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~5% of the genome is under negative selection 

How much is functional? 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Discussion Points 

Nuclear Architecture 

Spectrum of Genomic Mutations 

Regulatory Mutations 

Epigenetic Modifications 

DNA Methylation in Cancer 

Regulatory Dynamics 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Spatial Organization  

2.  Different chromosome segments adopt a 
complex organization and topography within 
their chromosome territory.  

1.  Individual chromosomes occupy distinct positions in                        
the nucleus, referred to as chromosome territories    

Spatial Organization  

3.  Gene‐rich regions tend to be oriented towards the 
nuclear interior, whereas gene‐poor regions tend to be 
oriented towards the periphery. 

4.  A polarized intranuclear distribution of gene‐rich and 
gene‐poor chromosomal segments has been shown 
to be an evolutionarily conserved principle of nuclear 
organization 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Nucleolus 

Nuclear 
periphery 

Nuclear 
interior 

Nucleolar 
periphery 

Nuclear Dynamics 

3.  Understanding how the dynamic nature of the 
positioning of genetic material in the nuclear space and 
the higher‐order architecture of the nucleus are 
integrated is essential to our overall understanding of 
gene regulation 

2.   Structural constraints impose limits on chromatin mobility  

1.  Repositioning of a gene locus is often associated with 
activation or silencing 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Nuclear periphery 

Repressive Domain 

Activating Domain 

NPC 

Activating Domain 

The possibility that spatial networks of genomic loci 
exist in the nucleus implies the presence of a previously 
unexplored level of gene regulation that coordinates 
expression across the genome. 



NHGRI Current Topics in Genome Analysis 2010 
Week 6: Regulatory and Epigenetic Landscapes of Mammalian Genomes 

February 23, 2010 
Laura Elnitski, Ph.D. 

7 

Inter‐chromosomal Interactions  

Chromosome A 

PcG body 

in gene silencing 

Adapted from  
Current opinion in Genetics and Development 

Chromosome B 

Chromosome kissing  

Chromosome Kissing 

Before inactivation  Onset of X‐inactivation  Mid to late S‐phase 

N 

X 
X  X 

X 

N  N 
Xi 

Xa 

Adapted from Current Opinion in Genetics & Development 
Volume 17, Issue 5, October 2007, Pages 443‐450 
Differentiation and gene regulation. 

i 
a 

in X‐inactivation 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Peter Fraser 

Non‐coding RNA 

Inter‐chromosomal Interactions  

T-lymphocyte activation 

Chromosome A 

in gene activation 

    Transcription factory 

Chromosome B 

Chromosome kissing  

also CTCF sites, splicing speckles, etc. 

Adapted from Current Opinion in Genetics & Development 
Volume 17, Issue 5, October 2007, Pages 443‐450 
Differentiation and gene regulation. 



NHGRI Current Topics in Genome Analysis 2010 
Week 6: Regulatory and Epigenetic Landscapes of Mammalian Genomes 

February 23, 2010 
Laura Elnitski, Ph.D. 

9 

Inter‐chromosomal Interactions 

Nature 447, 413‐417 (24 May 2007)12 

Transcription Factories 

http://users.path.ox.ac.uk/%7Epcook/images/tcycle.html 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The possibility that chromosome kissing events could be 
the origin of chromosomal rearrangements 
 implies a way to study their derivation 

Detecting long range interactions 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Chromatin Conformation Capture 

4C  4C  5C 

Cross‐linking and  
ligation 

Circularization or  
universal primer  
annealing 

PCR amplification 

Analysis by  
microarray or 
sequencing 

Philippe Collas (ed.), 
Chromatin 
Immunoprecipitation 
Assays, Methods in 
Molecular Biology 
567, Humana Press 
2009 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If chromosomal architecture is relevant to gene regulation, 
diseases stemming from mutations in these genes should be 

known 

Disruption of the Regulatory Landscape 

Mutations in genes encoding nuclear envelope proteins cause 
a fascinating array of diseases referred to as “nuclear 
envelopathies” or “laminopathies” that affect different tissues 
and organ systems. 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LAMINOPATHIES 

Developmental Cell Volume 17, Issue 5, 17 November 2009, Pages 626‐638 
The Nuclear Envelope as a Signaling Node in Development and Disease 
William T. Dauer and Howard J. Worman 

Hutchinson‐Gilford  
Progeria syndrome  

Spectrum of Sequence Variants 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Genome Wide Association Studies 

Common Disease‐  
Common or Rare Variant ? 

SNP1 in exon 1 of Gene A 

SNP1 in exon 2 of Gene A 

SNP2 in exon 2 of Gene A 

SNP2 in exon 2 of Gene B 
SNP  in reg. element of Gene A 

Disease 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Common vs. rare allele hypotheses for complex diseases Schork et al. 
Current Opinion in Genetics & Development 2009, 19:212–219 

Common Diseases Involve Multiple Variants 

Allelic Heterogeneity 



NHGRI Current Topics in Genome Analysis 2010 
Week 6: Regulatory and Epigenetic Landscapes of Mammalian Genomes 

February 23, 2010 
Laura Elnitski, Ph.D. 

16 

The conclusion that common diseases are multi‐factorial in 
origin implies that many more disease‐associated variants 

remain to be identified 

Coding Mutations 

Affect gene function and / or regulation of expression 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Coding Mutations 

Silent Substitutions at Synonymous 
Positions 

T 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Splicing Mutations 

Ectopic Splice Site Mutations 

Non‐coding mutation 

Coding mutation 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Exonic Splicing Regulators 

ESE  ESS 

SR  
protein  hnRNP A1 

Synonymous Substitutions Affect Splicing  

GGU UUC AGA CAA AAU CAA 
G       F       R      Q      N     Q 

GGU UUU AGA CAA AAU CAA 

G       F       R      Q      N     Q 

GGU UUC AGA CAA AAU CAA 
G       F       R      Q      N     Q 

GGU UUU AGA CAA AAU CAA 
G       F       R      Q      N     Q 

SF12/
ASF 

SF12/
ASF 

hnRNPA1 

ESE 

ESE 

ESS 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The fact that synonymous substitutions in coding sequences could 
interrupt regulatory processes implies that re‐sequencing projects 

might be ignoring the most critical variants 

Predicting / Evaluating splicing mutations 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Predicting / Evaluating splicing mutations 

Predicting / Evaluating splicing mutations 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Predicting / Evaluating splicing mutations 

Splicing Mutations in Progeria 

Eriksson, Brown, Gordon, Glynn, Singer, Scott,  Erdos, Robbins,  Moses, Berglund, 
Dutra, Pak, Durkin, Csoka, Boehnke, Glover and F.S. Collins Recurrent de novo point 
mutations in lamin A cause Hutchinson–Gilford progeria syndrome. Nature 423, 
293‐298(15 May 2003) 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G  G  C 

G 

✗

G  T A 

T 

A 

G 

G  C 

G  T G 
G 

A 

G  T G  G 

G  T G  G 

G  T G  G 

G  C 

Consensus splice 
donor sequence 

Normal sequence 
of LMNA 

(GGC>GGT) 

(GGC>AGC) 

Non‐coding Regulatory Landscape 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✖ 

Promoter Types 

CpG islands 
5’ UTR 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“TATA box” 

“CpG island” 

“Narrow Peak” 

“Broad” 

Dispersed 

Focused 

Promoter Characteristics 

Intra‐chromosomal Interactions 

‐ Yet another model ‐ ratcheting a gene through an immobilized transcription factory  

Ann Dean, 2005 

E  P 

E 
P 

E 
P 

E  P 

E  P 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SWI/SNF 
complex 

HATs 

Mediator 

Nucleosome  
Remodeling 

Histone 
Modifications 

Recruitment of 
Mediator Complex 

Enhancer Function 

p300 

Enhancer Blocking 

✖ 

CTCF  CTCF  CTCF 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Promoters Contribute to Combinatorial Regulation 

Smale S T Genes Dev. 2001;15:2503-2508 

©2001 by Cold Spring Harbor Laboratory Press 

X

Smale S T Genes Dev. 2001;15:2503-2508 

©2001 by Cold Spring Harbor Laboratory Press 

X

X

Promoters Contribute to Combinatorial Regulation 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Alternative Promoters 

•  Alt promoters? 

TATA 

INR 

DPE 

DPE 

TATA 

INR 

Alternative promoters use core elements to contribute specificity  

The preference of particular enhancer ‐ promoter 
combinations implies inherent specificity of interactions 

that could be used for predictive purposes 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Conservation Helps to Identify 
Enhancers 

Conservation Identifies Enhancers 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Conservation Identifies Enhancers 

In vivo enhancer analysis of human conserved non‐coding sequences. 
Pennacchio et al. Nature 444, 499‐502. 

Interferon Beta Enhancer‐Promoter 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Interferon Beta Enhancer‐Promoter 

Interferon Beta Enhancer‐Promoter 



NHGRI Current Topics in Genome Analysis 2010 
Week 6: Regulatory and Epigenetic Landscapes of Mammalian Genomes 

February 23, 2010 
Laura Elnitski, Ph.D. 

32 

Interferon Beta Enhancer‐Promoter 

Conservation & Divergence of Enhancers 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Enhancer discovery 

A Visel et al. Nature 457, 854‐858 (2009)  

From genomes to epigenomes 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Epigenetics 

Epigenetics commonly refers to the study of mitotically and/
or meiotically heritable changes in gene function that are not 
attributable to a change in DNA sequence. 

An ‘epigenome’ is a representation of all epigenetic 
phenomena across the genome 

Epigenetic Code 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Covalent Histone Modifications 

Histone deacetylases and cancer: causes and therapies. Paul A. 
Marks, Richard A. Rifkind, Victoria M. Richon, Ronald Breslow, 
Thomas Miller & William K. Kelly 
Nature Reviews Cancer 1, 194‐202 (December 2001) 

Covalent Histone Modifications 

11 1  2  3  4  5  6  7  8  9  10  12  13  14  15 11  16  17  18  19  20  21  22  23  24 25  26  27  28  29  30  32  33  34  35 31  36  37 38 

ART    QTAR  STGGKAP RKQEA TKAAR  SAPA TGGV  KP K  K  K  K 

M  M  M  M M  M M 

P  P P  P A  A  A  A 

H3 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Covalent Histone Modifications 

SFRGKGGKGLGKGGAKRHRKVLR 
M 

P  A 

M 

P A  A  A 

H4 
1  2  3  5  6  7  8  10  12  13  14  15 11  16 17 18  19  21 20  22 23 4  9 

H3K4 me1 

H3K4 me2 

H3K4 me3 

H2A.Z 

H3K36me3 

H3K79me2/3 

H3K9me1 
H3K27me1 
H4K20me1 
H2BK5me1 

H3K9ac, K18ac 
H2BK12ac 

H4K12ac,K16ac 

Current topics in Genetics and Dev 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Histone Acetylation Marks 

initiation 
H3K9ac  p300  

Barski, et al. Cell, Volume 129, Issue 4, 823‐837, 18 May 2007 

Histone Acetylation Marks 

        elongation 
H3K27ac  PCAF 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Histone Acetylation Marks 

        both H4K12ac  PCAF  

p300  

Combinatorial patterns at promoters 

Wang et al. Nature Genetics 40, 897 ‐ 903 (2008) 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Eberharter & BeckerEMBO 
 3, 3, 224–229 (2002) 

H3K4 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Translator Proteins 

Me 
Ac 

Silent  Active 

Active 

H3K27me3  H3K9me3  H3K4me3  H3K4me3  H3/4Kac 

The fact that every cell type has a unique pattern of histone modifications 
attributable to the functioning of that cell implies that changes in those 

patterns could reveal disease processes 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Kondo Yonsei 
Med J. 2009 
Aug;50(4):
455‐463. 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Histone Modification Summary 

(1)  The H3K27me3 modification appears to be dominant 
because all patterns containing this modification tend 
to be repressive; 

(2) The H3K4me3 modification alone is not sufficient to        
  support active transcription because the genes associated 
  with H3K4me3 alone tend to be silent. 

(3) The histone modification pattern alone does not 
  determine the expression level; genes associated with 
  many patterns show an extremely broad range of 
  expression from silent to active. 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UCSC Browser Data 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The regulatory involvement of histone modifications implies 
that many functional regions could be detected by these 

signals alone, if collected in the correct cell type. 

Epigenetics: DNA Methylation 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Tissue specific patterns 

Detecting DNA methylation 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…TCGTTACGCTCA… 
…AGCAATGCGAGT… 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Primer Annealing 

Bisulfite Conversion 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Microarray  
Analyses 

High‐throughput  
sequencing 

PCR amplification 

Histone modification and DNA methylation  

Int. braz j urol. vol.33 no.1 Rio de Janeiro Jan./Feb. 2007  Murugesan 
ManoharanI,II; Kavitha RamachandranII; Mark S. SolowayI,II; Rakesh 
SingalII,III 

TF 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DNA 

Methylated DNA 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deactylation 
chromatin condensation 

Stable transcriptional 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Methylation and Cancer 

Robertson, K., DNA methylation and human disease, Nature Reviews 
Genetics 6, 597‐561 

CpG island  
hypermethylation 

Global 
hypomethylation  Chromosomal Changes 

Genetic mutations 

Chromosomal 
translocations 

Tumor‐suppressor genes 

miRNAs  Oncogene 

Integrated Biological Systems 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Traveling The Pathway to Genomic Medicine 

Healthcare tailored to the individual  
based on genomic information 

? 

HGP 

      Realization of

  Genomic Medicine


The Pathway to Genomic Medicine 

     ?  “Fulfilling the Promise” 

Targeted re‐sequencing 
Whole genome re‐sequencing 

High‐throughput genotyping       


