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The mutational rates and patterns in the 47 discovery samples are
generally consistent with breast cancer samples analyzed in previous 
genome-wide experiments (TCGA 2012, Ding 2010).

We downloaded whole genome sequencing data of 47 breast cancer 
samples and their matched normal DNA from TCGA (Wilks 2014).

We detected 193,958 somatic mutations using MuTect (Cibulskis 2013, ≥
14X coverage in the tumor; ≥8X in the normal; ≥10% allelic fraction; not 
overlapping with repeat elements or known SNPs).

Mutational landscape of breast cancer
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MAP3K1
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GATA3
MLL3
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TP53

UTRN
OBSCN
MUC16
ATP1A4
MUC17
TTN

4,127 ± 3,409 mutations/sample

CG-TA is the most
common substitution

TP53 and PIK3CA are the most mutated genes

Aim: To detect distal regulatory elements that harbor 
driver mutations in breast cancer

Breast cancer is a highly heterogeneous disease characterized by four 
major clinically relevant phenotypes (Gradishar 2014).

Efforts to identify driver mutations in breast cancer have largely focused 
on coding genes.

Recent pan-cancer analyses examining non-coding sequences have 
identified promoters of two genes (PLEKHS1 and WDR74) that harbor 
putative driver mutations in breast cancer (Weinhold 2014).

Regions of active chromatin have decreased somatic mutation rates 
compared with the rest of the non-coding genome (Polak, 2015), sug-
gesting a likely driver role for mutations in these regions in cancer.

Limited data pinpoints specific distal regulatory elements that contain 
driver mutations in cancer and the functional role these elements play in 
cancer is unknown.
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Four DHSs harbor driver mutations in multiple cancer types.

We examined the sequences of the 33 DHSs in 1,097 TCGA cancer ge-
nomes from 19 tumor types for mutations.

Driver DHSs in multiple cancer types
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Discovery screening (47 samples)
Prevalence screening (185 samples)
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Prevalence screening allowed us to detect 33 driver DHSs in breast 
cancer.

To further examine the 86 putative driver DHSs we determined whether 
or not they were mutated in 185 additional breast cancer samples (50 
genomes from TCGA and 135 tumor samples from UCSD and Dana 
Farber Cancer Institute, Filter 6).

Prevalence screening

Mutated DHSs (N)

Filter 1:
14,124 Mutated DHSs

Filter 2:
3,616 Significantly mutated DHSs

Filter 3:
477 DHSs mutated in more

than 1 sample
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The series of filters we applied to the breast DHSs enrich for those car-
rying driver mutations that effect the expression of neighboring genes.

Recent studies have shown that the local mutation density is lower in 
regulatory elements that are active in the cell-type of origin of the tumor 
compared to regulatory elements in other cell types (Polak 2015).

We focused on 392,977 DNase I hypersensitive sites (DHSs) in HMF 
and T47-D cell lines derived from ENCODE (Neph 2012).

Identifying driver regulatory elements
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We adapted methods used to identify recurrently mutated cancer genes 
to distal regulatory elements.

We filtered on functional mutations by only retaining regulatory elements 
associated with aberrantly expressed gene(s).

We detected four DHSs with likely driver role in several cancer types.

We experimentally validated loss-of-function mutations in the most mu-
tated regulatory element (chr8_1) by deleting it using CRISPR.

Mutations in the second-most mutated regulatory element (chr5_2) 
result in overexpression of TERT.

Conclusions

Mutations in this driver DHS may contribute to the development of 
cancer by driving overexpression of several different genes.

The second-most mutated pan-cancer driver DHS (chr5_2) acts as an 
enhancer located within an intron of CLPTM1L and 30 kb upstream of 
TERT.

Overexpression of cancer genes
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Deletion of the driver DHS resulted in increased chromatin accessibility 
of a region 3-kb downstream and decreased accessibility to the promot-
er regions of four nearby genes, coupled with decrease in expression 
levels of three of these genes.

To experimentally examine the function of the most mutated driver DHS 
(chr8_1) we deleted it in the HEK293T cell line (CRISPR).

Long-range chromatin remodeling
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The presence of hundreds to thousands of background somatic muta-
tions in a tumor makes it difficult to identify driver mutations that confer a 
growth advantage. Efforts to identify driver mutations have largely fo-
cused on the ~3% of the genome that encodes for genes whereas 
non-coding sequences remain relatively unexplored. 

Here we identify distal regulatory elements harboring driver mutations in 
breast cancer by applying statistical and filtering approaches developed 
to identify driver mutations in genes. A pan-cancer analysis shows that 
some of these elements are drivers across multiple cancer types and 
have mutation rates similar to driver genes. Characterization using 
CRISPR genome editing and in silico methods show that the most mu-
tated element has long-range control over chromatin structure and gene 
expression and the second most mutated element drives overexpression 
of TERT and other neighboring cancer genes. 

We demonstrate for the first time that distal regulatory elements harbor-
ing driver mutations induce long-range epigenetic and gene expression 
changes, providing novel insights into the role non-coding elements play 
in cancer.
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