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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



Genome Structural Variation

Deletion Duplication Inversion



Introduction

« 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

* 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 genome ( >90% and > 1kb in length)—a historical
copy number variation

@ Intrachromosomal

@ Interchromosomal Distribution
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:: i; Tandem
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Importance:

SDs promote Structural Variation
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Importance: Evolution of New Gene Function

Acquire New/
Modified Function

Duplication Mutation

Mutation

Mutation

I\/Iaintai_n old Loss of Function
Function




I. Human Genome Segmental Duplication Pattern

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

*59.5% pairwise (> 1 Mb)
*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
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Human Segmental Duplications Properties

Large (>10 kb)

Recent (>95% identity)

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

Difficult to resolve



Rare Structural Variation & Disease
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Triplosensitive, Haploinsufficient and Imprinted Genes

*Genomic Disorders: A group of diseases that results
from genome rearrangement mediated mostly by non-allelic
homologous recombination. (/noue & Lupski, 2002).




DiGeorge/VCFS/22g11 Syndrome
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1/2000 live births
180 phenotypes
~ 75-80% are sporadic (not inherited)




Duplication Map

*130 candidate regions (298 Mb)

23 associated with genetic disease
°Target patlents array CGH
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Bailey et al. (2002), Science




Chromosome 17

Chromosome 15
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Genome Wide CNV Burden
(15,767 cases of ID,DD,MCA vs. 8,328 controls)

Developmental Delay Cases
Controls

~14.2% of genetic cause of
developmental delay
explained by large CNVs
(>500 kbp)
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Cooper et al., Nat. Genet, 2011

o



Common and Rare Structural VVariation are Linked
17921.31 Deletion Syndrome

Chromosome 17




17921.31 Inversion

Chromosome
M
Inverted

Region of recurrent 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



b~ A'Common Inversion Polymorphism
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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 17921.31
Inversion (H2) vs. Direct (H1) Haplotype
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Inversion occurred 2.3 million years ago and was mediated by the LRRC37A core duplicon
*H2 haplotype acquired human-specific duplications in direct orientation that mediate rearrangement
and disrupts KANSL1 gene
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Structural Variation Diversity
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Summary

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

15% of neurocognitive disease in intellectual disabled children is
“caused” by CNVs—8% of normals carry large events

Segmental Duplications enriched 10-25 fold for structural
variation.

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



1. Genome-wide SV Discovery Approaches

Hybridization-based Seguencing-based

- lafrate et al., 2004, Sebat et al., . Read-depth: Bailey et al, 2002
2004 | . Fosmid ESP: Tuzun et al. 2005,
« SNP microarrays: McCarroll et Kidd et al. 2008
al., 2008, Cooper et al., 2008, . Sanger sequencing: Mills et al.,
Itsara et al., 2009 2006

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

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

- - Mills 1000 Genomes Project,
Smgle mOIGCUIe mappmg Nature, 2011, Sudmant 2015

Optical mapping: Teague et al.,

2010 3'd generation --long-reads:

Chaisson et al., 2015




Array Comparative Genomic Hybridization

Array of DNA Molecules

Test individual

Normal reference
DNA Sample D

NA Sample
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< ' 12mm > J
Merge
One copy gain = log,(3/2) = 0.57 (3 copies vs. 2 copies in reference) §§8§§§
One-copy loss = log2(1/2) = -1 388585
386538



SNP Microarray detection of Deletion (lllumina)

LogR and B-Allele Frequency
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SNP Microarray detection of Duplication (Illumina)
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Using Read Pairs to Resolve Structural Variation

Human Genomic DNA

/ — | T~ Genomic Library (1 million clones)
Human DNA
Sequence ends of genomic inserts &
l 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

Span <32 kb I

i b Fosmid Size Distribution(G248)
a) )

. [ ] [ ]
Insertion A 10.000— : :
- 3 . .
° .
. .
— — — — | . .
g 8,000 : :
Span >48 kb £ o o
Deletion D i = S o0 Sz g s 248 KD
o Putative + Putative
o Insertion: . Deletion
2 4p00 . .
N - & E : :
E ° °
- [ ] [ ]
2,000—
nconsistent orientation . .
Inversion i —— : : :
5 5
/><\ 0 — T T T T T S — T T T 1
8 8 8 8 8 8 8 8 8 8 8 8 a 8
: ! 2 8 8 8 8 8 8 8 8 8 8 2 8 8 8 8 2 S 8 8
C) B R S : 8 8 & 82 8 8 8 3% 8 8382 8 ¥ 2 88 % g8
Fosmid_Insert_Size

discordant by

orientatioR = "r:'\ W , 4 _ /\_ BRAAN . .
(yeIIOW/gOId) ) .'J.:If'llfj'- & ] AL AT & l':l T fd ok UM, " |:I dad & .7, JIRTY :h‘-. FN :l F i I T T -T AR R T, _‘:II’..I.F J-I'J"IITI‘ ATE 4-

UL LU0y 20300 20400 20500 ST 20700 20800 20200 20000
(red) &'_A Ny T till-/\lﬂl/} M WY R I M P T AT WOF A A WL i rF3 e om
2L 100 21200 21400 21400 21500 solenlieirr 21700 21&00 21900 22000
mﬁ\\ //\
. . __— T e _L ALY OEFY AN ol BB PP T i N W VLS T W TN DTy PEL TR W F I\ F il
duplication : y
» o LU 22200 L2400 22400 22500 22600 22700 22800 22900

track

Tuzun et al, Nat. Genetics, 2005; Kidd et al., Nature, 2008



Experimental Approaches Incomplete
(Examined 5 identical genomes > 5kbp)

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

Read pair analysis —
— Deletions, small novel insertions, inversions, transposons " ) )
— Size and breakpoint resolution dependent to insert size - —

Read depth analysis
— Deletions and duplications only ——— ———
— Relatively poor breakpoint resolution eg. dC |

Split read analysis

— Small novel insertions/deletions, and mobile element — -~
insertions -/

— 1bp breakpoint resolution
Local and de novo assembly —
— SVinunique segments |
— 1bp breakpoint resolution ‘_——E"-T—f——_-%.__'

|

Alkan et al., Nat Rev Genet, 2011



Computational Approaches are Incomplete
159 genomes (2-4X) (deletions only)

Read-Pair Read-Depth

1772 (33%)

Split-read
Mills et al., Nature 2011



Challenges

Size spectrum—>5 kbp discovery limit for most
experimental platforms; NGS can detect much smaller but
misses events mediated by repeats.

Class bias: deletions>>>duplications>>>>balanced events
(inversions)

Multiallelic copy number states—incomplete references and
the complexity of repetitive DNA

False negatives.



Using Sequence Read Depth

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

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

Illumina Sequence

Reference Sequence M
Sequence to Test 3 millio ds
Random Genome

Sample

unique duplicated

Bailey et al., Science, 2002



Personalized Duplication or Copy-Number Variation Maps
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Alkan, Nat. Genet, 2009



Copy number from short read depth
N

W

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

« Per-library QC, (G+C)-bias correction
 Train estimator using depths at regions of PRI SR comection

known, invariable copy /\

« 1 kbp-windowed CN genomewide heatmap
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http://mrsfast.sourceforge.net/

nterphaseishRead-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



17921 MAPT Region for 150 Genomes
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__71% of Europeans carry at least
" Partial duplication distal (17q21
associated)—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 expression
in schizophrenia brains (Mimics,
2000), Drosophila mutants results
in aberrant synaptic transmission)
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Read-Depth vs. Quantitative PCR
O— >
CCL3L1—chemokine ligand 3-like (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

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 ATGCTAC GCATAGAATATCC@CGATATACATATACATGT TAG..
copy4 ATGCTACGCATATAATATCCGACGATATAC@ATACATGTTAG .

e —

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

« Select 3.4 million SUNSs 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
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1)
2)

3)

4)

Going Forward

Focus on comprehensive assessment of genetic variation—
large portions of human genetic variation are still missed

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

High quality sequence resolution of complex structural
variation to establish alternate references/haplotypes—often
show extraordinary differences in genetic diversity

Technology advances in whole genome sequencing “Third
Generation Sequencing”: Long-read sequencing technologies
with NGS throughput in order to sequence and assemble regions
and genomes de novo



Single-Molecule Real-Time Sequencing (SMRT)

. Emission

Excitation

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

Clone Based Resolution of SV

_ CHI7-41F14 _
~ CH17-33G3

BAC Tiling ‘ _CHIT-169A24
_ CHI7-170H8
Path ! CH17 124M20
_ CHI7-157L1
_CH17-202L17
TCHI7-227A2
Seg Dup Hl|| l-|||||||||| ||l || | | [ | l| ||||||| |||||||| |

00000 1300000 1400000
"t ,r —T

Organization

 Select tiling path of BAC clones corresponding to a complex
region previously sequenced using Sanger

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

« Compare Sanger and Pacbio assembly using BLASR shows
accurate (QV>45) assembly of complex region of human genome

by BAC- 125 differences—31/44 favor PacBio over Sanger
Huddleston et al. Genome Res, 2014



PacBio Whole Genome Sequencing

 CHM1—complete hydatidiform mole (CHM1)- “Platinum Genome
Assembly”

« 45.8X Sequence coverage using RSII P5/C3 chemistry
 SMRT read lengths of ~9 kbp with 15% error.

7

enucleated egg
fertilization

DNA
extract

—>

W

haploid
genome

l

 Subreads

1400000

1200000

1000000

800000

600000

400000

200000

0 5000 10000 15000 20000 25000 30000 35000 40000
Subread Length i


http://datasets.pacb.com/2013/Human10x/READS/index.html
http://datasets.pacb.com/2013/Human10x/READS/index.html
http://datasets.pacb.com/2013/Human10x/READS/index.html
http://datasets.pacb.com/2013/Human10x/READS/index.html
http://datasets.pacb.com/2013/Human10x/READS/index.html

SMRT-SV
Structural Variation Detection using PacBio

BLASR alignment of reads

— I 1 I 1 I e o s | e ) s [ |
1t 1 ! o :I:::’ <7
) ) | 1L 1 > < —1
T s e | s 4 s [ s
| — . (- |<"_'_'||-  —

Signatures of structural variants

contained contained single double inverted
deletion insertion hard-stop hard-stop hard-stop
— I = [E— e e s —
——— | — | E— [ T = — e
\\ z. N
[—— 4
Celera assembly E—— et
!
Remap reads, e
. ———
generate Quiver consensus
!

Map consensus,
structural variant resolution : 2 &

Chaisson et al, Nature, 2014/2015



Increased Resolution of Structural Variation

400 =

Previously reported deletions
.Novcl Insertions
Previously reported insertions

4000 = 300 =

Count

2000 = Alu LlHS

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 and 60% deletions (50- 5,000 bp) are novel

22,112 novel genetic variants corresponding to 11 Mbp of sequence
6,796 of the events map within 3,418 genes

169 within coding sequence or UTRs of genes



Falcon SMRT Genome Assembly ‘*Wx'ég\\&

Ove l‘l'clp Correct ]“ayﬁ ut http://oukami4.deviantart.com
BLASR @ Celera Assembler
' ’ Consensus

MHAP

The stages of single-molecule sequencing assembly
 two phases: long reads are corrected and overlapped to generate a
string graph—third phase “repeat unitig bridging”
« By Jason Chin



http://github.com/PacificBiosciences/FALCON

CHM1 Human Genome Assembly

« 67 X sequence coverage— Contig N50 27. 9 Mbp
* 3,777 Contigs Chin et al, unpublished



Future: De novo Human Genome Assembly

with SMRT WGS

chir17: 40,868, 868| 45, 668, aaa| Sa, 868, 68|
FALCOM de novo assem b1y
| | | . | | |

Falcon I_Il ]

EEEEEEEEEE

MHAP | | -I _-I

Refied Genes (H  HINERMENE N ¥ 4 = I
Humare mENAS HEIEE (| S )
Epliced EST= |HE(| HHINEHEEEN N I

Feamettal Dups ||

Duplicatiohs o

e 125/167 Mbp of SD unresolved

« Contigs shatter over segmental duplications because 20
kbp reads are still not long enough.



De novo Human Genome Assemblies
PacBio/BAC Hybrid Assembly

 Platinum—higher quality than human
. Platinum |
reference genome=PacBio sequence >50X ! Level :
sequence coverage plus + BAC based 3
sequencing of SD regions (CHM1 & CHM13)

« Continental References —2 African, 1 '
European, 1 Asian and 1 American genome Gold

L L ¢ Level
« PacBio trio — parent/child trios (40-20-20X). 7

&=l /.
= &




Summary
» Approaches

— Multiple methods need to be employed—Readpair+Read-
depth+SplitRead and an experimental method

— Tradeoff between sensitivity and specificity
— Complexity not fully understood

» 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 quality key)
 Third generation sequencing methods hold promise but
require high coverage—still expensive. Sequel?



| *Ohno—Duplication is the
primary force by which new
gene functions are created

*There are 990 annotated
genes completely contained
within segmental duplications




Duplication Acceleration in Human Great Ape Ancestor

Mbp of Overlap

Macaque Orangutan Gorilla Chimpanzee Human

1.19 2.95 0.99 1.09

Chimp 19.1 23.7 6.0 66T

Human
(17.85) ilz
(u
(022) 6.94 «
16.1
B 5.7
Mbp
(23.33) Orangutan Mbp/million years

A 3-4 fold excess in de novo segmental duplications in common
ancestor of human, chimp and gorilla but after divergence from

orangutan
Not a continuous accumulation

Marques-Bonet et al., Nature, 2009; Ventura et al., Genome Res.

o ~6 Myr

~8 Myr

o ~12-16 Myl

[ L Myr

2011



Rate of Duplication

Bornean Orangutan

1.8 mya - Sumatran Orangutan
o Denisova
6.5 mya m - Homo Sapiens
16.5 mya -~
* — Bonobo
| 054, 20myap s

Nigerian/Cameroonian/
Western Chimpanzee
1.1 mya

Eastern/Central

* - Chimpanzee

0.35

Eastern Gorilla

duplicated bp /

substituted bp C X1.1 mya

Western Gorilla

p=9.786 X 10-12
Sudmant PH et al. , Genome Res. 2013



Mosaic Architecture

11q14 11q14 10926 11p15 736

21921 22q12 4pl16.1 4p16.1
12p11 4924 Xqg28 12924
1 I
buplicons | /. |

7q36ﬁ “ 4p16.3 2p22

l Primary Duplicative Transpositions

Duplication 51, N I EE

Blocks | —

0 100 kbp
l Secondary Block Duplications

16p 150
NE I I . W NHIE /N I

A mosaic of recently transposed duplications
Duplications within duplications.
*Potentiates “exon shuffling”, regulatory innovation



Human Chromosome 16 Core Duplicon

chr16
' ™

13.3

2v | REE

124 —————— 1.2
N\
zf/‘/,//; 1.2

12.1

122
13
2 21
14

154
T 22

24

100 kbp

1:chr16 Core
11926 :|||| 11945
1

. i
1?.chr18”598|il|” 11638
i 1
28246 E|Ii| | ili 28390
11:chrig

1 1 1 |
28730 ilh | !Ig | R
a [} [}

10:chr16

14:chri6

[
6555 [N M =7+

3:chrié

|
soco [N | -||||||||||15419
2:chr16
chr 14956i|“_l|' h"' Il 14688
[ |

(L
B (U
| —

[
I I 1 O =57
[

7:chrié

zvzo I 1A =+

9:chrig

1 1
z2sc2 [N 2225
1

8:chr1é

2vea7 NI IS =5
13:chrié [
o107 [N 25>
1

15:chri6

es754 [N Il °e5+1
is:c:hr11\f{5_}??_5 I.- 18849

*The burst of segmental duplications
8-12 mya corresponds to core-
associated duplications which have
occurred on six human chromosomes
(chromosomes 1,2, 7, 15, 16, 17)

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

Jiang et al, Nat. Genet., 2007



Increasing Duplication Complexity and Recurrence

133

13.2

13.1

11.2

11.1
11.1

11.2

12.1
12.2
13

21

22

23

24

Human

Baboon

PHA 29*

PHA 31*
____PHAS*
. PHA 30*

PHA 13*

PHA 28*

PHA 31*

1A 27*

1A 19*

16p13.3

16p13.2
16p13.13

16p13.11

16p12.2

16p11.2

16p11.1
16q11.1

16q11.2
16g12.1
16012.2

16913

16g21

16022.1
16022.2

16023.1

16023.3

16024.3

Orangutan

16 * 13
PPY 29 13p13 %

13p12

* 13p11.2
PPY 5

rm
spyp 130111

[ 13q12.11

PPy 27 * 13912.13

13912.3
1313.2

13¢14.11
13¢14.13

13q14.3

13021.2
13021.32
13922.1
13922.3
13931.2
13932.1
13932.3

13033.2

*
PPY 28 13034

* Ancestral Locus

Duplication blocks have become increasingly more complex (more duplicons)
and have expanded in an interspersed fashion over the last 25 million years.
Duplication blocks of different flanking content with exception of core

Johnson et al., PNAS, 2006



Core Expansion Model

Time

\ A /

Core Lineage Ape/Human
Duplicon Specific Shared



Human Great-ape “Core Duplicons”
have led to the Emergence of New Genes

TREZ I
NPIP YN ezs mo

EVI5

NBPF o (Y

LRRC37A 22 & @i (i 1
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 new
functions associated with core duplicons.

Margues-Bonet and Eichler, CSHL Quant Biol, 2008



Human-specific gene family expansions

copy number

Population
‘ Asian
% European
B2 African

hg18

‘ Neanderthal
Chimp
Orangutan
Gorrilla

NAIP (0.10) -
HYDIN (0.01) 9

NCF1 (0.00) -

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) -

CHRFAM7A (0.05)
LOC154761 (0.06) -

ARHGEF5 (0.25) -
HIST2H2BF (0.02) -

GTF2IRD2 (0.02)

NCRNA00152 (0.03) -

Notable human-specific expansion of brain development genes.

SMN1 (0.02)
RBMSA (0.04)-

SERF1A (0.01) -
ARHGAP11A (0.00)-

Neuronal cell death: p=5.7e-4; Neurological disease: p=4.6e-2

Sudmant et al

Science 2010

Humans

Great Apes



SRGAP2 function

SRGAP2 (SLIT-ROBO Rho “W\?/ ]
GTPase activating protein 2)
functions to control migration

of neurons and dendritic ‘ e
formation 1n the cortex H S meE
) CP _—— 1
Gene has been duplicated three : |
times 1n human and no other 2 ) oo .j§(/ D
mammalian lineage iji 7 ign
Svz X
. . . 7 .
Duplicated loci not in human v

genome

Guerrier et al., Cell, 2009



SRGAP2 Human Specific Duplication

FAMZ2A | b 764P2
SRGAPZA ‘ ' : o 1932.1- ancestral

SRGAPZB 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=661 individual genomes)

2 3
SRGAP2A

SRGAP2C

2 3
SRGAP2A




RNAseq

SRGAP2 dupl

RPKM

icates are expressed

human

chimpanzee rhesus

I

|

Lgebl

L Lgbl

Human embryos Gestational Week 12




+ SRGAP2°">-mRFP

SRGAP2C duplicate antagonizes function
I gp\%/\p')- X—| (E/

L | J G P Leading process Neurite initiation

v v YT w w s~ o o\

dynamics \ / and branching

Filopodia protrusions

) : N

i,
Activated? ? a2, ¢® PS& 9‘
—CH3
Inactive? /

Bundled
F-BAR R

— ++++ D d

? ecreasG
\ RhonD, A2 2
P lamelipodial N Cdc42/WASP ? -
dynamics B
oY -"""-_—_—_»_-—
H — -

CP |

Low

\
i
|
‘§(J 'o\ srGAP2
Control J =

1Z O> i
‘ A i High
j%_(‘ SrGAP2
sSvz
/4
VZ j

Charrier et al., Cell, 2012



A Fixed in hum7 populationand exqa.ssed in neurons

SRGAP2A SRGAP2B,DV SRGAP2C

EEH H- 1 Dennis, Nuttle et al.

Cell (2012)
{ I (11 Il |

| B DD
L.

3.4 mya 2.4 mya

| | I
Sahelanthropus K. platyops

I |
- 7
Orrorin .f
|:.:| A. anamensis

A. garhi
1

A. africanus

?
| IL?_ 7

Ardipithecus A. afarensils | ?K A boisei
A. aethiopicus
‘ A. robustus

mmillion B million & million 4 million A rrillion 2 million 1 million
Vears ago

Australopithecus ~350 cc ~1000 cc Homo habilis




Example 2: Human-specific Duplication of
ARHGAP11B

Human GW 15
A human-specific duplicated
Rho GTPase activating protein 5
that is truncated (5.3 mya) - P\
Predisposes to the most S
common cause of epilepsy e / --.\\“
Increase in number of basal (& [y R f} N
radial glial hypothesizedto | "7 el (f &,/ “~l
lead to enlargement of the -~ g \ ‘ _,;, j ,rj/“ /
subventricular zone in € || " i e
humans. f I‘. J’ J
ARHGAP11B is expressed » 18 m

specifically in basal radial

glial cells
Florea et al., Science 2015, Antonacci et al., Nat. Genet., 2014



ARHGAP11B induced gyrification of mouse

brain
« E13.5 microinjection of ARHGAP11B induced folding in the neocortex
by E18.5 in Y2 of the cases— a significant increase In cortical area.

DAPI / GFP

Florea et al., Science 2015






Summary

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

Duplication architecture has evolved recently in a punctuated
fashion around core duplicons which encode human great-ape
specific gene innovations (eg. NPIP, NBPF, LRRC37, etc.).

Cores have propagated 1n a stepwise fashion “transducing”
flanking sequences---human-specific acquisitions flanks are
associated with brain developmental genes.

Core Duplicon Hypothesis: Selective disadvantage of these
Interspersed duplications offset by newly minted genes and
new locations within our species. Eg. SRGAP2C



Overall Summary

 |. Disease: Role of CNVs In human disease—
relationship of common and rare variants—a
genomic bias in location and gene type

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

« |11: Evolution: Rapid evolution of complex
human architecture that predisposes to disease
coupled to gene innovation






Eichler Lab

http://eichlerlab.gs.washington.edu/

genguest


http://eichlerlab.gs.washington.edu/
http://eichlerlab.gs.washington.edu/

Acronyms

SV-structural variation

CNV- copy number variation

CNP—copy number polymorphism
Indel-insertion/deletion event
SD—segmental duplication
SUN-singly-unique nucleotide identifier
SMRT-single-molecule real-time sequencing
WGS—whole genome shotgun sequencing



SV Software

Genomestrip—Handsaker/McCarroll-—combines read-depth and readpair data
to i1dentify potential sites of SV data from population genomic data

dCGH—Sudmant/Eichler—measurre Illumina read-depth using multi-read
sequence mapper (MrsFAST/mrFAST)

Delly—EMBL Rausch/Korbel—uses split-read and readpair signatures to
Increase sensitivity and specificity

VariationHunter—Hormozdiari/Alkan—uses readpair & multiple mapping to
discover SV

Lumpy --Quinlan—uses probabilistic framework to integrate multiple structural
variation signals such as discordant paired-end alignments and split-read
alignments

PINDEL—Kai Ye-- breakpoints of large deletions, medium sized insertions,
Inversions, tandem duplications and other structural variants at single-based
resolution from next-gen sequence data. It uses a pattern growth approach to
Identify the breakpoints of these variants from paired-end short reads.

SMRT-SV—Chaisson/Eichler—maps SMRT long reads (BLASR) to reference,
detects signatures of SV and generates local assembly of SV



SD—I\/Iediated Rearrangements
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