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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 a satellites, telomeric minisatellites, VNTRs, SSRs, etc. 

 could be as high as 20% 

♦ Segmental Duplications or Low Copy Reeats 
~5% 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 22q11 (Collins et al 1997) 

♦ Analysis of BP regions in Genomic Disorders like DiGeorge/VCFS, 

Prader-Willi/Angelman, CMT1A/HNPP 

 

 The reference genome sequence 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 

Marques-Bonet et al 2009, TiGs. 



Segmental Duplications (SDs) 

Bailey and Eichler 2006, Nat. Rev. Genet.  



Shaikh et al 2000, Hum. Mol. Genet.  



Formation of SDs 

Bailey and Eichler 2006, Nat. Rev. Genet.  



Formation of SDs 

Bailey and Eichler 2006, Nat. Rev. Genet.  



Detection of SDs 

400 kb fragments 

RepeatMasker 

de’N’ masked 
sequence 

BLAST Analysis 

Filter Results 

(>90 % identity and  
>1 kb size) 

Reinsert repeats 

Assembly and Characterization 
of SDs 

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



Segmental Duplications 

Bailey et al 2001, Genome Res. 

90-98% sequence 
identity 



Segmental Duplications 



Segmental Duplications 



Why should I 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 

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) 

17q21.31 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 

17q21.31 

16p13.11 

16p11 

15q11-q13 

15q11-q13 

15q13.3 

15q24 

7q11.23 

5q35 

5q13.2 

22q11.2 

22q11.2 

Xq28 

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



SD-mediated Rearrangements 

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



SDs can create new genes 



SDs in Gene Evolution 

Bailey and Eichler 2006, Nat. Rev. Genet.  



Johnson et al 2001, Nature 

SDs in Gene Evolution 



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 

Tuzun et al 2005, Nat. Genet. 



Alkan et al. 

SDs in Human Variation 



SDs in Human Variation and Disease Susceptibility 

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 AIDs 

 

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 AIDs 

 



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 

Marques-Bonet et al 2009, TiGs. 



Assembly using “paired-end” reads 



Alkan et al. 





Segmental Duplications 



 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 

 


