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Genetic Variation

Types
Sequence
ASingIe baseyair changes point mutations

A Small insertions/deletioindrameshift microsatelliteminisatellite

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

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

| Segmental Duplications

A Chromosomal variatiah translocations, inversions, fusions.

Cytogenetics



Genome Structural Variation

Deletion Duplication Inversion



Introduction

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

A Objectives
1. Genomic architecture and disease impact.
2. Detection and characterization methods
3. Primate genome evolution
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Perspective: Segmental Duplications (SD)

Definition: Continuous portion of genomic sequence represented
more than once in the genome9®%6 and >1kb in lengthd a historical
copy number variation

@ Intrachromosomal

@ Interchromosomal Distribution

; i E ; Interspersed
:: i; Tandem

Configuration



Importance:

SDs promoteStructural Variation
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Human Disease
Triplosensitive, Haploinsufficient and Imprinted Genes




Importance: Evolution of New Gene Function

Acquire New/
Modified Function

Duplication Mutation

Mutation Mutation

Maintain old Loss of Function
Function




l. Human Genome Segmental Duplication Pattern

A-4% duplication {25Mb)
A>20kb, >95%

£59.3% pairwise (> 1 Mb)
EST rich/ fdg
A\ssociated with Alu repea

" She, Xet al.,(2004 Nature 431:927-30
http://hnumanparalogy.gs.washington.edu




Mouse Segmental Duplication Pattern
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Human Segmental Duplications Properties

A Large (310kb)

A Recent (5% identity)

A Interspersed 0% are separated by more thanl Mb)
A Modular in organization

A Difficult to resolve




Rare Structural Variation & Disease
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Triplosensitive, Haploinsufficient and Imprinted Genes

AGenomic Disorders: A group of diseases that results
from genome rearrangement mediated mostly byail@tc
homologous recombinatiofinoue & Lupski 2002).




DiGeorgeVCFS/220911 Syndrome
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Duplication Map
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~14.2% of genetic cause of
developmental delay |
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Common and Rare Structural Variation are Linked
17921.31Deletion Syndrome

Chromosomel7




17921.31Inversion

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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Alested17 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 17921.31
Inversion (H2) vs. Direct (H1) Haplotype
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Anversion occurre@.3 million years ago and was mediated by the LBR&Lcoreduplicon
A2 haplotype acquired humapecific duplications in direct orientation that mediate rearrangemel
and disruptiKANSL1 gene

Zody et al, Nat. Genet2008 Itsara et al., Am J. Human Gene2012




Structural Variation Diversity
Eight Distinct Complex Haplotypes

P, ; > — P — i —— ——
T W77 N1 T 1.20Mb
SRS CRHRI1 MAPT KIAA1267 aan core NSF
> < > ————> ——————
H1.1 A W7 01 1.08Mb
CRHRI1 MAPT  KIAAI1267 NSF
> < pP —ml ¢ > ——r——— —r— —_
H1.3 . | Il 77zl Hii i Hil i 1.5Mb
CRHRI MAPT  KIAA1267 NSF
> < P -
HID e | [T TONC T 1.29Mb
CRHRI1 MAPT  KIAA1267 NSF
> < ‘ i ——> ———— —P—— P C— P ——> —
H1D.3 . | "N < < < 1.49Mb
CRHRI MAPT  KIAA1267
— > — —>¢——> +—— < —> < > <
H21 N | NI - San’°ve
KIAA1267 MAPT CRHRI1 NSF
—_— — o e —— i —> < > <
H2.2 B SN ] | I TR 1.41Mb
—r— —> — — P ¢——> +— < —r——> > <
N1 1 0T T > 1/ | IR TR0 1.8Mb
KIAA1267




1D Diverge
250 kya

—— i — H{’
———— 12

— e — 2
Meltz-Steinberget al, Boettgeret al., Nat. Genet2012



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
Acausedod Boofn@mblssrry large events

A Segmental Duplications enrich&@-25 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



Il. Genome-wide SV Discovery Approaches

Hybridization -based

A lafrateet al.,2004 Sebatet al.,
2004

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

A Array CGH: Redoret al.2006
Conradet al.,201Q Parket al.,
2010 WTCCC,2010

Single molecule mapping
Optical mapping: Teague et al.,
2010

Sequencingbased
A Readdepth: Bailey et aR002

A FosmIidESP: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 Chenet al.2009
Mills 1000Genomes Project,
Nature,2011, Sudman®015

A 39 generation-long-reads:
Chaissoret al.,2015




Array Comparative Genomic Hybridization
| Array of DNA Molecules
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SNP Microarray detection of Deletion (llumina)
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Using Read Pairs to Resolveéstructural Variation

Human Genomic DNA

/ — | T~ Genomic Library (1 million clones)
Human DNA
Seqguence ends of genomic inserts &
l Map to human genome
Concordant Insertion Deletion Inversions
Fosmid
> < > < > < < <
Build35

Dataset:1,122408fosmid pairs preprocessedX5.5X 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 breakpoimesolution /

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 Genet2011



Computational Approaches are Incomplete
159genomes 2-4X) (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 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 a0s
Seguence to Test = millio ds
Random Genome

Sample

unique duplicated

Bailey et al., Science2002



Personalized Duplication or CopyNumber Variation Maps
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Copy number from short read depth

A Map reads to reference withrsSFAST
I Recordsll placements for each read
'

A Petlibrary QC, (G+C)bias correction

A Train estimator using depths at regions of
known, invariable copy

A 1 kbp-windowed CN genomewideeatmap

GC corrected read depth

Y\

w

NA18507 GC correction

00000

00000

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

copy number



http://mrsfast.sourceforge.net/

nterphase FIsH Read-Depth CNV Heat Maps vs. FIS

GM19240

TH-1

KOREAN-1-gr

MAl 8508, nkg

ME1BS0E

GM12878

HA1E50T.nkn

MNA1GZIE

MNALZESZ

MALIES]

MNALZETE

4,10 o 4,14 I 215 I 4.18 4,20
|

Scale 500 kb

= " |
chr17:) 41000000/ 41100000 41200000 41300000 41400000 41500000 41600000 41700000 41800000 41900000 42000000
Duplications of >1000 Bases of Non-RepeathMasked Sequence
Segmental Dups [BEE {R<<H < <8< >> Lelf<k > <8 SR
RefSeq Genes
PLEKHM1 [}]  LOCG441721 CRHR1 ; STH| Lrrcs7A fi-HH Lrres7a2 HE-HHY
LRRC37A4 M MGC57346 H-H CRHR1 Klaa1267 Hfdfsfe o ARL17 <4 ARL17P1 p—4}
MGC57346 HH CRHR1 ! ARL17P1 - ARL17P1 =
CRHR1 d ARL17 i ARL17 [
LOC100128977 f—<—< NSF F—JH{>>-

IMPS |

MAPT
MAPT b=t

H

Copy
Number

A72/80 FISH assays correspond precisely to readepth prediction (>20kbp)
A0/80 FISH assays correspond precisely to+1 read-depth prediction

PN WP OO N 0O



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)
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Unique Sequence Identifiers Distinguish Copies

copy 1
copy 2
copy 3
copy 4

ATGCTAGGCATATAATATCCGACGATATACA@'ITAG TTAGE
ATGCTAGGCATAATATCCGACGATATACATATACATGTTA
ATGCTAZGCAT/GAATATC@CGATATACATATACAT GTTAGeé
ATGCTAG CATATAATATCCGACGATA’@@TACATG TTAG.

S b

A Self-comparison identifie8.9million singly unique nucleotide
(SUN) identifiers in duplicated sequences

A Select3.4million SUNs based on detection /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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Going Forward

1) Focus on comprehensive assessment of genetic variathion
large portions of human genetic variation are still missed

2) Current NGS methods are indirectand do not resolve structure
but provide specificity and excellent dynamic range response.

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

4) Technology advances in whole genon'ee quenci ng 0
Gener at i on :Boagreaneé sequenairg technologies
with NGS throughput in order to sequence assemble regions
and genomesle novo



SingleMolecule ReatTime Sequencing (SMRT)

. Emission

Excitation

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



Count
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kKbp libraries
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- Mean10.8kbpread
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PacBloSequence Reads are Uniform
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Algorithms: 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 D 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

PacBioWhole Genome Sequencing

A CHM18 completehydatidiform mole (CHM1)-i Pl at i num Geno
Assembl yo

A 45.8X Sequence coverage using RSIIFC3 chemistry
A SMRT read lengths of 9 kbp with 15% error.
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http://datasets.pacb.com/2013/Human10x/READS/index.html
http://datasets.pacb.com/2013/Human10x/READS/index.html
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SMRT-SV
Structural Variation Detection using PacBio

BLASR alignment of reads
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Signatures of structural variants

contained contained single double inverted
deletion insertion hard-stop hard-stop hard-stop
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Map consensus,
structural variant resolution : 2 &

Chaissonet al, Nature, 20142015



Increased Resolution of Structural Variation

400 =

Previously reported deletions
.Novel Insertions
Previously reported insertions

L1HS

4000 = 300 =

Count
Count
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100 =

1 T 1 T 1 T T T T T 1 1 1 T 1 1
0 100 200 300 400 500 600 700 800 900 1000 1000 5000 10000 15000 20000
Event si1ze (bp) Event size (bp)

92% of insertions an@0% deletions $0- 5,000bp) are novel

22,112 novel genetic variants corresponding td1 Mbp of sequence
6,796 of the events map withiB,418genes

169within coding sequence or UTRs of genes



gs
Falcon SMRT Genome Assembly %%Q\\

NN

http://oukami 4.deviantart.com

BLASR @ Celera Assembler
Consensus
_—
MHAP

The stages of single-molecule sequencing assembly
A two phases: long reads are corrected and overlapped to generate a
stringgrapB t hi r d p huaniigh r i rdegp enagto
A By Jason Chiri

Overlap Correct Layout



http://github.com/PacificBiosciences/FALCON

CHM 1 Human Genome Assembly
CZIEI]]]]]X:EEI]]DII] CI:)CEE]]]EI[ID

A 67 X sequence coverage Contig N50 27 9 Mbp
A 3,777 Contigs Chin et al, unpublished



Future: De novoHuman Genome Assembly

with SMRT WG
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A 125167 Mbp of SD unresolved

A Contigsshatter over segmental duplications bec@fse
kbp reads are still not long enough.






SMRT Gorilla Genome Assembly
(LLAIIININID@EITILLID > @JULIHLID

10 11101 10 1170090 111119

A 71.7X sequence coverage
A averageontigN50= 9.6 Mbp
A assembly siz8.1Gbp

" .-._ |

A 16,073contigs
A 911>=100kbp

Gordon et al Science2016
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Clint contig (00857F_quiver): 592,565 - 611,517

A 180Mbp corresponding to92% of euchromatic gaps in

gorGor3 were closed (399243433861 closed gaps)



Complete Gorilla Gene Models

OTOA 1 T O T [

GSMRT2

0.0 100.0 KBases

Gorilla Repeats | (UL Lo TR AR TR AR € TR TS R L T T
R

Other Simple Repeat LINE SINE

A Recovered.0,7790f 12,757 (84.3%) exons mapping within the
gapregions (based on Hum#&tefSegmodels

A Estimate3,2693,697 (88%) of gorillamodels resolved
A 8-9% of gorilla RNAseqdata maps to GSMRST

Gorilla Duplications



Ape-Human Structural Variation Resolution

Count
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. Novel deletion
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86% (101,109 of gorilla structural variants not previously reportedd new
Insights into the evolution of our species



Summary
A Approaches

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

I Tradeoff between sensitivity and specificity
I Complexity not fullyunderstood

A Readpair and readlepth 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 coverag@estill expensive.Seque?



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

AThere are990annotated
genes completely contained
within segmental duplication




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 Re2013



Mosaic Architecture

11914 11914 10926  11p15 7936

21921 22912 4p16.1 4p16.1
12p11 4924  Xg28 12024
buplicons | BEEEIL N

7q36ﬁ “ 4p16.3  2p22

l Primary Duplicative Transpositions

Duplication 5511 GG N EIE  ES

Blocks . .

0 1?Okbp
l Secondary Block Duplications

16p 1x
INEI S N e Hl HIE KR BN

A\ mosaic of recently transposed duplications
Muplications within duplications.
Potentiates fiexon shuff]l

n
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Human Chromosomel6 Core Duplicon
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AThe burst of segmental duplications
8-12 mya corresponds to core
associated duplications which have
occurred on six human chromosome:
(chromosomesl,2, 7, 15, 16, 17)

MVost of the recurrent genomic
disorders associated with
developmental delay, epilepsy,
Intellectual disabillity, etc. are
mediated by duplication blocks
centered on a core.

Jiang et al,Nat. Genet.2007



Human Greatape nCor e Dup
have led to the Emergence of New Genes

TRE2 IO
NPIP 10000 R BT =

EVI5

NBPF @ (Y i

LRRCSTA & 3 g\ (YN
REPD (i

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




Core Duplicon Hypothesis

The selective disadvantage of interspersed

duplications Is offset by the benefit of evolutionary

plasticity and the emergence of new genes with nev
functions associated with core duplicons.

Marques-Bonet and Eichler, CSHLQuant Biol, 2008



Human-specific gene family expansions

Population

* Asian

copy number

% European
B3 African

hg18
‘ Neanderthal
Chimp
Orangutan
’ '. - . Gorrilla

NAIP (0.10) -
HYDIN (0.01) J
SMN1 (0.02)

RBMSA (0.04)

NCF1 (0.00) -
SERF1A (0.01) -

FCGR1A (0.03) -
SRGAP2 (0.01) )
GTF2H2 (0.28) -
C100rf57 (0.09) -
DUSP22 (0.10) -
FRMPD2 (0.00) -
FAM115C (0.07) -
ZNF322B (0.04) -
PTPN20A (0.01) -

ARHGEF5 (0.25) -

GTF2IRD2 (0.02)
HIST2H2BF (0.02) -
CHRFAM7A (0.05)
LOC154761 (0.06) -
ARHGAP11A (0.00)-

NCRNA00152 (0.03) -

Notable human-specific expansion of brain development genes.

Neuronal cell death: p=5.7e-4; Neurological disease: p&.6e-2
Siudmant et al Science?2010

Humans

Great Apes



SRGARP function

A SRGAR (SLIT-ROBO Rho S i
GTPase activating proteR) \ 4
functions to control migration ez,
of neurons and dendritic iy ¥ e B |
formation in the cortex e i

A Gene has been duplicated thre = 47
times in human and no other | fJlews . B
mammalian lineage :}Yi 0

A Duplicated loci not in human VZ_S/ ol
genome

Guerrier et al., Cell, 2009



SRGAR2 Human Specific Duplication

FAMZ2A | b 764P2
SRGAFQA ‘ ' : o 1932.1- ancestral
Il ; ‘ ,

SRGAFQB l1q21.1 -duplicatei ~2 .4
mya
~3.4

>555 kb

mya

1p12.1 - duplicated

0.0 600.0 700.0 KBases

Dennis, Nuttle et al. Cell, 2012



SRGAP2B

SRGAP2C is fixed In humans

(n=661individual genomes)

2 3
SRGAP2A

SRGAP2C

2 3
SRGAP2A




SRGAPZ2 duplicates are expressed

human chimpanzee rhesus

RNAseq = b I_IE

Human embryos Gestational Week 12
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SRGAP2C duplicate antagonizes function
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Charrier et al., Cell, 2012



A Fixed in hum7 populationand exqa.ssed in neurons

SRGAP2C

{7

SRGAP2A SRGAP2B,DV

HH- = 1

Dennis, Nuttle et al.
Cell (2012)
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Example 2: Human-specific Duplication of
ARHGAP11B

Human GW 15
A A humanspecific duplicated s T v
. : o | S 0N
Rho GTPaseactivating protein 5 |7 _‘z’

‘.\' ‘|v.
.
(Rl
| .|,.\ |
\\ \

that is truncated5.3 mya) |
A Predisposes to the most foro ) o } UYL
common cause of epilepsy - I/ Il
A Increase in number of basal ( §7 “W*ﬁW?) /’,b,l
radial glial hypothesized to | 1" [t i) {J TIERIC)
lead to enlargement of the o M Q.)f"l v (lom
subventriculazone in € ([Nl |l
humans it \?} P (o0
A ARHGARL1B | W*’ / "k Lo
is expressed LA LA AT |
specifically in basal radial |
glial cells

Florea et al,, Science2015 Antonacci et al., Nat. Genet2014



ARHGAP11B induced gyrification of mouse

brain
A E13.5microinjection ofARHGAR. 1B induced folding in th@eocortex
by E18.5in %2 of the casésa significant increase in cortical area.

DAPI / GFP

Florea et al, Science2015



Duplication of ARHGAP11B and 15g913.3Syndrome

Chromosomel5
G,

[
G
AR
|

)

-

Orangutan — —{[|—ll = L l7ZZ1;
4 % TRPM1<—  KLF13-> CHRNA7 —> - ARHGEﬁA
MTMR10< OTUD7A<—
Chimpanzee —Ij|li | | | 2L B
44 TRPM1<—  KLF13> CHRNA7 ——> o y
N OTUD7A ARHGAPLIA
a § 2 . a P2
Human Ho,, i Il 0 (. ] coomnimE
4 - ‘e 4 TRPM1<—  KLF13-> CHRNA7 —> 5 >
ARHGz:]_lBMTMRm(—- OTUD7A<— ARHGAP11A
- B . g o 8] a 8]
Human Hee,  — Il ) (0 (| T Tz |
o4 B 4s ¢ TRPM1<—  KLF13> CHRNA7 ——> .5 . —>
ARHGAPLIBMTMR10< QIURAS— kit
f ! 99 human_ARHGAP11A
0.005

human_ARHGAP11B
chimp_ARHGAP11A C
orang_ARHGAP11A_

Duplication from ARHGAP11A to ARHGAP11B estimated to have
occurred 5.3 +/- 0.5million years ago.

Antonacci et al., Nat Genet2014






Summary

A Interspersed duplication architecture sensitized our genome to
copy-number variation increasing our species predisposition to
diseasé children with autism and intellectual disability

A Duplication architecture has evolved recently in a punctuated
fashion around cor@upliconswhich encode human greape
specific gene innovationegd NPIP, NBPF, LRRG@G7, etc.).

ACores have propagated in a s
flanking sequenceshumanspecific acquisitions flanks are
associated with brain developmental genes.

A Core Duplicon Hypothesis Selective disadvantage of these
Interspersed duplications offset by newly minted genes and
new locations within our specidsg. SRGARC



Overall Summary

Al. Disease Role of CNVs in human disedse
relationship of common and rare varianis
genomic bias Iin location and gene type

All. Methods: Readpair and readlepth methods
to characterize SVs within genondereed a high
qguality referencé not a solved problem.

A lll : Evolution: Rapid evolution of complex
human architecture that predisposes to disease
coupled to gene innovation






Eichler Lab

http://eichlerlab.gs.washington.edu
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