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Outline – Learning Objectives 

1. What is Epigenetics?  

2. What are the different levels of epigenetic regulation? 

3. How do we measure the epigenome? 

4. What goes wrong in the Epigenome during disease development (eg 

Cancer) 

5. Current research topics 

1. Disease Risk – from GWAS to EWAS 

2. Disease Prognosis – Predictive personalised medicine 

3. Epigenetic drug development 

6. Relevance to Global Health  

1. Epigenetics as a mediator of Environmental factors (eg smoking ; dutch 

famine) 

7. Recent controversies – what is an epimutation? 

1. Germline Epimutations.... IGF2 

2. Germline Epimutations.... MLH1 

8. Further Reading / Websites 

 

 



1. What is Epigenetics (Of Maize and Men) 

Conrad Waddington (1905-1975) 

who coined the term „epigenetics‟ 
Waddingtons Epigenetic Landscape 

for cell fate (1942) 
The Epigenetic Landscape Today 

CW: often credited with coining the term epigenetics in 1942 as:  

“the branch of biology which studies the causal interactions between genes and 

their products, which bring the phenotype into being”.  

 



1. What is Epigenetics (Of Maize and Men) 

Maize Mice Barbera McClintock (1902 – 1992) 

The Nobel Prize in Medicine 1983 

(“Jumping Genes” / TEs) 

Men 

first scientist to correctly speculate on 

the basic concept of epigenetics 

"[T]he progeny of two (such) sister cells are not alike with respect to the types 

of gene alteration that will occur...This inactivity or suppression is considered 

to occur because the genes are „covered' by other non-genic chromatin 

materials.... Gene activity may be possible only when a physical change in this 

covering material allows the reactive components of the gene to be „exposed' 

and thus capable of functioning.” 1951 

http://www.nature.com/scitable/topicpage/The-Role-of-Methylation-in-Gene-Expression-1070


2. What are the different levels of epigenetic regulation? 

Genetics = Code for genes 

Epigenetics = Code for how much of a gene is made 

 

DNA Methylation   ; Histone modifications  ; miRNA regulation 

 

On/Off switch  ; Packaging  ; Fine tuning dimmer switch  

 



DNA Methylation 

•~4% of cytosines are methylated 

 

•70% - 80% of CpG cytosines are 

methylated 

 

•CG are underrepresented in the 

genome (lost thru evolution) 

 

•Expected Frequency of CG = 4.4% 

•Actual Frequency of CG = 1% 

 

•~60% of genes have CpG island 

promoters, typically unmethylated 

 

DNMTs 
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DNA Methylation 

Genetics = Code for genes 

Epigenetics = Code for how much of a gene is made 

 

DNA Methylation     

 

On/Off switch   
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DNA Methylation 
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Histones and posttranslational modifications – the marks 

Epigenetics, Allis, Jenuwein, Reinberg, Caparros, 2009 
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Histone Modifications – Correlation with transcription 

Li et al Cell 2007 128:p707-719 

Key Marks to Remember: 

 

H3 + H4 acetylation = active gene 

 

 

 

H3K4me3 = active gene 

 

 

 

 

H3K9me (promoter) = silent gene 

H3K9me (gene) = active gene 

 

H3K27me3 (promoter) = silent gene  



Histone Modifications – the readers / writers / erasers 

Kouzarides, T. Snapshot: Histone Modifying enzymes. Cell 2007,128: p802.e1-802.e2 



Histone Modifications – the readers / writers / erasers 

Kouzarides, T. Snapshot: Histone Modifying enzymes. Cell 2007,128: p802.e1-802.e2 

Writers 

Erasers 



Non-coding RNAs / microRNAs / RNAi 
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Non-coding RNAs / microRNAs 

He and Hannon Nat Rev Genet. 2004, 5(7):522-31 

• A new mechanism for gene regulation 

 

• RNA which is not used for making 

proteins (non-coding RNA) can be 

chopped up and used to inhibit protein-

coding RNAs 

 

 

http://www.ncbi.nlm.nih.gov/pubmed/15211354


A Quick Half-time Summary 

• Epigenetics is the study of gene regulation by mechanisms including: 

• DNA methylation 

• Histone Modifications 

• Non-coding RNA 

 

• DNA methylation is important at the promoter of genes 

• Methylated = inactive ; Unmethylated = active gene 

 

• There are many Histone Modification combinations 

• Many different  writers / erasers 

• Key histone marks include:  

• Active Genes === H3 + H4 acetylation plus H3K4me3  

• Silent Genes === H3K9me (promoter) plus H3K27me3 (promoter) 

 



3. How do we measure the Epigenome 

DNA Methylation  Histone Modifications  ncRNA 

Gene Specific: 

1) Sodium Bisulphite Conversion  

2) PCR amplification 

3) Quantification - Pyrosequencing 

Genome-wide:  

1) Sodium Bisulphite Conversion 

A. Microarray 

B. Highthroughput Sequencing 

  

2) Enrichment by Enzymes 

A. Microarray 

B. Highthroughput Sequencing 

 

3) Enrichment by Antibody / Protein 

A. Microarray 

B. Highthroughput Sequencing 

Gene Specific: 

1) Chromatin Immunoprecipitation 

1) Mod-Specific Antibody 

2) PCR for gene 

Genome-wide:  

1) Chromatin Immunoprecipitation 

A. Microarray 

B. Highthroughput Sequencing 

  

Gene Specific: 

1) RNA extraction 

A.  qRT-PCR 

Genome-wide:  

1) RNA extraction 

A. Microarray 

B. Sequencing 



Pyrosequencing for DNA methylation 

ATP 

PPi 

Time 

Light 

“Sequencing by Synthesis”  

Ronaghi et al., Science (1998) 
+ Sodium Bisulphite 

U (T) 5’m-C 

C 5’m-C 

Measure the different  

levels of T vs C 



ChIP – seq  
“Chromatin Immunoprecipitation followed by next generation sequencing” 



 

 

 

4. What goes wrong in the Epigenome in Cancer 

1. DNA methylation 

• Gene specific hypermethylation (eg RASSF1, MLH1) 

• Genome-wide hypomethylation (4% down to 2-3% of all cytosines) 

 

 

 

2. Histone Modifications 

• Active vs Inactive histone marks 

• Polycomb group gene silencing (H3-K27-me3) 

 

 

 



DNA Methylation 

DNA Methylation in Cancer 

CpG Islands eg. Repetitive elements 

PolII 

CpG Islands 

X 

Tumour suppressor gene 

 silencing 

Gene specific hypermethylation 

Wild and Flanagan, BBA Reviews on Cancer 2010 

Genome instability 

 

Cryptic transcripts – ncRNAs? 

Genome-wide hypomethylation 

Wild et al, Carcinogenesis 2010 



Genome-wide Hypomethylation in Cancer occurs in Blocks 

Hansen et al, Nat Genet. 2011; 43(8):768-75.  



Characteristic Histone Modifications in Cancer 

Loss of acetylation at Lys16 and trimethylation at Lys20 of histone 

H4 is a common hallmark of human cancer 

 

Fraga et al, Nature Genetics 37, 391 - 400 (2005)  

 



5. Current Research topics 

1. Disease Risk – from GWAS to EWAS 

 

2. Disease Prognosis – Predictive personalised medicine 

 

3. Epigenetic drug development 

 







GWAS – Breast Cancer 

FGFR2 

TOX3 

http://www.sciencedirect.com/science?_ob=MiamiCaptionURL&_method=retrieve&_udi=B6VS0-4YXKYYS-2&_image=B6VS0-4YXKYYS-2-3&_ba=&_user=217827&_coverDate=06%2F30%2F2010&_rdoc=1&_fmt=full&_orig=search&_cdi=6248&_pii=S0959437X10000468&view=c&_isHiQual=Y&_acct=C000011279&_version=1&_urlVersion=0&_userid=217827&md5=756debe3858254a9fa8b5d3f7a78ee35
http://www.sciencedirect.com/science?_ob=MiamiCaptionURL&_method=retrieve&_udi=B8CWB-504BT94-1&_image=B8CWB-504BT94-1-3&_ba=&_user=217827&_coverDate=06%2F30%2F2010&_rdoc=1&_fmt=full&_orig=search&_cdi=40054&_pii=S1574789110000335&view=c&_isHiQual=Y&_acct=C000011279&_version=1&_urlVersion=0&_userid=217827&md5=ca7f89ec1573046888363f0686abf986


EWAS – Epigenome-wide Association Studies 



Disease Prognosis – Predictive Personalised Medicine 

Dai et al, (2011) Clin Cancer Res. 17(12):4052-62.  

Hazard Ratio of 2.09, means patients with high methylation for both genes are 

twice as likely to have poorer prognosis: 

Progression free survival (<1 year) vs (>1.5 years) 

http://www.ncbi.nlm.nih.gov/pubmed/21459799


Personalised Medicine 

Different 

Treatment ! 



Epigenetic Drug Development 

Kelly et al, Epigenetic modifications as therapeutic targets (2010) Nature Biotechnology 28, 1069–1078  



6. Relevance to Global Health  

1. Epigenetic mechanisms as a mediator of Environmental factors  

 

2.   Epigenetic traits are reversible (as are environmental factors) 



Interactions - DNA methylation and cancer risk factors  

Environmental sensitivity 

– Prenatal environment 

» Famine exposure, Folic acid use (Tobi et al HMG 2009,Steegers-Theunissen et al Plos One 2009) 

– Adult methylome 

•  Smoking, Diet (Breitling AMHG 2011, Zhang Journal of Nutrition 2010) 

– Cancer methylome 

•  Alcohol and folate (Christensen et al Plos genetics 2010) 

Age sensitivity 

– Some genes (360/27000) are associated with age (Rakyan et al Genome Res 2010) 

– Methylation variability between monozygotic twins increases with age (Fraga et 

al PNAS 2005) 

Genetic background 

– Allele specific methylation (ASM) with underlying genetic variation (Meaburn et al 

Egenetics 2011) 

– DNA methylation patterns are more similar in monozygotic than dizygotic 

twins (Kaminsky Nature genetics 2009) 

  

 



Smoking associated DNA methylation 
Breitling et al AJHG April 2011 

Never Smokers 

Former Smokers 

Current Smokers 

F2RL3 gene locus 

 

27K array    P = 2.68 × 10-31  

 

EpiTyper     P = 6.33 × 10-34 

1. DNA methylation detected in blood DNA shows who is a 

smoker and who is not. 

 

2. Epigenetic traits are reversible – look at the Former 

smokers. 



Dutch Famine 

Heijmans BT, et al Persistent epigenetic differences associated with prenatal 

exposure to famine in humans. Proc Natl Acad Sci U S A. 2008;105(44):17046-9. 

Steegers-Theunissen et al, PlosONE 2009 



Obesity 

IAP Avy 

M 

IAP Avy 
X 

Heritable transmission of  

epigenetic traits (eg Agouti mice) 

Morgan et al Nature Genetics  23, 314 - 318 (1999) 

1. Diet / Obesity have a direct impact 

on an individuals epigenome. 



7. Recent Controversies 

1. Recent controversies 

• Germline Epimutations.... IGF2 (Cui et al) ; MSH2 (Chan et al) ; MLH1 (Suter et al) 

 

 

Nature Genetics 39, 576 (2007) 



Genetic mutations define Epimutations 

Hitchins et al; Cancer Cell. 2011 Aug 16;20(2):200-13. Ligtenberg et al, Nat Genet 

http://www.ncbi.nlm.nih.gov/pubmed/21840485


Another Quick Summary 

• Best method to detect DNA methylation uses Sodium Bisulfite 

conversion and quantitation (eg Pyrosequencing) 

• Best method to detect Histone modifications is ChIP – seq 

 

• In Cancer – lots of things go wrong with the Epigenetic patterns 

• Lots of cancer risk factors cause Epigenetic modifications 

 

• Epigenetics has a role in lots of Research Areas (Risk, Personalised 

medicine, drug development) 

 

• Epigenetics plays an important part in Global Health 

• Environmental factors 

• Smoking 

• Obesity 



8. Further Reading / Websites 

1: Heijmans BT, Tobi EW, Stein AD, Putter H, Blauw GJ, Susser ES, Slagboom PE,Lumey LH. 

Persistent epigenetic differences associated with prenatal exposure to famine in humans. 

Proc Natl Acad Sci U S A. 2008 Nov 4;105(44):17046-9.  

 

2: Santos-Rosa H, Caldas C. Chromatin modifier enzymes, the histone code and cancer. Eur J 

Cancer. 2005 Nov;41(16):2381-402. Epub 2005 Oct 13. Review.  

 

3: McCabe MT, Brandes JC, Vertino PM. Cancer DNA methylation: molecular mechanisms and 

clinical implications. Clin Cancer Res. 2009 Jun 15;15(12):3927-37. 

 

4: Suter CM, Martin DI, Ward RL. Germline epimutation of MLH1 in individuals with multiple 

cancers. Nat Genet. 2004 May;36(5):497-501. 

 

And other papers mentioned on slides! 

Wikipedia    Google    Pubmed 



DNA Demethylation demystified ! Sept 2011 

Ito et al Science Sept 2011; He et al Science Sept 2011; Maiti et al JBC Oct 2011 

C 5’m-C 

? 
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Base  
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5’ca-C 

Iterative  

oxidation 

TETs 

5’hm-C 

TETs DNMTs 



Meiotic heritability vs Mitotic heritability 

Mitosis – DNA methylation is copied Meiosis – DNA methylation is reprogrammed 


