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Search for cancer driver mutations in the human genome

2% genes 

Noncoding 

Kandoth et al, Nature (2013)

Most of the human genome is non-coding DNA 



The Epigenome



Profiling Techniques for DNA methylation

Cazaly et al., Front Pharm 2019



Profiling techniques for histones and 
chromatin accessibility

Cazaly et al., Front Pharm 2019

CUT&RUN
(Cleavage Under Targets and 
Release Using Nuclease )

In situ, simple, fast, low input,
Less sequencing depth required

antibody-targeted controlled cleavage by 
micrococcal nuclease releases specific 
protein-DNA complexes into the supernatant 
for paired-end DNA sequencing.

Need good antibodies

& Hi-ChIP



Lots of methods for processing datasets 



Epigenetic data 
repositories 
and browsers

Cazaly et al., Front Pharm 2019



Karnuta, Jaret M., and Peter C. Scacheri. “Enhancers: Bridging the Gap between Gene Control and Human Disease.” Human Molecular Genetics, 2018.

The Epigenome and Gene Enhancer Elements



Superenhancers

“Super enhancers are typically an order of magnitude larger than typical enhancers in size, 
have higher transcription factor density, and greater ability for transcriptional activation.”

Evan et al, CCR 2017



Genome-wide identification of active enhancer elements based on signature 
chromatin features
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Type II diabetesKabuki syndrome Preaxial Polydactyly

”Enhanceropathies”

Karnuta and Scacheri, HMG 2018
Scacheri and Scacheri, Curr Opin Pediatr 2015
Corradin and Scacheri, Genome Med 2014

SHHxMLL x TCF7L2x x



Studying the epigenome can provide insights 
into various aspects of cancer
• Tumorigenesis
• Clinical subtyping
• Metastasis
• Drug resistance
• Identification of non-coding driver mutations
• GWAS
• Biomarkers
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Enhancers alterations in cancer

H3K4me1/H3K27ac ChIP-seq

Akhtar-Zaidi et al, Science 2012
Cohen et al, Nat Comm 2017 



H3K27ac ChIP-seq

Expansion of enhancer profiling studies

Andrea 
Cohen 
(MSTP)
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These two sites were chosen based on:
- Overlapping called VEL for K4me1 and K27ac
- Big differences between crypt and CRC median RPKM for both 
marks
     -- I think Ian ranked on K27ac difference first
- Big differences between crypt and CRC expression
- Looking pretty in IGV, including
     -- Near complete absence of marks in expected samples
     -- Being close enough to predicted gene target to include in image
     -- VELs not overlapping promoter or gene body
     -- Stable mark nearby for comparison

AGGREGATE PLOTS show 7 crypts vs 29/31 CRC (for 
K27ac/K4me1, respectively).  
Window is the same for both marks - centered on the K27ac called 
VEL.  Median (black) +/- IQR (gray).
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Recurrent enhancer alterations in CRC

~ 100 loci 
across the CRC 
epigenome
look like this.



Studying the epigenome can provide insights 
into various aspects of cancer
• Tumorigenesis
• Clinical subtyping
• Metastasis
• Drug resistance
• Identification of non-coding driver mutations
• GWAS
• Biomarkers



Recurrent enhancer alterations in CRC
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Nature 2018

(FGFR1 inhibitor)

(WEE1 inhibitor)
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Metastatic tumors show extensive enhancer alterations
(Met-VELs)

Morrow et al, Nature Med 2018

x10



Enhancer alterations (Met-VELs) in metastatic osteosarcoma
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Met-VEL genes switch on/off in the lung microenvironment

GFP+ tumor cells

RNA-seq
FACS
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Model of enhancer function in metastasis

Morrow et al, Nature Med 2018

Enhancer
Reprogramming

Gain of enhancer activity



Metastasis is dependent on the F3 enhancer

Morrow et al, Nature Med 2018
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Studying the epigenome can provide insights 
into various aspects of cancer
• Tumorigenesis
• Clinical subtyping
• Metastasis
• Drug resistance
• Identification of non-coding driver mutations
• GWAS
• Biomarkers



Search for cancer driver mutations in the human genome

2% genes 

Noncoding 

Kandoth et al, Nature (2013)



Challenges with finding mutations in non-coding 
regions

• Mutation rates vary between cancers
• Mutation rates are influenced by chromatin states
• Active chromatin – low mutation rate
• Inactive chromatin – high mutation rate

• Epigenome varies between tumors
• Cell type of origin is unknown or unavailable



Beroukhim, R. et al. 2017
Mansour et al, Science 2014

Cancer driver mutations in noncoding regions

Structural Rearrangements Copy Number Alterations

Indels Point Mutations



Functional 
annotation

(regulatory elements)

Common workflow for detecting candidate drivers

Mutational 
recurrence

Gene 
expression

TSS

Adapted from Khurana et al, Science (2013)



Recurrent driver mutations in noncoding regions are rare   

”Perhaps the most striking finding is the relative paucity of point 
mutations driving cancer in non-coding genes and regulatory 
elements.”
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Studying the epigenome can provide insights 
into various aspects of cancer
• Tumorigenesis
• Clinical subtyping
• Metastasis
• Drug resistance
• Identification of non-coding driver mutations
• GWAS
• Biomarkers



Variants associated with 
increased risk for 

disease

Cases

Controls

GWAS: Genome Wide Association Studies



GWAS: Genome Wide Association Studies

• Thousands of 
associations

• Most SNPs lie in 
non-coding 
regions



Transcriptional enhancer elements are hotspots for SNPs that 
predispose to disease 
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Corradin and Scacheri
Genome Medicine 2014

Of the known heritability estimates from GWAS, variants in 
regulatory elements are estimated to account for 79%.

Gusev et al. AJHG 2014



Roadmap Epigenomics Consortium et al. Nature 518, 317-330 (2015) doi:10.1038/nature14248

Epigenomic enrichments of genetic variants associated with diverse traits.



GWAS risk SNPs often lie in enhancer clusters

(B-lymphoblast cells)

Hnisz et al, Cell 2013
Parker, Stitzel et al, PNAS 2013

Corradin et al. Genome Res 2014
Pasquali et al, Nat. Gen 2014  
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Constituents of enhancer clusters collude to regulate genes
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Image by Wayne Heim

May be more than 1 causal SNP at a locus!
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PreSTIGE loci with outside variants
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Hi-C loci with outside variants
Hi-C loci without outside variants
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“Outside variants” – SNPs inherited independently of GWAS linked variants that are within the 
regulatory circuit of the same gene target

Proportion of GWAS loci 
with outside variants

(n=156)

PreSTIGE-defined 
interactions

Hi-C-defined 
interactions

Regulatory circuitry at GWAS loci extends beyond LD blocks

Corradin et al, Nat Genet 2016
Factor et al, Cell 2020



The Regulatory Circuitry of Gene Expression

SNPs that lie outside the GWAS-associated region, but are part of 
the same regulatory circuit can influence disease risk

Haplotype Block



Studying the epigenome can provide insights 
into various aspects of cancer
• Tumorigenesis
• Clinical subtyping
• Metastasis
• Drug resistance
• Identification of non-coding driver mutations
• GWAS
• Biomarkers





Studying the epigenome can provide insights 
into various aspects of cancer
• Tumorigenesis
• Clinical subtyping
• Metastasis
• Drug resistance
• Identification of non-coding driver mutations
• GWAS
• Biomarkers
• One final story



Functional enhancers on circular 
extrachromosomal DNA (ecDNA)

Morton et al, Cell 2019



Electron Micrograph

Wu et al, Nature 2019Morton et al, Cell 2019



• Found in many forms of cancer.  
• Particularly prevalent in aggressive cancers notoriously difficult to treat  

• Massive focal DNA amplifications 
• 10-100s of copies per cell
• 0.5 – 2.5 Million base pairs in size

• Complex structures à can incorporate multiple oncogenes from different 
chromosomes
• Extensive sub-clonality

• Can hop back into the genome and remodel it
• Provides a means for rapid tumor evolution and emergence of drug 

resistance phenotypes

Extrachromosomal DNA (ecDNA)
AKA: “double minutes”



Selection of enhancers on ecDNA

Ectopic regulatory
element



The “Onco-locus”

Oncogene + enhancers + 
other selected elements contributing to fitness



Precision cancer medicine – A vision for an epigenomics based approach

• Leverage knowledge about the genetic makeup of cancer for precisely 
targeted therapy. 

• Some success
• Most patients don’t meet 

the clinical criteria 

The Tumor Epigenome

Mutations 
in Genes



Precision cancer medicine – An epigenomics based approach

Consented
Patients

Tumor
Collection

Epigenomic
Profiling

Clinical Integration

Regulatory Differences

Deliverables

Identification of markers for prognosis, tumor behavior, and treatment response


