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Genome Architecture

The structure, content and organization
of a genome, Including the location and
order of genes



Genome Content

A large portion of the human genome is repetitive

+ Transposable element derived intrespersed repeats
= Alu. L1, SVA, LTR, etc.
= 45%
+ Tandem repeats
= Centromeric o satellites, telomeric minisatellites, VNTRs, SSRs, etc.
= could be as high as 20%
+ Segmental Duplications or Low Copy Reeats
~59% of the genome




Historical Perspective

» The Human Genome Project played a major role in the identification
of SDs

» Anecdotal evidence from mapping and chromosome-walking studies
had suggested the presence of inter- and intra-chromosomally
duplicated sequences

» Experimental observation of SDs;
+ Adrenoleukodystrophy locus (Eichler et al. 1997)
+ Olfactory receptor genes (Trask et al 1998)
+ Gamma glutamyl transferase genes in 22911 (Collins et al 1997)
+ Analysis of BP regions in Genomic Disorders like DiGeorge/VCFS,
Prader-Willi/Angelman, CMT1A/HNPP

> The reference genome segquence was necessary to determine the
extent of SDs in the genome



Segmental Duplications (SDs)

» >1kb, >90% identical, usually 10-500kb in size with 96-98% similarity

> ~5% of the genome
= pericentromeric, subtelomeric and interstitial
= interchromosomal — copies on one or more chromosomes
= Intrachromosomal -- all copies on a single chromosome

» Complex structural configuration of “duplicons”

» May contain partial or entire genes

> Provide substrate for aberrant (non-allelic) genome rearrangements
» Copy number variations are enriched in regions of SDs

> Preferred sites of evolutionary breakpoints in primate genome
evolution



SDs in other genomes
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TRENDS in Genelics

Table 1. Mammalian genomes and SDs

Human Chimpanzee Orangutan Macagque Mouse Rat Dog Cow Opossum
{hg18) (panTro2) (panfbe?) (rheMac2) (mm2) {m4] (canFam2) (bosTaud] (monDomd)
Total content of assembly-detected SDs 5.32% 3.78% 1.18% 1.55% B6.13% 1.60% 0.82% 5.63% 2.70%
Azzembly-independent SDs 4.60% 5. 14% B.23% 1.02% 5.48% M 3.96% 2 66% M/A
Owverlap of assembly-dependent 106,042, 326 76,175,287 48662031 4,320,666 83,135,830 N/ 35692, 222 42 369,644 NA
and -independent methods =10Kb (B86.21%) 182.7%) (80.48%) (66.659%) (B5.39%) (79.66%)  (20.88%)
Size of the non-gapped genome (Mb) 2881 2909 324 2646 2667 2566 2384 2850 3405

Marques-Bonet et al 2009, TiGs.



Segmental Duplications (SDs)
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Genomic Organization of 22q11.2 Segmental Duplications
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Formation of SDs

a Pericentromeric 2-step model

Seeding Pericentromeric transfer
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Formation of SDs

C Interstitial serial duplications
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Detection of SDs

Jeff Bailey (Grad Student) in Evan Eichler’s lab
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Segmental Duplications
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Segmental Duplications

Home Genomes Blat Tables Gene Sorter PCR DNA Convert Ensembl NCBI PDFIPS Session Help
UCSC Genome Browser on Human Mar. 2006 (NCBI36/hg18) Assembly
move zoomin[ 1.5x “ 3= ” 10x “ hase lzoom out[ 1.5x “ 3 ” 10 ]

position/search |chr22:17,000,000-17 500,000 ' gene | [ jurnp || clear | size 500,001 bp.
chrz2 (q11.21) EXER AT 1. q12.1 22q12.3 ElER o132 [ElEER B

Scale 200 ka I
chrzz:| 17050000/ 17100000/ 17150000| 17200000/ 17250000| 17300000 17350000 17400000/ 17450000|

Chromosome Bands Localized by FISH Mapping Clones
22q11.21

Physical Map Contigs

] NT_011519 NT_011519

Duplications of >1000 Bases of Non-RepeatMasked Sequence

<< A < <L L] (I < < < < >
2222 dEed [«E=xa >
I EE B I
2333 «eca
= Variation and Repeats
?W SNPs (130) SNPs (129) SNPs (128 SNPs (126 SNP Arrays
hide v hide v (hide v hide v hide v
chide v
HGDP Allele HGDP Smoothd HGDP Hetrzyesty HGDP iHS HGDP XP-EHH HapMap
Freq FST i e e U D
' - e O — hide v hide v hide v z ~

hide v Chide v

Epg L Tauma s D SNPs Ta ]una s D DGV Struct Var HGSV Discord Segmental
Phased = == Dups

‘ hlde v |hide v hide v hide v RN |
hlde v ;
Structural Intr Rpts
U Exapted Repeats RepeatMasker RepMask 3.2.7 Interrupted Rpts 327
T Chide v hide v Chide v hide v S
|hide v hide v

Simple Microsatellite Self Chain Genome Varniants
M e o oo .. | e T



Segmental Duplications
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Why should | care?



SDs are preferred sites for disease-
causing genomic rearrangements



SDs in Human Disease

» Genomic Disorder (GD)

¢ A disease caused by an alteration of the genome that results in
complete loss, gain or disruption of the structural integrity of a dosage
sensitive gene(s)

> In most common GDs, the underlying rearrangement is
mediated by SDs

> Patients with GDs usually have multiple congenital anomalies
(MCA)

¢+ global developmental delay
¢ learning disabilities

¢ craniofacial differences

¢ cardiac defects



SD-mediated Genomic Disorders
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Emanuel and Shaikh, Nature Reviews Genetics 2001, 2: 791-800




Genomic Disorder
Charcot-Marie Tooth disease type 1A (CMT1A)
Hereditary Neuropathy with Pressure Palsies (HNPP)
Smith Magenis Syndrome (SMS)
Duplication 17p11.2
Neurofibromatosis-1 (NF-1)
17g21.31 Microdeletion syndrome
16p13.11 del/dup
16p11 del/dup
Prader-Willi Syndrome (PWS)
Angelman Syndrome (AS)
15q13.3 Microdeletion syndrome
15q24 Microdeletion syndrome
Williams-Beuren Syndrome (WBS)
Sotos syndrome
Spinal Muscular Atrophy

Digeorge and Velocardiofacial Syndromes (DGS/VCFS)

Cat eye Syndrome (CES)
Hunter syndrome

Location
17p12
17p12
17p11.2
17p11.2
17q11.2
17¢21.31
16p13.11
16p11
15q11-q13
15q11-q13
15q13.3
15024
7q11.23
5035
5013.2
22q11.2
22q11.2
X028

SD-mediated Genomic Disorders are estimated to occur at a frequency of 1/1000 livebirths



SD-mediated Rearrangements

Dalated fragrment Faracantric insersion

Emanuel and Shaikh, Nature Reviews Genetics 2001, 2: 791-800



SDs can create new genes



SDs in Gene Evolution
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SDs In Gene Evolutlon

XV X

Great apes

Catharrhine
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Johnson et al 2001, Nature



SDs in Gene Evolution

> SD on chromosome 16 (LCR16a)

¢ 20 Kb segment, 1-2 copies in OWM, 15-20 copies in humans and
chimpanzees

» Copies undergo rapid diversification = enhanced rate of amino
acid replacement after divergence from orangutan

> Duplicate genes have potential for novel or modified function

> Similar genes have been identified in other SDs that have
expanded in the human-great ape lineage



SDs In Structural Variation
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SDs in Human Variation

Table 2 The 30 genes with the most variable copy numbers in the three human genomes
NA18507 copy

Gene Transcript ID Gene size (bp) Duplicated bp? JDW copy number number YH copy number  Copy number range
Dux4 NM_033178 8,205 8,205 248 97 196 151
DUB3 NM_201402 1,593 1,593 139 186 122 64
FAM90A7 NM_001136572 18,865 18,865 7 44 36 38
PRR20 NM_198441 3,022 3,022 28 22 11 17
HRNR NM_001009931 12,112 7,721 19 8 15 12
TBCID3 NM_032258 10,897 10,897 26 29 17 11
TP53TG3 NM_016212 3,200 3,200 16 7 6 10
WASH1 NM_182905 15,229 15,229 26 16 20 10
ZNF717 NM_001128223 418,227 24,791 36 27 32 9
OR4F17 NM_001005240 918 918 18 13 9 9
CZorf78 NM_001080474 32,959 26,245 9 7 14 7
PCDHB8 NM_019120 2,580 2,508 12 6 8 6
TCEB3C NM_145653 1,877 1,877 23 18 17 6
PCDHB7 NM_018940 3,714 2,333 10 4 7 6
OR4F16 NM_001005277 937 937 18 17 12 6
FOXD4L5 NM_001126334 3,109 3,108 10 43 38 6
FOXD4L4 NM_199244 3,107 3,106 40 43 38 6
MSTI NM_020998 4816 4776 11 6 11 5
MGC50273 NM_214461 6,701 6,701 33 28 32 5
AMYIA NM_004038 8,871 8,871 6 11 10 5
AMY2A NM_000699 8,395 8,395 6 10 11 5
POTEB NM_207355 31,415 31,415 17 21 22 5
NPEPPS NM_006310 92,199 62,993 4 8 3 5
NBPF1 NM_017940 49,571 49,533 43 48 46 5
ORZA1 NM_001005287 931 931 6 5 9 4
FAM8B6EB2 NM_001137610 10,727 10,727 20 17 21 4
GOLGA6 NM_001038640 12,604 12,694 17 13 17 4
LOCZ283767 NM_001001413 9,757 9,757 26 22 26 4
FLG NM_002016 23,029 10,606 13 9 13 4
BAGE NM_001187 41,142 40,371 18 17 14 4

a'Duplicated bp’ corresponds to the number of base pairs in the gene that intersect with segmental duplications. This value is equal to the gene size for genes that are completely in segmental
duplications or smaller if the gene partially overlaps with known duplications.

Based on the estimated and validated copy numbers of genes in the RefSeq database, we calculated the maximum copy number difference between each pair of the three
genomes analyzed. The 30 validated genes with the highest copy number range are shown.

Alkan et al. NATURE GENETICS VOLUME 41 | NUMBER 10 | OCTOBER 2009



SDs in Human Variation and Disease Susceptibility

Genes/loci Description Human disease Gene ID SDsize Copy number
or predisposition (Kh) change
GSTM1 Glutathione S-transferase Squamous cell MM _000561 18 Decrease
M1 isoform carcinoma
CYP2D8 Cytochrome P450, subfamily Drug metabolism NM_000106 5 Increase
Il D, polypeptide 6
CYP2142 Cytochrome P450, family Congenital adrenal NI _000500 35 Increase
21 subfamihy A hyperplasia
GSTT1 Glutathione S-transferase Halothane/epoxide NI _000853 54.3 Decrease
theta 1 (GSTT1) toxicity
OPNIMW Opsin 1 (cone pigments) X-linked color NM_000513 38 Decrease
medium wave sensitive blindness
FCGR3B~  Fc fragment of IgG, low SLE and MM _000570 No SD Decrease
affinity 3a receptor glomerulonephritis
IRGM® Immune-related GTPase Crohn's disease MM 007145805 MNo SD  Decrease
famiby M
SNCA Alpha-synuclein Parkinson's disease MNM_00345.2 Mo SD Increase
NEGR1 Meuronal growth regulator 1 Obesity NM_173808 No SD Decrease
LP4 Lipoprotein Lp (a) Coronary heart disease MNM_008577 5.5 Decrease
RHD Rhesus blood group, D antigen Rhesus blood group NM_016124 60 Decrease
CFH Complement factor H Age-related macular MNM_000186 28 Increase
degeneration
C4AB Complement component Systemic lupus MM _007293 32.8 Decrease
4B preprotein erythematosis
DEFEB4 Defensin, beta 4 Psoriasis/Crohn's NM_004842 310 Increase/decrease
disease
CCL3L1 Chemokine ligand 3-likel HIV/AIDS NM_021006 64 Decrease

precursor

Marques-Bonet et al 2009, TiGs.



CCL3L1: Chemokine ligand 3-like precursor
> segmentally duplicated in the primate genome
> increased copy number is associated with reduced susceptibility to HIV
infection and progression of AIDs
> copy number variation of CCL3L1 in macaques affects progression of
simian AlDs

DEFB4: beta defensin 4

> increased copy number is associated with Psoriasis

> increased/decreased copy number is associated with Crohn’s disease *
> copy number variation of CCL3L1 in macaques affects progression of
simian AlDs



SDs coincide with evolutionary breakpoints



SDs in Genome Evolution

> SDs show a strong association with large-scale rearrangement
breakpoints in mammalian genome evolution

»Comparative analysis of human and mouse genomes shows
enrichment of SDs at synteny breakpoints

> 8 out of 11 well-characterized, hominoid specific chromosomal
rearrangements associate with SDs

> SD-mediated variation has played a key role in shaping the
architecture of primate genomes



SDs In Genome Evolution

;

Bailey and Eichler 2006, Nat. Rev. Genet.



Impact of SDs on the genome

> create genomic instability leading to disease
> source of variation between and within species

> evolution of new genes



Assembly of SDs using shotgun sequences

(a)
SDs detection by an assembly independent method
Whole Genome Shotgun Sequences Detection (WSSD)
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Assembly using “paired-end” reads
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Diversity of Human Copy Number
Variation and Multicopy Genes

Peter H. Sudmant,** Jacob O. Kitzman,** Francesca Antonacci,® Can Alkan,* Maika Malig,*
Anya Tsalenko,? Nick Sampas,® Laurakay Bruhn,? Jay Shendure,*
1000 Genomes Project,t Evan E. Eichler'>

Copy number variants affect both disease and normal phenotypic variation, but those lying within
heavily duplicated, highly identical sequence have been difficult to assay. By analyzing short-read
mapping depth for 159 human genomes, we demonstrated accurate estimation of absolute copy number
for duplications as small as 1.9 kilobase pairs, ranging from 0 to 48 copies. We identified 4.1 million
“singly unique nucleotide” positions informative in distinguishing specific copies and used them to
genotype the copy and content of specific paralogs within highly duplicated gene families. These data
identify human-specific expansions in genes associated with brain development, reveal extensive
population genetic diversity, and detect signatures consistent with gene conversion in the human
species. Our approach makes ~1000 genes accessible to genetic studies of disease association.

29 OCTOBER 2010 VOL 330 SCIENCE www.sciencemag.org
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Segmental Duplications

Home  Genomes Tables Gene Sorter PCR Session FAQ Help

B Human BLAT Results

BLAT Search Results

ACTIONS QUERY SCORE 2TART END QSIZE IDENTITY CHED STRAMND START END SPAN
browser details hgyld dna 3000 1 3000 3000 100.0% 22 + 170536280 17056879 3000
browser details hgyld dna 2094 1 3000 3000 100.0% 22 - 19031112 19034111 3000
browser details hyld dna 2961 1 3000 3000 99.4% 22 - 19860052 19863055 3004
browser details hgls dna 2958 1 3000 3000 99.3% 22 + 19995319 20001318 3000
browser details hgls dna 2946 1 3000 3000 99.1% 22 + 17245682 17248680 29499
browser details hgls dna 2909 1 3000 3000 98.5% 22 + 18975518 18978513 29493
browser details hgls dna 2903 1 3000 3000 98.5% 22 - 17109360 17112452 3093
browser details hgls dna 2901 1 3000 3000 98.4% 22 - 18714344 18717341 29493
browser details hgl8 dna 2863 1 3000 3000 97.8% 13 random - L53L7e 56Les 29
browser details hglS dna 2324 1 2938 3000 94.3% 22 + 22147830 221504446 2617
browser details hglS dna 1560 21 2943 3000 B87.1% is - 12170204 12180606 10403
browser details hglS dna 1524 21 29463 3000 87.4% is + 106290002 10633236 4235
browser details hglS dna 1388 131 1963 3000 90,.9% 22 + 23427085 23429145 2091
browser details hglS dna 195 1219 1484 3000 B86.9% L + 32231421 32231704 284
browser details hglS dna 192 1217 1468 3000 92.2% 4 + 47341404 47341656 253
browser details hglE dna 191 1200 1466 3000 B6.2% 22 + 16110420 16113648 3229
browser details hgls dna 18 1202 1467 3000 854.6% 2 - 108384631 10854945 265
browser details hgls dna 138 1206 1484 3000 83.9% 7 + 75275440 75278745 297
browser details hgls dna 187 1204 1484 3000 83.6% 16 - 19146151 19146443 293
browser details hgls dna 136 1218 1484 3000 86.4% 4 - 405490420 40549707 2g88
browser details hgls dna 185 1208 1468 3000 B85.5% 4 + 140361836 140362096 261
browser details hglS dna 20 207 B26 1000 100.0% iz + GO6LE37T sOE4706 20




Limitations of next-generation genome
sequence assembly
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» Whole genome sequence assembly of 1 Han Chinese and 1 Yoruban
Individual from short reads

> 16.2 % shorter than the reference genome

» 420.2 Mb of repeats missing

» 99 % of SDs missing

» Conclusion: High quality sequencing approaches will be necessary in

conjunction with high-throughput sequencing for comparative genome
analyses and studies of genome evolution



