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The Post-GWAS Era: From Association to Function
Michael D. Gallagher!.2 and Alice S. Chen-Plotkin!*

During the past 12 years, genome-wide association studies (GWASs) have uncovered thousands of genetic variants that influence risk for
complex human traits and diseases. Yet functional studies aimed at delineating the causal genetic variants and biological mechanisms
underlying the observed statistical associations with disease risk have lagged. In this review, we highlight key advances in the field of
functional genomics that may facilitate the derivation of biological meaning post-GWAS. We highlight the evidence suggesting that
causal variants underlying disease risk often function through regulatory effects on the expression of target genes and that these expres-
sion effects might be modest and cell-type specific. We moreover discuss specific studies as proof-of-principle examples for current sta-

tistical, bioinformatic, and empirical bench-based approaches to downstream elucidation of GWAS-identified disease risk loci.

Introduction

For many decades after the discovery of the structure of
DNA and the genetic code, the field of human genetics
was largely focused on understanding the structure and
function of protein-coding genes and how rare mutations
in these genes cause disease. Indeed, the central dogma of
molecular biology posits that genes are first transcribed
into messenger RNA (mRNA), after which the mRNA is
translated into protein.’ Because of the straightforward
nature of the genetic code, it was easy to predict how alter-
ations of the underlying DNA sequence would change the
amino acid composition of the resulting protein.” In addi-
tion, it was clear from Mendelian genetics that diseases
that run in families in predictable patterns are caused by
mutations in a single gene. Thus, beginning with the map-
ping of the genetic cause of the neurodegenerative disorder
Huntington’s Disease in 1983,% the causative mutations
underlying many Mendelian diseases were elucidated by
positional cloning,” and an important hurdle was over-
come in our understanding of the genetic bases of human
disease.

Today, the genetic lesions responsible for many Mende-
lian diseases are known, and frequently researchers have
determined how the mutation in question affects protein
function, resulting in pathophysiology.” However, many
of the most common and burdensome diseases, such as
cardiovascular disease, cancer, Alzheimer’s disease, Parkin-
son’s disease, and type 2 diabetes, are typically not (or
never) caused by single mutations.*® Such “complex
traits” are instead influenced by a combination of multiple
genetic and environmental risk factors, and thus do not
follow Mendelian inheritance patterns.” The departure
from a “one-gene, one-mutation, one-outcome” model
poses a formidable challenge to elucidating the biology
of these diseases. Complex traits, by definition, are influ-
enced by many genes (human height, for example, appears
to be affected by genetic variation at several hundred loci
across the genome),® which may interact in additive or
non-additive (i.e., epistatic) ways. Yet, while it may not

always be necessary to understand the cause of a disease
in order to successfully treat it, such a mechanistic under-
standing certainly increases the likelihood that a successful
therapeutic intervention will be achieved.

Starting with a set of 2005 studies linking genetic varia-
tion near the complement factor H gene to risk for age-
related macular degeneration,’” researchers around the
world have used the genome-wide association study
(GWAY) to identify loci that harbor genetic variants (typi-
cally SNPs) that associate with risk for complex diseases
and traits.'” The GWAS era has been successful in the sense
that thousands of loci have been statistically associated
with risk for diseases and traits, and a notable number of
these loci are well-replicated, suggesting that they are
true associations.!! However, several factors have made it
difficult to bridge the gap between the statistical associa-
tions linking locus and trait and a functional understand-
ing of the biology underlying disease risk. First, the
association of a locus with disease does not specify which
variant (or variants) at that locus is actually causing the
association (the “causal variant”), nor which gene (or
genes) is affected by the causal variant (the “target
gene”). The former problem is due to the fact that there
are often many co-inherited variants in strong linkage
disequilibrium (LD) with the most significant (or
“sentinel”) disease-associated variant, comprising a haplo-
type;'? within the haplotype, genetic variants in strong LD
often have statistically indistinguishable associations with
disease risk. As a consequence, empirical validation might
be needed to determine which of the linked variants are
functional.'”'® The latter complication results from the
fact that > 90% of disease-associated variants (daVs) are
located in non-protein-coding regions of the genome,
and many are far away from the nearest known gene.'*'*
What might these non-coding variants be doing? One
clue arises from the observation that daVs, as well as
variants in strong LD with them, are enriched in predicted
transcriptional regulatory regions, called “cis-regulatory
elements” (CREs).'*'* This suggests that many loci
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implicated by GWASs to affect disease risk might do so by
altering the genetic regulation of one or more target genes.
However, the complex nature of eukaryotic transcriptional
regulation’” can make it difficult to assign putative CREs
(and any disease-associated variants within them) to their
correct target genes,'’ necessitating the use of genomic
datasets and experimental approaches to help answer
this question. Indeed, while several thousand GWASs
have been performed, and many thousands of loci have
been confirmed as bona fide disease risk factors,'' the
number of studies that have investigated the mechanisms
underlying particular associations is orders of magnitude
fewer (Figure 1), and the number of studies that have
functionally characterized candidate causal variants at a
given locus in an objective (versus “cherry-picked”)
manner is even fewer still (Table 1 lists the studies dis-
cussed in this review, but is by no means exhaustive).
Thus, the purpose of this review is to present a general
framework for the functional dissection of a disease-associ-
ated risk locus, and to highlight individual studies as proof-
of-principle examples for the various approaches that have
been used in mechanistic follow-up GWASs.

The Role of Gene Expression in Complex Traits

As mentioned above, the vast majority of daVs reside in
noncoding regions of the genome, suggesting that these
variants might affect gene expression through effects on
transcription, splicing, or mRNA stability. Consistently,
several studies have shown that daVs are enriched in pre-
dicted CREs, typically defined by chromatin accessibility
(as determined by DNase-seq, FAIRE-seq, ATAC-seq, or
MNase-seq), transcription factor (TF) binding, and/or his-
tone marks known to be associated with transcriptional
regulatory activity, such as H3K27ac, H3K4mel, and
H3K4me3.'*'* Intriguingly, daVs for a particular disease
appear to be enriched in CREs active in disease-relevant
cell types. For example, a study from Farh and colleagues
(2015) examined the overlap of variants associated with
21 autoimmune diseases with six histone marks in
multiple primary immune cell types and conditions.'®
Importantly, the authors imputed the genotypes of vari-
ants not directly genotyped in their respective GWAS
and determined which variants were most likely to be
causal using an algorithm that incorporates the LD struc-
ture and association pattern at each locus. The authors
found that candidate causal variants were enriched in
predicted B and T cell enhancers (consistent with the ex-
pected cellular origin of autoimmune diseases) and that
this enrichment increases with the likelihood that the
variant is causal.'® When expanding this analysis to 18
additional traits and diseases and incorporating epigenetic
data from additional cell and tissue types, the authors
observed an enrichment of variants associated with
neurological disease in predicted brain promoters and
enhancers, whereas blood glucose risk variants were en-
riched in regulatory regions predicted to be active in
pancreatic islets.'®

Cumulative GWAS studies and functional
follow-up studies by year
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Figure 1. Mechanistic Understanding of Disease Risk Loci Iden-
tified by GWASs Lags Far Behind the Discovery of New SNP-Trait
Associations

The EBI GWAS catalog was used to determine the number of total
GWAS:s reported from 2005 through the end of 2016, which are
shown in blue. The number of post-GWAS functional studies re-
ported each year were also identified (orange line) by (1) reviewing
the titles, and in some cases, abstracts, of all research articles
published in 23 relevant biomedical research journals*, and (2)
searching PubMed using the keywords “causal variant” or “func-
tional variant.” Additional studies were identified through refer-
ences from primary research or review articles found as described.
*American Journal of Human Genetics, Cancer Cell, Cell, Cell Reports,
Cell Stem Cell, eLife, Genome Biology, Genome Research, Human
Molecular Genetics, Molecular Cell, Nature, Nature Biotechnology,
Nature Communications, Nature Genetics, Nature Medicine, Nature
Neuroscience, Nature Structural & Molecular Biology, Neuron, PLOS
Genetics, PNAS, Science, Science Translational Medicine, Stem Cell
Reports

Based on these results and other similar reports,'* many
GWASs causal variants have been proposed to influence
disease risk by altering the function of cell type-specific
regulatory elements, with ensuing changes in target gene
expression. This hypothesis is supported by the overlap
of daVs with expression quantitative trait loci (eQTLs)—
specifically, daVs are more likely to be associated with the
expression (mRNA) levels of one or more genes than would
be expected by chance (reviewed in'’). Furthermore, the
cell type in which the eQTL effect is observed often
matches cell types already thought to be relevant to the
disease in question or lends additional support to a role
for a particular cell type in disease, consistent with the
overlap of daVs with disease-relevant tissue-specific CREs.
In a study by Raj and colleagues (2014), a large-scale
eQTL analysis in primary T cells and monocytes, represent-
ing different “branches” of the immune response, was per-
formed."® The authors found a significant overlap between
variants associated with gene expression in these cell types
and variants associated with autoimmune diseases. More-
over, some additional daVs were only associated with
gene-expression levels in one of the two immune cell
types. For example, daVs for Alzheimer’s disease (AD)
were associated with gene-expression levels only in mono-
cytes. As AD genetic risk variants have also been reported
to be enriched in predicted monocyte CREs,' these studies
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Table 1.

Examples of Post-GWAS Functional Studies

Bioinformatic  Bench-Based Testing
Report Trait Locus Statistical Approaches Approaches Approaches Causal Variant Mechanism Target Gene Mechanism
Musunuru et al.*® Low density lipoprotein  1p13 QTL analyses None BAC sequencing, reporter Altered TF binding & cis- Altered SORT1 levels affect
cholesterol, myocardial assays, EMSAs, in vivo regulation of SORT1 plasma lipid and lipoprotein
infarction models levels
Glubb et al.** Breast cancer 5ql1.2 Imputation, conditional Epigenomic 3C, reporter assays, AS-ChIP-  Altered TF binding & cis- Unknown
analyses, QTL analyses prioritization qPCR, cell-based assays regulatory activity
Wu et al.** Adiponectin levels WDR11- Imputation, conditional None None Unknown Unknown
FGFR2 analyses, QTL analyses
Guthridge et al.*’ Systemic lupus 8p21 Imputation, fine mapping None Reporter assays, EMSAs, Altered promoter activity at Unknown
cell-based assays BLK1
Vicente et al.>* Allergy 8q21 Imputation, QTL analyses Epigenomic AS-3C, reporter assays, Altered TF binding and cis- Unknown
prioritization ChIP-qPCR regulation of PAG1
Wang et al.> Cardiac QT interval 112 loci QTL analyses Epigenomic Reporter assays, 4C, in vivo Altered enhancer function Unknown
and QRS duration prioritization models
Bauer et al.®” Fetal hemogloblin levels BCLI11A N/A Epigenomic ChIP-seq, in vivo models, Altered TF binding & cis- BCL11A represses fetal
prioritization genome editing regulation of BCL11A hemoglobin levels*
Spisak et al.®® Prostate cancer 6q22.1 N/A Epigenomic ChIP-qPCR, genome and Altered TF binding & cis- Altered RFX6 levels affects cell
prioritization epigenome editing, cell- regulation of RFX6 proliferation, migration and
based assays invasion®
Soldner et al.*® Parkinson’s disease SNCA QTL analyses, conditional Epigenomic Genome editing, ChIP- Altered TF binding & cis- Increased SNCA may promote
analyses prioritization, qPCR, EMSAs regulation of SNCA misfolding/ aggregation®
in silico TF motif
prediction
Smemo et al.”? Obesity FTO QTL analyses Epigenomic 4C, 3C, in vivo models Unknown, likely alters IRX3 levels affect body mass,
prioritization enhancer regulation of IRX3 composition, and metabolism
Claussnitzer et al.”®  Obesity FTO QTL analyses Epigenomic Reporter assays, genome Altered TF binding & cis- Altered IRX3 and IRXS levels
prioritization editing, cell-based assays, regulation of IRX3 and IRX5 affect many obesity-related
in vivo models, EMSAs phenotypes
Stadhouders et al.*!  Fetal hemoglobin levels ~MYB N/A Epigenomic AS-ChIP-qPCR, AS-3C, Altered TF binding & cis- Unknown
prioritization reporter assays regulation of MYB
Gallagher et al.*® Fronto-temporal TMEM106B QTL analyses, conditional ~Epigenomic Reporter assays, EMSAs, Altered TF binding, Altered TMEM106B levels
dementia analyses, fine mapping prioritization Capture-C chromatin architecture, & cis-  affect lysosomal phenotypes®
regulation of TMEM106B
Huang et al.®* Prostate cancer 6q22.1 N/A in silico TF motif ~EMSAs, AS-ChIP-qPCR, Altered TF binding & cis- Altered RFX6 levels affects cell
prediction, ChIP-seq, FAIRE-seq, regulation of RFX6 proliferation, migration and
epigenomic reporter assays, cell-based invasion
prioritization assays
Fogarty et al.”’ Type 2 diabetes CDC123- N/A Epigenomic Reporter assays, EMSA, DNA  Altered TF binding & cis- Unknown
CAMKID prioritization affinity capture, ChIP-qPCR  regulatory activity

Studies discussed in the text as proof-of-principle examples for various statistical, bioinformatics, and experimental approaches are listed. QTL, quantitative trait loci; TF, transcription factor; BAC, bacterial artificial chromo-
some; EMSA, electromobility shift assay; 3C, chromosome conformation capture; 4C, circularized chromosome conformation capture; ChIP-gPCR, chromatin immunoprecipitation with quantitative PCR; ChIP-seq, chromatin

immunoprecipitation with high-throughput sequencing; AS, allele-specific; FAIRE-seq, formaldehyde-assisted isolation of regulatory elements with high-throughput sequencing.
#mechanism reported in prior work.




might suggest an intriguing role for monocytes or cells
resembling monocytes in AD.

While the summarized studies support a role of cell-type-
specific cis-regulatory variation in complex disease patho-
genesis, variants can also affect gene expression levels
through post-transcriptional processes such as mRNA
splicing and stability.”” Indeed, while outside of the scope
of this review, we note that multiple studies have charac-
terized functional daVs that may influence disease risk
through these types of effects.”’”* Other studies have
associated genetic variants with altered levels of DNA
methylation (mQTLs),*>?° DNase hypersensitivity
(dsQTLs),”” and TF binding (bQTLs),”**’ and some of
these reports show significant overlap of these variants
with daVs as well.”**’

Taken together, these observations suggest that the path-
ways by which many GWAS causal variants influence
disease risk, whether by cis- or trans-acting mechanisms,
converge on alteration of expression levels of a target
gene, with ensuing effects on disease-relevant phenotypes.
In this respect, eQTL studies have consistently shown that
most eQTL effects are of relatively small magnitude
(<2-fold change in expression),”””" agreeing with the re-
sults of large-scale experimental characterizations of puta-
tive regulatory variants.’*** However, while much of the
work to date in functional genomics consists of identifying
and characterizing functional cis-regulatory variants and
their effects on gene expression, the mechanisms by which
small changes in gene expression affect cellular or organ-
ismal phenotypes to influence disease risk are often not
well understood.

Recent Advances in Genomic Annotation

As mentioned previously, the number of SNP-trait associa-
tions established by GWASs has increased astronomically
in the last decade. The number of SNP-trait associations
that have been functionally dissected in an unbiased and
comprehensive manner, however, is still relatively low
(Figure 1). The recent advent of large, publicly-available da-
tabases containing extensive genomic and epigenomic
data might remove some of the hurdles that are frequently
encountered in this important downstream functional
work.

During the first five years after the first GWAS, informa-
tion regarding the specific genetic variants that exist in hu-
man populations was limited, and the functions of the
noncoding regions of the genome were largely unexplored.
As a consequence, early post-GWAS functional studies first
had to define the genetic variation spanning a disease-asso-
ciated haplotype and then nominate causal variants based
on biochemical assays or cell culture-based experi-
ments.***® For example, Musunuru et al. (2010) used
sequencing from bacterial artificial chromosomes (BACs)
carrying different haplotypes to identify variants in a locus
that had been associated with low density lipoprotein
(LDL) levels. The authors then performed assays to
demonstrate haplotype-specific effects on reporter gene

expression, as well as expression of a handful of candidate
target genes, including the gene whose expression they
would link to both genetic variation at the GWAS-identi-
fied locus and the LDL phenotype of interest, SORT1.*
In the last 5-7 years, however, large-scale projects such as
the International HapMap and 1000 Genomes pro-
jects®”*® have extensively characterized genetic variation
in numerous human populations, largely obviating the
need for sequencing, permitting flexible definitions of
haplotypes, and allowing for refinement and superior res-
olution of association signals.'’

Many early post-GWAS functional studies also required
labor-intensive work to identify potential CREs at dis-
ease-associated loci through characterization of epigenetic
marks. However, data generated by the ENCODE Project,”’
the NIH Roadmap EpiGenome Project,*” the FANTOM
consortium®' and others, provide extensive epigenomic
characterization, including annotations of putative CREs
in hundreds of human cell types and tissues, through
publicly available websites. In addition, a wealth of eQTL
data is now available for dozens of cell and tissue
types,’”*! such that the association of a daV with gene-
expression levels in multiple tissue types can be easily
searched and potential CREs linking daVs and causative
genes can be identified.

A General Framework for the Functional Dissection of a
Genetic Risk Locus

The availability of data is not synonymous, however, with
the presence of meaning. The challenge of our current
times is to leverage the wealth of recently-available
genomic and epigenomic data to derive true biological
meaning from GWAS-implicated disease risk loci.

While each locus-trait association will certainly have
unique features that require thoughtful “bespoke” delinea-
tions of appropriate post-GWAS functional studies, we
outline here a general approach that might be applicable
to many such studies. We moreover highlight reports
exemplifying key steps in this approach.

Statistical Approaches

The resolution of microarray-based GWASs can be greatly
increased by performing imputation of variants that
were not directly genotyped, using population-based
sequencing data, such as that from the 1000 Genomes
Project.’’ In this way, the significance of association of
virtually all common (minor allele frequency > 1%)
variants with disease risk can be estimated.*” Conditional
analyses can additionally be performed to determine if
multiple weakly linked or unlinked causal variants are
contributing to the association of the same locus with dis-
ease risk,'’ as compared to a situation in which only one
signal exists at the locus in question. In one example of
the former situation, Glubb and colleagues (2015) per-
formed a meta-analysis of breast cancer GWASs, finding a
complex pattern of association involving at least three
independent signals at and around the MAP3K1 locus.*’
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In an example of the latter situation, Wu and colleagues
(2014) performed conditional analyses on seven loci asso-
ciated with levels of adiponectin, an adipocyte-secreted
protein associated with cardiovascular and metabolic
traits.** After conditioning on the sentinel GWAS SNP for
each locus, six out of seven loci showed no residual associ-
ation at any other variants, suggesting that these associa-
tions are driven by one or more strongly linked functional
variants.**

To begin to prioritize daVs at a given association signal,
Bayesian approaches can be used to determine the proba-
bility that each daV is causal for the association, resulting
in a “credible set” of candidate causal variants, which
might range in size from a single variant to hundreds of
variants (reviewed in *°). Furthermore, because most
GWASs are performed initially in genetically similar groups
of cases and controls, leading to the association of traits
with haplotypes as defined in these genetic groups, trans-
ethnic fine-mapping can be used to refine the region of
association. Specifically, the reduced LD and smaller haplo-
type blocks in certain populations, particularly Africans,
may reduce the number of candidate causal variants.'?*°
For example, Guthridge et al. (2014) used such an
approach, combined with re-sequencing of the candidate
region, to reduce the number of candidate causal variants
at a lupus-associated locus from 30 to 3.*” After employing
these and other statistical methods, fine-mapped daVs can
be investigated for association with gene expression levels
in many cell and tissue types, using publicly available
eQTL data.'” While studies integrating GWASs and eQTL
data have reported that nearly half of all daVs are associ-
ated with gene mRNA levels in at least one cell type,*®*’
there are several other mechanisms by which a functional
variant could influence disease risk. First, a variant could
affect protein levels through effects on translation or pro-
tein stability without an effect on mRNA levels; indeed,
up to 1/3 of variants that associate with protein levels
(pQTLs) do not associate with the mRNA levels of the
same gene,”” although only a few studies®'>? have exam-
ined this overlap. In addition, a GWAS causal variant
might alter the amino acid sequence of a protein, thereby
affecting protein function rather than abundance.’* These
possibilities can usually be excluded, however, if there are
no daVs in exonic regions. In such a case, the association of
a daV with mRNA expression levels of one or more poten-
tial target genes is important for downstream analyses.
Namely, conditional and colocalization analyses can be
performed using the sentinel GWAS and eQTL variants to
determine if both effects are likely driven by the same un-
derlying mechanism. If so, testable hypotheses regarding
the function of the disease risk causal variant—that it
either increases or decreases the expression of a specific
gene or genes—follow naturally.

Incorporating Public Functional Genomics Data
To test such a genetic regulatory function hypothesis, one
can capitalize on the wealth of previously-mentioned,

publicly available epigenomic data to prioritize candidate
causal variants. Specifically, overlap with accessible chro-
matin, TF binding, and/or histone marks associated with
regulatory activity might all suggest a functional effect
for a given candidate causal variant located within a pre-
dicted CRE. Moreover, the pattern of histone modifications
observed at a putative CRE can help predict which type of
regulatory element it may be (e.g., promoter, enhancer,
insulator, etc.), guiding choice of functional assay. Such a
“filtering” approach is exemplified in a study of the 8q21
locus associated with allergic diseases.’* The sentinel
GWAS SNP was found to associate with the expression of
PAG1 in B lymphoblasts, and ENCODE data was used to
select 35 candidate causal SNPs (out of a total of 118 that
are in moderate LD (r> > 0.6) with the sentinel SNP) over-
lapping four distinct regions of DNase I hypersensitivity
and enhancer-associated histone marks in this cell type.
These potential CREs were then investigated by multiple
approaches, including chromosome conformation capture
(3C) and reporter gene assays.””

In addition, epigenomic datasets have been used to
investigate loci that are associated with disease risk by
GWASs, but do not reach statistical significance after
correction for multiple hypothesis testing.>> GWASs typi-
cally employ the Bonferroni correction method for multi-
ple hypothesis testing, which might be overly conservative
due to LD between nearby SNPs throughout the genome.
Thus, some SNPs that do not reach the conventionally
accepted genome-wide significance threshold (p < 5 x
10~®) might represent true disease risk loci. To identify
such loci, a study by Wang et al. (2016) examined the over-
lap of SNPs associated with cardiac QT interval with
epigenetic enhancer marks in cardiac and non-cardiac
tissues. The authors found that both genome-wide
significant SNPs (p < 5 x 10°®) and “sub-threshold”
SNPs (5 x 10°® < p < 1 x 10°* were significantly
enriched in predicted cardiac enhancers, and > 70% of
enhancers harboring sub-threshold SNPs exhibit allele-
specific regulatory activity in induced pluripotent stem
cell (iPSC)-derived cardiomyocyte luciferase reporter as-
says.”” Furthermore, enhancer-associated sub-threshold
SNPs were more strongly associated with QT interval
than non-enhancer-associated sub-threshold SNPs,
and the enhancer-associated SNPs were more likely to
reach genome-wide significance in larger GWAS meta-
analyses.””

Taken together, the prioritization of candidate causal
variants based on epigenomic annotations may yield fruit-
ful directions for downstream investigation. Moreover, the
availability of “user-friendly” tools for this prioritization,
recently reviewed elsewhere,”® make these types of ana-
lyses accessible to many types of scientists. We close this
section, however, with a consideration of the limitations
of these existing data. First, many gene-regulatory pro-
cesses are known to be context-dependent. Because the
vast majority of epigenomic and eQTL studies have been
performed on resting (unstimulated) cells,'’*”*" these
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studies might be limited in their ability to identify context-
dependent effects. Second, some cell and tissue types are
more difficult to obtain and/or culture than others, which
may preclude their incorporation into consortium-based,
large-scale studies. Thus, for some diseases/loci involving
these cell and tissue types in driver roles, the currently
available datasets might be less useful. In such a scenario,
approaches taking into account evolutionary conservation
might be helpful in prioritizing candidate causal variants.
In summary, limitations in causal variant identification
might stem from the nature of existing epigenomic and
eQTL datasets for some diseases and some loci. However,
the bottleneck in our global understanding of risk loci
found by GWAS is more likely to be due to a lack of dis-
ease-focused functional biological studies downstream of
GWAS locus discovery than to a lack of epigenomic and
eQTL datasets.

Testing the Function of a Regulatory Variant

Once a list of candidate CREs is identified, all containing
one or more potential causal variants, various experi-
mental approaches can be used to test the functions of
these regions. A common approach involves in silico anal-
ysis to determine whether a particular variant is predicted
to disrupt a TF binding motif, with the caveat that many
causal variants that may in fact disrupt TF binding do
not reside in known TF motifs. For example, only 10%-—
20% of predicted autoimmune GWAS causal cis-regulatory
variants may reside in known TF motifs.'® An alternative
approach is to functionally test all candidate CREs, using
both the risk and protective alleles of the candidate causal
variants. Cell culture-based reporter assays have been
widely used for these purposes: the candidate CRE is
cloned into a physiologically relevant position with
respect to the reporter gene and transfected into a relevant
cell type, and the activity of CREs containing alternate
alleles (or haplotypes, if multiple daVs overlap the CRE)
are compared. Because some CREs are not only cell
type-specific, but signal-dependent,®” attention to the
appropriate experimental conditions in which to test the
variant is important.

Rather than testing reporter constructs one-by-one in
cell culture contexts, several groups have developed
massively parallel reporter assays (MPRAs), in which thou-
sands of variants can be tested in a single experiment.”® For
example, Tewhey and colleagues (2016) investigated
~30,000 SNPs representing > 3,500 eQTL signals (eSNPs),
testing each eSNP and all variants in perfect LD with it for
enhancer activity in immortalized liver and B lymphoblast
cell lines. ~12% of the putative CREs displayed enhancer
function in one or both of the cell types tested, and of
these, ~25% contained SNPs that caused significant
changes in reporter gene expression.’” Importantly,
~80% of the expression differences caused by these vari-
ants agreed with the direction of previously published
eQTL effects in the same cell type.*” In addition, the major-
ity of functional variants identified in this study altered re-

porter gene levels by less than 2-fold, consistent with eQTL
effect sizes predicted by previous studies.?**'** These re-
sults underline the importance of investigating the cellular
or organismal effects of modest changes in target gene
expression.

While reporter assays are often useful in determining the
function of a potential regulatory variant, they have
several limitations. First, reporter assays can display a sig-
nificant amount of transcriptional noise, and thus are
not always reproducible.’” Second, small differences in re-
porter activity can result from small differences in the
molar amounts of each plasmid that is transfected into
cells, which is unavoidable even with the most accurate
DNA concentration measurements. These issues can
make small differences in expression difficult to distin-
guish statistically. Perhaps most importantly, reporter
assays test the transcriptional function of a variant in the
context of plasmid DNA, rather than the native genomic
context in which the variant actually exists.”® This situa-
tion can produce false negative and false positive results,
due to the intricate relationships between DNA, histones,
transcription factors, noncoding RNAs, and long-range
chromatin interactions.”®

In light of these issues, a more physiologically-relevant
method to confirm the function of a regulatory variant
may be genome editing,°” pioneered through the use of
zinc finger nucleases (ZFNs) and transcription activator-
like effector nucleases (TALENs), and more recently
overtaken by the nucleic acid-based clustered regularly
interspaced short palindromic repeat (CRISPR)-based sys-
tems.°' In one of the first applications of genome editing
to a GWAS-nominated locus, Bauer and colleagues (2013)
edited a region in the mouse ortholog of BCL11A. The or-
thologous region in humans harbors the top SNPs associ-
ated with fetal hemoglobin levels, for which BCL11A is a
known repressor.®” Thus, the causal variant may function
by regulating BCL11A, affecting downstream levels of fetal
and embryonic B-globin—indeed, manipulating this
pathway is an attractive prospect for treating p-hemoglo-
binopathies.®® The authors demonstrated that several top
GWASs SNPs fall within three distinct regions of open
chromatin and enhancer-associated histone marks that
are specific to human erythroid cells, consistent with the
erythroid-specific expression patterns of the globin genes,
and the top candidate SNP was hypothesized to disrupt
binding of the erythroid TFs GATA1l and TAL1l. Using
TALENS, this group deleted a 10kb intronic interval con-
taining the putative causal variant in a murine erythroleu-
kemia cell line, which resulted in dramatically reduced
expression of Bclla and concomitant increase of embry-
onic B-globin, thus establishing the region as a functional
Bcllla enhancer required for repression of embryonic
B-globin.®”

In the example above, a large genomic region was
deleted to demonstrate the importance of that region to
gene regulatory function. However, genome editing can
also be used to make more precise changes, such as
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mutating an individual SNP from one allele to the other. In
Spisak et al. (2015), the authors used TALEN-mediated ho-
mology directed repair (HDR) to confirm the functional
role of a SNP previously reported to influence prostate can-
cer risk®* by modulating RFX6 expression.®® Specifically,
they compared edited and unedited prostate cancer cell
line clones, and demonstrated that the candidate causal
variant altered RFX6 expression levels by ~2-fold.®> More-
over, the authors characterized the regulatory potential of
the region harboring the SNP by fusing a catalytically-
inactive TALE array with either a VP64 transcriptional acti-
vation domain, or LSD1, a histone lysine-specific demethy-
lase known to remove H3K4 methylation enhancer marks
and decrease enhancer activity. As expected, site-specific
recruitment of VP64 and LSD1 to the putative causal SNP
increased and decreased RFX6 levels, respectively,
establishing the region harboring the causal variant as a
bona fide regulatory element.®> Thus, genome editing
technologies can also be used to validate potential CREs
by altering epigenetic state, rather than the underlying
DNA sequence.®®¢”

A more recent study used CRISPR/Cas9 gene editing to
investigate candidate causal variants at the SNCA locus,®®
which is associated with risk for Parkinson’s disease (PD),
and which encodes a-synuclein, the protein that accumu-
lates in the characteristic Lewy Body inclusions of PD. The
authors demonstrate that the SNCA risk haplotype is asso-
ciated with increased SNCA brain expression, which has
previously been associated with PD pathogenesis, since
families with duplications or triplications of the SNCA
locus (resulting in increased SNCA levels) exhibit Mende-
lian forms of PD.® After prioritizing candidate causal
variants based on epigenetic signatures and in silico TF
motif predictions, the authors deleted a 500bp putative
enhancer at this locus containing two SNPs in human
embryonic stem (ES) cells.®® They reinserted the 500bp re-
gion using HDR with either the risk or protective alleles of
the two SNPs, and differentiated the ES cells into neural
precursors and mixed neuronal cultures.®® Cell clones
bearing the risk-associated alleles of the enhancer SNPs
demonstrated significantly higher SNCA levels than clones
bearing the protective alleles, and this effect was driven
entirely by the variant predicted to be functional by in sil-
ico and experimental analyses.®®

Analogous to the high-throughput reporter assays
(MPRAs) mentioned above, several groups have also devel-
oped high-throughput CRISPR screens to identify essential
genes, potential drug targets, or noncoding regulatory
regions. As with MPRAs, high-throughput genome and
epigenome editing screens may facilitate efficient testing
of many candidate cis-regulatory regions and their associ-
ated variants. These approaches will likely be particularly
useful for loci harboring multiple functional variants that
all contribute to disease risk. While conditional analyses
can oftentimes rule out the possibility of multiple
unlinked (or weakly linked) causal variants, there is no a
priori reason to assume that a given association signal is

caused by just one functional variant. Indeed, computa-
tional studies have suggested that many disease risk loci
are driven by multiple variants spanning multiple en-
hancers that target the same gene,”” further emphasizing
the importance of experimentally testing all candidate
causal variants at a given locus, rather than focusing on
just one or two based on correlational data.

Determining the Target Gene(s) of a Regulatory Variant
While genome editing can confirm the allele-specific func-
tions of a distal CRE, editing experiments alone cannot
determine the mechanisms by which these elements affect
transcription of their target genes. The last few years have
seen an explosion in the number of studies investigating
how the human genome is organized in the nucleus,
both at small and large scales, and there is now abundant
evidence that chromosomes can bend and form loops at
kilobase and megabase scales, and that these loops play
an important role in transcriptional regulation and disease.
While the transcription of a gene occurs at the promoter,
enhancers, and other distal regulatory elements appear to
affect gene transcription by physically interacting with
their target promoters, and oftentimes with each other,
through chromatin looping interactions.”' Thus, physical
contact between a distal regulatory element and a pro-
moter may be considered evidence for a regulatory
function of that element. The marriage of chromosome
conformation capture (3C) techniques with high-
throughput sequencing has allowed for the investigation
of all long-range contacts in the genome (Hi-C, an “all-
versus-all” approach), or, with superior depth and resolu-
tion, all long-range contacts involving a region of interest,
such as a gene promoter (4C, Capture-C, or Capture Hi-C;
“one-versus-all” approaches).”?

The value that these approaches possess for post-GWAS
functional studies (and for the study of eukaryotic tran-
scriptional regulation in general) should be emphasized.
Even in cases in which a likely causal variant is already
known based on statistical association, allele-specific
effects on reporter genes and TF binding, etc., it can be
extremely difficult to know a priori what the target gene(s)
of the CRE harboring the variant might be.'” “One-versus-
all” approaches—in which a specific genomic region is
captured or selectively amplified in conjunction with all
interacting regions—are well-suited to identify the target
promoters of enhancers and other distal elements, or
conversely, all distal regulatory elements that interact
with a given promoter, such that the regulatory effects of
a variant can be linked to the correct gene(s).

A striking example of the importance of considering the
three-dimensional organization of chromatin concerns the
association of intronic genetic variants at the FTO locus
with obesity.”* The FTO locus is the strongest known risk
factor for obesity, with an odds ratio of > 1.4 for the
sentinel SNP located on chromosome 16q12.2.”* Further-
more, Ffo expression levels have been reported to affect
body mass and composition in mice; thus, FTO was
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considered by many to be the gene responsible for confer-
ring risk for obesity at this locus.”>”’” However, while the
top obesity-associated SNPs at this locus are all intronic,
suggesting a regulatory effect for the causal variant, none
of the SNPs have been associated with FTO expression
levels.”> To resolve this conundrum, Smemo and col-
leagues (2014) performed 4C in mouse embryos and brain
to determine if the obesity-associated interval interacts
with any genes other than FTO. This analysis demon-
strated strong interactions between the obesity-associated
region and the Irx3 promoter, located several hundred
kilobases away. As the obesity-associated region displays
enhancer-associated histone marks, the authors then
demonstrated enhancer activity for this region using
transgenic mouse assays.”” Importantly, they also demon-
strated an association between the obesity-associated SNPs
and IRX3 expression in a large set of human brain
samples, confirming IRX3 as a likely target gene of the
FTO enhancer region. These results were then corroborated
by mouse models demonstrating a role for Irx3 in body
weight maintenance.”” An impressive follow-up investiga-
tion by Claussnitzer et al. (2015) identified the likely causal
variant at this locus, using precise genome editing and
several other approaches.”® This work identified an addi-
tional target gene of the obesity-associated region, IRXS,
which also appears to affect obesity-related cellular pheno-
types. Thus, 3C-based approaches were essential in identi-
fying the genes responsible for conferring obesity risk
through long-range regulatory effects of obesity-associated
variants at the FTO locus.

It has been suggested that if the activity of a distal regu-
latory region is modified by a functional variant, and
regulation of the target gene(s) by such a region involves
long-range interactions, then regulatory variants might
influence the long-range interactions themselves.”’
Accordingly, 3C-based approaches have been used to iden-
tify allele-specific long-range interactions, typically using
cell lines or tissues that are heterozygous for the disease-
associated haplotype. Allele-specific long-range interac-
tions can be detected by using SNP-specific primers or
probes for PCR-based approaches (e.g. 3C or 4C),*" or, for
approaches involving HT-seq (e.g., 4C or Hi-C), designing
the experiment such that haplotype marker SNPs are
present in the sequenced ligation products.””#"*? In an
example of the former approach, Stadhouders et al.
(2014) used K562 cells to investigate long-range interac-
tions involving a putative enhancer region that harbors
variants associated with fetal hemoglobin levels.®! The au-
thors performed 3C with a SNP-specific primer in order to
demonstrate allele-specific chromatin looping between the
putative enhancer and the promoter of MYB, which en-
codes a key hematopoietic and erythropoietic TE*' With
regards to the latter approach, several groups have attemp-
ted to identify allele-specific interactions by sequencing
the 3C ligation products and determining whether SNPs
contained in the ligated fragments deviate from either a
50/50 allelic ratio, or the allelic ratio present in a control

sample or condition.’*®*®** Indeed, recent work from our
group used such an approach to functionally dissect a
7p21 locus associated with the neurodegenerative disease
frontotemporal dementia.* Specifically, we linked a candi-
date causal variant to both disease risk and expression of
the target TMEM106B and then demonstrated that this
SNP affected recruitment of the mammalian chromatin
organizing protein CTCE. To confirm our hypothesis that
haplotype-dependent recruitment of CTCF would lead
to haplotype-dependent participation in long-range chro-
matin interactions, we adapted a 3C-based technique to
capture all interactions with our candidate SNP-containing
CRE,*® demonstrating significant enrichment of the dis-
ease-associated haplotype in long-range chromatin con-
tacts. Importantly, our causal SNP resides not in an
enhancer or promoter, but a CTCF-bound architectural
site,®° suggesting that daVs can affect not only genetic
regulatory mechanisms dependent on long-range interac-
tion (such as the enhancer-mediated FTO/IRX3 mecha-
nism), but also the determinants of higher-order chro-
matin architecture themselves.

Determining the Molecular Function of a Regulatory Variant
If one or more of the approaches mentioned above succeed
in identifying a functional cis-regulatory variant, the ques-
tion remains as to how the variant affects the function of
the CRE at the molecular level. Given the overwhelming
evidence supporting the critical role of TFs and chromatin
remodelers in transcriptional regulation,'® coupled with
the significant overlap of daVs with mQTLs and
bQTLs,”>*’ one may hypothesize that many causal cis-
regulatory variants affect the ability of one or more
trans-acting factors to bind the CRE. This effect may be
direct (e.g., directly affecting binding of one or more
TFs or chromatin-modifying proteins) or indirect (e.g.,
affecting DNA methylation).

The effect of a variant on TF binding can be confirmed
by ChIP followed by qPCR (ChIP-qPCR) using allele-spe-
cific probes or primers, such that allelic differences in TF
binding can be determined at the variant of interest in a
heterozygous cell line or tissue, as exemplified by the
demonstration of allele-specific binding of the transcrip-
tion factor HOXB13 at a putative causal variant at the
RFX6 locus.®* Alternatively, ChIP-seq experiments can be
performed to investigate potential allele-specific TF bind-
ing. In samples heterozygous for the candidate functional
variant, normalized sequencing reads covering the variant
(or a linked proxy variant) are expected to be present in
equal allelic ratios if the variant does not affect binding
of that particular factor; conversely, deviations from a
50/50 allelic ratio have been used to infer function of
candidate causal variants both at pre-determined loci®*
and in genome-wide analyses.®’

Electrophoretic mobility shift assays (EMSAs) are
another method of determining whether a variant affects
recruitment of a nuclear factor in vitro, although these
assays can be difficult to interpret and lack biological
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context.®® Antibodies raised against candidate TFs can be
added to the reaction to confirm TF binding to the variant;
alternatively, purified recombinant protein can be used
instead of nuclear extract to assess binding of specific
TFs.*® In many cases it may be difficult to predict which
TFs or other types of nuclear proteins are affected by the
variant, in which case unbiased approaches such as
EMSA followed by mass spectrometry can be helpful.®’
For example, a study by Fogarty and colleagues (2014)
combined these approaches to investigate a putative causal
variant at the CDCI123/CAMKID Type 2 diabetes risk
locus.”® After prioritizing candidate causal variants based
on epigenomic annotations and identifying a variant
that affects enhancer activity in cell-based reporter assays,
the authors performed EMSAs to determine which trans-
acting factors might be affected by the variant. Twenty-
one base pair probes containing either the risk or pro-
tective allele of rs11257655, the candidate causal variant,
were incubated with nuclear extract from HepG2 immor-
talized liver cells and two rodent insulinoma cell lines. In
all three extract types, the authors observed one or more
risk allele-specific probe/protein complexes that could be
supershifted with antibodies raised against the enhancer-
binding proteins FOXA1 and FOXA2.”” Consistent with
this finding, rs11257655 is located within a predicted
FOXA1/2 motif, and the protective allele alters a highly
conserved “T” base pair within the motif. The authors
further confirmed risk allele-specific binding of FOXA2
by performing a DNA affinity capture assay followed by
mass spectroscopy.”’

Linking Gene-Expression Changes to Complex Traits

While determining the molecular mechanism by which a
disease-associated variant affects gene expression is impor-
tant from a genetic regulatory standpoint, perhaps a more
practical question is that of how small changes in a gene’s
expression levels affect cellular and organismal pheno-
types in a disease-relevant way. Indeed, while many studies
have reported genetic variants that alter cis-regulatory
function, the mechanisms by which the resulting alter-
ations in gene expression influence disease risk are often
not investigated, or are unknown. Some studies have func-
tionally linked expression levels of the causative gene to
disease-relevant phenotypes, but many of these studies
relied upon imprecisely-controlled overexpression, strong
knockdown, or knockout approaches.*>®*7*?! Recapitu-
lating the gene-expression differences relevant to a disease
risk locus is difficult for at least two reasons: first, eQTL
effect sizes are, in terms of fold expression change,
typically unknown, not reported, or small; second, it is
technically difficult to finely titrate the overexpression or
knockdown of a gene. To overcome this issue, some studies
have looked for correlations between the expression levels
of the gene of interest and disease-relevant phenotypes,
across samples or individuals. For example, Huang et al.
(2014) characterized a functional variant at the RFX6
locus, which appears to increase prostate cancer risk by

increasing enhancer-mediated RFX6 regulation. Knock-
down of RFX6 impaired prostate cancer cell migration
and invasion, and consistently, RFX6 expression levels
were positively correlated with tumor aggressiveness and
relapse across 128 prostate cancer samples.®* Some studies
have also reported trait-relevant phenotypes that are
distinguishable between cell lines of different genotypes,
such as pigmentation in melanocytes,”” although this
may not be a common phenomenon among complex
traits.

The main limitation of the approaches discussed above
is that they are correlational. Thus, to determine the
phenotypic effects of allele-specific changes in gene
expression, genome editing may again be the best
approach. By mutating the causal variant from one allele
to the other, the resulting changes in gene expression
and cellular phenotypes are (1) more likely to be physio-
logically relevant than those seen in overexpression or
knockdown experiments, and (2) can be causally linked
to the variant in question. By using HDR to mutate the
RFX6 causal variant, Spisak et al. (2015) demonstrate a
2-fold expression difference between risk and protective
allele homozygote clones.®® Intriguingly, protective allele
homozygote clones displayed notably different cellular
morphology and impaired cellular adhesion compared
with risk allele homozygotes. However, no effects on cell
migration or invasion were seen, presumably because of
the smaller changes in RFX6 expression compared to the
previous Huang et al. study.”® In Claussnitzer et al.
(2015), precise editing (and re-editing) of the FTO obesity
causal variant in adipocytes not only resulted in the ex-
pected changes in target gene expression, but also affected
metabolic rate, oxygen consumption, and thermogenesis,
all pathways that are associated with obesity.”® While these
initial results are promising, a more complete understand-
ing of the mechanistic links between allele-specific
changes in gene expression and risk for complex diseases
and traits is needed. Important to this understanding will
be the establishment of molecular, cellular, and organismal
phenotypes tailored to the particular disease in question
(i.e., LDL levels in cardiovascular disease) which, in turn,
might benefit from disease-specialized knowledge.

Conclusions

GWASs have identified thousands of SNP-trait associations
throughout the genome, linking common genetic varia-
tion to hundreds if not thousands of complex diseases
and traits. However, only a small fraction of these statisti-
cal associations have been thoroughly investigated to
determine (1) which variant or variants are causal, (2)
what the molecular functions of the causal variants are,
(3) which genes are affected by the causal variants,
and (4) how changes in the function or regulation of
the causal genes lead to altered disease risk. In our own
disease area, that of neurodegeneration, GWASs have iden-
tified > 200 loci associated with the four major neurode-
generative diseases (Alzheimer’s Disease, Parkinson's
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Disease, Amyotrophic Lateral Sclerosis, and FID) and
related phenotypes.'' However, only one of these loci,
the SNCA locus, which was known to be involved in PD
risk for years”*”* prior to the advent of GWASs, was mech-
anistically investigated in detail prior to our own recent
work on the TMEM106B locus.

We thus suggest that an increased emphasis on the
downstream functional dissection of already-identified
GWAS loci, rather than a search for ever more GWAS
loci, might be most likely to benefit knowledge of path-
ophysiology. Indeed, as recently argued by Boyle, Li,
and Pritchard,” the advent of larger and larger GWASs
yielding associations with smaller and smaller effects
might result in the eventual finding of all genes ex-
pressed in disease-relevant cells as disease-associated
loci, a case of clearly vanishing returns. To again use
the example of FID, in 2010, one GWAS, of modest
numbers (~500 cases), identified one risk locus of rela-
tively large effect size (odds ratio > 1.6).”° In the years
since, this locus has been conclusively linked to the
target TMEMI106B by multiple groups,”””® and
TMEM106B has been shown to localize to and affect
the function of lysosomes.””"'%> Moreover, genetic varia-
tion at the TMEM106B locus has been shown to modify
phenotype in carriers of Mendelian mutations in
GRN'%® and C90rf72'°* causal for FTD, as well as to
modify risk for cognitive impairment and dementia in
ALS,'° with, potentially, a more general role in brain
“aging”'’® and cognitive phenotypes.'’” As a conse-
quence of this active downstream investigation, multiple
potential therapeutic avenues targeting TMEM106B—to
reduce penetrance in GRN or C9orf72 mutation carriers,
to decrease risk of dementia in ALS, to improve lyso-
somal activity in a way that might benefit cellular func-
tion—exist now. Should similar approaches be taken
with the wealth of uncharacterized, but well-replicated,
GWAS loci already implicated in neurodegeneration
and, more broadly, in human disease, the benefits to
human health promised for the last 12 years might begin
to be realized.
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