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Complex relationship between 
epigenetics and genetics 

The field is interested in the effect of genetic 
variation on epigenetic features: 
(favorite_feature)QTL studies. 

We are interested in the effect of epigenetic 
features on genetic variation via control of 
mutation rate. 



   

 

 
  

 
  

Data on de novo mutations 

Germ-line mutations Somatic mutations 

Change in DNA Change in DNA 
sequence sequence 



     

   

 

 

 

   

  

   

Why is this of any interest? 

Statistical / medical genetics Methods 

As a key parameter 
Evolution 

Of mutation rate 

Of DNA repair 
Biology 

Of DNA replication
 



 Gene mapping by recurrence 



    
 

  

   
   

   
     

   

Possible approaches that do not involve 
controls 

Estimate genomic mutation rate
 
using independent samples 


Evaluate probability to observe
 
recurrent events in a given gene
 

Correct for multiple testing
 

PROBLEM: heterogeneity among samples 




    
 

       

Possible approaches that do not involve 
controls 
Real data 


Random permutations 


PROBLEM: heterogeneity of mutation rate along the genome
 



       
  

     

Germ line mutation rates are associated with 
replication timing 

Stamatoyannopoulos, Adzhubei et al., Nature Genetics 2009
 



     
    

  

Somatic cancer mutation density is
associated with replication timing 

Lawrence, et al., Nature 2013 




     
 

        
  

         

        
    

  

Somatic mutation rate depends on 
expression 

Mutation rate is reduced in transcribed regions compared to
 
intergenic regions 


The reduction of mutation rate is proportional to expression level
 

The effect is attributed to transcription coupled repair (TCR),
 
which is supported by the strand bias 


Hanawalt & Spivak, Nat Rev Mol Cell Biol  2008 






    
 

     

      
   

      

Regulatory regions and chromatin 
accessibility 

Hypersensitivity to DNase I is a hallmark of regulatory regions 


DNase seq is used to map regulatory regions by 

assessing chromatin accessibility 


adopted from Bell et al., NRG 2011
 



      
     

    

Mutation rate is reduced in regulatory
regions marked by accessible chromatin 
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Melanoma is notable for its metastatic propensity, lethality in the
advanced setting and association with ultraviolet exposure early in
life1. To obtain a comprehensive genomic view of melanoma in
humans, we sequenced the genomes of 25 metastatic melanomas
and matched germline DNA. A wide range of point mutation rates
was observed: lowest in melanomas whose primaries arose on non-
ultraviolet-exposed hairless skin of the extremities (3 and 14 per
megabase (Mb) of genome), intermediate in those originating from
hair-bearing skin of the trunk (5–55 per Mb), and highest in a
patient with a documented history of chronic sun exposure (111
per Mb). Analysis of whole-genome sequence data identified
PREX2 (phosphatidylinositol-3,4,5-trisphosphate-dependent Rac
exchange factor 2)—a PTEN-interacting protein and negative regu-
lator of PTEN in breast cancer2—as a significantly mutated gene
with a mutation frequency of approximately 14% in an independent
extension cohort of 107 human melanomas. PREX2 mutations
are biologically relevant, as ectopic expression of mutant PREX2
accelerated tumour formation of immortalized human melanocytes
in vivo. Thus, whole-genome sequencing of human melanoma
tumours revealed genomic evidence of ultraviolet pathogenesis
and discovered a new recurrently mutated gene in melanoma.

To gain a comprehensive view of the genomic landscape in human
melanoma tumours, we sequenced the genomes of 25 metastatic
melanomas and peripheral blood obtained from the same patients
(Supplementary Table 1). Two tumours (ME015 and ME032) were
metastases from cutaneous melanomas arising on glabrous (that is,
hairless) skin of the extremities, representing the acral subtype. The
other tumours were primarily metastases from melanomas originating
on hair-bearing skin of the trunk (the most common clinical subtype).
Further, ME009 represented a metastasis from a primary melanoma of
a patient with a clinical history of chronic ultraviolet exposure.

We obtained 59-fold mean haploid genome coverage for tumour
DNA and 32-fold for normal DNA (Supplementary Table 2). On
average, 78,775 somatic base substitutions per tumour were identified,
consistent with prior reports3,4 (Supplementary Table 3). This corre-
sponded to an average mutation rate of 30 per Mb. However, the
mutation rate varied by nearly two orders of magnitude across the
25 tumours (Fig. 1). The acral melanomas showed mutation rates

comparable to other solid tumour types (3 and 14 mutations per
Mb)5,6, whereas melanomas from the trunk harboured substantially
more mutations, in agreement with previous studies3,7,8. In particular,
sample ME009 exhibited a striking rate of 111 somatic mutations per
Mb, consistent with a history of chronic sun exposure.

In tumours with elevated mutation rates, most nucleotide substitu-
tions were C R T or G R A transitions consistent with ultraviolet
irradiation9. The variations in mutation rate correlated with differ-
ences in the ultraviolet mutational signature. For example, 93% of
substitutions in ME009 but only 36% in acral melanoma ME015 were
C R T transitions (Fig. 1); these tumours contained the highest and
lowest base mutation rates, respectively (111 and 3 mutations per Mb).
Interestingly, the acral tumour ME032 also showed a discernible
enrichment of ultraviolet-associated mutations (Fig. 1). Thus, genome
sequencing readily confirmed the contribution of sun exposure in
melanoma aetiology.

In agreement with prior studies7,9, we detected an overall enrich-
ment for dipyrimidines at C R T transitions. Analysis of intragenic
C R T mutations yielded a significant bias against such mutations on
the transcribed strand for most melanomas, consistent with transcrip-
tion-coupled repair (Supplementary Fig. 1)3,7,10. Most commonly,
C R T mutations occurred at the 39 base of a pyrimidine dinucleotide
(CpC or TpC; Supplementary Fig. 2). In contrast, the C R T mutations
in sample ME009 (with hypermutation and chronic sun exposure
history) more often occurred at the 59 base of a pyrimidine dinucleotide.
As expected, the acral tumour ME015 exhibited mutation patterns
observed in non-ultraviolet-associated tumour types11, such as an
increased mutation rate at CpG dinucleotides relative to their overall
genome-wide frequency (Supplementary Fig. 2). These different muta-
tional signatures suggest a complex mechanism of ultraviolet mutagenesis
across the clinical spectrum of melanoma, probably reflecting distinct
histories of environmental exposures and cutaneous biology.

We detected 9,653 missense, nonsense or splice site mutations in
5,712 genes (out of a total of 14,680 coding mutations; Supplementary
Tables 4 and 5), with an estimated specificity of 95% (Supplementary
Methods). A mutation of BRAF, BRAFV600E, was present in 16 of 25
tumours (64%), including the acral melanoma ME015. NRAS was
mutated in 9 of 25 tumours (36%) in a mutually exclusive fashion with
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Analysis of melanoma genome sequences 

LETTER 
doi:10.1038/nature11071 

Melanoma genome sequencing reveals frequent
 
PREX2 mutations
 
Michael F. Berger1{*, Eran Hodis1*, Timothy P. Heffernan2{*, Yonathan Lissanu Deribe2{*, Michael S. Lawrence1,
 
Alexei Protopopov2{, Elena Ivanova2, Ian R. Watson2{, Elizabeth Nickerson1, Papia Ghosh2, Hailei Zhang2, Rhamy Zeid2,
 
Xiaojia Ren2, Kristian Cibulskis1, Andrey Y. Sivachenko1, Nikhil Wagle2,3, Antje Sucker4, Carrie Sougnez1, Robert Onofrio1,
 
Lauren Ambrogio1, Daniel Auclair1, Timothy Fennell1, Scott L. Carter1, Yotam Drier5, Petar Stojanov1, Meredith A. Singer2{,
 
Douglas Voet1, Rui Jing1, Gordon Saksena1, Jordi Barretina1, Alex H. Ramos1,3, Trevor J. Pugh1,2,3, Nicolas Stransky1,
 
Melissa Parkin1, Wendy Winckler1, Scott Mahan1, Kristin Ardlie1, Jennifer Baldwin1, Jennifer Wargo6, Dirk Schadendorf4,
 
Matthew Meyerson1,2,3,7, Stacey B. Gabriel1, Todd R. Golub1,7,8,9, Stephan N. Wagner10, Eric S. Lander1,11*, Gad Getz1*,
 
Lynda Chin1,2,3{* & Levi A. Garraway1,2,3,7*
 

Reasons: 

1) Multiple samples 
2) Abundance of mutations 
3) Most mutations originate from UV lesions repaired by NER 



    
 

Continuous dependency on number of 
DNase I cleavages in melanoma samples  
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  Potential mechanisms 

1) Purifying selection in regulatory elements: seems 
unlikely because the selection must be assumed 
much stronger than in coding regions. 

2) Association with replication timing: seems unlikely 
due to the scale of the effect and is not supported by 
multivariate regression analysis 

3) Accessibility to DNA repair: is the effect associated
 
with NER function?
 



   Nucleotide excision repair 



     Implicating nucleotide excision repair (NER) 

NER 

genomes with mutations in NER genes genomes without mutations in NER genes 
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Implicating nucleotide excision repair (NER) 
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 Conclusion 

Mutation density is reduced in regulatory 

regions marked by DHS.
 

This effect is likely mediated by Global
 
Genome Repair.
 



 Epigenome Roadmap 



      

  

Predicting local mutation rate at 1Mb scale 

Polak, Karlic et al., Nature 2015 




      Predicting local mutation rate at 1Mb scale 



Tissue specificity 



   Cell type specificity 



     
       

  

55-86% of regional variation is explained 
by 184 chromatin tracks from more than 

80 tissues 
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Predicting cell type of origin for 88% of 
samples 
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Is chromatin organization of cancer more
informative? 



     
   

Is chromatin organization of cancer more
informative? 



    
     

 
 

   
    

 
   

      

 Conclusion 

Mutation density at 1Mb scale is strongly 

associated with the chromatin organization.
 

This association is highly specific with respect
 
to cell of origin.
 

Cancer genome sequence has enough
 
information to predict cell of origin.
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