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[IHGSC, Nature 409, 2001] 
[Venter et al. Science 29,  2001] 

2001: Most of the genome is not coding (only ~1.2% exon).  
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2001 

[IHGSC, Nature 409, 2001] 
[Venter et al. Science 29,  2001] 
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Humans  
have a 
comparatively 
large non-
coding fraction 
of their genome 
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[IHGSC, Nature 409, 2001] 
[ENCODE Consortium, Nature  447,  2007] 

2007 : Pilot results from ENCODE Consortium on 
decoding what the bases do  
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Different Views of the 
Function of Junk DNA 

Using the same code that computer keyboards use, the 
Japanese group... wrote four copies of Albert Einstein’s famous 
formula, E=mc2... into the bacterium’s genome... In so doing they 
have accomplished at least a part of the dream that Jaron Lanier, 
a computer scientist and musician, and David Sulzer, a biologist 
at Columbia, enunciated in 1999. To create the ultimate time 
capsule as part of the millennium festivities at this newspaper, 
they proposed to encode a year’s worth of the New York Times 
magazine into the junk DNA of a cockroach. “The archival 
cockroach will be a robust repository,” Mr. Lanier wrote, “able to 
survive almost all conceivable scenarios.” 

[NY Times, 26-Jun-07] 
[M Gerstein ('10) Am. Sci.] 
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Junk DNA  
as Art 



Significance of the 
“dark matter of the 

genome” 
•  Pervasive Activity 

–  Encode pilot 

•  Association with Disease 
–  Noncoding regions identified correlations 

with human diseases (GWAS) 

•  History 
–  Historical record of genome, molecular 

clock 

•  Personal Genomics 
–  Importance multipled by future need to 

interpret millions of personal genomes 
References 
http://www.nature.com/nature/journal/v461/n7261/full/nature08451.html 
http://linkinghub.elsevier.com/retrieve/pii/S0002929707625403 
http://www.springerlink.com/content/c3816334655h7844/ 
http://www.sciencemag.org/cgi/content/abstract/1138341v1 
http://www.nature.com/nature/journal/v430/n7000/full/nature02697.html 
http://www.ncbi.nlm.nih.gov/pubmed/7769622?dopt=Citation 
http://www.springerlink.com/content/c8ptualwqby9pxr2/ [NY Times, 11-Nov-08] 
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How might we 
annotate a human 
text? 

Color is 
Function 

Lines are 
Similarity 

[B Hayes, 
Am. Sci. 

(Jul.- Aug. 
’06)] 
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Overview of the Process of 
Annotation of non-coding Regions 
•  Basic Inputs  

1.  Comparative Genomics.  
Doing large-scale similarity comparison,  
looking for repeated or deleted regions 

2.  Functional Genomics.  
Determining experimental signals for activity (e.g. transcription) 
across each base of genome 

•  Comparative Genomics  
Finding repeated or deleted blocks in the genome 

1.  As a function of similarity (i.e. age, perhaps using explicit models) 
2.  vs. other organisms, vs. human reference, or within the human population 

 (synteny, SDs, and CNVs) 
3.  Big and small blocks 

(duplicated regions and retrotransposed repeats) 
4.  Creation of formal annotations (e.g. genes and pseudogenes) 
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Technologies used for Interrogating the 
Human Genome, over the past 6 years: 

Reading out "active" or "tagged" regions  

800 bp 

36mer 

PCR Products


Oligonucleotide Array


Massively Parallel Sequencing 

AGTTCACCTAAGA…


CTTGAATGCCGAT…


GTCATTCCGCAAT…


‘02 

‘04 

Application in a 
variety of 
contexts: 

Transcription 
Mapping 

DNA binding (inc. 
chromatin struc.) 

Replication 

Structural 
Variation 

‘06+ 

Tiling Arrays 
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Plummeting Cost of Sequencing 
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... has led to the era of  
Personal Genomics 

•  Resequencing of individuals' genomes 
•  Now for a few, eventually for many 

•  Easy (!) except for the genome's complex, 

REPEAT-CONTAINING STRUCTURE 
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Major Types of Genome 
Remodelling Processes 

•  Duplication  
•  Retrotranposition 



SV Formation Mechanism 

NAHR  
(Non-allelic homologous 
recombination) 

Flanking repeat 
(e.g. Alu, LINE…) 

NHEJ  
(Non-homologous-
end-joining) 

No (flanking) repeats.  
In some cases <4bp 
microhomologies 

TEI 
(Transposable 
element insertion) 

L1, SVA, Alus 

VNTR  
(Variable Number Tandem 
Repeats) 

Number of repeats varies 
between different people 



Terminology for Variable Elements in the Human Genome 

Old duplications  

Copy number polymorphic SDs 
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Deletions in ref.  w.r.t ancestral 
allele  

Insertions of novel seq. w.r.t 
ancestral allele  

Copy number 
variants 
(CNVs) 

Inversions 

Structural 
variants (SVs) 

SDs: New duplications; 
during primate evolution  

Syntenic regions  

SDs ref : Bailey et al, Science, 2002 
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Deletions in ref.  w.r.t ancestral 
allele  

Insertions of novel seq. w.r.t 
ancestral allele  

CNVs 

Copy number 
variants 

Inversions 

SVs 

Structural 
variants, 
potentialy the 
largest source of 
human variation 

SDs: New duplications; 
during primate evolution  

Syntenic regions  

SDs ref : Bailey et al, Science, 2002 



Terminology for Variable Elements in the Human Genome 

Old duplications  
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Main Steps in 
Genome 

Resequencing 
[Snyder et al. Genes & Dev. ('10), in press] 
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Reads 

Zero level 

Read count 

Reference 

Genome 

Reference 

Read 

Deletion 

2. Split read 3. Read depth (or aCGH) 

Mapping 

Reference 

Genome 

Deletion 

Mapping 

1. Paired ends 

Reference 

Genome 
Mapping 

Reference Sequenced          paired-ends 

Deletion 

Methods to Find SVs 

4. Local Reassembly 
[Snyder et al. Genes & Dev. ('10), in press] 
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Outline 
•  Variable Blocks in the Genome (SVs,SDs) 

•  Calling SVs with various approaches 
(MSB, PEMer, ReSeqSim, BreakSeq) 

•  Analyzing mechanism of formation for 
precisely resolved breakpoints & on a 
large-scale over the genome 

•  Pseudogenes 
•  Pattern-match assignment tools 
•  Focus on different specific groups – 

glycolytic, unitary 
•  Polymorphic Pseudogenes 
•  Inter-relating Pseudogenes  

with SDs & SVs 
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MSB:  
Read-Depth 

Segmentation 
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      LCR A           B  C  D


Patient 98-135


Patient 99-199


Patient 97-237


Array Signal  

Read depth 

Individual genome 

Zero level 

Read depth signal 

Reads 

Mapping 

Reference genome 

Counting mapped reads 
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Mean-shift-based 
(MSB) Segmentation:  

no explicit model 
•  For each bin attraction (mean-

shift) vector points in the 
direction of bins with most similar 
RD signal 

•  No prior assumptions about 
number, sizes, haplotype, 
frequency and density of CNV 
regions   

•  Not Model-based (e.g. like HMM)  
with global optimization, distr. 
assumption & parms. (e.g. num. 
of segments).  

•  Achieves discontinuity-preserving 
smoothing 

•  Derived from image-processing 
applications 

[Wang et al. Gen. Res ('09) 19:106] 
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Intuitive Description of MSB 

Distribution of identical billiard balls 

Region of 
interest 

Center of 
mass 

Mean Shift 
vector 

Objective : Find the densest region 
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] 
Observed depth of coverage 
counts as samples from PDF 

Kernel-based approach to 
estimate local gradient of PDF   

Iteratively follow grad to 
determine local modes 
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Example of Application  
of MSB to RD data 

NA12878, Solexa 36 bp paired reads, ~30x coverage [W
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[NA18505] 

RD works well on a variety of 
sequencing platforms 



Do not reproduce without permission 

Looking for 
Aberrantly  

Placed Paired 
Ends 
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Paired-End Sequencing & 
Mapping 
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PEMer: 
Detecting 
Structural 
Variants 

from 
Discordant 

Paired 
Ends in 
NextGen 
Seq. Data 

[Korbel et al., 
Science ('07); 
Korbel et al., 

GenomeBiol. ('09)] 
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Parameterize 
Error Models 

through 
Simulation  

Reconstruction 
efficiency at 

different 
coverage 

[Korbel et al., 
GenomeBiol. 

('09)] 
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Local 
Reassembly 
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Simple Local Assembly:  
iterative contig extension 

Du et al. (2009), PLoS Comp Biol. 

-- a mostly greedy approach 
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Optimal integration of sequencing technologies: 
Local Reassembly of large novel insertions 

Du et al. (2009), PLoS Comp Biol, in press 

Given a fixed budget, what are the sequencing coverage A, B and C that can achieve the maximum 
reconstruction rate (on average/worst-case)? Maybe a few long reads can bootstrap reconstruction process. 
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Optimal integration of sequencing technologies: 
Need Efficient Simulation 

Different combinations of technologies (i.e. read lenghs) very expensive to actually test.  
Also computationally expensive to simulate.  
(Each round of whole-genome assembly takes >100 CPU hrs; thus, simulation exploring 1K possibilities takes 
100K CPU hr) 

Du et al. (2009), PLoS Comp Biol, in press 
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Optimal integration of sequencing technologies: 
Efficient Simulation Toolbox using Mappability Maps 

Du et al. (2009), PLoS Comp Biol, in press 

~100,000 X 
speedup 
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Optimal integration of sequencing technologies: 
Simulation shows combination better than single technology 

Du et al. (2009), PLOS Comp Biol, in press 

Simulation results w/ 
shotgun long, medium 
and short read 
sequencing on a ~10Kb 
novel insertion using a 
fixed total budget 

Optimal combination of 
different technologies 

Result dependent 
on specific 
parameter setting 
of different 
sequencing 
technologies 
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Split Read 



Split‐read Analysis: BreakSeq 

[Lam et al., ('10) Nat. Biotech.] 



SV Identification and Genotyping 

Leveraging read data to identify previously known SVs (“Break-Seq”)  

       Library of SV  
  breakpoint junctions 

Map reads  
    onto 

Junctions can be 
put on a chip 

[Lam et al., ('10) Nat. Biotech.] 



SV Breakpoint Library 

 Library of SV  
  breakpoint junctions 

[Lam et al., ('10) Nat. Biotech.] 



SVs with sequenced breakpoints 

1KG Project 
>20,000 

Published 
BreakSeq 
Library 

[Lam et al., ('10) Nat. Biotech.] 



An Automated Pipeline 

The AnnotaKon Pipeline 
The IdenKficaKon 

Pipeline 

The BreakSeq Pipeline 

Data Conversion 

SV Dataset 

Annotated and 
Standardized SVs 

JuncKon Library 

Sequence Reads 

Standardized 
SVs 

Rapid SV 
identification for 
short-read genomes 

SV Calls 

Annotating SVs with 
different features 

[Lam et al., ('10) Nat. Biotech.] 



Validation for Identified SVs 

 48 positive outcomes out of 49 PCRs that were scored in NA12891:  
98% PCR validation rate (for low and high-support events) 

12 amplicons sequenced in NA12891: all breakpoints confirmed 

Personal genome (ID) Ancestry 
High support hits  

(>4 supporting hits) 
Total hits  

(incl. low support)  

NA18507* Yoruba 105 179 

YH* East Asian 81 158 

NA12891  
[1000 Genomes Project, CEU trio] European 113 219 

[L
am
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t a

l.,
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) N

at
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ch
.] 



SV Ancestral State Analysis 

[Lam et al., ('10) Nat. Biotech.] 



Example of a Rectified SV 

•  147 L1s, are still implicated in recent retrotransposition activity  
(Mills et al., 2007)  

•  Our results suggest the possible recent activity in the human 
population of at least 84 complete L1 elements 

•  38 of these putative active mobile elements not overlap with the 147 

RecKfied SV 
(DeleKon ‐> 
InserKon) 

Ancestral 
Genomes 

L1 Repeat 
Element 

Mech: STEI 

Putative Active L1 
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Mechanism Assignment Pipeline 



SV Mechanism Classification 

DeleKon NAHR 

Highly similar with minor offset 

DeleKon 

Single RETRO Repeat Element 

RE1  RE2 Multiple RETRO 

[Lam et al., ('10) Nat. Biotech.] 



SV Mechanism Classification 

[Lam et al., ('10) Nat. Biotech.] 
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[Lam et al., ('10) Nat. Biotech.] 



SV Insertion Traces 

NAHR‐based inser/ons 
involve nearby  
sequences 

NHR‐ and 

RT‐based inser/ons are 
mostly inter‐chromosomal 

[Lam et al., ('10) Nat. Biotech.] 



Breakpoint Features Analysis 

Breakpoints 

SVs vs. Telomeres 

[Lam et al., ('10) Nat. Biotech.] 
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Large-scale Analysis of  Repeated 
Blocks in the Genome  

(SDs & CNVs) 
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PERFORM LARGE SCALE CORRELATION ANALYSIS TO DETECT REPEAT 
SIGNATURES OF SDs AND CNVs 

Survey a range of genomic 
features 

Count the number of 
features in each genomic 
bin (100kb) 

Calculate correlations / 
enrichments using robust 
stats 

1 

2 

3 

…ATCAAGG CCGGAA… 

Exact match 

Local environment 

If exact CNV breakpoints are 
known, we can calculate the 
enrichment of repeat 
elements relative to the 
genome or relative to the local 
environment 

[Kim et al. Gen. Res. ('08), arxiv.org/abs/0709.4200v1 ] 
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OLDER SDs ARE MUCH MORE LIKELY TO BE FORMED BY ALU ELEMENTS 

Alu association with SDs by age 

90-92% 92-94% 94-96% 96-98% 98-99% >99% 

• The co-localization of Alu 
elements with SDs is highly 
significant. 

• Older SDs have a much 
higher association with Alus 
than younger SDs. 

• Hence it is likely, that Alu 
elements were more active 
in mediating NAHR in the 
past (consistent with the Alu 
burst) 

[Kim et al. Gen. Res. ('08), arxiv.org/abs/0709.4200v1 ] 
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FOCUSSING ON SDS: SDS CAN PROPAGATE THEMSELVES, WHICH LEADS 
TO A POWER-LAW DISTRIBUTION 

SD 

1 SD + CNV 

2 SDs 

NAHR 

Fixation 

•  SDs can mediate NAHR and lead to the 
formation of CNVs 

•  CNVs can become fixed and then be SDs 

•  Such mechanisms (“preferential attachment”) are 
well studied in physics and should leads a very 
skewed (“power-law”) distribution of SDs. 

Hypothesis Corollary 

“SD selfpropagation” 

[Kim et al. Gen. Res. ( '08), arxiv.org/abs/0709.4200v1 ] 
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FOCUSSING ON SDS: SDs COLOCALIZE WITH EACH OTHER 

SD 

1 SD + CNV 

2 SDs 

NAHR 

Fixation 

•  SDs can mediate NAHR and lead to the 
formation of CNVs 

•  CNVs can become fixed and then be SDs 

•  SDs of similar age should co-localize better with 
each other: 

Hypothesis Corollary 

“SD self-propagation” 

[Kim et al. Gen. Res. ('08), arxiv.org/abs/0709.4200v1 ] 
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ASSOCIATIONS ARE DIFFERENT FOR SDs AND CNVs 

Alu 

0.92 

CNV association with repeats 

Microsatellite 

<0.001 

Pseudogenes 

0.046 

LINE 

0.001 

Alu 

<0.001 

SD association with repeats 

Microsatellite 

<0.001 

Pseudogenes 

0.046 

LINE 

0.001 

[Kim et al. Gen. Res. ('08), arxiv.org/abs/0709.4200v1 ] 

CNV 
Association 
with SDs 

>99% SDs* CNVs 

CNVs ARE LESS 
ASSOCIATED WITH 
SDs THAN THE 
GENERAL SD TREND 



Do not reproduce without permission 58
 L

ec
tu

re
s.

G
er

st
ei

nL
ab

.o
rg

  (
c)

 2
00

7 

Old 
Low seq-ID (%) 

Young 
High seq-ID (%) 

CNVs 

Fixation Aging (~40Mya) 

NAHR 

NHEJ 

SDs 

Alu 
SD 

LINE 
Microsatellite 

Subtelomeres 
Fragile sites 

Alu Burst (40 MYA) 

AFTER THE ALU BURST, THE 
IMPORTANCE OF ALU 
ELEMENTS FOR GENOME 
REARRANGEMENT 
DECLINED RAPIDLY 

• About 40 million years ago 
there was a burst in 
retrotransposon activity 

• The majority of Alu elements 
stem from that time 

• This, in turn, led to rapid 
genome rearrangement via 
NAHR 

• The resulting SDs, could 
create more SDs, but with Alu 
activity decaying, their 
creation slowed  

[Kim et al. Gen. Res. ('08), arxiv.org/abs/0709.4200v1 ] 
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Formal 
Annotation based 
on Comparative 

Genomics: 
Pseudogenes 

Illustration from Gerstein & Zheng (2006). Sci Am. 
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Pseudogenes are among the most 
interesting intergenic elements 

•  Formal Properties of Pseudogenes (ΨG) 
◊  Inheritable  
◊  Homologous to a functioning element 

◊  Non-functional*  
•  No selection pressure so free to accumulate mutations 

–  Frameshifts & stops 
–  Small Indels 
–  Inserted repeats (LINE/Alu) 

•  What does this mean? no transcription, no translation?… 

[Mighell et al. FEBS Letts,  2000] 
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Identifiable Features of a 
Pseudogene (ψRPL21) 

Gerstein & Zheng. Sci Am 295: 48 (2006). 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Two Major Genomic Remodeling 
Processes Give Rise to Distinct 

Types of Pseudogenes 

Gerstein & Zheng. Sci Am 295: 48 (2006). 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Pseudogene 
Tools: 

Assignment 
Pipeline & DB 
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Routine 
Duplicated 

Full Length Protein Queries 
(simulate processed 

Ψgenes) 

Human 
Genome   

Gene Annotation 
(ENSEMBL)  

ENCODE 
Sequences with 

Repeats & Exons 
Masked 

         Lists of Hits   similar to Queries 

Unique Hits 

Eliminate 
Redundant Hits 

Resolve Paternity & Extend 
Clusters by Referring to the 
Query Proteins 

TFASTY 

DNA Sequences of Exons + 
50 bp Overhang on Either 

Side 

Ψexon Candidates 

In-frame Translation 

Eliminate Redundant Hits; Select 
Hits < 95% identical to Exons & 
>50% Coverage of Exons 

Assemble Pseudo-exons by 
Referring to the Intron-Exon   
Structure of Query Genes 

GeneWise  

Queries of Exon Peptides 
(simulate duplicated 

Ψgenes) Rapid  Coarse Indexing  
(by TBLASTN) 

Analyze Gaps, Sequence Identity,  
Coverage of the alignment; Check 
Disablements, Poly(A) tails etc. 

Processed  
Ψgenes 

Ψgene  
Fragments 

Duplicated  
Ψgenes 

    Putative Ψgenes aligned to parent proteins 

ΨGenes Candidates  with clear parents 

Hit Clusters 
Merge & Cluster 

Routine 
Processed 

Dyn. Prog.  
Re-Alignment 

Pseudo 
Pipe 

Zheng & Gerstein. GenomeBiology (2006).  
Zhang et al. Bioinformatics (2006) 

Classify 



Flat Files 

Table Browser 

tables.pseudogene.org 

DAS 

UCSC 
Genome 
Browser 

•  12 eukaryotic species 
•  Human, mouse, rat, chimp… 
•  100,052 pseudogenes 

•  64 prokaryotic species 
•  6,412 pseudogenes 

28,237 human 
pseudogenes total 
~23K in  
recent pipeline run 

•  13+ unique human sets [Lam et al., NAR DB Issue ('09)] 
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Pseudogene 

Duplicated Unitary 

Transcribed  Regulatory 

Processed 

Classified 
Type 

Semi 
Processed 

Duplicated 
Processed 

Polymorphic 

Feature 

Evidence 

Sequence 
Homology 

Intra-Genome 
Homology 

Cross-
Genome 

Homology 

Recognition 
Feature 

Disablement 

Premature 
Stop Codon 

Regulatory 
Element Lost Frameshift 

Pseudo-
PolyA Tail 

Nucleus Mitochondria 

Origin 

has a 

is a 

Domain Ontology 

*Unprocessed 

Proposed 

HAVANA 

[Lam et al., NAR DB Issue (in press, '09)] 
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Overall Flow: 
Pipeline Runs, Coherent Sets, 
Annotation, Transfer to Sanger  

•  Overall Approach 
1.  Overall Pipeline runs at 

Yale and UCSC, yielding 
raw pseudogenes 

2.  Extraction of coherent 
subsets for further 
analysis and annotation 

3.  Passing to Sanger for 
detailed manual analysis 
and curation 

4.  Incorporation into final 
GENCODE annotation 

5.  Pipeline modification 

•  Chronology of Sets 
1.  Encode Pilot 1% 
2.  Ribosomal Protein 

pseudogenes   
3.  Glycolytic Pseudogenes 
4.  Unitary pseudogenes 
5.  Polymophic pseudogenes 

•  Totals (May '09) 
◊  Automatic pipeline 

currently gives ~23K 
◊  Manually Annotated ~8K 
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Specific Pseudogene 
Assignments: Glycolytic 

Pseudogenes 
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Number of 
pseudogenes for each 

glycolytic enzyme 

Processed/Duplicated 

[Liu et al. BMC Genomics ('09)] 

GAPDH 

GAPDH 

Large numbers of processed 
GAPDH pseudogenes in 
mammals comprise one of the 
biggest families but numbers 
not obviously correlated with 
mRNA abundance. 



Do not reproduce without permission 

Number of 
pseudogenes for each 

glycolytic enzyme 

Processed/Duplicated 

[Liu et al. BMC Genomics ('09)] 

GAPDH 

GAPDH 

Large numbers of processed 
GAPDH pseudogenes in 
mammals comprise one of the 
biggest families but numbers 
not obviously correlated with 
mRNA abundance. 

60 Proc/2 Dup 
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Distribution of human GAPDH pseudogenes 

[Liu et al. BMC Genomics ('09, in press)] 

Large numbers of processed 
GAPDH pseudogenes in mammals 
comprise one of the biggest 
families but numbers not 
obviously correlated with mRNA 
abundance. 

60 Proc/2 Dup 
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Age calculated 
based on Kimura-2 
parameter model of 
nucleotide 
substitution 

Aproximate 
Age of GAPDH 
pseudogenes 
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Synteny of  
GAPDH 

pseudogenes  

Synteny derived 
based on local gene 
orthology 

[Liu et al. BMC Genomics ('09)] 
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Specific Pseudogene 
Assignments: Unitary 

Pseudogenes 
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Pseudogenes 

▪  Pseudogenes: nongenic DNA segments with high sequence similarity to functional 
genes 

▪  Unitary pseudogenes: unprocessed pseudogenes with no functional 
counterparts  

{ Unitary pseudogene 

Processed pseudogenes 
Transcription Transposition 

Duplication 
+ 

Duplicated pseudogenes 

Unitary pseudogenes 
In situ pseudogenization 
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Identification pipeline { Unitary pseudogene


~16k human-mouse 
orthologs  

~23k mouse 
proteins 

~6k mouse proteins 
without human orthologs  

~600 candidate human 
unitary pseudogene loci 

76 human 
unitary pseudogenes 

HG 

[Zhang et al. GenomeBiology (in press, '10)] 
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Relativity of unitary pseudogenes
 { Unitary pseudogene


[Zhang et al. GenomeBiology (in press, '10)] 
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Unitary Pseudogene Families 
[Z

ha
ng

 e
t a

l. 
('1

0)
 G

en
om

eB
io

lo
gy

] 



79 

zd
z 

©
 m

m
ix
 

{ Unitary pseudogene
Dating the pseudogenization events 
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Specific Pseudogene 
Assignments: Polymophic 

Pseudogenes 
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11 Polymorphic Pseudogenes 

[Zhang et al. ('10) GenomeBiology] 
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Polymorphic pseudogenes (3 with allele frequency data) 

[Zhang et al. ('10) GenomeBiology] 3 SNPs not found to be under recent positive selection.... 
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Fst hierarchical clustering for rs4940595 in SERPINB11    

....but population structure at rs4940595—the difference in the allelic frequencies in different populations—could 
be result of different selective regimes that the same allele at rs4940595 is subjected to in different population 
subdivisions.   
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Integration of Pseudogenes 
with Other Features  
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Pseudogene families and Segmental 
Duplications (SDs) 

•  SDs comprise ~5% of the human genome but 
contain ~18% genes, 46% duplicated pgenes and 
22% processed pgenes 

•  Correlation above consistent with the observation that 
SDs contain more pgenes than parent genes 

•  Also, 431 fully rec=fiable breakpoints overlapped with 8 pseudogenes 
iden=fied by PseudoPipe 

[Lam et al., NAR DB Issue ('09)] 

•  CNVs are the raw form of 
variation producing 
duplicated elements 

•  Fixed CNVs/SVs create SDs, 
which in turn give rise to 
duplicated genes and 
(eventually) protein families 

•  Thus, we expect, duplicated 
pseudogenes (failed 
duplications) to occur in SDs 
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Pseudogenes & CNV/SDs (whole genome, not GAPDH) 

Processed pseudogenes at SD junctions 

Pseudogene association with SDs by age 

90-92% 92-94% 94-96% 96-98% 98-99% >99% 

No. of 
SDs with  
matching 

pseudogenes 
at matching 

junctions 

Number of 
matching 

pseudogenes 
expected 
at random 

Duplicated Segments 

Matching pseudogenes 

p<<0.001 

[Kim et al. Gen. Res. ('08), arxiv.org/abs/0709.4200v1 ] 

Duplicated pseudogenes 
associated with SDs, 
particularly older ones 

Processed Pseudogenes: 
serving as repeats for 
mediating NAHR  
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Association of SDs 
& CNVs with 
pseudogenes 

•  CNVs & SDs tend to be enriched 
in environmental response 
genes, matching patterns found 
for duplicated pseudogenes 

[K
or

be
l e

t a
l.,

 C
O

S
B

 ('
08

)] 

GO 
Categories: 
Environ-
mental 
Response 
Metabolism 

Genes in SDs 

Pseudogenes 

Genes in CNVs 
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Summary:  
Looking Back Over the Talk 
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Overview of the Process of 
Intergenic Annotation 

•  Basic Inputs  
1.  Doing large-scale similarity comparison,  

looking for repeated or deleted regions 
2.  Determining experimental signals for activity 

(e.g. transcription) across each base of 
genome 

•  Results of Analyzing Similarity 
Comparison 
A.  Finding repeated or deleted blocks 

1.  As a function of similarity (age) 
2.  vs. other organisms or vs. human 

reference 
3.  Big and small blocks 

(duplicated regions and retrotransposed 
repeats) 

•  Results of Processing 
Raw Expt. Signals 
a.  Signal Processing: removing 

artifacts, normalizing, window 
averaging 

a.  Segmenting signal into larger 
"hits"  

b.  Clustering together active 
regions into even larger 
features at different length 
scales and classifying them 

c.  Integrating Annotations, 
Building networks and 
beyond.... 
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Outline 
•  Variable Blocks in the Genome (SVs,SDs) 

•  Calling SVs with various approaches 
(MSB, PEMer, ReSeqSim, BreakSeq) 

•  Analyzing mechanism of formation for 
precisely resolved breakpoints & on a 
large-scale over the genome 

•  Pseudogenes 
•  Pattern-match assignment tools 
•  Focus on different specific groups – 

glycolytic, unitary 
•  Polymorphic Pseudogenes 
•  Inter-relating Pseudogenes  

with SDs & SVs 
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Identifying Structural Variants  
in the Human Population 

•  MSB 
◊  Mean-shift segmentation 

approach following grad. of 
PDF  

◊  Equally applied to aCGH and 
depth of coverage of short 
reads  

•  ReSeqSim 
◊  Efficiently simulating 

assembly of a representative 
variant 

◊  Shows that best 
reconstruction has a 
combination of long, med. 
and short reads 

•  PEMer 
◊  Detecting Variants from 

discordantly placed paired-
ends 

◊  Simulation to paramaterize 
statistical model 

•  BreakSeq 
◊  Building a breakpoint library  
◊  Running against reads in newly 

seq. genome to genotype new 
SVs 

◊  Building a pipeline for 
characterizing breakpoints 
according to SV mechanisms 
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Analysis of Duplication in the Genome:  
SVs and SDs 

•  Large-scale analysis of existing CNVs & SDs in 
human genome 

•  SDs assoc. with Alu, pseudogenes and older SDs 
•  CNVs assoc. other repeats (microsat.) and not as 

much with SDs 
•  Suggestion: Alu burst 40 MYA triggered much NAHR 

rearrangement, then dupl. feed on itself in hotspots 
but now dying down and NAHR assoc. with other 
repeats and CNVs also from NHEJ 
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Annotating the Human Genome: 
Integrative Annotation of Pseudogenes in 

Relation to Conservation, Transcription, and 
Duplication 

•  Unitary pseudogenes 
◊  Continuous disablement 
◊  A few polymorphic in human 

population 

•  Association with SDs & SVs 
◊  As expected, duplicated 

pseudogenes associated with 
SDs and processed 
pseudogenes like Alus are 
near SD junctions 

•  Pseudogene Assignment 
Technology 
◊  Pipeline + DB 
◊  Ontology 
◊  Pseudofam analysis of 

Pseudogene Families 
•  Annotation of Human Genome 

◊  Pipeline draft (20K) + Hybrid 
Approach 

•  Glycolytic pseudogenes 
◊  Great variation in number, with 

GAPDH the largest 
◊  Synteny & dating shows most 

GAPDH ones are recent, 
resulting from retrotranspositional 
bursts 
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More Information on this Talk 
SUBJECT: GenomeTechAnnote


DESCRIPTION:  
Institute for Genomics & Systems Biology, U Chicago, Chicago, IL, 2010.05.18, 
16:00-17:00; [I:CHICAGOIGSB] (Long GenomeTechAnnote talk, building on [I:IBM] and 
including for the first time breakseq* . Should take 60' without questions.) 

MORE DESCRIPTION: 
Talk works equally well on mac or PC. Paper references in the talk were mostly from Papers.GersteinLab.org. The above topic list can be easily 
cross-referenced against this website. Each topic abbrev. which is starred is actually a papers “ID” on the site. For instance,  
the topic pubnet* can be looked up at  
http://papers.gersteinlab.org/papers/pubnet  ) 

PERMISSIONS: This Presentation is copyright Mark Gerstein, Yale University, 2008. Please read permissions statement at  
http://www.gersteinlab.org/misc/permissions.html . Feel free to use images in the talk with PROPER acknowledgement (via citation to relevant 
papers or link to gersteinlab.org).   
.  
PHOTOS & IMAGES. For thoughts on the source and permissions of many of the photos and clipped images in this presentation see http://
streams.gerstein.info . In particular, many of the images have particular EXIF tags, such as  kwpotppt , that can be easily queried from flickr, viz: 
http://www.flickr.com/photos/mbgmbg/tags/kwpotppt . 


