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Abstract
A primary goal of genetic association studies is to elucidate genes and novel biological
mechanisms involved in disease. Recently, genome-wide association studies have identified many
common genetic variants that are significantly associated with complex diseases such as cancer. In
contrast to Mendelian disorders, a sizable fraction of the variants lies outside known protein-
coding regions; therefore, understanding their biological consequences presents a major challenge
in human genetics. Here we describe an integrated framework to allow non-protein coding loci to
be annotated with respect to regulatory functions. This will facilitate identification of target genes
as well as prioritize variants for functional testing.
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Genome wide association studies (GWAS) have successfully identified common genetic risk
factors that drive human diseases. Several GWAS of adult cancers have revealed many
variants (usually single nucleotide polymorphisms—SNPs) associated with sporadic
cancers. In contrast to Mendelian disorders where most disease-causing mutations result in
loss-of-function or truncated proteins, most complex disease-associated variants are located
in non-protein coding loci.

Knowledge of the non-protein coding genome is rudimentary compared to the protein
coding genome. Unlike protein coding regions, where the genetic code provides a handbook
on how triplets of nucleotides predict the coding of amino acids, non-protein coding regions
have no such reference manual. The ENCODE data strongly demonstrate that the non-
protein part of the genome is much more than a “space filler’ for the protein coding part.1
This opinion piece presents a description of a systematic approach on how to characterize
non-protein coding risk regions, which will facilitate the identification of target genes and
provide a rational basis for prioritizing putative causal variants.

Most risk-associated SNPs discovered in GWAS are unlikely to be the causal variants that
are actually initiating disease. Two factors can explain this phenomenon: (1) Only a subset
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of variation is actually being tested directly. Whereas many of the current GWAS
genotyping arrays are designed to capture and test a large fraction of common variation
genome-wide, they do so only indirectly by way of SNP tagging;2 and (2) The
polymorphisms associated with risk may lie in regions of strong linkage disequilibrium
(LD), and remain highly correlated (based on pair-wise r2) with multiple other
polymorphisms spanning relatively large genomic distances, some spanning hundreds of
kilobases. LD and r2 are pair-wise measures of association between SNPs and provide a
quantitative metric to estimate how often alleles on the same chromosome are co-inherited.
Because of the relatively young age of the human species, LD can be quite extensive in the
human population and thus, r2 may be high between many SNP pairs. In this situation it is
difficult (or impossible) to determine which ones are biologically important solely based on
their statistical association with disease risk.

What are the steps to determine which risk-associated SNPs are biologically relevant?

Once a region is significantly associated with a particular phenotype (e.g., prostate cancer), a
necessary step is to sequence the region in a set of chromosomes to enumerate all the
variation in the region. Creating such a catalogue allows the determination of all
polymorphisms that are correlated with the index signal. Data generated from the 1,000
Genome Project (http://www.1000genomes.org), which is estimated to provide a
comprehensive catalogue of variation down to 1% in frequency, will soon make this a much
easier task.3 As stated above, because of the extensive LD intrinsic to the human genome,
many variants will be highly correlated and thus genetically indistinguishable from each
other. It should be kept in mind that other classes of variation (e.g., insertion/deletions, copy
number variation) will also likely contribute to complex traits.

Here we outline an approach to localize biologically functional variation at risk loci revealed
through GWAS, particularly when they occur in DNA not associated with annotated genes.
Our approach is based on two main hypotheses. First, there may be as yet un-annotated
transcripts (non protein-coding or protein-coding) at the regions, and second, the regions
may contain regulatory elements, such as enhancers. Identifying biologically relevant
regions will inform our understanding of the connection between these regions and their
target genes and will aid in the identification of causal alleles. See Figure 1 for a schematic
of the process.

Transcript discovery can be achieved either by using tiling arrays4 of the region or by
transcriptome sequencing using “next-generation” sequencing platforms, such as Illumina/
Solexa or AB Solid5 to capture both protein-coding (but un-annotated) and regulatory RNA,
such as lincRNA.7 If new transcripts are discovered, association of the transcript abundance
with risk allele status can be tested. The heritability of transcript levels can be quite high
making this a logical and powerful approach to connect risk variant status with target gene
(reviewed in ref. 6).

Discovery of regulatory elements is also challenging but as outlined below, we have recently
developed a systematic approach to annotate non-protein coding regions. The main objective
of this approach is to prioritize regions within an LD block using markers of chromatin
‘activity’ to guide selection of smaller sub-regions rendering them amenable to biochemical
analyses and to help focus efforts on a subset of variants within a larger LD block. Thus, we
advocate the use of chromatin structural and occupancy information to inform gene
regulatory activity. Throughout the rest of the primer, we will focus on enhancers, although
the rationale applies equally well to other regulatory elements (e.g., promoters, silencers,
locus-control regions, insulators).
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Enhancers activate gene expression independent of their orientation and are commonly
scattered across large non-coding intervals as well as in introns. It is also important to note
that enhancers (as opposed to promoters) are often cell-type specific.9 Recently, chromatin
marks have proven to be a powerful method for annotating regulatory elements.

Although evolutionary conservation is commonly used to predict enhancers, the sensitivity
and specificity of this strategy alone is low due to the fact that many functional/regulatory
elements can be unconstrained across mammalian evolution.2 We suggest that chromatin
annotation by using DNase1 hypersensitivity10 and/or histone modifications, which reflect
accessibility and histone modifying enzymatic activities, are more informative in identifying
functional enhancers. Among histone modifications, mono-methylation of histone H3 at
lysine 4 (H3K4me1) identifies specifically, and apparently selectively, enhancers across the
board.9,11 On the other hand, trimethylation of histone H3 at the same lysine, (H3K4me3)
predominately marks promoters. Thus, the ratio of H3K4 mono-/tri-methylation at specific
loci can be diagnostic for enhancers. The acetylation of histone H3 at lysines 9 and 14
(H3K9,14Ac) along with the occupancy of the most common histone acetylator, p300 are
additionally a highly accurate means for identifying enhancers and their associated
activities.12,13 Finally, RNA polymerase II (RNAPII) occupancy normally demarcates
genomic areas where transcription starts and elongation of transcripts occurs, or where
RNAPII is poised for this activity.7 However, if occupancy is detected at sites where no
transcript is apparent, it may point to the site as being an engaged enhancer mediating
transcription at a distant gene. This was shown to be the case in other systems,8 as well as at
the well-studied distant enhancer of the PSA gene (reviewed in ref. 9). Performing these
analyses (RNA expression and chromatin demarcation) in several tissue specific culture
models (possibly adding to them data from ENCODE2) or similar global studies will reveal
a joint epigenomic and regulatory profile at the targeted regions and their surrounding
chromatin. The resulting rich genomic and epigenomics landscape can then be
systematically analyzed using unsupervised methods10 or identified using prior knowledge.7
Specifically, unique modes can be associated with enhancer activity, allowing the dissection
of large target regions into well-localized (~1 kb) units with putative function and
transforming the functional map problem into a target validation effort for a limited number
of loci.

Once the putative enhancers are epigenetically defined, subsequent biochemical/cell
biological approaches can be used to functionally validate them as such. The ~1 kb DNA
segments encompassing particular epigenetic regions can be cloned into luciferase and β-
galactosidase reporter vectors to be tested directly for enhancer activity11 in cell culture and
mouse models,12 respectively. Furthermore, differential transcription factor occupancy at
specific alleles (defined by SNPs) may be assessed by direct ChIP and electro-mobility shift
assays. Once enhancers are validated, the target genes of the enhancers can be sought. The
genetic targets of the enhancers may be discovered by utilizing mouse knock-in or knock-
out models, followed by genome-wide expression analysis, or by chromatin conformation
capture assays, which trap the enhancer (bait) in close proximity of its target genes in cis
and/or trans. Newer methodologies, (e.g., zinc finger nucleases and recombinant adeno-
associated viruses) that allow an investigator to accurately engineer genomic changes in
somatic cells may also prove useful. Once target genes are identified, the transcript
abundance of the candidate gene can be tested for association with risk allele status as
outlined above. Ideally, mRNA levels will be associated with risk allele status, although this
may not always be the case.19,20

Once functional variation in enhancers, their mechanisms of action and target genes have
been revealed (as formulated above), it will be important to confirm their association with
cancer risk. To increase the likelihood of identification of the causal allele, we propose
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integration of the re-sequencing and epigenetic data and conducting fine mapping studies in
multiple populations. Most of the GWAS conducted to date have been performed in
populations of White European ancestry, with the initial signal often showing considerable
heterogeneity in its association when examined in other racial/ethnic populations, which
may be the result of variability in LD between the tag SNP and the biologically relevant
SNP.21,22 If variation in LD patterns is responsible for signal heterogeneity in the tag SNP
between populations, then the expectation is that the biologically relevant SNP will be more
strongly associated with risk across multiple populations. In this way variants may be moved
from functionality to causality, thereby facilitating and complementing fine mapping efforts.
Finally, putative causal variation may be tested in mouse models of the particular disease in
question.

The target genes under control of functional/causal SNP-containing enhancers may have
important roles in the cancer phenotype, such as proliferation, migration and apoptosis.
Their cDNAs may be cloned into human expression vectors to study their protein products’
functions. Endpoints of the cancer phenotype, such as cell division, migration and apoptosis
rates and protease secretion may be measured in cultured cancer cells and mouse xenografts
after the overexpression of vectors encoding the genes of interest, or selected siRNA
knockdown of the endogenous genes.

In recent studies from our laboratories we have started down the road outlined above to
identify two functional SNPs at chromosome 8q24 respectively associated with prostate and
colorectal cancer. In the one study,13 we identified several transcriptional enhancers at 8q24.
Two of them, in a prostate cancer risk region, were occupied by the androgen receptor and
responded to androgen treatment; one contained a single nucleotide polymorphism
(rs11986220) that resides within a FoxA1 binding site, with the prostate cancer risk allele
facilitating both stronger FoxA1 binding and stronger androgen responsiveness. In another
study,14 we showed that rs6983267, which is significantly associated with colorectal cancer
pathogenesis, is situated in another transcriptional enhancer at 8q24. This enhancer activity
is affected by the SNP, it physically interacts with the MYC proto-oncogene, and the alleles
differentially bind transcription factor 7-like 2 (TCF7L2). Another group also published
functional data on rs6983267 in colorectal cancer.15

Importantly and more generally, the approaches formulated above may be applied to any
non-protein coding region, as they emerge from genome-wide association studies of any
complex phenotype to better understand such risk-associated disease mechanisms. A further
benefit is that physiologically relevant, distant-acting enhancers may be investigated; such
elements are particularly challenging to identify, let alone study, since they are scattered
among the vast non-protein coding portion of the genome.
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Figure 1.
Strategy to annotate non-protein coding regions.
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