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Introduction

Dozens of single nucleotide polymorphisms (SNPs) associated
with late-onset Alzheimer’s disease (LOAD) have been identified
by genome-wide association studies (GWAS). However, these are
’tagging SNPs’ for nearby genetic variants in linkage disequilib-
rium (LD) and may not be actually functional. Moreover, all 21
of the significant SNPs identified in phase 1 of the International
Genomics of Alzheimer’s Project (IGAP) meta-analysis [1] are in
non-protein-coding regions, implicating gene regulatory mecha-
nisms as underlying the association signal. These considerations
suggest a need for functional annotation of all the variants in LD
with the IGAP tag SNPs in order to prioritize the truly causal
variants and identify the affected regulatory mechanisms, tissue
contexts, target genes, and affected biological processes.
To address this need, we developed a novel tool, called IN-
FERNO (INFERring the molecular mechanisms of NOncod-
ing genetic variants). Given a list of tagging variants, IN-
FERNO uses 1,000 Genomes Project [2] data to define LD
blocks. Each linked variant is compared with: sites of enhancer
RNA (eRNA) transcription across 112 tissue facets from the
FANTOM5 consortium [3]; ChromHMM-defined epigenetic en-
hancer states across 127 tissues and cell types from the Roadmap
Epigenomics consortium [4]; expression quantitative trait loci
(eQTL) across 44 tissues from the GTEx consortium [5]; and
predicted transcription factor binding sites (TFBSs) for 332
transcription factors from HOMER [6]. Tissues and cell types
from each data source are grouped into 32 broad tissue cate-
gories for comparison, and empirical p-values for the enrichment
of functional overlaps in each tissue category are obtained by
bootstrapping.

Figure 1 : Schematic of INFERNO

Application of INFERNO to IGAP

We applied INFERNO to 19 IGAP phase 1 top hits excluding
the variant in the DSG2 region, which did not replicate, and the
variant in the HLA region, which is notoriously hard to analyze.
We first defined an expanded set of 706 variants by identifying
all SNPs within 500 kb of any tag SNP with p-value within
one order of magnitude of the tag SNP. Then, to account for
LD structure, we subjected this set to LD pruning, yielding 67
variants, which were submitted as input to the INFERNO tool.
After LD expansion, 1,333 unique variants were analyzed for
regulatory potential.

Annotation SNP Count
FANTOM5 eRNA transcription 53

GTEx eQTL 976
Roadmap epigenetic enhancer state (HMM) 852

HOMER Motif 585
eRNA and eQTL 41

eRNA and HMM enhancer 51
eQTL and HMM enhancer 613

eRNA, eQTL, and HMM enhancer 39

P-value expansion, LD pruning,
and LD expansion of IGAP top hits
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Figure 2 : The number of unique variants in each tag region
after p-value expansion, LD pruning, and LD re-expansion
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Figure 3 : The distributions of minor allele frequencies for
variants in each tag region

0.00

0.25

0.50

0.75

1.00

ABCA7
BIN

1

CASS4

CD2A
P

CD33

CELF
1

CLU CR1

EPHA1

FERM
T2

IN
PP5D

M
EF2C

M
S4A

6A

NM
E8

PIC
ALM

PTK2B

SLC
24

A4/
RIN

3

SORL1

ZCW
PW

1
To

ta
l

Tag SNP region

P
ro

po
rt

io
n 

of
 S

N
P

s

Genomic Partition
5' UTR Exon

5' UTR Intron

3' UTR Exon

3' UTR Intron

Promoter

mRNA Exon

mRNA Intron

Repeat

Intergenic

Counts of SNPs falling in genomic partitions across thresholds

Figure 4 : The genomic partition of variants identified by
p-value and LD expansion for each tag region
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Figure 5 : Heatmap of number of SNPs overlapping FANTOM5
enhancer RNA transcription
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Figure 6 : Heatmap of number of SNPs overlapping GTEx
eQTLs
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Figure 7 : Heatmap of number of SNPs overlapping
ChromHMM-defined enhancer states
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Figure 8 : Distributions of changes in the PWM score for
variants overlapping HOMER motifs
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Figure 9 : Visualization of functional overlaps and combination
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Figure 10 : Visualization of functional overlaps and combination
of overlaps across individual SNPs and tissue categories
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Figure 11 : Empirical p-values for tissue and annotation overlap
combinations based on 10,000 bootstrapped samples
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Figure 12 : Annotation overlaps for individual SNPs in the
EPHA1 region across tissue categories
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Figure 13 : Genome browser view of rs11765305 locus
[chr7:143,111,062-143,111,161]
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Figure 4. Luciferase assay results for rs11765305 in K562 cells, a leukemia of monocyte precursors. 
Luciferase expression is normalized against Renilla expression in the same well. Asterisk represents 
statistically significant luciferase expression at the 0.05 level. Negative control is a randomly sampled 
heterochromatin insert.  

Figure 14 : Luciferase assay results for rs11765305 in K562 cells,
a leukemia of monocyte precursor cell line. Asterisk represents
statistically significant luciferase expression at the 0.05 level
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Figure 15 : Visualization of functional overlaps at 13 IGAP
suggestive regions

Conclusions

Computational analysis of diverse types of functional genomic
data across hundreds of tissues and cell types identified a small
number of putatively causal SNPs for LOAD with strong func-
tional evidence. The significant enrichment of functional over-
laps in the blood and immune organ categories supports the hy-
pothesis of immune activity forming important aspect of LOAD
pathology, and we were able to identify a specific variant in
the EPHA1 with strong evidence of enhancer activity and in-
teraction with a long noncoding RNA transcript (EPHA1-AS1),
which is currently being investigated.
In addition, the INFERNO tool provides an easy and powerful
approach for inferring the molecular mechanisms of noncoding
genetic variants. We have implemented INFERNO in an efficient
pipeline with source code and access to a web server version
available at lisanwanglab.org/INFERNO.
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Methods

INFERNO is implemented using Python, R, and bash. Datasets from each
consortium were grouped into tissue categories based on the categorization
provided by Roadmap and the CL ontology. For bootstrapping, variants were
matched on minor allele frequency (bin size 0.01), distance to the nearest TSS
(rounded to 1kb), and the number of LD partners. Multiple testing correction
was performed using the Benjamini-Hochberg procedure. For the luciferase
assay, luciferase expression was normalized against Renilla expression in the
same well, and the negative control is a randomly sampled heterochromatin
insert.
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