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Genome-wide association studies have discoveredmany genetic loci
associated with disease traits, but the functional molecular basis of
these associations is often unresolved. Genome-wide regulatory
and gene expression profiles measured across individuals and
diseases reflect downstream effects of genetic variation and may
allow for functional assessment of disease-associated loci. Here, we
present a unique approach for systematic integration of genetic
disease associations, transcription factor binding among individuals,
and gene expression data to assess the functional consequences of
variants associatedwith hundreds of human diseases. In an analysis
of genome-wide binding profiles of NFκB, we find that disease-
associated SNPs are enriched in NFκB binding regions overall, and
specifically for inflammatory-mediated diseases, such as asthma,
rheumatoid arthritis, and coronary artery disease. Using genome-
wide variation in transcription factor-binding data, we find that
NFκB binding is often correlated with disease-associated variants
in a genotype-specific and allele-specific manner. Furthermore, we
show that this binding variation is often related to expression of
nearby genes, which are also found to have altered expression in
independent profiling of the variant-associated disease condition.
Thus, using this integrative approach,weprovide a uniquemeans to
assign putative function to many disease-associated SNPs.
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Elucidation of functional mechanisms underlying genetic asso-
ciations with phenotypic traits is a fundamental problem in bi-

ology and its translation to medicine. Genome-wide association
studies (GWAS) have identified many genetic variants associated
with diseases (1), but such approaches rely on “tag” single nucle-
otide polymorphisms (SNPs) found onDNAmicroarrays.Whereas
these SNPsmay lie within or near genes or other functional regions,
their specific functional relationships to the biology of disease are
not necessarily determined through genetic association alone (2).
Integrative genomics can provide an approach to bridge the gap

between genotype and phenotype. Regulatory features across
hundreds of transcription factors (TFs) and dozens of cell lines
have been mapped extensively using ChIP-Seq (Chromatin Im-
munoprecipitation followed by high-throughput sequencing) by
the ENCODE project (3). We expect that polymorphisms that
affect transcription factor binding can have a tremendous in-
fluence on disease (4), as the differences in TF binding that lead to
downstream differences in expression may be the underlying cause
of the disease association of the SNPs. Molecular profiling data
measuring DNA, TF binding, and mRNA expression variation
across individuals are recently published (5), and large compendia
of mRNA expression profiles of disease states are available in the
public domain (6). Integrative analysis of these functional biology-
rich sources of data may suggest putative function for previously
unannotated disease-associated SNPs.
Previous approaches to the study of regulatory variation have

focused on single diseases and regions or have taken a genome-
wide approach, but have not systematically explored allele-specific
effects of DNA binding. For instance, studies have focused on
regions such as 9p21, a well-studied gene desert associated with
Coronary Artery Disease (CAD), which has been shown to harbor
many enhancers and disease risk alleles in this region that disrupt

TF binding sites (7). Adrianto et al. used an unbiased approach,
performing a GWAS with a functional follow-up experiment to
show that a risk-conferring variant affects NFκB binding (8). Ge-
nome-wide methods have successfully related diseases to tran-
scription factors, based on genome-wide binding data and disease
association data from GWAS (4, 9). However, these approaches
have not systematically explored allelic effects of disease-associated
variants. A recent analysis across cell types has shown allele-specific
DNase hypersensitivity within each cell type (10), but does not
explore the direct effect of natural human variation across indi-
viduals on regulatory features. A similar analysis was performed
across chromatin marks, showing how variants associated with
breast cancer can affect chromatin affinity and gene expression
(11). These studies have provided evidence that variants in TF
binding sites have roles in disease specific to the biology of the TF.
In this work, we focus on the functional role of variants in

transcription factor binding sites in human disease. As a case study,
we explore variants in the binding regions of NFκB, which is
a crucial regulator of inflammation and has been implicated in
many diseases, including autoimmune diseases and cancer (12).
Additionally, variation in NFκB binding has been extensively
mapped and correlated with variants in motifs and the binding site
(5, 13). Here, we use these natural variation data to investigate
properties of disease-associated SNPs in NFκB binding regions and
provide putative functional explanations for their disease mecha-
nisms, through genotype-specific and allele-specific binding events.

Results
NFκB Binding Regions Are Enriched for Disease-Associated SNPs. We
mapped a compendium of 66,128 common (dbSNP 135, ≥1%
overall minor allele frequency, MAF) disease-associated SNPs
(14, 15) to a set of 15,522 NFκB binding regions found in lym-
phoblastoid cell lines from 10 individuals (5) (Fig. 1, Top). These
binding regions span 15.1 Mb and contain 60,595 common SNPs,
which allowed for a reduced set of candidate functional variants.
We found 797 established disease-associated SNPs (repre-

senting 144 diseases) in regions bound by NFκB, a significant
overrepresentation (2.25-fold; Fig. 2A) compared with all com-
mon variants (Fisher’s exact P = 4.2 × 10−90). This enrichment is
even more pronounced for stringent disease associations, in-
cluding genome-wide significant variants (GWAS P value <10−7)
and variants that have been replicated in multiple studies and
multiple ethnicities. These enrichments and trends are similar to
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those for general regulatory elements, such as variants in sites
bound by RNA polymerase II (PolII) (Fig. S1). These associa-
tions are not biased by genomic parameters, such as minor allele
frequency or distance to transcription start site (Fig. S2). Addi-
tionally, this enrichment is even stronger for variants in linkage
disequilibrium with variants in NFκB binding sites (Fig. 2B).
Next, we evaluated the presence of genetic associations in NFκB

regions on a per-disease basis. We found that SNPs associated with
primarily inflammatory and autoimmune diseases and cancers, in-
cluding rheumatoid arthritis, asthma, and lymphoma, were highly
overrepresented [false discovery rate (FDR) < 0.1] in NFκB
binding regions (Fig. 2C and Dataset S1) compared with a back-
ground of the overall compendium of disease-associated SNPs.
Additionally, SNPs that reach genome-wide significance (GWAS
P value <10−7) associated with systemic lupus erythematosus,
primary biliary cirrhosis, and rheumatoid arthritis are also enriched
inNFκB regions (Fig. 2C). These disease signals are TF specific and
not a general property of regulatory features, as demonstrated by
the enrichment of different diseases for PolII binding regions
(Fig. S1).
Finally, to determine if disease-associated variants are associ-

ated with the most occupied sites, we examined whether the NFκB
binding regions that harbor disease-associated SNPs have higher
ChIP-Seq signals compared with the background of all NFκB
binding regions. We found that the disease-associated signals are
29.3%higher on average than all NFκBbinding sites (Fig. 2D), and
this increase is not due to differences in GC content (Fig. S3).
Additionally, we find that the ChIP-Seq strength is even higher for
binding sites with high-confidence disease-associated variants.
Thus, disease mechanisms may be identified among the stronger,
more highly occupied NFκB binding sites.

Disease-Associated SNPs in and Linked to NFκB Regions Are Highly
Functional. We explored the association properties of disease-
associated variants in NFκB binding regions. On average, we find

that the effect size from the originating GWAS [as measured
by OR, odds ratio (OR) or likelihood ratio (LR)] is higher
for variants in NFκB binding regions than the average disease-
associated SNP (Fig. 3A; mean log OR: 0.508 vs. 0.448; t test
P = 1.7E-4). These effects are specifically pronounced for var-
iants associated with gliomas, rheumatoid arthritis, and systemic
lupus erythematosus (Table 1). Additionally, SNPs in NFκB
regions in linkage disequilibrium (LD) with disease-associated
variants are enriched for inclusion in NFκBmotifs (over all SNPs
in NFκB regions; 1.54-fold, P= 1.3e-06), which is even higher for
stringent (disease association P < 1e-7) associated SNPs (3.17-
fold; P = 3.4e-13).
We also observe that disease-associated SNPs in NFκB binding

regions are more pleiotropic (i.e., generally associated with more
diseases) than the collection of known disease-associated SNPs
(Fig. 3B and Fig. S4; 1.36 vs. 1.12; Mann-Whitney U, P value =
2.7e-7). This observation likely reflects the broad role of NFκB in
many inflammatory-related, but subtly different biological processes.

SNPs in NFκB Binding Regions Suggest a Mechanism for the Biology of
Disease. To systematically functionally annotate to disease-asso-
ciated SNPs, we developed a pipeline to discover putative SNPs
that may be associated with an effect on NFκB binding (Fig. 1).
We identified candidate functional disease GWAS SNPs using
genotype and NFκB binding information from eight individuals
(5), where SNPs associating with differential NFκB binding in an
genotype-specific (cross-individual) or allele-specific (heterozy-
gous) fashion are presumed to be functional. In an assessment
of 5,497 SNPs in NFκB binding regions in linkage disequilibrium
[r2 > 0.3 in Hapmap European (CEU) samples] with one or more
disease-associated SNPs, we found a total of 317 SNPs whose
genotype was associated with differential NFκB binding across
individuals (nominal P < 0.05 and overall FDR < 0.1; Dataset
S2). We find five additional variants that show allele-specific
NFκB binding, within a heterozygous site in a single individual,
(binomial P < 0.05 in at least one sample) in LD with disease-
associated SNPs.
As an example, rs171407, a SNP previously reported to be as-

sociated with breast cancer (16) and linked (r2= 0.812) to rs35683,
a variant associated with type 2 diabetes (17), shows significant
genotype-specific association with NFκB binding in the eight
individuals queried (r = −0.88; P = 0.0038; Fig. 4A). Additionally,
we find an allele-specific binding event at rs12588969 across four
individuals (31.1% reference allele; pooled binomial P = 1.28 ×
10−4; Fig. 4B), which may provide a functional explanation for two
disease-associated variants: rs10137035 (r2 = 0.464), associated
with systemic lupus erythematosus (18), and rs941726 (r2 = 0.36),
associated with diffuse large b-cell lymphoma (19).
Overall, we find that variants in NFκB binding regions that are

linked to disease-associated variants are 43.6% more likely to be
B-SNPs, or SNPs in binding regions that are significantly associ-
ated with TF binding (nominal P < 0.01), than variants in binding
sites not in LD with GWAS SNPs (Fisher’s exact P = 0.0019; Fig.
4C). However, only 20–25% of the variants that affect binding are
linked to disease-associated variants (Fig. S5), reflecting the po-
tential for additional mechanisms yet undiscovered.

Regulatory SNPs Are Linked to Disease-Associated Molecular
Phenotypes. Next, we determined if disease-associated variants
implicated in variable NFκB binding could be linked to down-
stream functional regulatory effects on the expression of nearby
genes (Fig. 1, Middle). Considering all genes within 100 kb to be
potential targets, of the 317 variants associated with NFκB bind-
ing, we found 64 where the binding strength was also correlated
with expression of nearby genes (nominal P < 0.05 and overall
FDR < 0.1). For instance, rs3784275 is linked (r2 = 0.866) to
rs12702 (a variant associated with diabetic nephropathy) (20):
rs3784275 is correlated with NFκB binding (r= 0.889; P= 0.0032),
which in turn is correlated with expression of the uncharacterized
protein KIAA1737 (r = 0.802; P = 0.01; Fig. S6A).
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Fig. 1. Regulatory variant assessment pipeline. We intersected a compen-
dium of disease-associated variants with NFκB binding sites. We assessed
the effect of these and variants in LD with these variants on binding and
expression and linked these expression effects back to the same disease.
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To further explore the possibility that the downstream func-
tional regulatory effects of SNPs mediated by NFκB binding
variability contribute directly to the pathophysiology of disease,
we evaluated the expression patterns of NFκB binding genes
across 143 human disease conditions (Fig. 5). Many diseases ex-
hibit broad patterns of dysregulation of NFκB binding genes.

Among these are diseases for which NFκB is known to play
a substantial role in the molecular pathophysiology of the disease,
such as asthma, Alzheimer’s, and glioblastoma. However, other
diseases for which NFκB is not thought to play a substantial role,
such as cardiomyopathy and polycystic ovary syndrome, also ex-
hibit similar patterns of broad dysregulation of NFκB binding
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Fig. 2. NFκB regions are en-
riched for disease-associated var-
iants. (A) Fold-enrichments for
disease-associated variants in NFκB
regions: all associations and ge-
nome-wide significant variants
include variants with nominal
P< 0.01 and P< 10−7, respectively,
in the original study. Error bars
reflect the 95% confidence in-
terval of Fisher’s exact test. (B)
This enrichment is more pro-
nounced when considering vari-
ants in LD with disease-associated
variants. (C) Initial (lead SNP) en-
richment analysis was repeated
on a per-disease basis. Enrich-
ment is shown for all associations
relative to all diseases (red) and
genome-wide significant associ-
ated variants (blue). (D) NFκB
binding sites with disease-associ-
ated variants are stronger binding
peaks than the average NFκB
binding site. Error bars are shown
based on t test 95% confidence
interval.
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genes. However, we note that a suspected role for NFκB in the
pathophysiology of cardiomyopathy is recently emerging in the
literature (21).
In several cases, NFκB binding genes dysregulated in a disease

can already be linked to genetic variants associated with the same
disease falling within associated regions of correlated NFκB
binding activity (Fig. 1, Bottom). For example, IL-12B is found to
be dysregulated in inflammatory bowel disease (IBD) (22–24),
and a SNP in IL-12B rs6871626 was associated with IBD phe-
notype in an independent GWAS (25). Allelic variation in
rs12651787 (linked to rs6871626: r2 = 0.72) is significantly asso-
ciated with NFκB binding variability in a NFκB binding region
upstream of IL-12B (r=−0.827; P= 0.011), and binding variability
in this region is significantly associated with RNA transcript levels
of IL-12B (r = 0.78; P = 0.021; Fig. S6B). Therefore, genetic varia-
tion in regions linked to rs12651787 may serve as etiological
factors for IBD through downstream effects on the regulation of
IL-12B expression.

Discussion
In this study, we explore the physiological effects of regulatory
variants inNFκB binding sites usingGWAS information. Our work
is significantly different from that recently reported through EN-
CODE studies that primarily mapped binding and open chromatin
informationwith disease-associatedGWAShits. By using genotype
information from multiple individuals, we obtain functional in-
formation about the effects of allelic variation on NFκB binding,
which in turn is correlatedwith disease and expression information.
In this manner, a much stronger association can be made between
genetic variation and biological function.
By correlating NFκB binding regions with disease associations,

we propose potential genetic mechanisms for the etiology of many
inflammatory and immune-related diseases.We confirmed known
diseases (such as rheumatoid arthritis, asthma, and lymphomas)
associated with NFκB binding and suggest additional associations
(sudden infant death syndrome; SIDS). In particular, this result
lends support to the link between inflammation and SIDS (26)
and suggests that genetic variation in NFκB regions may con-
tribute to its pathophysiology.
Increased pleiotropy at disease-associated variants highlights

the complexity of regulatory variation (Fig. 3B). These effects are
typically more subtle than rare coding variants, such as those
found in Mendelian disorders that have large individual, but but
highly specific, effects. Instead, the variants uncovered in this
study may act through perturbation of a network involved in many
biological processes (27), thereby leading to many possible phe-
notypes. The distinct phenotypes may depend on any number of
environmental triggers or complex epistatic genetic interactions.
This study describes in detail the role of variants inNFκBbinding

sites in potential disease mechanisms. The mapping of additional
variation datasets for other transcription factors by the ENCODE

Table 1. Variants in NFκB regions have strong effects in
particular diseases

Broad phenotype NFκB mean LR Mean LR t test P Wilcox P

Glioma 0.9692 0.6472 0.1031 0.0419
Rheumatoid arthritis 0.3679 0.3054 0.0118 0.0013
Systemic lupus

erythematosus
0.4276 0.3587 0.0410 0.0010

For these diseases, the mean likelihood ratio (LR) for variants in NFκB regions
is higher than the average LR for variants associated with the disease.
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project and others will enable a comprehensive assessment of
regulatory information in disease. Additionally, as the regulatory
code is deciphered, the role of cooperativity among factors in dis-
ease will need to be elucidated.
It is expected that a large number of individual genomes will be

sequenced in the near future, and we expect that the need to
evaluate and interpret association of binding SNPs with non-
coding variants will continue to gain in importance, especially
given most disease-associated variants lie outside of gene coding
regions (1). Therefore, it is likely that comprehensive, integrative
analysis of regulatory variants will be crucial for fully characterizing
the etiology of complex diseases. DNA variation in NFκB binding
regions associated with patterns of dysregulated NFκB binding
genes may highlight regions likely to harbor novel genetic risk
variants underlying susceptibility to various diseases, andmay serve
as a means for prioritizing regions for genetic analysis. These

molecular connections may also provide insight into possible bi-
ological mechanisms by which genetic risk variants identified
through association studies are connected to functional molecular
phenotypes of disease. Thus, variants that lie in binding regions
that vary among individuals (i.e., B-SNPs) and their association
with disease loci as described in this study is expected to be ex-
tremely valuable for clinical genomics and the annotation of
personal genomes.

Methods
Data Sources. Data on 121,543 disease-SNP associations (P < 0.01) from the
Varimed database were used as in refs. 14 and 15, which, where possible,
include odds ratios and likelihood ratios from initial publications and 1,410
phenotypes mapped to MeSH terms. When a protective odds ratio or like-
lihood ratio is reported in the literature, it is transformed to a risk allele
using its inverse (risk OR = 1/protective). These variants were filtered to
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JRA - Juvenile rheumatoid arthritis
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Cardiomyopathy
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Serous carcinoma
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Cancer of prostate
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Acute Lung Injury
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Fig. 5. Expression landscape of NFκB binding genes across human diseases. Clustered heatmap shows the binary differential expression profile of 108
NFκB binding genes (columns) across 143 distinct human disease conditions (rows). Blue-colored cells indicate that the gene is observed to be differ-
entially expressed in the disease condition relative to normal controls, and black indicates a lack of observed differential expression. Yellow-colored cells
indicate that the gene is observed to be differentially expressed in the disease and that variants near that gene associated with NFκB binding are linked
to disease-associated hits for the same disease. Many diseases having a substantial and well-established role for NFκB in their pathologies, such as asthma
and glioblastoma, exhibit similar NFκB binding gene expression profiles as diseases not traditionally thought to have a substantial basis in NFκB regu-
latory activity, such as cardiomyopathy and polycystic ovary disease.
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variants in dbSNP 135 with ≥1% overall MAF resulting in 66,128 disease-
associated SNPs. ChIP-Seq data for NFκB and PolII for lymphoblast cell lines
derived from 10 individuals (for 8 of which individual genome sequences
were available), including quantitative binding information (normalized for
sample coverage) across individuals were obtained from ref. 5. All analyses
were performed using dbSNP release 135 and hg19 coordinates. Variant
annotations were obtained from dbSNP135 annotations from University of
California Santa Cruz. All statistical analysis methods were performed using
R statistical software (2.15.1).

TF-Disease Enrichments. Variants from the disease-association database were
mapped onto NFκB binding regions lifted over from hg18 to hg19, and this
intersection retained 144 diseases (Dataset S3). Enrichments for disease-
associated SNPs in binding regions and other functional classes were ascer-
tained by Fisher’s exact tests. Correction for multiple hypothesis testing was
assessed using q-value FDR analysis (the R package, qvalue) (28). Addition-
ally, per-disease enrichments were corrected using permutation analysis:
SNPs were dissociated from their associated diseases and significant enrichments
were required to have q < 0.1 and Pperm < 0.1.

Simulated backgrounds were generated from 1,000 random samples of
variants in dbSNP135, limited to variants of at least 1% MAF, whose distri-
bution was matched to the joint distribution of the MAF and distance to
transcription start site (TSS) of the disease-associated variant database. The
number of disease-associated variants in TF binding sites was then compared
with this distribution to estimate an empirical P value. Simulations were also
run in reverse: the number of disease-associated variants in TF binding sites
was compared with the variants sampled from a matched distribution of
MAF and distance to TSS of variants in TF binding sites.

SNP, Binding, and Expression Association. Associations between individual
SNPs and binding strengths were tested using Pearson correlation of number
of nonreference alleles to the quantitative measure of NFκB binding.
Associations between binding and expression were ascertained by Pearson
correlation between NFκB binding and expression (reads per kilobase per
million) obtained from ref. 5. Permutation testing was run for the joint dis-
tribution between the effect of variants on binding and binding on expres-
sion: for each variant–gene combination, 1,000 permutations of the variant,
binding, and expression were generated and tested as above. We generated
a distance metric based on the sum of correlation values (rbinding

2 + rexpression
2)

and compared the true value against this distribution to estimate an empir-
ical P value (Fig. S7).

Allele-Specific Binding. ChIP-Seq reads for all 10 individuals were remapped
to hg19 using BWA (0.6.1) and filtered for PCR duplicates using Picard (1.72).
Variant calls were obtained from the 1000 Genomes Project and converted to

hg19 coordinates using liftOver. Allele-specific binding (ASB) was determined
on a per-heterozygote per-individual basis for the 10 individuals, as in ref. 29.
Reads were filtered to be above MAQ 30 mapping quality. For each in-
dividual, a binomial probability of success was determined based on the
probability that a reference allele maps to the genome compared with
a nonreference allele. Significant ASB events were determined as sites with at
least five reads per allele, binomial P < 0.01, and where the nonreference
allele was overrepresented (to minimize reference sequence bias). Allele-
specific expression (ASE) was similarly determined using reads from the
transcriptome (RNA-Seq) of each individual.

Disease–Gene Association. We obtained disease vs. normal gene expression
profiles for 300 human diseases usingmethods described previously (6). In brief,
we identified published microarray studies in the National Center for Bio-
technology Information Gene Expression Omnibus (GEO) and European Bio-
informatics Institute ArrayExpress databases relevant to human disease. Each
study is annotated with controlled disease and tissue terms selected from the
Systematized Nomenclature of Medicine Clinical Terms (SNOMED-CT) and Na-
tional Cancer Institute thesaurus vocabularies, respectively. Only those experi-
ments having normal, tissue-matched controls measured in the same experiment
were retained. For each disease vs. control experiment, we estimate the set of
differentially expressed genes using RankProd softwarewith a 5% false discovery
rate threshold. One hundred sixteen SNOMED-CT terms represented in the ex-
pression profiles using the Unified Medical Language System (UMLS) were
mapped to disease Medical Subject Heading (MeSH) terms annotations in
Varimed, where the overlap thereof was 89 diseases (Dataset S3).

To evaluate the NFκB binding gene profiles among diseases, we repre-
sented each disease as binary expression vector of length n, where n = 108
representing the 108 NFκB binding genes. The ith position in the vectors
represents a distinct binding gene gi, and if a disease di is found to differ-
entially express gi, then gi = 1, otherwise gi = 0. We performed the heatmap
cluster analysis by first estimating the Manhattan distance matrix between
each disease vector pair, followed by agglomerative hierarchical clustering
using the average linkage method. We further annotated the heatmap by
identifying genes differentially expressed in a disease that are also linked to
NFκB binding regions harboring disease susceptibility variants identified for
the same disease through genetic association studies.
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