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ABSTRACT

With the advent of high-throughput and relatively inexpensive whole-genome
sequencing technology, the focus of cancer research has begun to shift toward analyses
of somatic mutations in non-coding cis-regulatory elements of the cancer genome.
Cis-regulatory elements play an important role in gene regulation, with mutations in
these elements potentially resulting in changes to the expression of linked genes. The
recent discoveries of recurrent TERT promoter mutations in melanoma, and recurrent
mutations that create a super-enhancer regulating TAL1 expression in T-cell acute
lymphoblastic leukaemia (T-ALL), have sparked significant interest in the search for
other somatic cis-regulatory mutations driving cancer development. In this review, we
look more closely at the TERT promoter and TAL1 enhancer alterations and use these
examples to ask whether other cis-regulatory mutations may play a role in cancer
susceptibility. In doing so, we make observations from the data emerging from recent
research in this field, and describe the experimental and analytical approaches which
could be adopted in the hope of better uncovering the true functional significance of
somatic cis-regulatory mutations in cancer.

advances and reductions in sequencing costs mean that it
is no longer a technical or financial barrier to sequence the
entire genome of a large number of human cancers, and

INTRODUCTION

The field of cancer research has expanded

remarkably since it was first suggested over a century
ago, that cancer is caused by chromosomal abnormalities
[1]. In the last few decades, numerous driver mutations
have been identified, and comprehensive lists of cancer-
associated genes have been developed [2]. The primary
research focus until recently has been almost entirely upon
somatic mutations that liec within coding regions, which
account for only ~2% of the genome. In the last few years
however, there has been significant interest in somatic
cancer mutations arising in the remaining 98% of the
human genome which is non-coding. This expansion in
focus has been driven primarily by advances in sequencing
and other genomic technologies which have allowed
scientists to mine previously unexplored regions of the
genome. For example, the costs of sequencing a whole
human genome have dropped rapidly in the past decade,
with some sequencing endeavours having finally reached
the famed US$1,000 mark [3]. These technological

perform large-scale analyses with statistically significant
outcomes.

In addition to reduced sequencing costs,
technologies have advanced to allow for the increasingly
accurate and detailed identification of regulatory regions
in the non-coding genome. This is particularly important
since the Encyclopedia of DNA Elements (ENCODE)
project estimates that as much as 80% of the human
genome may be functional [4], highlighting the potential
relevance of somatic mutations within the non-coding
genome. A comprehensive recent review of current
computational methods available to identify cis-regulatory
regions in the genome can be found at [5], and thus will
not be addressed in this review.

Despite these significant advances, substantial
challenges still remain in the interpretation of the findings
of such non-coding genome-sequencing endeavours. For
example, whole-genome sequencing (WGS) has revealed
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that generally, intergenic DNA shows a rate of mutation
which is almost twice as high as the rate in coding DNA,
possibly due to a lack of selective pressure in non-coding
regions [6], but also due to different rates and mechanisms
of DNA repair across the genome [7—10]. This higher
mutation rate makes it particularly difficult for researchers
to identify driver non-coding mutations amongst the vast
background of passenger mutations [2]. Furthermore,
determining how a given mutation-harbouring region
regulates expression, and which genes are affected,
remains a major challenge.

In this review, we focus on the recent developments
that have been made in the attempt to identify driver
somatic mutations in cis-regulatory regions of the cancer
genome. We first describe the initial discoveries of
somatic cis-regulatory mutations occurring in sporadic
cancers. We next make observations from the data that has
emerged from recent discoveries, and critically review the
methodology used to identify these non-coding mutations.
Finally, we propose recommendations for future studies
aimed at identifying and validating functionally relevant
cis-regulatory mutations in the context of cancer.

FEATURES OF CIS-REGULATORY
REGIONS

DNA in the eukaryotic genome is organised into
chains of nucleosomes called chromatin [11]. Each
nucleosome consists of approximately 147 bp of DNA
wrapped around an octamer of histone proteins [12].
Nucleosomes package around two metres of DNA into the
nucleus of each cell, with their precise positioning playing
an important role in the regulation of DNA function,
including DNA replication, repair and the expression of
genes [13].

Gene promoters and enhancers are examples of cis-
regulatory regions (Table 1) that often show nucleosome
depletion. At the promoters of highly expressed genes,
nucleosomes are located just upstream and downstream
of the transcription start site (TSS), thereby creating a
nucleosome depleted region. This feature is thought to
facilitate access for transcription factors (TFs) to bind
[14]. TFs are trans-acting DNA binding proteins that
bind regulatory elements, either enhancing or repressing
transcription [15]. The function of a gene promoter can be
influenced by other regulatory regions such as enhancers
which, when active, also show nucleosome depletion and
can recruit TFs. Enhancers can physically interact with
gene promoters by looping the intervening chromatin
to juxtapose the two regions (Figure 1). This allows
enhancers to regulate the activity of promoters that may
be several hundred kilobases away. One hypothesis is that
variants or somatic mutations occurring in cis-regulatory
regions can impact upon gene expression by altering the
unique binding sites that are recognised by TFs.

Nucleosome depleted regions can be detected
as DNase I hypersensitive (DHS) sites due to their
sensitivity to cleavage by the DNase I enzyme. DHS
regions can be identified genome-wide by DNase
I sequencing (DNase-seq). Enhancers and promoters can
be differentiated through the signature of specific histone
marks flanking the DHS, which can be identified by
chromatin immunoprecipitation sequencing (ChIP-seq).
For example, H3K4me3 and H3K4mel typically mark
promoter and enhancer regions respectively [16, 17]. In
addition, H3K27ac and H3K9me3 identify activated and
repressed cis-regulatory regions respectively [16—18].
Therefore, the combinatorial use of DNase-seq and
ChIP-seq allows researchers to identify the nucleosome
occupancy and specific histone marks which define the
presence and activity of certain cis-regulatory regions. In
addition, ChIP-exo can be adopted. This technique was
recently used to locate somatic cancer mutations in TF
binding sites [19] as it can identify, at almost base pair
resolution, the binding locations of DNA-binding proteins
[20]. Techniques such as these can help to accurately
identify a cis-regulatory region within which a mutation
lies, and so allow for a better determination of the analyses
which may be needed to assess the functional role of such
mutations within the cancer genome.

INITIAL DISCOVERIES: SOMATIC
MUTATIONS IN CIS-REGULATORY
REGIONS IN CANCER

The primary focus of this review is on the role of
somatic point mutations and small insertions or deletions
(indels) within regulatory regions in cancer. We do not
focus on the role of large-scale structural rearrangements
(due to the differences in the techniques needed to
identify and analyse these forms of variation), nor do we
address germline variation in detail. Though, it is worth
highlighting that most single nucleotide polymorphisms
(SNPs) identified by genome-wide association studies
(GWAS) to be significantly associated with cancer and
disease are located within non-coding regions of the
genome [21]. In contrast to specific somatically acquired
mutations however, germline variants may be part of a
larger haplotype in linkage disequilibrium. Therefore, it
is not always possible to pinpoint the pathogenic germline
variant amongst several within a haplotype. Even so,
multiple examples exist of SNPs in putative cis-regulatory
regions which are linked with increased risk of cancer
development, for examples see [22-34]. This suggests
that we should also expect to find somatic cis-regulatory
mutations that play a role in cancer development. Despite
this, the prevalence of somatic cis-regulatory mutations as
cancer drivers has not yet been established. In this section,
we discuss the initial discoveries of such mutations as they
are relevant to further research conducted in the field.
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Table 1: Types of cis-regulatory elements and their definitions

Cis-regulatory Definition

element

Promoter

core promoter element [15].

The core promoter is the DNA region to which transcriptional machinery binds [15]. It includes
some of the following: TATA box, initiator element (Inr), and downstream promoter element [15].
The Inr is the most common feature, being present in approximately half of all promoters [91].
Proximal promoter elements typically lie immediately upstream and within close proximity of the

Enhancer

Enhancers are specific DNA sequences that can regulate the activity of a promoter. The first
enhancer was discovered in the SV40 tumour virus genome [92], and the first human enhancer
was identified in the immunoglobulin heavy-chain locus [93]. Secondary enhancers have also been
identified, and may act as ‘shadow enhancers’, ensuring that enhancer activity continues even if
environmental conditions change and affect primary enhancer function [94-96].

Super-enhancer

Super-enhancers are defined as a grouping of enhancers that are situated within close proximity of
each other and combinatorially bind transcription factors [76]. They tend to be differentiated from
regular enhancers through a particular occupancy by cofactors [76]. However, there is still debate
about whether super-enhancers really are a truly separate class of regulatory region, or whether they
are simply strong enhancers that operate generally in the same way as a typical enhancer [97].

Insulator activity [15].

Insulators are DNA sequences that act to partition the genome into regions defined by transcriptional

Silencer

Silencers are specific DNA sequences that halt transcription by serving as binding sites for negative
transcription factors (also called ‘repressors’) [15].

TERT promoter mutations acting as cancer
drivers

The first and arguably most significant discovery of
somatic cis-regulatory mutations in cancer were recurrent
somatic mutations found in the promoter of the telomerase
reverse transcriptase (TERT) gene. In 2013, two articles
[23, 35] were published simultaneously that documented
independent discoveries of cancer-associated variation
within the TERT promoter. Two recurrent somatic
mutations (chr5:1,295,228 C > T and chr5:1,295,250
C > T) were identified in 71% of WGS malignant
melanomas analysed [35]. The TERT promoter mutations
were initially identified as worthy of further research
because they were highly recurrent, mutually exclusive
with each other, and occurred in the absence of a high
background of passenger mutations in the surrounding
region [35]. The mutations alter the expression of TERT
by creating de novo motifs for the binding of GA-binding
protein (GABP) which is part of the E twenty-six (ETS)
family of TFs [35, 36] (Figure 2). A germline mutation
(chr5:1,295,161 T > G) was also found in the TERT
promoter which segregated disease in individuals in a
melanoma-prone family [23].

It is well established that cancer cells have high
telomerase activity levels, but few coding mutations have
been identified within the TERT gene [37]. However, over-
expression of TERT enables telomere renewal, which is
necessary for cellular immortalisation, a hallmark of
cancer [38]. This seminal finding represented the first

identification of recurrent somatic mutations within
a promoter region in cancer [35] and has led to further
studies aimed at determining the prevalence of TERT
promoter mutations in other cancers [39-44]. In the
past two years, the same two somatic TERT promoter
mutations, together with additional 7ERT promoter
mutations, have been identified in numerous other cancers,
with particularly high prevalence in glioblastoma (62%)
and bladder cancer (59%) [45]. The clinical significance
of these findings is highlighted by the current investigation
of TERT promoter mutations as potential biomarkers for
cancer prognosis [37].

Enhancer-altering mutations in the development
of leukaemia

In 2014, small heterozygous somatic insertions
containing TF motifs for the MYB transcription factor
were identified in tissue samples and cell lines of T-cell
acute lymphoblastic leukaemia (T-ALL) [46]. The
mutations cause the spontaneous formation of a super-
enhancer capable of binding MYB, recruiting other
important TFs and causing mono-allelic overexpression
of T-cell acute lymphocytic leukemic protein 1 (TALI)
[46]. These mutations thus drive tumorigenesis in T-ALL,
having been discovered in an attempt to account for the
mono-allelic overexpression which had been observed in
some T-ALL samples despite a lack of any translocations
at the TALI locus or TAL1 abnormalities [46, 47]. This
research is highly significant as it is the first description
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Figure 1: Enhancer-promoter looping occurs over vast distances of DNA. A. Inactive enhancer and promoter. The enhancer
for a given gene can potentially lie up to thousands of kilobases away from the promoter which it regulates. When in the inactive state, the
promoter and enhancer may not be in close proximity. B. Enhancer-promoter looping. In the active state, the enhancer and promoter form a
loop of DNA, enabling the enhancer to contact the promoter and recruit transcription factors (TFs) to the region, leading to gene expression.
The DNA loop can form even when the enhancer and promoter are located at vast distances from each other.
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Figure 2: TERT promoter mutation alters transcription factor binding and gene expression. A. Wild-type TERT promoter.
The TERT gene body is marked by a black box, with the intronic region identified by a dotted line. The wild-type DNA sequence for a
small portion of the promoter region is indicated. B. Mutant TERT promoter. The mutated TERT promoter sequence is given, featuring
a C > T mutation which creates a consensus binding motif for an ETS transcription factor. The sequence created is identical for both the
chr5:1,295,228 and chr5:1,295,250 C > T mutations identified by Huang, et al. [35]. The first 7 bases of the ELK1 (ETS family) binding
motif is shown for illustrative purposes (obtained from the Jaspar database [88]). This image indicates the way in which the mutations can
create a binding site for an ETS transcription factor, leading to transcription factor binding and increased TERT gene expression.
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of somatic driver mutations which affect enhancers
in cancer [48] and thus uncovered a mechanism in
carcinogenesis which is potentially common but yet to be
characterized [46].

While structural variation is not the focus of this
review, it is still worth noting the recent identification
of recurrent 3q rearrangements in some acute myeloid
leukaemia (AML) samples [49]. These rearrangements
result in the repositioning of an enhancer element which
causes cancer development by simultaneously activating
EVII and causing haplo-insufficiency of GATA2 in AML
[49]. As chromosomal rearrangements are a factor in
virtually all cancer types [50], this finding suggests that
the structural rearrangement of enhancer elements may be
a potentially common mechanism of cancer development.

OBSERVATIONS FROM RECENT
DISCOVERIES

The identification of the recurrent 7TERT and TAL!
mutations raises the possibility that other cis-regulatory
regions may acquire somatic mutations that contribute
to cancer by similar mechanisms. By understanding the
methodology adopted in the discovery of these mutations,
researchers are better able to investigate whether other cis-
regulatory mutations are functionally relevant in cancer
development. However, despite scientifically rigorous
analyses of WGS data from a range of cancers [6, 51, 52],
non-coding somatic mutations have yet to be identified
with such robust links to cancer development as the TERT
and TALI regulatory examples. In the following sections,
we describe the research efforts undertaken to identify
further examples of cis-regulatory somatic mutations in
cancer. We conclude by drawing together these findings
to make recommendations for future research directions.

High numbers of somatic point mutations in cis-
regulatory regions of cancer genomes

It has been established that the somatic cancer
mutation rate in DHS regions is generally lower than in
other genomic regions due to increased accessibility of
regulatory DNA by repair mechanisms [9]. Nevertheless,
recent research has indicated that there are a large number
of somatic cancer mutations in regulatory DNA. For
example, Melton et al. [52] found that after correcting
for mapping errors, across cancer types, almost 40% of
somatic mutations were within portions of the genome
annotated to be regulatory. Further, Mathelier et al. [53]
found enrichment for somatic point mutations within
TF binding sites when compared with coding exons in
a majority of B-cell lymphoma samples. While most
regulatory mutations are likely to be passengers, the shear
prevalence of somatic mutations in regulatory regions of
cancer genomes, together with the large portion of the
genome that may have regulatory function, highlights

the important pool of candidate mutations from which
cancer drivers may yet be identified. Interestingly, it is
worth noting that the same pattern of elevated rates of
somatic point mutations in regulatory regions has not
been observed with respect to indels [53], suggesting that
a different mechanism that may be at play regarding indel
accumulation, repair or selection.

Despite the high number of somatic point mutations
in regulatory regions, the impact of such mutations on
gene expression is yet to be determined genome-wide.
However, recent attempts have been made to establish
the portion of regulatory mutations which are functional
in a single genome [54]. Poulos et al. [54] used reporter
assays to screen promoter mutations in an unbiased
manner within the melanoma cell line COLO-829, finding
that almost 20% of mutations altered promoter activity
in mutant compared to wild-type sequences. The high
number of somatic cancer mutations in regulatory regions,
together with the relatively high percentage of functional
promoter mutations identified in a single genome,
highlights the urgent need to consider the role that these
mutations may have on cancer development.

Promoter mutations in other cancer-
associated genes

Many potentially important cis-regulatory mutations
have been identified proximally to cancer-associated
genes. These mutations were prioritised since they lie
in mutational hotspots [6], are recurrent [51] or are
linked with an expression change in an associated gene
[55]. Further establishing this association, in a cohort of
B-cell lymphoma samples, Mathelier et al. [53] found
that genes harbouring mutations in TF binding sites
within their promoters were significantly enriched for
genes in apoptosis and other oncogenic pathways. The
high prevalence of mutations in the regulatory regions
of genes involved in cancer-associated pathways has
been highlighted in the published literature on numerous
occasions [6, 52, 53, 55, 56]. Some of these analyses
simply noted that cancer-related genes were included
within their findings, while others performed some form of
statistical measure. However, it would be of great interest
to determine whether somatic mutations in regulatory
regions of cancer-related genes are truly enriched in cancer
genomes across multiple cancer types, and whether this is
particularly the case in either promoters or enhancers.

One explanation for the identification of many
promoter mutations in cancer-associated genes is
that these genes may be more sensitive to the effects
of point mutations in their promoters. Perhaps such
mutations result in small but important changes in
expression of these potential onco- or tumour-suppressor-
genes. As a result, the mutations may be selected for
within proliferating cancer cells and so drive cancer
development. However, the distinct mutagenic potential
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of the cis-regulatory regions of cancer-associated genes is
yet to be determined.

Recurrent mutations are often not associated
with gene expression change

While a number of genes have been found to
harbour recurrent mutations, many, including cancer-
associated genes, do not have clear links with expression
change [6, 51, 52]. Even in cases where increased
somatic mutation accumulation in a regulatory region
has been correlated with a change in expression of
the associated gene, causation has been difficult to
establish [56]. As an example of this issue, Fredriksson
et al. [51] used WGS data from 14 different cancers to
identify mutations within 500 bp of a TSS that were
recurrent in at least 5 tumours, but which existed in
a = 5 kb region of low overall mutation density. Two
genes found to have nearby mutations are PLEKHS! and
DPH3. PLEKHS1 harbours two mutations close to its
TSS (chr10:115,511,590 and chr10:115,511,593, both
predominantly C > T [6]), while the region surrounding
the DPH3-proximal mutations (most recurrent at
chr3:16,306,505 C > T) had the lowest background
mutation rate of all the recurrent mutations identified
[51]. Despite strong selection criteria being applied, and
the recurrence of the mutations identified, PLEKHSI was
not over- or under- expressed in mutant samples when
compared to wild-type [51]. Regarding DPH3, the gene
appeared to be more highly expressed in DPH3 promoter
mutants than wild-type samples in a small cohort
(n = 38) of melanomas, but no difference in expression
was observed when a larger cohort (n = 173) was
interrogated [51]. This finding is unexpected, particularly
considering the similarities that exist between the TERT
promoter mutations and the DPH3-proximal mutations:
DPH3 is a candidate cancer-associated gene (a potential
tumour-suppressor); the mutations are recurrent in
melanomas (13%); and the mutations alter a predicted
ETS TF binding site [51]. With such features, it would
otherwise be expected that the DPH3-proximal mutations
would be prime candidates to be a potential driver in
cancer development. However, the lack of association
with expression changes suggests that a more complex
interaction may be at play.

Fredriksson et al. [51] suggested a number
of alternate hypotheses to account for the lack of
correlation between the recurrent DPH3-proximal
mutations and expression. These hypotheses should
also be considered when assessing other cis-regulatory
mutations. For example, temporal patterns in expression
may alter during cell-cycle progression or under specific
conditions, such as at times of cellular stress. As such,
a mutation may only become relevant under certain
conditions. Alternatively, a mutation may co-operate

with other mutations in the genome, in a similar way
to SNP interactions in germline DNA. In fact, both
the DPH3-proximal mutations and the TERT promoter
mutations significantly co-occur with NF/ and BRAF
mutations, respectively [51]. Compound or cell-cycle-
specific gene expression effects from somatic cancer
driver mutations in cis-regulatory regions are yet to be
established. However, if these hypotheses are correct,
the effects of any mutation on gene expression could
be subtle and not readily measured in heterogeneous
tissues. Importantly, this would limit the effectiveness
of non-specific genome-wide gene expression analysis —
a common tool used today from databases such as The
Cancer Genome Atlas (TCGA) or the International
Cancer Genome Consortium (ICGC) [57]. These
suggestions are supported by the results of a survey
of somatic promoter mutations in the genome of the
melanoma cell line COLO-829 [54]. This study found
a mutation in the promoter of NDUFB9 which was
responsible for decreased promoter activity in reporter
assays [54]. The mutation was recurrent in other
melanoma genomes and significantly co-occurred with
coding NFI mutations, but a corresponding association
with altered gene expression was not apparent in mutant
samples from a TCGA cohort [54].

In addition to biological explanations, samples
size and statistical power remain limiting factors when
performing large-scale analyses of regulatory mutations
in cancer [6, 51, 52]. When mutations are present
at low frequency or in only a single cancer type, the
mutant sample sizes available for expression analyses
make robust conclusions difficult to reach. This is
further compounded by the need to perform extensive
corrections for multiple testing when determining
genome-wide expression correlations, requiring that
the strength of associations between mutation and
expression change be highly significant. This issue may
be partially overcome as sample sizes increase and new
statistical methods are developed to analyse such data.

An alternative interpretation of the data however,
is that recurrence alone may not be a good discriminator
between functional and silent mutations in the non-
coding genome. Instead, mutation recurrence within
the non-coding genome may more often implicate bases
that are particularly prone to mutagenesis than it does
cancer driver mutations. This could particularly be the
case in cis-regulatory regions, as TF binding may induce
mutagenesis and prevent DNA repair [58, 59], and could
account for mutations which are recurrent in the absence
of functional consequence. The interaction between TF
binding, DNA repair and somatic mutation accumulation
is yet to be fully elucidated, but this consideration
highlights the need to functionally validate the role
in cancer development of any recurrent mutations
identified.
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RECOMMENDED STRATEGIES FOR
IDENTIFYING FUNCTIONAL CIS-
REGULATORY MUTATIONS

The need to develop a research pipeline with
appropriate experimental validation

Research into the functional impact of somatic
cis-regulatory mutations in cancer is still in its infancy,
with only a handful of studies performed to date, for
examples see [6, 51-54, 56, 60]. However, it has already
become apparent that when different criteria are applied
to prioritise candidate mutations for further analysis from
a somewhat common pool, different sets of mutations can
be highlighted [6, 52]. This can be partly attributed to
differences in the samples used for analyses, with many
WGS sample sizes from a single cancer type still being
less than ideal. However, in many cases, different window
sizes have been used in order to determine regulatory
regions that are recurrently mutated. For example,
some criteria that have been used to determine regional
recurrence include mutations within 50 bp of each other
[6] or mutations within windows of 10 bp [52], 100 bp
[51] or up to 1 kb [53]. Additionally, Smith et al. [56]
developed a computational method known as SASE-
hunter to study signatures of accelerated somatic evolution
(SASE). This method was particularly applied to study
SASE within a 6 kb region (-5 kb to +1 kb of the TSS)
to identify promoter regions with more mutations than
expected by chance alone [56]. Consideration of regional
recurrence in addition to base-pair recurrence is highly
important, but this variation in the size of the regions
focused upon in analysis demonstrates the need for the
development and validation of a research pipeline which
can accurately identify biologically relevant clusters of
cancer driver mutations from among the vast background
of passenger mutations in the non-coding cancer genome.

Such a research pipeline will undoubtedly involve
experimental validation in a relevant in vivo biological
context to distinguish between functional and silent
cis-regulatory somatic mutations. This experimental
validation could take on a variety of forms. For example,
both of the landmark studies of TERT promoter mutations
in melanoma [23, 35] used luciferase reporter assays
to show increased activity of mutant over wild-type
sequences. Additionally, the TALI [46] and GATA2/
EVII [49] enhancer studies both utilised CRISPR/Cas
genome editing technology [61] to show that the enhancer
alterations were causative of the gene expression changes
they identified. Notably also, allele-specific expression
analyses utilising RNA-seq (Figure 3) or pyrosequencing
[62] can be further used to demonstrate the pathogenic
role of a somatic cis-regulatory mutation in vivo. This type
of analysis can take on a variety of forms, with RNA-seq
data having been used recently in a study of colorectal
cancers [63]. This study investigated the allelic ratios

between samples in heterozygous locations, in order to
identify genes with somatic alterations in their regulatory
regions [63].

More recent work in the field has utilised genome-
wide RNA-seq data from TCGA database rather than
site-specific experimental validation to determine gene
expression changes. Experimental analysis in the form
of reporter assays has been used in a limited number
of circumstances [52, 54, 55], but many studies have
taken purely bioinformatic approaches. While these
computational analyses were scientifically rigorous
and TCGA transcriptomic data is a useful resource, as
discussed previously, it is yet to be established whether
analyses of heterogeneous whole-tumour data alone
are sufficient to uncover truly functional cis-regulatory
somatic mutations with potentially subtle impacts on
gene expression, in the absence of targeted experimental
work. This fact is particularly notable with regard to the
recurrent mutations proximal to PLEKHSI that were
discussed previously. These mutations were separately
identified in two independent studies [6, 51] but, despite
both using TCGA bladder cancer gene expression data,
Fredriksson et al. [51] concluded no change in expression
between wild-type and mutant groups, while Weinhold
et al. [6] found a significant decrease in expression in
mutant samples when compared to wild-type. It remains
to be seen whether any expression change (or lack thereof)
will persist in experimental scenarios for the PLEKHS1-
proximal mutations. A validated research pipeline,
once developed, will indicate the most appropriate
type of experimental analysis that ought to accompany
bioinformatic predictions of functional cis-regulatory
mutations.

Transcription factor motif alteration and gene
expression changes

The TERT promoter mutations create motifs for
ETS TF binding, and so it was hypothesised that increased
binding of ETS factors in the mutated promoter led to
increased TERT expression and cellular immortalization
[35] (Figure 2). Subsequent studies have adopted slightly
different methodologies and criteria in their research,
but two studies used gene expression data to specifically
investigate somatic mutations that alter ETS factor
motifs [6, 51]. This method of analysis interestingly led
to the identification of a potential link between the TERT
promoter and control of CLPTM1L gene expression [51].
A systematic analysis of the mutations that alter other
important TF motifs, in addition to ETS, may identify
further promising candidate cancer driver mutations
and associations worthy of investigation [6]. In fact,
subsequent analyses of mutations in other TF motifs has
led to the finding that CTCF/cohesion [19] and CEBP
[52] binding sites are significantly mutated — both with
potential links to tumorigenesis. Interestingly, such
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Figure 3: Analysis of allele-specific gene expression from DNA- and RNA-sequencing data. A. DNA and whole-genome
sequencing data. An example of a promoter mutation (red vertical bar) identified by whole-genome sequencing. This mutation is heterozygous
and is in cis (i.e. on the same allele: allele B) with an informative SNP (vertical orange bar) within exon 1 of the gene. This is determined
by the presence of both variants on single DNA molecules (indicated by arrows) from the whole-genome sequencing reads (grey bars,
lower panel). B. RNA and RNA-sequencing data. Figure shows detection of the same informative SNP in transcribed molecules using
RNA-sequencing. The relative expression of the two alleles is determined by comparing the number of sequenced molecules containing
this variable SNP (grey bars, lower panel). This in turn infers the potential impact of the promoter mutation on gene expression. In this case,
the promoter mutation appears to be associated with activation of the expression of this allele.

analyses of other TF motifs, has also noted that some
specific bases in a given motif are more often mutated,
suggesting a potential underlying selective pressure on
such mutations [52].

In all analyses of mutations in TF motifs however,
TF motif redundancy ought to be considered. TF motif
redundancy is a phenomenon which describes the
many regulatory regions that contain a multitude of
compensatory TF binding motifs [64]. Some regulatory
mutations that remove TF motifs may not alter gene
expression because compensatory binding elsewhere in
the promoter region negates the effects of the altered TF
motif, as illustrated in Figure 4. In addition, regulatory
region redundancy may also be at play, whereby a gene is
regulated by a number of different cis-regulatory regions.
Melton, ef al. [52] suggest that while this may increase
the opportunity for regulatory somatic mutations that
impact on the expression of a given gene to be acquired, it
could also have the result of protecting against the effects

of mutation. Therefore, while a mutation may still be
pathogenic, TF and regulatory region redundancy ought to
be considered, especially when designating functionality
to a mutation in the absence of experimental validation.

Identification of the genes associated with
enhancer elements

Expression changes linked with TF alterations
caused by somatic mutations can only be analysed in detail
if the putative cis-regulatory region in which the mutation
lies is able to be linked to an associated gene. This is a
relatively simple process for promoter regions which
are generally located upstream and in close proximity
to the genes they regulate [15]. However, difficulties
arise when enhancers are the target of analyses, as these
regions engage with genes over vast distances [65]
(Figure 1). Enhancer elements have been traditionally
linked to genes by proximity, typically using the Genomic
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Figure 4: Transcription factor redundancy can impact on the functional effect of some mutations. A. Wild-type promoter,
with transcription factor redundancy.The wild-type promoter region depicted in this image has two GGAA motifs which can be recognised
by the illustrated transcription factor. Only one motif is being utilised by the wild-type promoter, and the gene is being expressed. B. Mutant
promoter, with transcription factor redundancy allowing for compensatory binding. A G > A somatic mutation means that the mutant
promoter region has lost one GGAA motif. However, in this simplified scenario, the illustrated transcription factor will bind instead to the
GGAA motifthat was previously redundant in the wild-type promoter, meaning that gene expression does not change in the associated gene.

Regions Enrichment of Annotations Tool (GREAT) [66].
More recently however, studies have been increasingly
adopting FANTOMS — a data atlas containing mappings
of enhancer-gene associations across the genome
based on cap analysis of gene expression (CAGE) data
correlations with putative target gene TSSs [67]. While
the application of FANTOMS data has allowed for more
accurate designations of enhancer-gene associations, the
atlas is not exhaustive for all enhancers genome-wide,
nor for all cell-types available for study. It is due to these
reasons perhaps, that there have not yet been large scale
studies of somatic mutations from WGS data that occur
specifically within enhancer regions of cancer genomes.
In fact, to our knowledge, only a handful of somatic point
mutations in enhancer regions have been experimentally
linked to changes in gene expression, and potentially
cancer development [52, 55, 60].

In cases where there is no FANTOMS data available
for a putative enhancer region, various experimental
techniques are available to associate it with a genic region
of the genome. These techniques involve chromosome
conformation capture-based technologies such as
Chromatin Interaction Analysis by Paired-End Tag (ChIA-
PET) sequencing [68], Chromosome Capture Conformation

(3C) [69], Circular Chromosome Conformation Capture
(4C) [70], Carbon-Copy Chromosome Conformation
Capture (5C) [71] and Hi-C [72]. These methods allow
for the study of the spatial organization of genomic DNA
by fixing chromatin interactions and sequencing ligation
products to identify associations between distant parts of
the genome [73]. In fact, 4C was used to identify the effects
of the oncogenic EVI1/GATA2 enhancer rearrangement in
AML [49].

Researchers may also need to use experimental
techniques, such as chromatin conformation capture,
ChIP-seq or DNase-seq, when they aim to determine
sample-specific or somatically-created enhancer-gene
associations. A potential approach that can be used to
identify functional somatic mutations that create novel
cis-regulatory regions is to make use of this sample-
specific data to identify potential regulatory regions unique
to specific cancer samples, and then seek to identify
somatic variants within these regions. For example,
Mansour et al. [46] used sample-specific data to identify
the somatic 74L 1 enhancer alteration, as it did not fall into
an enhancer region previously described in CD34 cells.
As shown in Figure 5A, only by using sample-specific
DNase-seq data from a cell line possessing the mutation
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(for example, Jurkat) could the DHS region created by
the enhancer be identified. In fact, sequencing reads from
DNase-seq can, in the absence of WGS, be used to identify
somatic mutations uniquely present in DHS regions.
Using the TALI enhancer in Jurkat cells as an example,
this concept is illustrated in Figure 5B, whereby clipped
DNase-seq reads corresponding to the insertion mutation
can be found within the enhancer.

Increasing data availability in analyses

Recent analyses have been performed on combined
WGS data from many different cancer types (for
example, 26 cancers [6], 14 cancers [51], 12 cancers
[56] and 8 cancers [52]). However, no single cancer
yet has enough individual samples with WGS to allow
for the identification of non-coding mutations at low
frequency in only a single cancer type [6]. In fact, many
recent analyses have cited a need for more sequencing
or matched expression data in order to draw firmer
conclusions or identify mutations present at lower
frequencies [6, 51, 52, 56]. It is worth noting that
many sample sizes can be increased by the inclusion
of whole-exome sequencing (WXS) data, which can
often extend past the intended capture region [74] or
span the intergenic space between adjacent genes and
unintentionally overlap promoters (Figure 6). WXS data
is therefore, a potential source of information that can be
used to boost the statistical power of analyses of somatic
promoter mutations while awaiting the WGS of further
cancer samples. WXS data has already been used to some
extent to establish the recurrence of certain promoter
mutations [6, 51, 54], but to the best of our knowledge,
there has been no large-scale application in non-coding
genome research.

However, increases in data availability will
inevitably also lead to increasing complexity. As the pool
of potential candidate driver mutations identified from
cancer WGS datasets increases, better bioinformatic
screening will be required to determine those mutations
which ought to be segregated for targeted experimental
analysis. This highlights the importance of accounting for
mutational heterogeneity (using such models as MutSigCV
[75]) and false positive mutation calls arising due to
mapping errors [52]. Without such analyses, candidate
recurrent somatic mutations may be spuriously identified
if they simply fall into mutagenic hotspots or regions for
which the mapping of reads is difficult.

Further, if recurrence continues to be adopted as a
key indicator of potential driver mutations, cases must be
considered where a given gene is regulated by a number
of cis-regulatory regions located in different areas of the
genome. Each region may potentially harbour only a small
number of somatic mutations that wouldn’t be identified
by simple statistical analyses. However, the mutations may
be arranged in such a way that the associated gene will

be influenced by a statistically significant number of cis-
regulatory mutations across samples. Alternatively, it may
also be possible for a large genomic window to harbour a
complex pattern of mutations within a single sample, but
not be detected due to the decreased statistical power of
analyses of such large regions [51]. Therefore, analyses
performed on large datasets may potentially miss genes
with such mutational patterns, or a significant number of
mutations in their cis-regulatory regions, if the biological
function and interaction of these regions is not considered.

Strategies to improve targeting of cis-regulatory
regions and mutations

Additional criteria may help researchers to
determine the best candidates for experimental analyses.
For example, with many oncogenes and tumour suppressor
genes regulated by strong enhancers, it is worth noting
that strong enhancers are more sensitive to alterations that
decrease the activity of their transcriptional regulators
[48]. With this in mind, perhaps research focus could be
particularly drawn to super-enhancers and other strong
enhancers in the cancer genome to allow for more effective
targeting of potential candidate mutations [48]. Strong
enhancers such as super-enhancers can be identified by the
presence of particularly high levels of binding by Mediator
(Medl) [76].

For further improved targeting, analysis of
mutations falling into ultra-sensitive regions [77] may
elucidate the most deleterious mutations. Additionally,
on the assumption that highly conserved bases will be the
most sensitive to mutations, human population-variation
data could be used to better target specific bases, rather
than cross-species conservation [77], as many regions that
are conserved in a variety of mammals are not active in
humans [78].

Finally, it is worth considering the interaction
between somatic mutations in regulatory regions of genes
whose protein-coding exons are often mutated in cancer.
As previously discussed, co-occurrence of coding and
regulatory mutations [51, 54] may lead to previously
unknown cancer mechanisms. It is possible that exonic
and promoter mutations may form complementary
mechanisms by which expression is altered in cancer.
Mathelier ef al. [53] has suggested this with reference to
1D3, a gene with TF binding site mutations and recurrent
coding mutations in Burkitt lymphoma. Hence, promoter
or enhancer mutations in the regulatory regions of genes
that are often mutated in a given cancer type may provide
a good filtering mechanism for candidate driver somatic
mutations.

AVAILABLE WEB SERVERS

For researchers less familiar with, or with less
access to, genome-wide cancer datasets, a number of
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Figure 5: Gain of TAL1 enhancer mutation, along with DNase-seq data and sequencing reads. A. DNase-seq data around
TALI-STIL locus. DNase-seq data (obtained from the ENCODE database [89]) is shown for a number of cell-types, indicating that the
gain of an enhancer is unique to Jurkat cells. All tracks are fixed at 200 read coverage. The Jurkat aligned reads that correspond show a
number of mismatches at the insertion site. B. Visualisation of soft-clipping reads. Soft-clipping DNase-seq reads from the Jurkat cell line
(visualisation taken from the Integrative Genomics Viewer). Thorvaldsdottir H, Robinson JT, Mesirov JP. Integrative Genomics Viewer
(IGV): high-performance genomics data visualization and exploration. Brief Bioinform. 2013; 14: 178-192. Robinson JT, Thorvaldsdottir
H, Winckler W, Guttman M, Lander ES, Getz G, Mesirov JP. Integrative genomics viewer. Nat Biotechnol. 2011; 29: 24-26. show a clear
presence of reads corresponding with the insert. This demonstrates the way in which cis-regulatory variants can be identified from DNase-

seq data alone.
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Figure 6: Read coverage for a sample gene using whole-exome sequencing (WXS) data, showing that sequencing can
extend into intronic and promoter regions. This figure depicts the read coverage of a WXS TCGA skin cutaneous melanoma sample
(example used: TCGA-DA-A960) obtained from TCGA database. The region selected surrounds the RPS27 gene, in which a recurrent
5" UTR mutation was recently discovered in melanoma through the use of WXS data [90]. The approximate promoter (indicated by a DHS
region) is shown using DNase-seq peak data from the COLO-829 malignant melanoma cell line, obtained from the ENCODE database
[89]. Visualisation of all tracks is taken from the Integrative Genomics Viewer. Thorvaldsdottir H, Robinson JT, Mesirov JP. Integrative
Genomics Viewer (IGV): high-performance genomics data visualization and exploration. Brief Bioinform. 2013; 14: 178—192. Robinson
JT, Thorvaldsdottir H, Winckler W, Guttman M, Lander ES, Getz G, Mesirov JP. Integrative genomics viewer. Nat Biotechnol. 2011;
29: 24-26.
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web servers exist [55, 79-83] that provide annotations
of putative cis-regulatory variations (see Table 2). These
tools can allow researchers to identify the mutations in a
dataset that are the most likely to be functional. A number
of these tools provide scorings of each mutation or
variant analysed, allowing researchers to better prioritise
candidate mutations. Of note, the FunSeq2 server
additionally incorporates network analysis to connect
non-coding variants into protein-protein, regulatory and
phosphorylation networks, providing a measurement that
indicates the likelihood of a variant being deleterious
[79]. Additionally, while the OncoCis web server [55]
does not score mutations, it is specifically designed for the
annotation of somatic cancer mutations in cis-regulatory
regions. It utilises cell-type-specific histone marks to
identify mutations in putative promoters and enhancers.

The need to account for tissue specificity when identifying
and characterizing cis-regulatory regions is becoming
increasingly evident [53, 55, 77, 84] as mutations may
be deleterious only in certain tissues [77] and many cis-
regulatory regions are not ubiquitously involved in gene
expression across tissue types [67]. This tool thus helps to
identify the somatic mutations in a dataset that are most
likely to be functional in a relevant cell-type.

CONCLUDING REMARKS

No cis-regulatory somatic mutations have yet
been identified in recent studies that have such strong
associations with altered gene expression and cancer
development as the regulatory mutations impacting 7TERT
and TAL1. Perhaps this is because somatic cis-regulatory

Table 2: Tools available for analysis of the functional role of non-coding variants and somatic

mutations
Tools Description® Web link
Combined Annotation-Dependent
Depletion (CADD) integrates a
number of annotations to provide
a C score which represents the
CADD [83] likelihood of deleteriousness of'a http://cadd.gs.washington.edu/

single nucleotide variant or small
indel. CADD can be used for both
somatic and germline variants, in
coding and non-coding regions of
the genome.

FATHMM-MKL [82]

FATHMM-MKL is a machine
learning approach that uses a variety
of predictive measures such as
conservation, histone modification,
transcription factor binding and

GC content. It can be applied in

the analysis of both somatic and
germline variants in coding and non-
coding regions of the genome.

http://fathmm.biocompute.org.uk/
fathmmMKL.htm

FunSeq? [79]

FunSeq? is an analysis pipeline
which provides a weighted scoring
system based on conservation,
transcription factor binding gain- or
loss-of-function events, recurrence,
enhancer-gene associations and
network centrality. FunSeq2 has
application for both somatic and
germline non-coding variants.

http://funseq2.gersteinlab.org/

(Continued)
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Tools

Description” Web link

GWAVA [81]

Genome-Wide Annotation of
Variants (GWAVA) is a tool
which prioritises analysis of non-
coding variants, and is designed
to be applied for both germline
and somatic variants. It uses

a variety of both genomic and
epigenomic annotation methods to
provide a GWAVA score allowing
identification of likely functional
variants.

StatGen Gwava

OncoCis [55]

OncoCis is a webserver which
allows researchers to identify cis-
regulatory somatic mutations by
using conservation, transcription
factor binding and cell-type-specific
genome and epigenome datasets.
The tool is designed for use with
non-coding somatic mutations from
cancer datasets and can incorporate
matched expression data.

RegulomeDB [80]

RegulomeDB scores regulatory
variants to prioritise those variants
that have functional consequences.
The tool applies such data as eQTL,
ChIP-seq, DNase-seq and TF motifs.
It is targeted at the annotation of
germline variants but can be used in
analysis of somatic mutations. It is
designed for use in annotating non-

https://www.sanger.ac.uk/sanger/

https://powcs.med.unsw.edu.au/OncoCis/

http://regulomedb.org/

coding variants.

*See reference or web link provided for a fuller description of each of the tools listed.

mutations play only a minor role in cancer development,
with the TERT promoter mutations being exceptional
in their recurrence both within and across cancer types.
However, with increasing evidence that germline variants
play a driver role in cancer risk, this conclusion seems
unlikely. It is our opinion that it is more probable that
other cis-regulatory mutations exist at lower prevalence,
or in only one cancer type, and simply have not yet
been identified. Thousands of WGS samples will likely
be required to accurately identify driver mutations that
are present at low frequencies among the background
of passenger mutations in the cancer genome [85]. For
this reason, further analysis will be required in order to
uncover the true role of cis-regulatory somatic mutations
in cancer development.

This research is vital, as cancer driver mutations
in cis-regulatory regions may potentially serve as
biomarkers or drug targets [37, 86]. For example, drugs
targeting enhancer regions can be used in therapy in cases

where cancer is driven by aberrant enhancer regulation
[49]. In fact, tumour-specific super-enhancers are
preferentially targeted by drugs that act on components
of the transcriptional complex [46], and this area
will potentially produce breakthrough results. Other
targets include the TFs that are recruited to the mutated
cis-regulatory regions of important cancer driver genes,
which may provide a means of halting cancer progression
[87]. Thus, research into cis-regulatory somatic cancer
mutations may produce potentially fruitful therapeutic
targets. It is our hope that the recommendations made in
this review for future research direction will help in this
endeavour.

ACKNOWLEDGMENTS

This work was supported by Cancer Institute
NSW (13/DATA/1-02) and the Cure Cancer Foundation

www.impactjournals.com/oncotarget

32521

Oncotarget



Australia, with the assistance of Cancer Australia, through
the Priority-driven Collaborative Cancer Research
Scheme (1057921) to J.W.H.W. R.C.P is supported by an
Australian Postgraduate Award, and J.W.H.W is supported
by an Australian Research Council Future Fellowship
(FT130100096). M.S is supported by Cancer Council
NSW (RG 13-07) and Cancer Australia.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

REFERENCES

10.

11.

12.

. Boveri T. Zur Frage der Entstehung maligner Tumoren.

Science. 1914; 40:857—-859.

Vogelstein B, Papadopoulos N, Velculescu VE, Zhou S,
Diaz LA Jr, Kinzler KW. Cancer genome landscapes.
Science. 2013; 339:1546—1558.

van Dijk EL, Auger H, Jaszczyszyn Y, Thermes C.
Ten years of next-generation sequencing technology.
Trends Genet: TIG. 2014; 30:418-426.

The ENCODE Project Consortium. An integrated ency-
clopedia of DNA elements in the human genome. Nature.
2012; 489:57-74.

Mathelier A, Shi W, Wasserman WW. Identification of
altered cis-regulatory elements in human disease. Trends
Genet: TIG. 2015; 31:67-76.

Weinhold N, Jacobsen A, Schultz N, Sander C, Lee W.
Genome-wide analysis of noncoding regulatory mutations
in cancer. Nat Genet. 2014; 46:1160-1165.

Zheng CL, Wang NJ, Chung J, Moslehi H, Sanborn JZ,
Hur JS, Collisson EA, Vemula SS, Naujokas A, Chiotti KE,
Cheng JB, Fassihi H, Blumberg AJ, et al. Transcription
restores DNA repair to heterochromatin, determining
regional mutation rates in cancer genomes. Cell Rep. 2014;
9:1228-1234.

Supek F, Lehner B. Differential DNA mismatch repair
underlies mutation rate variation across the human genome.
Nature. 2015; 521:81-84.

Polak P, Lawrence MS, Haugen E, Stoletzki N,
Stojanov P, Thurman RE, Garraway LA, Mirkin S, Getz G,
Stamatoyannopoulos JA, Sunyaev SR. Reduced local muta-
tion density in regulatory DNA of cancer genomes is linked
to DNA repair. Nat Biotechnol. 2014; 32:71-75.

Schuster-Bockler B, Lehner B. Chromatin organization is a
major influence on regional mutation rates in human cancer
cells. Nature. 2012; 488:504-507.

Kornberg RD. Chromatin structure: a repeating unit of his-
tones and DNA. Science. 1974; 184:868-871.

Kornberg RD, Lorch Y. Twenty-five years of the nucleo-

some, fundamental particle of the eukaryote chromosome.
Cell. 1999; 98:285-294.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Voss TC, Hager GL. Dynamic regulation of transcriptional
states by chromatin and transcription factors. Nat Rev
Genet. 2014; 15:69-81.

Felsenfeld G, Boyes J, Chung J, Clark D, Studitsky V.
Chromatin structure and gene expression. Proc Natl Acad
Sci U S A. 1996; 93:9384-9388.

Maston GA, Evans SK, Green MR. Transcriptional regula-
tory elements in the human genome. Annu Rev Genomics
Hum Genet. 2006; 7:29-59.

Rada-Iglesias A, Bajpai R, Swigut T, Brugmann SA,
Flynn RA, Wysocka J. A unique chromatin signature
uncovers early developmental enhancers in humans. Nature.
2011; 470:279-283.

Arnold CD, Gerlach D, Stelzer C, Boryn LM, Rath M,
Stark A. Genome-wide quantitative enhancer activity maps
identified by STARR-seq. Science. 2013; 339:1074-1077.

Peters AH, Mermoud JE, O’Carroll D, Pagani M,
Schweizer D, Brockdorff N, Jenuwein T. Histone H3 lysine
9 methylation is an epigenetic imprint of facultative hetero-
chromatin. Nat Genet. 2002; 30:77-80.

Katainen R, Dave K, Pitkanen E, Palin K. CTCF/
cohesin-binding sites are frequently mutated in cancer. Nat
Genet. 2015; 47:818-821.

Rhee HS, Pugh BF. ChIP-exo method for identifying
genomic location of DNA-binding proteins with near-
single-nucleotide accuracy. Curr Protoc Mol Bio. Frederick
M Ausubel, et al. 2012; . Chapter 21: Unit 21.24.

Sur I, Tuupanen S, Whitington T, Aaltonen LA, Taipale J.
Lessons from functional analysis of genome-wide associa-
tion studies. Cancer Res. 2013; 73:4180-4184.

Schodel J, Bardella C, Sciesielski LK, Brown JM,
Pugh CW, Buckle V, Tomlinson IP, Ratcliffe PJ, Mole DR.
Common genetic variants at the 11q13.3 renal cancer sus-
ceptibility locus influence binding of HIF to an enhancer of
cyclin D1 expression. Nat Genet. 2012; 44:420-S422.
Horn S, Figl A, Rachakonda PS, Fischer C, Sucker A,
Gast A, Kadel S, Moll I, Nagore E, Hemminki K,
Schadendorf D, Kumar R. TERT promoter mutations
in familial and sporadic melanoma. Science. 2013;
339:959-961.

Lubbe SJ, Pittman AM, Olver B, Lloyd A, Vijayakrishnan J,
Naranjo S, Dobbins S, Broderick P, Gomez-Skarmeta JL,
Houlston RS. The 14q22.2 colorectal cancer variant
rs4444235 shows cis-acting regulation of BMP4. Oncogene.
2012; 31:3777-3784.

Chang BL, Cramer SD, Wiklund F, Isaacs SD, Stevens VL,
Sun J, Smith S, Pruett K, Romero LM, Wiley KE, Kim ST,
Zhu Y, Zhang Z, et al. Fine mapping association study and
functional analysis implicate a SNP in MSMB at 10q11 as
a causal variant for prostate cancer risk. Hum Mol Genet.
2009; 18:1368-1375.

Cowper-Sal-lari R, Zhang X, Wright JB, Bailey SD,
Cole MD, Eeckhoute J, Moore JH, Lupien M. Breast can-
cer risk-associated SNPs modulate the affinity of chromatin

WWw

.impactjournals.com/oncotarget

32522

Oncotarget



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

for FOXA1 and alter gene expression. Nat Genet. 2012;
44:1191-1198.

Jendrzejewski J, He H, Radomska HS, Li W, Tomsic J,
Liyanarachchi S, Davuluri RV, Nagy R A. The polymor-
phism rs944289 predisposes to papillary thyroid carci-
noma through a large intergenic noncoding RNA gene of
tumor suppressor type. Proc Natl Acad Sci U S A. 2012;
109:8646-8651.

Bond GL, Hu W, Bond EE, Robins H, Lutzker SG,
Arva NC, Bargonetti J, Bartel F, Taubert H, Wuerl P,
Onel K, Yip L, Hwang SJ, et al. A single nucleotide poly-
morphism in the MDM2 promoter attenuates the p53 tumor
suppressor pathway and accelerates tumor formation in
humans. Cell. 2004; 119:591-602.

Lewis A, Freeman-Mills L, de la Calle-Mustienes E,
Giraldez-Perez RM, Davis H, Jaeger E, Becker M,
Hubner NC, Nguyen LN, Zeron-Medina J, Bond G,
Stunnenberg HG, Carvajal JJ, et al. A polymorphic
enhancer near GREMI influences bowel cancer risk
through differential CDX2 and TCF7L2 binding. Cell Rep.
2014; 8:983-990.

Zeron-Medina J, Wang X, Repapi E, Campbell MR,
Su D, Castro-Giner F, Davies B, Peterse EF, Sacilotto N,
Walker GJ, Terzian T, Tomlinson IP, Box NF, et al. A poly-
morphic p53 response element in KIT ligand influences
cancer risk and has undergone natural selection. Cell. 2013;
155:410-422.

Liu G, Gramling S, Munoz D, Cheng D, Azad AK,
Mirshams M, Chen Z, Xu W, Roberts H, Shepherd FA,
Tsao MS, Reisman D. Two novel BRM insertion promoter
sequence variants are associated with loss of BRM expres-
sion and lung cancer risk. Oncogene. 2011; 30:3295-3304.
Tomlinson I, Webb E, Carvajal-Carmona L, Broderick P,
Kemp Z, Spain S, Penegar S, Chandler I, Gorman M,
Wood W, Barclay E, Lubbe S, Martin L, et al. A genome-
wide association scan of tag SNPs identifies a susceptibility
variant for colorectal cancer at 8q24.21. Nat Genet. 2007,
39:984-988.

Hitchins MP, Rapkins RW, Kwok CT, Srivastava S,
Wong JJ, Khachigian LM, Polly P, Goldblatt J, Ward RL.
Dominantly inherited constitutional epigenetic silencing
of MLH1 in a cancer-affected family is linked to a single
nucleotide variant within the 5S’'UTR. Cancer cell. 2011;
20:200-213.

Hesson LB, Packham D, Kwok CT, Nunez AC, Ng B,
Schmidt C, Fields M, Wong JW, Sloane MA, Ward RL.
Lynch Syndrome Associated with Two MLH1 Promoter
Variants and Allelic Imbalance of MLH1 Expression. Hum
Mutat. 2015; 36:622—630.

Huang FW, Hodis E, Xu MJ, Kryukov GV, Chin L,
Garraway LA. Highly recurrent TERT promoter mutations
in human melanoma. Science. 2013; 339:957-959.

Bell RJA, Rube HT, Kreig A, Mancini A, Fouse SD,
Nagarajan RP, Choi S, Hong C, He D, Pekmezci M,

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Wiencke JK, Wrensch MR, Chang SM, et al. The transcrip-
tion factor GABP selectively binds and activates the mutant
TERT promoter in cancer. Science. 2015; 348:1036—1039.

Vinagre J, Pinto V, Celestino R, Reis M, Populo H,
Boaventura P, Melo M, Catarino T, Lima J, Lopes JM,
Maximo V, Sobrinho-Simoes M, Soares P. Telomerase
promoter mutations in cancer: an emerging molecular bio-
marker? Virchows Arch. 2014; 465:119-133.

Hahn WC, Meyerson M. Telomerase activation, cellular
immortalization and cancer. Ann Med. 2001; 33:123-129.
Liu X, Bishop J, Shan Y, Pai S, Liu D, Murugan AK,
Sun H, El-Naggar AK, Xing M. Highly prevalent TERT
promoter mutations in aggressive thyroid cancers. Endocr
Relat Cancer. 2013; 20:603-610.

Liu X, Wu G, Shan Y, Hartmann C, von Deimling A,
Xing M. Highly prevalent TERT promoter mutations
in bladder cancer and glioblastoma. Cell Cycle. 2013;
12:1637-1638.

Griewank KG, Murali R, Schilling B, Scholz S, Sucker A,
Song M, Siisskind D, Grabellus F, Zimmer L, Hillen U,
Steuhl KP, Schadendorf D, Westekemper H, et al. TERT
promoter mutations in ocular melanoma distinguish
between conjunctival and uveal tumours. Br J Cancer. 2013;
109:497-501.

Griewank KG, Murali R, Schilling B, Schimming T,
Moller I, Moll I, Schwamborn M, Sucker A, Zimmer L,
Schadendorf D, Hillen U. TERT promoter mutations are
frequent in cutaneous basal cell carcinoma and squamous
cell carcinoma. PLoS One. 2013; 8:e80354.

Wu RC, Ayhan A, Maeda D, Kim KR, Clarke BA, Shaw
P, Chui MH, Rosen B, Shih le M, Wang TL. Frequent
somatic mutations of the telomerase reverse transcriptase
promoter in ovarian clear cell carcinoma but not in other
major types of gynaecological malignancy. J Pathol. 2014;
232:473-481.

Chen YL, Jeng YM, Chang CN, Lee HJ, Hsu HC, Lai PL,
Yuan RH. TERT promoter mutation in resectable hepa-
tocellular carcinomas: a strong association with hepatitis
C infection and absence of hepatitis B infection. Int J Surg
(London, England). 2014; 12:659-665.

Vinagre J, Almeida A, Populo H, Batista R, Lyra J, Pinto V,
Coelho R, Celestino R, Prazeres H, Lima L, Melo M,
da Rocha AG, Preto A, et al. Frequency of TERT promoter
mutations in human cancers. Nat Commun. 2013; 4:2185.

Mansour MR, Abraham BJ, Anders L, Berezovskaya A,
Gutierrez A, Durbin AD, Etchin J, Lawton L, Sallan SE,
Silverman LB, Loh ML, Hunger SP, Sanda T, et al.
Oncogene regulation.An oncogenic super-enhancer formed
through somatic mutation of a noncoding intergenic ele-
ment. Science. 2014; 346:1373-1377.

Ferrando AA, Herblot S, Palomero T, Hansen M, Hoang T,
Fox EA, Look AT. Biallelic transcriptional activation of

oncogenic transcription factors in T-cell acute lymphoblas-
tic leukemia. Blood. 2004; 103:1909-1911.

WWw

.impactjournals.com/oncotarget

32523

Oncotarget



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Vaharautio A, Taipale J.Cancer. Cancer by super-enhancer.
Science. 2014; 346:1291-1292.

Groschel S, Sanders MA, Hoogenboezem R, de Wit E,
Bouwman BA, Erpelinck C, van der Velden VH,
Havermans M, Avellino R, van Lom K, Rombouts EJ,
van Duin M, Dohner K, et al. A single oncogenic
enhancer rearrangement causes concomitant EVI1
and GATA2 deregulation in leukemia. Cell. 2014;
157:369-381.

Frohling S, Dohner H. Chromosomal abnormalities in can-
cer. The N Engl J Med. 2008; 359:722-734.

Fredriksson NJ, Ny L, Nilsson JA, Larsson E. Systematic
analysis of noncoding somatic mutations and gene expres-
sion alterations across 14 tumor types. Nat Genet. 2014;
46:1258-1263.

Melton C, Reuter JA, Spacek DV, Snyder M. Recurrent
somatic mutations in regulatory regions of human cancer
genomes. Nat Genet. 2015; 47:710-716.

Mathelier A, Lefebvre C, Zhang AW, Arenillas DJ, Ding J,
Wasserman WW, Shah SP. Cis-regulatory somatic muta-
tions and gene-expression alteration in B-cell lymphomas.
Genome Biol. 2015; 16:84.

Poulos RC, Thoms JA, Shah A, Beck D, Pimanda JE,
Wong JW. Systematic Screening of Promoter Regions
Pinpoints Functional Cis-regulatory Mutations in a
Cutaneous Melanoma Genome. Mol Cancer Res. 2015;
13:1218-1226.

Perera D, Chacon D, Thoms J, Poulos RC, Shlien A,
Beck D, Campbell PJ, Pimanda JE, Wong J. OncoCis:
annotation of cis- regulatory mutations in cancer. Genome
Biol. 2014; 15:485.

Smith KS, Yadav VK, Pedersen BS, Shaknovich R, Geraci
MW, Pollard KS, De S. Signatures of accelerated somatic
evolution in gene promoters in multiple cancer types.
Nucleic Acids Res. 2015; 43:5307-5317.

Zhang J, Baran J, Cros A, Guberman JM, Haider S, Hsu J,
Liang Y, Rivkin E, Wang J, Whitty B, Wong-Erasmus M,
Yao L, Kasprzyk A. International Cancer Genome
Consortium Data Portal—a one-stop shop for cancer
genomics data. Database. 2011; 19:bar026.

Kwon Y, Smerdon MJ. DNA repair in a protein-DNA
complex: searching for the key to get in. Mutat Res. 2005;
577:118-130.

Pfeifer
photoproducts: effects of DNA sequence and chromatin
environment. Photochem Photobiol. 1997; 65:270-283.
Puente XS, Bea S, Valdes-Mas R, Villamor N, Gutierrez-
Abril J, Martin-Subero JI, Munar M, Rubio-Perez C,
Jares P, Aymerich M, Baumann T, Beekman R, Belver L,

GP. Formation and processing of UV

et al. Non-coding recurrent mutations in chronic lympho-
cytic leukaemia. Nature. 2015; . advance online publication:
doi: 10.1038/nature14666.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Horvath P, Barrangou R. CRISPR/Cas, the immune system
of bacteria and archaea. Science. 2010; 327:167-170.

Wasson J. Allele quantification and DNA pooling methods.
Methods Mol Bio (Clifton, NJ). 2007; 373:63-74.

Ongen H, Andersen CL, Bramsen JB, Oster B,
Rasmussen MH, Ferreira PG, Sandoval J, Vidal E,
Whiffin N, Planchon A, Padioleau I, Bielser D, Romano L,
et al. Putative cis-regulatory drivers in colorectal cancer.
Nature. 2014; 512:87-90.

Spivakov M. Spurious transcription factor binding: non-
functional or genetically redundant? Bioessays. 2014;
36:798-806.

Li G, Ruan X, Auerbach RK, Sandhu KS, Zheng M,
Wang P, Poh HM, Goh Y, Lim J, Zhang J, Sim HS, Peh SQ,
Mulawadi FH, et al. Extensive promoter-centered chroma-
tin interactions provide a topological basis for transcription
regulation. Cell. 2012; 148:84-98.

McLean CY, Bristor D, Hiller M, Clarke SL, Schaar BT,
Lowe CB, Wenger AM, Bejerano G. GREAT improves
functional interpretation of cis-regulatory regions. Nat
Biotechnol. 2010; 28:495-501.

Andersson R, Gebhard C, Miguel-Escalada I, Hoof I,
Bornholdt J, Boyd M, Chen Y, Zhao X, Schmidl C,
Suzuki T, Ntini E, Arner E, Valen E, et al. An atlas of
active enhancers across human cell types and tissues.
Nature. 2014; 507:455-461.

Fullwood MJ, Han Y, Wei CL, Ruan X, Ruan Y. Chromatin
interaction analysis using paired-end tag sequencing. Curr
Protoc Mol Bio. Frederick M Ausubel, et al. 2010; :21-25.
Chapter 21: Unit 21.15.

Dekker J, Rippe K, Dekker M, Kleckner N. Capturing chro-
mosome conformation. Science. 2002; 295:1306-1311.

Zhao Z, Tavoosidana G, Sjolinder M, Gondor A,
Mariano P, Wang S, Kanduri C, Lezcano M, Sandhu KS,
Singh U, Pant V, Tiwari V, Kurukuti S, et al. Circular
chromosome conformation capture (4C) uncovers extensive
networks of epigenetically regulated intra- and interchro-
mosomal interactions. Nat Genet. 2006; 38:1341-1347.

Dostie J, Richmond TA, Arnaout RA, Selzer RR, Lee WL,
Honan TA, Rubio ED, Krumm A, Lamb J, Nusbaum C,
Green RD, Dekker J. Chromosome Conformation Capture
Carbon Copy (5C): a massively parallel solution for
mapping interactions between genomic elements. Genome
Res. 2006; 16:1299-1309.

van Berkum NL, Lieberman-Aiden E, Williams L,
Imakaev M, Gnirke A, Mirny LA, Dekker J, Lander ES.
Hi-C: a method to study the three-dimensional architecture
of genomes. J Vis Exp. 2010; 373:1869.

Gavrilov A, Eivazova E, Priozhkova I, Lipinski M, Razin S,
Vassetzky Y. Chromosome conformation capture and its
ChIP-based modification. Methods Mol Bio (Clifton, NJ).
2009; 567:171-188.

www.impactjournals.com/oncotarget

32524

Oncotarget



74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Guo Y, Long J, He J, Li CI, Cai Q, Shu XO, Zheng W,
Li C. Exome sequencing generates high quality data in non-
target regions. BMC Genomics. 2012; 13:1471-2164.

Lawrence MS, Stojanov P, Polak P, Kryukov GV,
Cibulskis K, Sivachenko A, Carter SL, Stewart C,
Mermel CH, Roberts SA, Kiezun A, Hammerman PS,
McKenna A, et al. Mutational heterogeneity in cancer and
the search for new cancer-associated genes. Nature. 2013;
499:214-218.

Whyte WA, Orlando DA, Hnisz D, Abraham BJ, Lin CY,
Kagey MH, Rahl PB, Lee TI, Young RA. Master transcrip-
tion factors and mediator establish super-enhancers at key
cell identity genes. Cell. 2013; 153:307-319.

Khurana E, Fu Y, Colonna V, Mu XJ, Kang HM,
Lappalainen T, Sboner A, Lochovsky L, Chen I,
Harmanci A, Das J, Abyzov A, Balasubramanian S, et al.
Integrative annotation of variants from 1092 humans: appli-
cation to cancer genomics. Science. 2013; 342:1235587.

Ward LD, Kellis M. Evidence of abundant purifying selec-
tion in humans for recently acquired regulatory functions.
Science. 2012; 337:1675-1678.

FuY, LiuZ, Lou S, Bedford J, Mu X, Yip KY, Khurana E,
Gerstein M. FunSeq2: A framework for prioritizing noncod-
ing regulatory variants in cancer. Genome Biol. 2014; 15:480.
Boyle AP, Hong EL, Hariharan M, Cheng Y, Schaub MA,
Kasowski M, Karczewski KJ, Park J, Hitz BC, Weng S,
Cherry JM, Snyder M. Annotation of functional variation in
personal genomes using RegulomeDB. Genome Res. 2012;
22:1790-1797.

Ritchie GR, Dunham I, Zeggini E, Flicek P. Functional
annotation of noncoding sequence variants. Nat Methods.
2014; 11:294-296.

Shihab HA, Rogers MF, Gough J, Mort M, Cooper DN,
Day IN, Gaunt TR, Campbell C. An Integrative Approach to
Predicting the Functional Effects of Non-Coding and Coding
Sequence Variation. Bioinformatics. 2015; 31:1536-1543.

Kircher M, Witten DM, Jain P, O’Roak BJ, Cooper GM,
Shendure J. A general framework for estimating the relative
pathogenicity of human genetic variants. Nat Genet. 2014;
46:310-315.

Ernst J, Kheradpour P, Mikkelsen TS, Shoresh N, Ward LD,
Epstein CB, Zhang X, Wang L, Issner R, Coyne M, Ku M,
Durham T, Kellis M, et al. Mapping and analysis of chro-
matin state dynamics in nine human cell types. Nature.
2011; 473:43-49.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Lawrence MS, Stojanov P, Mermel CH, Robinson JT,
Garraway LA, Golub TR, Meyerson M, Gabriel SB,
Lander ES, Getz G. Discovery and saturation analysis
of cancer genes across 21 tumour types. Nature. 2014;
505:495-501.

Kron KJ, Bailey SD, Lupien M. Enhancer alterations in
cancer: a source for a cell identity crisis. Genome Med.
2014; 6:77.

Herz HM, Hu D, Shilatifard A. Enhancer malfunction in
cancer. Mol Cell. 2014; 53:859-866.

Mathelier A, Zhao X, Zhang AW, Parcy F, Worsley-Hunt R,
Arenillas DJ, Buchman S, Chen CY, Chou A, Ienasescu H,
Lim J, Shyr C, Tan G, et al. JASPAR. an extensively
expanded and updated open-access database of transcrip-
tion factor binding profiles. Nucleic Acids Res. 2014;
42:D142-147.

ENCODE Project Consortium. The ENCODE (ENCyclopedia
Of DNA Elements) Project. Science. 2004; 306:636—640.

Dutton-Regester K, Gartner JJ, Emmanuel R, Qutob N,
Davies MA, Gershenwald JE, Robinson W, Robinson S,
Rosenberg SA, Scolyer RA, Mann GJ, Thompson JF,
Hayward NK, et al. A highly recurrent RPS27 5'UTR muta-
tion in melanoma. Oncotarget. 2014; 5:2912-2917.
Gershenzon NI, loshikhes IP. Synergy of human Pol II core
promoter elements revealed by statistical sequence analysis.
Bioinformatics. 2005; 21:1295-1300.

Banerji J, Rusconi S, Schaffner W. Expression of a beta-
globin gene is enhanced by remote SV40 DNA sequences.
Cell. 1981; 27:299-308.

Banerji J, Olson L, Schaffner W. A lymphocyte-specific cel-
lular enhancer is located downstream of the joining region in
immunoglobulin heavy chain genes. Cell. 1983; 33:729-740.
Frankel N, Davis GK, Vargas D, Wang S, Payre F, Stern
DL. Phenotypic robustness conferred by apparently redun-
dant transcriptional enhancers. Nature. 2010; 466:490—493.
Barolo S. Shadow enhancers: Frequently asked questions
about distributed cis-regulatory information and enhancer
redundancy. Bioessays. 2012; 34:135-141.

Hong JW, Hendrix DA, Levine MS. Shadow enhancers as
a source of evolutionary novelty. Science. 2008; 321:1314.
Pott S, Lieb JD. What are super-enhancers? Nat Genet.
2014; 47:8-12.

www.impactjournals.com/oncotarget

32525

Oncotarget



