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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 {3kb)
I Largescale Deletions, Inversion, translocations

I Segmental Duplications

A Chromosomal variatiah translocations, inversions, fusions.

Cytogenetics



Genome Structural Variation

Deletion Duplication Inversion



Introduction

A Genome structural variation : gains and losses
of DNA (copy-number variation (CNV)) as well
as balanced events such as inversions and
translocationd operationally defined 50 bp

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®o and >1kb in length® historical
copy number variation

@ Intrachromosomal

@ Interchromosomal Distribution

; i E ; Interspersed
:: i; Tandem

Configuration



Importance:
SDs promote genome structural variation

Non Allelic Homologous Recombination
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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

Maintaip old Loss of Function
Function




Human Genome Segmental Duplication Pattern

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

£59.8% interspersed

A genef/transcript rich

A Associated withAlu repeats

" She, Xet al.,(2004 Nature 431:92730



Mouse Segmental Duplication Pattern
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Human Segmental Duplications Properties

A Large (310kb)

A Recent (95% 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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Human Disease
Triplosensitive, Haploinsufficient and Imprinted Genes

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




DiGeorgeVCFS/220911 Syndrome

O o Normal heart e Heart with tetrology of Fallot 2
— — D225427 Increased Partial obstruction
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A30 candidate regions (298 Mb)
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Percentage of Population

Genome Wide CNV Burden
(15,767cases of ID,DD,MCA vs8,328controls)

Developmental Delay Case:
. Controls

~14.2% of genetic cause of
developmental delay |
explained by large CNVs
(>500kbp)
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Common and rare structural variation are linked
17921.31deletion syndrome

Chromosomel7




17/9g21.31inversion

C  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



b 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@.3million years ago and was mediated by the LRR&coreduplicon
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




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 Boyfn@mblssrry large events

A Segmental duplications enriched-298 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

A Optical mappingTeague et al.,
2010e.g.BionanoGenomics:
Levy-Sakinet al,2019

Sequencingbased

Readdepth: Bailey et aR002

FosmidESP:Tuzunet al.2005
Kidd et al.2008

A Next-gen sequencindiorbel et

al. 2007, Yoonet al, 2009
Alkan et al.,2009 Chenet al.
2009 Mills 1000Genomes
Project,2011, Sudmanet al.
2015,

A Longread Sequencin@haisson

et al.,2015 2019 Pendletoret
al., 2015 Sedlazeclet al.,2018
Audanoet al, 2019 Ebert et al,,
2021




Array Comparative Genomic Hybridization

Array of DNA Molecules
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SNP Microarray detection of Deletion {llumina)
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Using sequence read pairs to resolve structuralaraition

Human Genomic DNA

Human DNA

/ — | \Genomlc Library (1 million clones)

Sequence ends of genomic inserts &

l Map to human genome
Concordant Insertion Deletion Inversions
Fosmid
> < > < > < < <
Build 35

Dataset:1,122,4080smid pairs preprocessed5.5X genome coverage)
639,204fosmid 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 E—— ——
I Relatively poor breakpoint resolution

A Split read analysis

I Small novel insertions/deletions, and mobile element — - -~
insertions N
i 1bp breakpoint resolution —> -
A Local and de novoassembly —
i SVinunique segments |
i 1bp breakpoint resolution *j-:-%—_é—'_.%—::

Alkan et al.,Nat Rev Genet2011



Using Sequence Read Depth

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

lllumina Sequence

Reference Sequence m
Sequence to Test = millio ds
Random Genome

Sample

unique duplicated

Bailey et al., Science2002



Personalized Duplication or CopyNumber Variation Maps

Venter (Sanger)

Watson (454

chr17: |
Segmental Dups

celera WSSD
a

1888
pR-1-1-]

NA12878(Solexa) ==

NA12891(Solexa) ==

NA12892(Solexa) =

Seaa

EY-1-1-]
-]

a
pN-1-1-]

b=1-1-1-]
Zeaa
a

[}
1868

25a8a
Seaa

EY-1-1-]

EEN-CEELT: 415@a808] EEEEELTET
Duplications of >1888 EBases of Mon-REepeathasked Sequenice
| EXEEEEEe e <« JERe] P <@ ENL:
Celera WESD
|

WYenter Depth Cowver

CNP#1

Watson Depth Coversge

- MA12575 Depth Coversge

MAL2591 Depth Coverage

MA12592 Depth Coversge

MAL12S75_ 1526

MA12S7E_ 10526

UCEC Krown Genes (June, 85 Eased on UniFrot, Eefsed, and GenBank mREMNA
CRHR1 MAFT BH-Hi-HH | MSF |

FLJ22958 HEes  HIZ1| ARHGAFZ7 A e AF 555199 H-AHHE-D WnTeE B
Ak BZEE6S o HE=IMZ W LOCEE1175 CRHRL fopHl STH | BLEBED2E K] BCEEEET 1| et
HHT 1 bl FHHLL Ml BCac4361 e CRHR1 =l FkBSEIEE | AEA11135 ) FEA11135 § HMSF cozre HY
MMTL Bl FHML1 FLEKHM1 TRHRL [l LOC254 055 fH-4ebteccecd  LRRCSTA {4 cRT4ozse M-l WHTS feesd  GOIRE HY
FratEzlE | FLa2s414 | ECa41853 § Rk 124594 4 Ecedesel HeAH ECadas ol M- AKL1ETEES bl
ACED4 BCESSETY | IMFS | AF1 15559 ek AF119559 ek BGAG4554 [
Ak aTS 1 o4 | MAFT - FF4assas | AF119559 ek cozRe H
ACED« K MAFT - ECH41585 AF493536 |
AKGITZ19 MAFT HE-{Hy ECegegsd H ECa41503 K
[ e Oy e O 1 14 Erhehaln

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

Alkan, Nat. Genet2009



Interphase FISH
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Indirect sequencebased 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 statésincomplete references and
the complexity of repetitive DNA

A False negatives.



Long read Genome Sequencing Revolution

Aluminum

3\ Glass

A//‘l‘\

\l
Excitation Em'SS'On

Pacific Biosciences (PacBi@) singlemolecule reattime sequence
(SMRT) data (15-50) kbp sequence reads

ONT (Oxford Nanopore Technology® higher error rate but,
portable, scalable native DNA sequencing of longeads



Advances in longread sequencing

HiFI Pac Bio Seguencing Ultra -long reads ONT

Double-stranded
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Advantages of long read sequencing

HiFI PacBIio
~18-20 kbp

IIIurpina
150-300bp




More uniform coverage and sequencing of native DNA
SHANKS

PacBio
Sequence
Coverage
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lllumina
Sequence =
Coverage
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Increased sensitivity for structural variation (SV)

Count of SVs

Short-read
- Yoruban African
-I 06 - — Puerto Rican
Han Chinese

Long-read
= Yoruban African
— Puerto Rican
Han Chinese

10% .
‘ Optical Mapping

\ — Yoruban African
i

- Puerto Rican
\a
w‘

~ Han Chinese
10kb  1Mb

10% .

_100bp -1()bp  100bp
SV Size
~25,000PacBio SVs vsl11,000llumina SVs 50 bp

Eleven lllumina callers combined detd®o of deletions and1% of insertions in a
human genomeNGS misses¥5% of SVs

10° J1Mb —10kb

Chaissonet al, Nature,2015 Chaisson et al., NatComm, 2019



Complete sequence of human genome

2021 (T2T-CHM13)

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X

[. Different contigs [ | Absent sequences ] Centromeres ]

Nurk et al, bioRxiv, 2021, Science2022



So how did we do it?

fWe used anreffectively haploichuman cell Iine\
known as CHM13

CHM 13is acomplete hydatidiform mole

‘

A diploid genome
with only one
haplotype

—

This greatly simplifies this problem because it allows us
to assemble each chromosome without interference

k from a second set of chromosomes J

Me used two longread sequencing technoloﬁ
with complementary strengths

1. Pacific Biosciences (PacBio) highdelity (HiFi)

A 15-25kbp long
A>99% accurate (similar to lllumina)
ra A Strength: Extremely accurate

2. Oxford Nanopore Technologies (ONT)

ANo limit in read length!
A93-99% accurate
A Strength: Extremely long

(o

/
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W Closing in on a complete
o = human genome p.42

A 8% of missing genome
sequence added280Mbp)

A Complete sequence of
centromeres, acrocentric anc
segmental duplications

A Adds1956gene predictions
of which130-190are protein
coding

A Framework for
understanding the
genetically most complex
regions of our genome.



A 6 Gbp Human Genome Assembly
(contig N50=25-28 Mbp)

Haplotype 1 Haplotype 2
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Combining HiFI & UL -ONT improves
contiguity with maternal and paternal
complements nearly resolved
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A Verkko assembly with
>30X HiFi + >30UL-
ONT

A Bandage representation:
maternal (red) and paternal
(blue)

A Both haplotypes and more
than %2 the chromosome
are fully resolved ZT

Rautiainen et al., bioRxiv,, 2022 Nat. Biotech, 202-



Primate phased genome assembly efforts

i Human @7 genomes) m
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Complete sequencing of ape chromosomes
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Assemblybased discovery of genetic variation.



https://mrvollger.github.io/software/

A graph can capture such variation e.gMinigraph

Graph 1
(asm 1):

1. Generate phase genome assemblies Align asm 2
2. lteratively introduce assembly sequence to ¢ graph;j
a graph.
3. Distinguish query sequence already Construct
present in graph from novel sequence TN omasmo

Coar
4. Include novel sequence as new segments o gume: ()
edges between segments in graph. N ; S
. ign asm rom asm
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A graph-based representation of structural
variation
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Liao et al., bioRxiv,2022 Nature, 2023



A graph-based representation of the entire
human genome as a conceptual new reference
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Understanding centromere structure and function
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Understanding centromere structure and function

a-satellite structure
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Logsdon et al., bioRxiv,202Q Nature, 2021



Characterization of disease allelesCGG triplet repeat expansion:
associated with Baratela Scott Syndrome
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Summary
A Short read NGS approaches

I Multiple methods are need@deadpair+readlepth+splitread
often with orthogonal validation such as SNP microarray

I ~75% of SVs are missed because SVs arenamdomly
distributed to repetitive regions where mapping quality is low

I Readdepth approaches allow CNV prediction but not structure

A Longread sequencing methods provide complete SV but
currently limited throughput
I Readbased versus assemiligsed approaches

I Telomereto-telomere assemblies of human genomes now
possible or nearly so for dipladdcomplete genetic
Information where all variants are phased.

I First human pangenome now available new concept to
eventually replace a singular reference.



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

AThere are 990annotated
genes completely contained
within segmental duplication




Dynamic Genetic Variation

p human (n=10)

» bonobo (n=14)
p chimpanzee (n=23)
» gorilla (n=32) Copy
orangutan (n=17) #
chrl6

R Genomic copy humber changes contributes more genetic
difference between apes and humans than SNVs

R 468Mbp CNV vs.167Mbp SNVs (ration: 2.8)

Sudmantet al, Genome Res2013 Sudmantet al, Science2015



Rate of Duplication

Bornean Orangutan

1.8 mya - Sumatran Orangutan
Lk Denisova
6.5 mya m > Homo Sapiens
16.5 mysa ~
* — Bonobo

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=9.786X 1012
Sudmant PH et al. Genome Res2013



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 1C?Okbp
l Secondary Block Duplications

16p 1x
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A\ mosaic of recently transposed duplications
Muplications within duplications.
Motentiatesiiexon shufflingd, regulatory innovation



Human Chromosomel6 Core Duplicon

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.

100kbp

LCR16a _
Jiang et al,Nat. Genet.2007



