy number estimates
25
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Tested 155 genomes read-depth (1-2 X coverage) vs. QPCR
r’=0.93 between sequence and quantitative PCR estimates



Unigue Sequence Identifiers Distinguish Copies

copyl ATGCTAGGCATATAATATCCGACGATATACATATA@TGTTAG...
copy2 ATGCTAGGCATAGAATATCCGACGATATACATATACATGTTAG..
copy3 ATGCTACGCATAGAATATCC@CGATATACATATACATGTTAG...
copy4 ATGCTACGCATATAATATCCGACGATATAC@ATACATGTTAG -

e

o Self-comparison identifies 3.9 million singly unigue nucleotide
(SUN) identifiers in duplicated sequences

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

» Measure read-depth for specific SUNs--genotype copy-number
status of specific paralogs



SUN Read Depth for CFHR Gene Cluster
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Copy Number Polymorphism Landscape
Duplicated vs. Unique Gene

Duplicated genes (n=990) Unique genes (n=7834)
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No NGS method Is comprehensive

Read-Pair Read-Depth

6855 (63%)
3223 (80%)

1772 (33%)

Split-Read

1000G Consortium 2010, Mills et al. 2011



Fosmid SV Project vs. 1000 Genomes Project

Deletions Insertions Inversions
et o P et oo 3 Found by Corern oo o] Found by
ot T Found by 1000 T 1000 T 1000

Sample ‘l;;):il:;‘:s Genomes 4X Pilot é;:il:;?s Genomes ‘l;;:il:;‘tls Genomes

4X Pilot 4X Pilot
NA12156 55 45 19 4 3 0
NA12878 59 50 31 5 10 0
NA18507 22 16 4 0 6 0
NA18517 13 10 2 0 11 0
NA18555 80 66 40 7 12 0
NA18956 182 158 174 19 7 0
NA19129 69 57 4] 9 12 0
NA19240 89 75 89 13 14 0
Total 559 447 400 57 82 0

eHalf of the events that overlap are resolved at the sequence level
*Need: increased coverage, longer-reads, larger libraries and further
algorithmic development



Summary

» Read-pair and read-depth NGS approaches
— narrow the size spectrum of structural variation
— lead to more accurate prediction of copy-number
— unparalleled specificity in genotyping duplicated
genes (reference genome gquality key)
o Approaches

— Multiple methods need to be employed—often
methods to a specific class of variant

— Tradeoff between sensitivity and specificity
— Complexity not fully understood



When, How and Why?

Ication Is the
primary force by which new
gene functions are created




Primate Genome Sequencing

Status
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A Hominoid Duplication Acceleration Hypothesis

~ 2.6 Mb/Myr ~ 3Mb/Myr
MMU PPY PTH HSA
| '
Chimp

Mb of Overlap

15.24 (8g-02%)
(17.85)

Humen ~ 1.8 Mb/Myr |\~ 1.9 Mb/Myr ™"
e o5~ 3.6 Mb/Myr
(21.52) HSA
(26.30) PTR
(0.22) o ~12-16 Myr
13.40
(11.26) HSA
EM.D‘I]F’TR ~ 1.1 Mb/Myr
(11.54) PPY ~25 Myr
716 (809 HSA (6.18) PPY T
(12.82) PTR (12.54) MMU
(23.33) Orangutan SDs > 20 kb

*Experimental data suggest a 2X acceleration in de novo segmental duplications

In common ancestor of human, chimpanzee and gorilla but after divergence from
orangutan

*Develop a maximum likelihood estimating 20% homoplasy

Tomas-Marques et al., Nature, 2009.



Architecture of Human Duplication Blocks
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*A mosaic of recently transposed duplications
*Duplications within duplications.
Goal: ldentify Ancestral States.



Duplication Blocks are organized around Core Duplicons
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Chromosome 15 Core Jiang and Tang et al., Nat. Genet, 2007.



Core Duplicon on Human Chromosome 16 (LCR16a)
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eChromosome 16 specific

eDuplications are 19-20 kb in size

*Core duplicon harbors the NPIP
gene family which shows positive
selection in humans and great
apes.

*NPIP gene family has evolved
50X faster in terms of aa
Composition than a gene under
Purifying selection

Johnson et al., (2001) Nature



LLCR16a Core Structural Evolution

Human Baboon Orangutan
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* Location of Ancestral Locus
_CR16a duplicon mobilized to different chromosomes and

iIndependently transduced flanking sequences.
*Duplication blocks of different flanking content with exception of core



Great-Ape/Human Specific Gene Families

Map to Core Duplicons

 NPIP (Nuclear Pore Interacting Protein) (Johnson et al, 2001)—
evolved 50 X faster than genes under purifying selection—expressed in
regions of active neurogenesis

 TREZ2 Fusion protein —juxtaposition of two duplications (TBC1D3 &
USPG6) expressed only in great apes—marker for bladder cancer
(Paulding et al., 2003)—regulates EGF-mediated cellular growth

« RANGP2 (Ran GTPase binding) ancestral progenitor nuclear pore
(Ciccarelli, 2005) —function unknown

« DUF1220 or NBPF11 (neuroblastoma breakpoint gene family)
expressed preferentially in specific neurons (Popescu et al., 2006)
associated with pediatric neuroblastoma

Features: No orthologs in mouse; multiple copies in chimp & human
dramatic changes in expression profile; signatures of positive selection



Summary

Human recent duplication architecture predisposes our genome to
high frequency of de novo or rare mutations of large effect on
neurocognitition

Most of human duplication architecture has emerged and spread
between 10-15 million years—data are consistent with a burst
around the time of speciation.

Great-ape specific gene families —function not understood but
show signatures of selection and radical changes in expression

Core Duplicon Hypothesis: intrachromosomal expansion focused
on a small subset of sequences; disasdvantage offset by the
advantage of newly minted genes embedded within the core—
neuro-oncogenes?



Overall Summary

* Prologue: Role of CNVs in human disease—two
models common and rare—recurrence, hotspot
bias and variability in expressivity

 Methods: Read-pair and read-depth methods to
characterize SVs within genomes—need a high
quality reference—not a solved problem.

 Epilogue: evolution of the complex human
architecture that predisposes to disease coupled to
gene Innovation
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