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We suggest that epigenetic effects may also play a considerable role in the 

determination of athletic potential and these effects will need to be studied using 

more sophisticated quantitative genetic models. In the future, epigenetic status and 

its potential influence on athletic performance will have to be considered, explored 

and validated using well controlled model systems before we can begin to 

extrapolate new findings to complex and heterogeneous human populations. 



1. Gene transcription regulation 

 Epigenetic regulation 

▪ DNA methylation 

▪ Histone modifications 

 
2. mRNA translation regulation 

 microRNA 



 What is Epigenetics? 

 Histone modifications 

 DNA methylation 

 Biological relevance of epigenetics 
 Epigenetics in UCSC 
 Methods to measure DNA methylation 
 Motif analysis 
 microRNAs 

 

 



 Epigenetics refers to the study of changes in the 
regulation of gene activity and expression that 
are not dependent on gene DNA sequence.  
 

 While epigenetics often refers to the study of 
single genes or sets of genes, epigenomics 
refers to more global analyses of epigenetic 
changes across the entire genome, so genome-
wide.  
 



Qiu, J. Epigenetics: Unfinished symphony. Nature 2006, 441:143-145 

DNA methylation 
 
 
 

 
Histone modifications 





 A combination of different molecules can attach to 
the tails of histones altering the activity of DNA 
wrapped around: 

 Methylation, acetylation, phosphorylation, ubiquitination, 
SUMOylation, citrullination, and ADP-ribosylation 



Epigenetic modifications and human disease, Portela and Esteller Nature Biotechnology 28, 1057–1068 (2010)  



Li e. al. (2007) 

Cell 128, 707 



http://www.cellscience.com/reviews7/Taylor1.jpg 

Hypomethylation 

Hypermethylation 



 CpG islands are clusters of 
‘5-CG-3’  di-nucleotides 
(CpGs) 
 

 CpGs are underrepresented 
in the human genome, 
occurring at one fifth the 
expected frequency in 
genomic DNA 

Source: IHGSC 



 Cause of underrepresentation: 

 CpG dinucleotides often are methylated on 
cytosine (m5CpG)  

 m5CpG can turn into to thymine through 
spontaneous deamination 

 
 CpGs that are left in the genome, have thus 

been actively kept from mutating to thymine: 

 Implies functional relevance 



 Most CpGs are present in clusters called CpG 
islands (CGIs).  
 

 CGIs are located at various positions 
throughout genes, most notably in promoter 
regions, often in housekeeping genes 



 Methylation of promoter CGIs causes gene 
silencing: 

 Impedes TF binding directly: decrease in binding affinity  
 

 

 

 

 

 

 

 

 



 Methylation of 
promotor CGIs causes 
gene silencing: 

 MBD protein binds to 
methylated CGI, 
recruits histone 
modifiers resulting in 
closed chromatin 
structure  
 

Source: The Scientist 2005, 19(12):18 



Interplay between 
CpG methylation and 
histone modifications 
 





 In general CpGs in a single CGI are either all 
methylated or all unmethylated: 
 Gradients across tissue for multiple copies 

 
 When comparing phenotype X to phenotype R:  
 CGI hypermethylation (methylated in X, unmethylated in R)  

 CGI hypomethylation (vice versa) 

 
 Methylation blocks transcription, but de-

methylation does not mediate transcription: 
 an appropriate (set of) transcription factor(s) is still 

required 



Barres et al. (2012) Dynamic DNA methylation Remodeling after Exercise. Cell Metabolism 



Low 

High 

Acute exercise 

Barres et al. (2012) Dynamic DNA methylation Remodeling after Exercise. Cell Metabolism 



  Tissue specific expression controls 
 

  Imprinting 
 

   X chromosome inactivation 
 

   Heterochromatin maintenance 
 

   Developmental controls 
  



 Cancer: 
 hypermethylation of promotor CGIs is 

found in tumor suppressor genes 
 global hypomethylation: structural 

change 
 

 CGI methylation profiles are used as 
biomarker profiles 
 Personalized medicine for cancer 

therapy (similar to SNPs) 
 Identify cancers of unknown origin 

based on CGI methylation profile 
 





http://cvrc.virginia.edu/yan/ 





 Definition: 
 A CGI is a DNA sequence of at least 200 base pairs (bp) long with a GC 

content of at least 50% and a CpG observed/expected ratio  of at least 
0.6 
 

 observed/expected ratio = [Observed CpGs] *  [Length of sequence] 
     [No Of Cs * No of Gs]  
    
 

 A CpG island is genuine when it is proven to be functional: 
 susceptible to differential methylation 

▪ DNA methylation assay  

 with measurable effect on gene expression 
▪ Experimental validation of DNA methylation array results 
▪ Integration of DNA methylation microarray data with transcriptomics data 



 Algorithm outline: 

1. Move window with minimum length (200 – 500 
bp) over the genome 

2. If sequence in window meets CGI criteria: 

1. Extend until it no longer meets the criteria 

2. Record the resulting sequence as primary CpG island 

500 bp 

√ √ √ 

Extend 



 Algorithm outline: 

1. Move window to end of primary CpG island and 
repeat 

2. Final step: take close CGIs together 

√ 

√ √ 





PAX-6 









Left-click to get 
more information on 

the CpG island 











DNA sample that is biologically enriched for 
regulatory sequences 

 
 

  VS 
 
 
DNA reference sample containing all sequences 

found in the genome  



 General enrichment 
assay: 

 Chromatin immuno-
precipitation (ChIP) 

 IP any DNA bound 
protein, as long as 
suitable anti-body is 
available 

 



Sequencer 



 DNA methylation: 
 Methyl-DNA immuno-precipitation (MeDIP) 

▪ IP methylated DNA directly  

▪ Biased towards CGI 

 

 Methylation sensitive restriction enzym based 
assay (e.g. McrBc) 
▪ Cut up methylated DNA, prevent it from being PCR 

amplified 

▪ Left with ‘total DNA – methylated DNA’ 



Sequencer 



 Microarray technology 
 

 
 Next generation sequencing 

 
 

 Both have many applications 
 Gene expression 
 MicroRNA expression 
 Genetic variation 
 DNA methylation 
 DNA protein binding 
 … 



 Sequence sonicated DNA 
sample: 
 Results: loads of short reads 

(30 ~ 50 bp) 
 

 Map reads back to the 
genome (BLAST): 
 Usually keep unique hits only 
 

 Annotate reads to genes 















Signal = 

Proportional 

to the 

number of 

target 

fragments 

Genomic location 

Binding region 

Mapped DNA 

fragments  



 Search for enriched 
regions in raw ChIP-seq 
data 

 IP compared to total 
DNA 

 
 Annotate peaks to genes 

 Gene = whole genomic 
region +/- 2000 bp 

 Annotation retrieved 
from Ensembl (Biomart) 

 

Total 

IP 



•located near TSS  
•all repressive marks 
•expectation: gene switched off 

 

H3K27me3 sample #1 
 

H3K27me3 sample #2 
 

H3K9me3  sample #1 
 

H3K9me3  sample #2 

ATF3 





1. Integration with gene expression data 

 In most cases, you expect a strong correlation 
between gene expression and the investigated 
DNA binding protein, histone modification, DNA 
methylation levels, etc. 

 
2. Sequence analysis of identified regulatory 

regions 



1. Integration with gene expression data 

 In most cases, you expect a strong correlation 
between gene expression and the investigated 
DNA binding protein, histone modification, DNA 
methylation levels, etc. 

 
2. Sequence analysis of identified regulatory 

regions 



Gene expression (log2 scale) 

Histogram of H3K27me3 enriched/unenriched genes 



Gene expression clusters Histone mark occupancy in promoter 

H3K27me3 

H3K4me3   

# Genes 

+8 



1. Integration with gene expression data 

 In most cases, you expect a strong correlation 
between gene expression and the investigated 
DNA binding protein, histone modification, DNA 
methylation levels, etc. 

 
2. Sequence analysis of identified regulatory 

regions 



 Validation of known motifs 
 ChIP on protein X → scan for motif of protein X 
 in enriched regions 
 DNA methylation array → scan for CpG islands in 

regions showing differential methylation 
 

 Identifying other motifs 
 Known:  

▪ Scan for other transcription factor binding sites (which might 
be functionally associated with the ChIP’d protein) 

 Novel:  
▪ Identify novel motifs associated with the enriched regions 



 A transcription factor 
does not bind 
randomly  
 

 They bind to conserved 
motifs of nucleotides 
called a transcription 
factor binding site 
(TFBS) 

Protein complex 

AGGTTCCT TTGCGCA 



 Experimentally determined TFBSs are often referred to as 
consensus sites, which have a more statistical flavour (caused by 

noise, variation, redundancy): 
 By aligning multiple sequences (for instance ChIP-seq  reads) a position weight 

matrix is constructed 

 The columns are the positions in the consensus site 

 The rows represent the relative frequency of each nucleotide for each 
position: 

 

 

 

 

 

 

Position 

  1 2      3      4      5      6 7      8 9      10 11 12     13 14 15     16     17 

  

A 0 0.0000 0.8238 0.3333 0.3333 0 0.6667 0 0.3333  0  0 0.0000  1  0 0.0000 0.0875  0 

C 0 0.3667 0.0000 0.3333 0.0000 1 0.0000 0 0.6667  0  0 0.6667  0  0 0.0762 0.5500  1 

G 1 0.4500 0.1762 0.3333 0.6667 0 0.3333 0 0.0000  0  1 0.0000  0  1 0.0000 0.2749  0 

T 0 0.1833 0.0000 0.0000 0.0000 0 0.0000 1 0.0000  1  0 0.3333  0  0 0.9238 0.0875  0 



 Matrices are difficult to interpret. Hence, usually a sequence logo is 
created: 
 The relative frequencies are converted into information entropies. The information 

content at position w of a motif is given by:  

 

 

 

where J is the number of letters in the ‘alphabet’  (4 for DNA sequences) 

 

 In a sequence motif, the height of a nucleotide letter  

 on a specific position corresponds to the relative  

 conservation of that nucleotide on that position:  

 

 



 Motifs are 
searched using 
algorithms 
 

 In general to be 
called a ‘hit’:  
 100% match with 

core 

 >70%  match for 
whole motif 

core 



 Databases: 

 TRANSFAC 

 JASPER_CORE 

 
 Analysis tools: 

 CORE_TF 

 JASPER tools 



 TRANSFAC contains data on circa 10,000 
transcription factors in species ranging from 
vertebrates viruses. 
 

 It is the most comprehensive cross-species 
compilation of data regarding TFs: 
 Structural features of a factor 
 Expression pattern 
 Regulatory network 
 Functional properties (what does it do) 
 Interacting factors 

 
 Simple interface 

 Great database, not so great tools 
 Hard to curate the results you get 



 http://jaspar.cgb.ki.se/  
 

 The JASPAR database (JASPER_CORE) contains a 
curated, non-redundant set of profiles from 
published articles.  
 

 One of the central goals with JASPAR_CORE is to 
give the single, “best” model for each transcription 
factor.  
 

 one factor, one model: 
 

 

# Select genes for continued analysis erGenes.subset <- c("23192", "2316", "5609")  

http://jaspar.cgb.ki.se/


 The prime difference 
to similar resources 
(TRANSFAC, etc) 
consist of the open 
data access, non-
redundancy and 
quality 
 

# Select genes for continued analysis erGenes.subset <- c("23192", "2316", "5609")  



 Pros: 

 Open-access 

 Curated database 

 Motifs are fully annotated, including sequence logos 

 Various useful tools for transcription factor scanning 

 

 Cons: 

 Curated database, but also relatively small 

 Can only scan one sequence at a time! 

 
 



 http://grenada.lumc.nl/HumaneGenetica/CO
RE_TF/  
 

 Uses the public TRANSFAC database 
 

 Focused on overrepresentation analysis: 
what TFs are overrepresented in your query 
compared to a random set 

 

http://grenada.lumc.nl/HumaneGenetica/CORE_TF/
http://grenada.lumc.nl/HumaneGenetica/CORE_TF/


 Pros: 

 Open-access 

 Can do TF overrepresentation analysis 

 Takes both sequences and IDs as input 

 
 Cons: 

 No sequence logos of TF motifs 

 Additional information on the used motifs hidden 
from user -> find elsewhere 





RNA Transcripts 

Protein coding 

mRNA 
Non-coding RNA Transcripts 

Housekeeping RNAs 

snoRNAs 

Regulatory RNA 

miRNA 

siRNA 

Anti-sense RNA 

-Transcription/chromatin 

structure regulators 

-Translational regulators 

- Protein function modulators 

- RNA/Protein localization regulators 

-tRNA 

-rRNA 

-snRNA 

-tmRNA 

-Rnase P RNA 

-vRNAs 

-gRNAs 

-MRP RNA 

-SRP RNAs 

-Telomerase RNA 

Regulatory RNA 

miRNA 

siRNA 

Anti-sense RNA 

-Transcription/chromatin 

structure regulators 

-Translational regulators 

- Protein function modulators 

- RNA/Protein localization regulators 

80 



 Small non-coding RNAs, approximately 22 nt long. 

 

 Regulate gene expression in a sequence-specific manner. 

 

 The human genome may encode over 1000 miRNAs. 

 

 May target about 60% of mammalian genes  

 

 Abundant in many human cell types 

 

 Well-conserved 

 
81 



McCarthy (2011) The myomiR network in skeletal muscle placticity. Exerc Sport Sci Rev.   



Single-stranded RNA which is 17-25 nucleotides long, 
regulating the expression of other genes. 







Drosha (a dsRNA-specific ribonuclease): Pri-miRNA  Pre-miRNA  (70-100 nt) 



Exportin 5 - induced nuclear export: 



Dicer (a dsRNA-specific ribonuclease): Pre-miRNA  mature miRNA  (17-25 nt) 



The miRNA is bound by a complex similar to RNA-Induced Silencing 

Complex (RISC) that participates in RNA interference (RNAi) 



miRNA-RISC complex binds target mRNA: 



The annealing of the miRNA to the mRNA may 
1. inhibit protein translation 
2. facilitate cleavage of the mRNA.  





 Involved in the post-transcriptional 
regulation of gene expression 
 

 Important in development 
 

 Metabolic regulation (miR-375 & insulin 
secretion) 
 

 Multiple genomic loci (different expression 
patterns) 



94 



General form for mature microRNA: hsa-miR-195 

 

 Uncapitalized "mir-" refers to the pre-miRNA, 

 A capitalized "miR-" refers to the mature form 

 

 The prefix "mir“ or “miR” is followed by a dash and a 

number, the latter often indicating order of naming 

 

 Species of origin is designated with a three-letter prefix, 

  For example:  

 hsa-miR-195 is a human (Homo sapiens) miRNA and  

 mmu-miR-123 is a mouse (Mus musculus) miRNA.  

 



 Distinct precursor sequences and genomic loci but identical mature 

sequences: 

 hsa-miR-16-1 =  uagcagcacguaaauauuggcg 

 hsa-miR-16-2 = uagcagcacguaaauauuggcg 

 

 Lettered suffixes denote closely related mature sequences: 

 hsa-miR-15-a =  uagcagcacauaaugguuugug 

 hsa-miR-15-b = uagcagcacaucaugguuuaca 

 

PREVIOUS 

 Two sequences which originate from the same predicted precursor:  

  use relative abundancies:  

 miR-56 = the predominant product 

 miR-56* = from the opposite arm of the precursor 

 predominant form unknown: 

 miR-142-5p = from the 5' arm 

 miR-142-3p = from the 3' arm 

 

 let-7 and lin-4 are exceptions to the numbering scheme, these names are 

retained for historical reasons.  

96 

NOW: only the 3p/5p annotation is used!  



The primary online repository for all microRNA 

sequences and annotation 

 

miRBase version 19 contains: 

- 21,264 hairpins 

- 25,141 mature microRNAs  

- 193 species 

97 
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 In addition to a name or ID, each miRBase Sequence entry has a unique accession 

number.  

 stem-loop sequence: MI0000069 

 mature sequence: MIMAT0000068 

 

100 



101 



102 



103 
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Nielsen et a. (2010) Muscle specific microRNAs and exercise. J Physiol 



 Cancer: 

 Several miRNAs have been found to be overexpressed 
in specific types of cancer. 

 Patterns of miRNA activity can be used to distinguish 
several types of cancers: biomarker profiles 

 Useful to identify cancers of unknown origin 

 

 Heart disease: 

 Specific miRNAs change in diseased human hearts: 
biomarker profiles 



107 



Baker, Monya (2010). "MicroRNA profiling: separating signal from noise". Nature Methods 7 (9): 687–692
108 





 
 
 
 

 Solutions make use of: 

1. alignment algorithms 

2. conservation rates 

3. thermodynamics 

 



Nucleotides 2–7 of the miRNA ('seed region') need to be perfectly 
complementary: 

 

 

5' ..GGAACAA-AUUUC-UCUGGGACAGCCCUAAUGCAGAC.. 3' 

             | ||| ||  || ||||||| 

         3' CUUAAGUAGU-CCGGUCGGGAA 5‘ 

 

 

5' ..AUCGAUU-AUAAC-UCUGGCACAAUCCAGCCCAGACG.. 3' 

             |   | ||  |  ||  || 

         3' CUUAAGUAGU-CCGGUCGGGAA 5' 

Good 

Not so good 





UAGGAGAAUUAGUUUC 

Stronger bond = Higher free energy 



Different configurations  
= 

Different free energy 

0.52 0.03 



0.52 
0.43 

Different configurations  
= 

Different free energy 



Same thing can be done with  
mRNA 3'utr folding 



 Thermodynamical requirements: 

 low energy of self-binding for both the miRNA 
and mRNA 

 high energy of resulting 3'utr - miRNA binding 



Mazière, P, et al. (2007) Prediction of microRNA targets. Drug discovery today, Vol. 12 (11-12): 452-8. 



Scanning is done by going to the MicroCosm Targets website 

(linked on front page of miRBase) 






