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Genetic Variation 

• 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. 

Types.

Cytogenetics

Sequence



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. Sequence-based detection methods
3. Primate genome evolution and the core duplicon

hypothesis.
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Perspective: Segmental Duplications

Interchromosomal

Intrachromosomal

Distribution

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

Interspersed

Tandem
Configuration



Importance: Structural Variation
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Importance: Evolution of New Gene Function
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Human Genome Segmental Duplication Pattern
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•~4% duplication (125 Mb)
• >20 kb, >95%
•59.5% pairwise (> 1 Mb)
•EST rich/ “gene” rich
•Associated with Alu repeats

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



Mouse Segmental Duplication Pattern

•118 Mb or ~4% dup
• >20 kb, >95%
•89% are tandem
•EST poor
•Associated with LINEs

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



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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Triplosensitive, Haploinsufficient and Imprinted Genes

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



DiGeorge/VCFS/22q11 Syndrome

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



Genomic Disorder Brain Congenital 
Anomalies Locus Interval 

kb
LCR 

size kb Duplicon %identi
ty

Incidence 
(%)

Incidence
(MR)

Williams-Beuren syndrome Severe MR craniofacial, heart 
disease 7q11.23 1,600 >320 PMS2/GTFI2 96-99 0.01 0.5

Prader-Willi syndrome Severe MR
small hands, feet, 
hypotonia, obesity, 
short stature

15q11.2-q13 3500 400 HERC2 92-99 0.007 0.35

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

Smith-Magenis syndrome Severe MR
crainiofacial, 
peripheral 
neuropathy

17p11.2 4000 200 SMSREP 98.2-99 0.004 0.2

dup17p11.2 mild MR peripheral 
neuropathy 17p11.2 4000 200 SMSREP 98.2-99 0.001 0.05

Velocardiofacial syndrome mild MR cardiac, craniofacial 
defects 22q11.2 ~3000 ~300 LCR22 98-99 0.03 0.7

Cat Eye Syndrome Severe MR craniofacial,colobo
ma 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

Neurofibromatosis Mild MR 
fibromatous 
tumours, visual 
defects

17q11.2 1500 85 NF1REP 98.4 0.003 0.03

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

HNPP no MR peripheral 
neuropathy 17p12 1400 24 CMT1A-REP 98.7 0.001 NA

0.089 2.80%

Genomic Disorders (mediated by SDs) 



•130 candidate regions (298 Mb)
•23 associated with genetic disease
•Target patients ar ray CGH 

Human Genome 
Duplication Map 

Bailey et al. (2002), Science



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, 15q13.3 and 
17q21.3), 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



Parent 

Parent

Affected IMR103

Affected IMR253

Affected IMR255

Affected IMR376

•-

•Estimate ~ 1% of mental retardation
•All sporadic events (de novo deletion)
•Syndromic features

Sharp, A et al; Koolen, D et al; Shaw-Smith et al; (2006) Nature Genetics

17q21.3 Microdeletion



17q21.31 Inversion

• 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

Chromosome

A B C

Inverted 

C B A

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



Direct Orientation allele (H1)
Inverted orientation allele (H2)

•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 17q21.31 
Inversion (H2) vs. Direct (H1) Haplotype

•H1 Flanking SD:  169 kbp, seq ID=98.3%, 0 kbp in direct 

H1

H2

•H2 Flanking SD:  441 kbp, seq ID=99.3%, 95 kbp in direct
•H2 duplication architecture is a “premutation” haplotype

Zody et al., Nat. Genet, 2008



Segmental  
Duplications

15q13.1 deletion

15q13.3 deletion

BP3 BP4 BP5

•Three deletion patients presented with 
epilepsy/abnormal EEG
•CHRNA7 (gated ion channel protein) 
linkage  to myoclonic epilepsy

15q13.3 deletion

15q13.3 Recurrent Microdeletion

Sharp et al., Nat. Genet, 2008

15q13.1-13.3 deletion



Epilepsy and 15q1.3.3 Microdeletion

• Idiopathic 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 10-8).

• 10/12 patients have breakpoints 
consistent with BP4-BP5 
segmental duplication mediated 
rearrangement that was identified 
in children with mental 
retardation.  

Helbig et al.,Nat. Genet, 2009.

BP4 BP5



Nature 455:237-41   2008

Nature 455:232-6   2008

•7/4,213 cases vs. 8/39,800 controls,  OR 11.54 , p=5.3 X 10-4

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

Schizophrenia and 15q13.3 Microdeletion



15q13.3 BP4-BP5
1.5 Mbp Del

A B C

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

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

Disease Heterogeneity

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

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



A B C genomic hotspot

dosage sensitized
individual

genetic modifiers &
environmental

Disease A Disease B Disease C
0.3% 0.5% 1.0%

Recurrence, 
High New 
Mutation Rate

Genomic Hotspot Model of Disease

Highly penetrant

purifying selection

Transmission

Variability of ExpressivityMefford and Eichler, COGD, 2009



Individually Rare Collectively Common
(N=2,493 normal individuals Illumina SNP Microarrays)

•90.2% of variant bp are below 1% polymorphism
•8% of normals carry an event > 500kbp 

Itsara et al., (2009) AJHG



Model #2: Copy Number Polymorphisms and Disease 
Gene Type Locus Seg. Dup Phenotype
GSTT1 Decrease 22q11.2 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 6q27 5.5*n kb Coronary heart disease risk

RHD Decrease 1p36.11 ~60 kb Rhesus blood group sensitivity

• Disease CNPs enriched within duplicated sequences.
Decrease

Increase

C4A/B Decrease 32.8 kb Lupus (SLE)

DEFB4 Decrease 8p23.1 ~310 kb Crohn Disease

6p21.33

DEFB4 Increase 8p23.1 ~310 kb Psoriasis



Structural Variation and Enriched Gene Functions

Cooper et al., 2007
•Environmental interaction and cell-cell signaling molecules enriched

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



Color-Blindness in Humans: The Opsin Loci

•Normal phenotypic variation
•Red-green color vision defects,X-linked
•8% of males and 0.5% females. NEur.

Adapted from Deeb, SS, Clin. Genet, 2005 

Copy-Number Detection is not Sufficient!



Sequence-Based Resolution of Structural Variation

Inversions

< <

Insertion

> <

Deletion

> <

Concordant

> <

Build35

Fosmid

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

Human Genomic DNA

Genomic Library (1 million clones)

Sequence ends of genomic inserts &
Map to human genome



< 32 kb 
Putative 
Insertion

>48 kb 
Putative 
Deletion

discordant by
orientation
(yellow/gold)

discordant size
(red)

duplication
track

a)
Insertion

Deletion

Inversion

b)

c)

Genome-wide Detection of Structural Variation (>8kb)
by End-Sequence Pairs

Tuzun et al, Nat. Genetic, 2005



Fine-Scale Structural Variation Map: (build35 vs. Fosmids)

•297 regions of structural variation
all greater than 8 kbp in size
•89 locate within gene regions.
•138 unique regions of the genome
•159 duplicated regions of the genome

“Heterochromatic” regions

Deletion
Inversions

Insertion(Fosmid)

“Duplicated” regions



• 17 human genomes sequenced to 0.3 X  Sanger sequence (8-10 X 
physical clone coverage)—combined 135X

• 6 Yoruban, 5 CEPH, 5 Asian (3 Japanese (JPT), 2 Chinese (CHB)
• Identifies ~2051 sites of structural variation and 525 novel insertions 

Structural Variation Project Summary 

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



An End-Sequence Pair Clone Resource

Deletion

Insertion
Insertion

Yoruban
Sample

Japanes
Sample

•13.9 million clones mapped to the reference genome (1 clone every 500 bp)
•Publicly available from UW Genome Sciences and Cor iell (last 8 librar ies)

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



Sequence Map of Structural Variation in Normals (n=8)

Deletion
Inversion

Insertion (Fosmid)

Gaps

G248

ABC8 (Yoruba)

ABC9 (Japan)

ABC12 (CEPH)

ABC7 (Yoruba)

ABC11 (China)

ABC13 (Yoruba)

ABC14 (CEPH)

ABC10 (Yoruba)

Kidd et al., Nature, 2008.

27/1720 (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.



Size Distribution of Sequenced SVs

•Targeted 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
Maps
to b35

No b35
Hits

Maps
to b35

No b35
Hits

One-end
Anchored
Clones

•identify 26,556  OEA clones;  4996 cluster into 525 locations

UnspannedSpanned Gap

50.8%
(211/415)

35.4%
(145/410)

8.4%
(51/610)



Chr14 Copy-number polymorphic Novel Sequences

YRI

JPT

CHB

CEU

Self

93.9 Mbp81.1 Mbp68.3 Mbp48.5 Mbp45.8 Mbp

•Identified ~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

• Iafrate 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 

• 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

Hybridization-based Sequencing-based

 Optical mapping: Teague et al.,
2010

Single molecule analysis



Array Comparative Genomic Hybridization

•High-throughput detection of large-scale 
Deletions and Duplications.

12 mm

Array of DNA Molecules

H
ybridization

Normal Human 
DNA Sample

Disease individual
DNA Sample

Merge

Cy3 ChannelCy5 Channel
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SNP Microarray detection of Duplication (Illumina)
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CNV Detection Resolution



Challenges
• Size spectrum—>10 kbp discovery limit  for most 

commercial platforms.
• Class bias—deletions>>>duplications>>novel 

insertions>>balanced events (inversions)
• Multiallelic copy number states.
• Repeat/duplication bias 
• Throughput
• False negatives.



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

790

283

128

5

634
278

84132

25

76
130

5

Fosmid clone 
End-sequence pair
Kidd et al., 2008
(N = 1,206)

Ultra-dense tiling array 
CGH

Conrad et al., 2010
(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 unique 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

mrFAST
mrsFAST

Sequence reads

Read Depth

WSSD
Segmental duplications
Large Deletions

VariationHunter
Deletions, small novel insertions,

mobile element insertions,
inversions

Read Pair Local and de novo assembly

NovelSeq
Novel sequence insertions
> 200 bp



mrFAST algorithm
• Designed for reads generated with the Illumina 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 unique 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. unique mapping

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

Validated (Kidd 2008)
Predicted Overlap Predicted Overlap Predicted Overlap

Deletion 143 8,959 85 8,537 85 5,704 67
Inversion 82 504 23 181 11 NA NA
Insertion NA 5,575 NA 7,142 NA NA NA

VariationHunter-SC VariationHunter-Pr Bentley 2008

* predicted insertions < 100bp

Hormozdiari, Alkan, et al, 2009



Case Study: NA18507

NA18507    

Venter > 10 kbp

1-10 kbp

< 1 kbp



1000 Genomes: Validation

 Higher sensitivity 
than unique-location 
based methods

 Higherfalse
discovery rate
 Assumes complete 

reference genome
 Paralogous variants that 

do not exist in the 
reference genome will 
be invalidated

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

0
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3500

4000

4500

5000

Spanner VariationHunter BreakDancer WTSI

Invalidated

Validated

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



Variation Hunter for Alu insertions
• 8 high-depth genomes

– One trio (YRI: NA18506, NA18507, NA18508)

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 4,342 3,432

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

Hormozdiari et al., 2010
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Familial transmission of Alus
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Assembly: NovelSeq

Hajirasouliha et al., 2010



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

2302 720
1813

1789

NA18507 Fosmid 
OEA

NovelSeq: NA18507

Hajirasouliha et al., 2010



Scaling up: 1000 Genomes Project
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•SV Subgroup applies 19 
distinct algorithms
•160 genomes 2-40X
•in Pilot 2

Sudmant, Kitzman, et al., Science, 2010

Other Genomes
SV Summary

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

Total 28025



S

NG

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)

Random  Genome 
Sample

Sequence  to Test

unique duplicated

Reference Sequence Celera’s
27.3 million reads

Bailey et al., Science, 2002

NGS Sequence



Copy number from short read depth
• 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 known, invariable copy
• 1 kbp-windowed CN genomewide 

heatmap
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di
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s

CN



Watson (454) 

Venter (Sanger) 

NA12878 (Solexa) 

NA12891 (Solexa) 

NA12892 (Solexa) 

Personalized Duplication or Copy-Number Variation Maps

•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

CNP#1

CNP#2

Alkan, Nat. Genet, 2009



Sequence coverage and detection power



Predicted median CN: 12.98

Predicted median CN: 4.96

Absolute Copy Number Validation



Read-Depth CNV Heat Maps vs. FISH Interphase FISH

9
8
7
6
5
4
3
2
1

Copy 
Number
Predictions

•72/80 FISH assays correspond precisely to read-depth prediction (>20 kbp)
•80/80 FISH assays correspond precisely to+/- 1 read-depth prediction



CEPH
European

Asian

Yoruba

71% of Europeans carry at least
Par tial duplication distal (17q21 
associated)—all inversions carry 
the duplication

17q21 MAPT Region for 150 Genomes

Sudmant et al., 2010, Science

24% of Asians are hexaploid for
NSF gene N-
ETHYLMALEIMIDE-
SENSITIVE FACTOR potentially 
impor tant in synapse membrane 
fusion; NSF (decreased expression 
in schizophrenia brains 
(Mimics, 2000), Drosophila 
mutants results in aberrant 
synaptic transmission) 



Read-Depth vs. Quantitative PCR

• Tested 155  genomes read-depth (1-2 X coverage) vs. QPCR
• r2=0.93 between sequence and quantitative PCR estimates

CCL3L1—chemokine ligand 3-like (1.9 kbp)



ATGCTAGGCATATAATATCCGACGATATACATATAGATGTTAG…

ATGCTAGGCATAGAATATCCGACGATATACATATACATGTTAG…

ATGCTACGCATAGAATATCCCACGATATACATATACATGTTAG…

ATGCTACGCATATAATATCCGACGATATAC--ATACATGTTAG.

copy1

copy2

copy3

copy4

Unique Sequence Identifiers Distinguish Copies

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

• 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
Segmental Duplications

NA18507 Yoruban 
Unique Identifier Depth

YH Chinese 
Unique Identifier Depth

Unique Identifiers



NBPF Gene Family Diversity



Copy Number Polymorphism Landscape 
Duplicated vs. Unique Gene 



No NGS method is comprehensive

486

43250
303

6855 (63%)
3223 (80%)

1772 (33%)

Read-Pair Read-Depth

Split-Read

1000G Consortium 2010, Mills et al. 2011

Transition from previous???



Fosmid SV Project vs. 1000 Genomes Project

559 447 400 57 82 0Total

80% 14% 0%

•Half 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 quality key)
• 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?
chr1
chr2
chr3
chr4
chr5
chr6
chr7
chr8
chr9
chr10
chr11
chr12
chr13
chr14
chr15
chr16
chr17
chr18
chr19
chr20
chr21
chr22
chrX
chrY

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



Approved

Human

Chimp

Gorilla

Orangutan

Gibbon

Macaque*

Baboon

Vervet

Squirrel 
Monkey

Tarsier

Marmoset

Galago

Mouse
Lemur

Mouse

63

35-40

~45

22-26 

23-25

18
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8
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80 mya

Assembly In Progress

New World

Old World

Prosimian

Status

Pr imate Genome Sequencing 
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Human 

Chimp

(23.33)

(0.27)
(0.22)

(1.31)
(1.39)

(21.52) 
(26.30)

(11.26) 
(14.01)
(11.54)

(17.85)

(16.58)

Orangutan

Mb of Over lap ~ 3Mb/Myr

~ 3.6 Mb/Myr

~  2.6 Mb/Myr

~  1.9 Mb/Myr~  1.8 Mb/Myr

~ 1.1 Mb/Myr

A Hominoid Duplication Acceleration Hypothesis

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

•A mosaic of recently transposed duplications
•Duplications within duplications. 
Goal:  Identify Ancestral States. 
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Duplication Blocks are organized around Core Duplicons

Chromosome 15 Core

•Core sequences defined as top
90% of duplicon density  

•Cores frequently duplicated
as solo elements, flanking
duplicons almost never exist
without core. 

•Define the “focal” point for
intrachromosomal duplications

•Cores are enriched 4-5 fold for 
annotated genes and spliced
ESTs when compared to flanks

Jiang and Tang et al., Nat. Genet, 2007.



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

•Duplications are 19-20 kb in size 

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

LCR16a

Johnson et al., (2001) Nature

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



Orangutan

*  Location of Ancestral Locus

PHA 29*

PHA 31*

PHA 5*

PHA 27*

PHA 30*

PHA 13*

PHA 19*

PHA 28*

PHA 31*

16

Baboon

22

23

21

13

13.2

13.3

13.1

12

11.1

11.2

11.1

11.2

12.1
12.2

24

16

Human
29

*
31 *

1

2

*30

3

4

5 *
6

7
8

9 10

12

1415
*2716

18
19 *

20

21
22

23
26

24

*28
*31

*

11

13

PPY h

16p13.2

16p11.2

16p11.1
16q11.1

16q11.2

16q12.1

16q12.2

16q13

16q21

16q22.1

16q22.2

16q23.1

16q23.3

16q24.3

16p13.3

16p13.13

16p13.11

16p12.2

16
PPY 29

PPY 5

*

*

PPY 7j

PPY 27 *

PPY 28 *

13p13

13p12

13p11.2

13p11.1

13q12.11

13q12.13

13q12.3

13q13.2

13q14.11

13q14.13

13q14.3

13q21.2

13q21.32

13q22.1

13q22.3

13q31.2

13q32.1

13q32.3

13q33.2

13q34

PPY i

PPY a3

PPY a2
PPY a1

PPY c
PPY b

PPY e
PPY d

PPY g

13

LCR16a Core Structural Evolution

•LCR16a duplicon mobilized to different chromosomes and 
independently 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

• TRE2 Fusion protein –juxtaposition of two duplications (TBC1D3 & 
USP6) 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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