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ABSTRACT

In recent years, human regulatory SNPs (rSNPs) have
been widely studied. Here, we present database
rSNPBase, freely available at http://rsnp.psych.ac.
cn/, to provide curated rSNPs that analyses the regu-
latory features of all SNPs in the human genome with
reference to experimentally supported regulatory
elements. In contrast with previous SNP functional
annotation databases, rSNPBase is characterized
by several unique features. (i) To improve reliability,
all SNPs in rSNPBase are annotated with reference to
experimentally supported regulatory elements. (ii)
rSNPBase focuses on rSNPs involved in a wide
range of regulation types, including proximal and
distal transcriptional regulation and post-transcrip-
tional regulation, and identifies their potentially
regulated genes. (iii) Linkage disequilibrium (LD) cor-
relations between SNPs were analysed so that the
regulatory feature is annotated to SNP-set rather
than a single SNP. (iv) rSNPBase provides the
spatio-temporal labels and experimental eQTL
labels for SNPs. In summary, rSNPBase provides
more reliable, comprehensive and user-friendly
regulatory annotations on rSNPs and will assist
researchers in selecting candidate SNPs for further
genetic studies and in exploring causal SNPs
for in-depth molecular mechanisms of complex
phenotypes.

INTRODUCTION

Similar to the effect of SNPs on protein structure and
function, the impact of SNPs on gene regulation has
been considered for decades (1,2) and widely studied in
recent years. Some recent findings imply an important
role for regulatory SNPs (rSNPs) in the molecular mech-
anisms of complex diseases and other complex biological
processes. For example, recent studies have shown that the

majority of published GWAS-significant SNPs are
intergenic or intronic (3), indicating that many risk
SNPs may affect phenotypes in a non-coding manner,
such as impacting gene regulation. Furthermore,
experimental data generated by the Encyclopedia of
DNA Elements (ENCODE) project have revealed the
overlap between GWAS SNPs or SNPs in strong linkage
disequilibrium (LD) with GWAS SNPs and regulatory
regions (4,5).

In the past decade, efforts have been made to annotate
the regulatory feature of SNPs in a genome scope to
facilitate relevant studies. SNPs within transcription
factor binding sites (TFBSs) or that affect TF-DNA
binding affinity were predominantly considered rSNPs
(6-10). Most previous rSNP databases have identified
rSNPs with reference to computationally predicted regu-
latory elements, such as predicted TFBSs (rSNP_Guide)
(6), predicted promoters (SNP@Promoter) (11), regions
affecting RNA splicing (ssSNPTarget) (12), miRNA
target regions (PolymiRTS (13,14), Patrocles (15) and
miRNASNP (16)), or multiple types of regulatory
elements (FESD (17), F-SNP (18), FASTSNP (19) and
SNP Function Portal (20)). These databases have sup-
ported functional SNP studies but did not introduce
high-throughput experimentally identified regulatory
elements into the functional analysis of SNPs.

The ENCODE project studies regulatory elements from
data of systematic high-throughput experiments (21) and
has generated a significant amount of data for identifying
various types of functional elements in the human genome
sequence (22). Different types of regulatory elements may
correspond with different regulation processes; for
example, regulatory elements that characterize open chro-
matin (such as DNase I hypersensitive sites, DHSs) are
associated with transcriptional regulation (23), and some
other regulatory elements (such as TFBS (24), histone
modification-marked sequences (25) and DNA methyla-
tion sequences (26)) are also involved in this process.
Specifically, experimentally identified chromosome inter-
acting regions provide information on distal transcrip-
tional regulation (27). This type of regulation is difficult,
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if not impossible, to be predicted in silico. Furthermore,
RNA-binding protein (RBP) associated regions identified
by RNA immunoprecipitation (RIP) are related to the
process of post-transcriptional regulation (28). The
database RegulomeDB (29) utilizes ENCODE-generated
experimental data that characterize chromatin accessibil-
ity. These experimental data and two other types of data
(predicted regulatory elements and experimental eQTL
evidence) were integrated into a cataloging and heuristic
scoring system to represent the functional confidence of a
variant. However, similar to the majority of previous data-
bases, RegulomeDB predominantly focuses on SNPs
involved in a single type of regulation. Indeed, there is
currently no database that focuses on regulatory
elements involved in distal transcriptional regulation.
Additionally, in previous databases, annotations have
been performed on single SNPs, and correlations
between SNPs have not been well considered.

rSNPBase is an rSNP database that annotates the regu-
latory features of SNPs in the human genome with refer-
ence to experimentally supported regulatory elements.
Regulatory elements that reflect proximal transcriptional
regulation, distal transcriptional regulation and RBP-
mediated post-transcriptional regulation were acquired
from ENCODE data and then utilized to identify
rSNPs. The corresponding genes potentially regulated by
these regulatory elements were also analysed. Considering
the importance of miRNA-mediated post-transcriptional
regulation, rSNPs in mature miRNAs are also included
in rfSNPBase, and their relevant regulated genes were
analysed with reference to experimentally supported
miRNA-targeted gene databases. rSNPBase also
includes non-rSNPs in strong LD (+*> 0.8) with rSNPs.
Furthermore, rSNPBase provides spatio-temporal
labels and experimental eQTL labels of SNPs to further
facilitate researchers in acquiring the exact data in
which they are interested. rSNPBase is targeted to
provide a more reliable, comprehensive and user-friendly
regulatory annotation on rSNPs to facilitate researchers
in selecting candidate SNPs for further genetic studies
(especially QTL studies), identifying causal variants of
certain phenotypes, and exploring in-depth molecular
mechanisms.

Table 1. Data content of rSNPBase as of 1 August 2013

DATA CONTENT AND DATA PROCESSING
Data content

rSNPBase includes rSNPs, LD proxies of rSNPs and
genes that are potentially regulated by rSNPs.
Experimentally supported regulatory elements were col-
lected and utilized to annotate the regulatory feature of
rSNPs. Regulation-related spatio-temporal information
and experimental eQTL evidences are employed as data
labels for the included SNPs. The data for rSNPBase (as
of 1 August 2013) are shown in Table 1.

Data processing

Genome-wide human SNPs and genes were filtered and
mapped by experimentally validated regulatory elements,
which are involved in four types of regulation (proximal
and distal transcriptional regulation and RBP-mediated
and miRNA-mediated post-transcriptional regulation).
As shown in Figure 1, rSNPBase hosts rSNPs that are
within regulatory eclements. FElement-regulated genes
were also analysed and hosted as genes potentially
regulated by rSNPs. For each rSNP, SNPs (both rSNP
and non-rSNP) in strong LD (+*>0.8) were analysed.
Finally, spatio-temporal labels and eQTL labels were
generated and labeled on all included SNPs.

Generating regulatory elements involved in different

types of regulation

Processed ENCODE production data that are associated
with chromatin accessibility (including open chromatin,
histone-marked regions, CpG islands and TFBSs), chro-
matin interactions and RBPs were downloaded from the
UCSC Genome Browser (hg 19) (30) (http://genome.ucsc.
edu/ENCODE/downloads.html) to generate experimen-
tally validated regulatory elements involved in proximal
and distal transcriptional regulation and RBP-mediated
post-transcriptional regulation (the ENCODE data that
are utilized in rSNPBase are shown in Supplementary
Table S1). The same type of data was integrated, and re-
dundant data were pruned. Specific for histone modifica-
tion data, only regions marked by active-associated
histones (H3K4mel, H3K4me2, H3K4me3, H3KYac,
H3K27ac, H3K36me3, H3K79me2, H4K20mel and

Data type Data description Data statistics
rSNPs Total® 22846 898
Involved in proximal transcriptional regulation 7081726
Involved in distal transcriptional regulation 9720393
Involved in RBP-mediated post-transcriptional regulation 15782798
Involved in miRNA-mediated post-transcriptional regulation 928
LD proxies (non-rSNPs)° 2281874
rSNP-related genes 56 869
Spatio-temporal labels Cell lines 363
Tissues 74
Developmental stages 5
eQTL labels SNP-gene pairs 2428727

“An rSNP may be involved in multiple types of regulation.

°In rfSNPBase, SNPs (both rSNP and non-rSNP) in strong LD (2> 0.8) with an rSNP are defined as LD proxies. Here

we only count the number of non-rSNPs of the LD proxies.
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Figure 1. Data processing and data content of rSNPBase.

H3K9mel) (31-33) were included in rSNPBase. Mature
miRNAs were collected from miRBase (release 20) (34)
as regulatory elements involved in miRNA-mediated
post-transcriptional regulation.

Analysing rySNPs and corresponding genes involved in
different types of regulation

Human SNPs from dbSNP (build 137) (35) were filtered
using experimentally validated regulatory elements based
on the genomic location to identify rSNPs. According to
the involved regulation types, the regulatory element-
filtered SNPs are defined as proximal transcriptional
rSNPs (proximal-rSNPs), distal transcriptional rSNPs

Legend Abbreviation
8 BRI Regulatory +  rSNP: Regulatory SNP
elements or + ENCODE: Encyclopedia Of
DNA regions DNA Elements
@ snps + RBP: RNA-binding protein
@ Genes +  TSS: Transcript Start Site
7 < Data labels + LD: Linkage disequilibrium

(distal-rSNPs), RBP-mediated post-transcriptional
rSNPs (RBP-rSNPs) and miRNA-mediated post-
transcriptional rSNPs (miRNA-rSNPs), all of which
are termed rSNPs in rSNPBase. Human genes from
Ensembl (GRCh37. P11) (36) were mapped by regulatory
elements or analysed with reference to experimentally
supported databases to identify genes corresponding
with rSNPs.

Proximal transcriptional regulation is related to regula-
tory elements associated with DNA accessibility, and this
type of regulation is largely dependent on the genomic
proximity of the regulatory elements and transcript start
site (TSS). Therefore, SNPs filtered by relevant regulatory
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elements were re-filtered by upstream and 5 UTR regions
of genes. The final double-filtered SNPs are defined as
proximal-rSNPs, and their corresponding genes were
identified with reference to their consequence types,
which were cataloged by Ensembl (36). Distal transcrip-
tional regulation-related regulatory elements were
analysed from the ENCODE data of chromatin inter-
actions. This type of data provides interacted TSS-
fragment pairs that are distant in sequence but relatively
close in space. For each TSS-fragment pair, the distal-
rSNPs were identified from the distal fragment, and
their corresponding genes were identified from the TSSs
located in the paired region. Sometimes both interacting
regions contain TSSs, rSNPs were then generated from
both regions correspondingly. DNA regulatory elements
related to RBP-mediated post-transcriptional regulation
were mapped from RBP-associated RNA sequences
generated by ENCODE. SNPs falling within these regula-
tory elements are defined as RBP-rSNPs. Genes that were
mapped by RBP-associated RINA sequences correspond
with this type of rSNP. SNPs within mature miRNAs
recorded by miRBase are defined as miRNA-rSNPs
and correspond with miRNA-targeted genes, which were
obtained from the experimentally supported miRNA-
targeted gene database miR2Disease (37) and
miRTarBase (38).

Analysing LD proxies

Because of the genetic correlation between nearby SNPs,
besides the analysis of a single SNP, rSNPBase also
analysed LD correlations between SNPs. In the genome
scale, the set of SNPs (both rSNPs and non-rSNPs) that
are in strong LD (+*> 0.8) with the rSNPs are defined as
LD proxies of rSNPs. The LD data were compiled from
both merged HapMap phases I+1I+1II genotype data
for markers that are up to 200 kb apart (39) and integrated

the 1000 Genomes project phase I release data (40,41),
which were downloaded from the International HapMap
Consortium and MaCH (42). Data from all populations
that the two projects are involved in were all utilized to
perform LD analyses.

Adding data labels

Due to the importance of eQTL evidence for deciphering
gene regulation and the spatio-temporal specificity of gene
regulation, rSNPBase provides eQTL labels and spatio-
temporal labels for the included SNPs. eQTL attributes
were collected from experimentally supported eQTL data-
bases (43-45) and the eQTL browser (http://eqtl.uchicago.
edu/cgi-bin/gbrowse/eqtl/) (46-52) to provide association
labels for SNPs. Tissue and developmental stage informa-
tion were labeled according to cell type, from which regu-
latory elements were identified.

APPLICATIONS AND EXAMPLES

Data retrieving in rSNPBase could be SNP-centric or
gene-centric. SNP-centric data retrieving is appropriate
to analyse results from genetic studies, especially the
results of high-throughput studies, and then provide
evidence for further functional studies to identify causal
SNPs and shed light on underlying molecular mechan-
isms. Gene-centric searches are useful in candidate SNP
selections that are based on genes of interest. Specifically,
rSNPBase provides various search options (such as regu-
lation type, tissue and developmental stage, and eQTL
evidence) for gene-centric searches in ‘Advanced search’
modules to facilitate data filtering.

Here, we present a process for data retrieval as an
example. Jostins et al. (53) identified 110 SNPs that are
significantly associated with inflammatory bowel disease.
We acquired detailed descriptions of these SNPs from

SNP Report
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Figure 2. An example of data retrieving process.
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the GWAS catalog (3) (see http://www.genome.gov/
GWASStudySNPS.cfm?d=6987 and Supplementary
Table S1). The majority of these SNPs could not be
mapped to a specific gene, which brings challenge for
further functional studies (e.g., studies to identify casual
variants and explore disease mechanisms). We retrieved
the 110 SNPs via the ‘List search’ module in rSNPBase.
The search results (http://rsnp.psych.ac.cn/result) showed
that 87 of these SNPs were defined as ‘TSNP’, and 15 of
the 23 non-rSNPs were defined as LD proxies of rSNPs.
Additionally, 86 of the 110 SNPs had been identified as
e¢QTLs in previous studies and nearly all of the ¢eQTLs
(83 of 86) were shown to be rSNPBase-defined rSNPs or
LD proxies of rSNPs (Figure 2A). The concordance
between our functional annotation and previous associ-
ation analyses indicates the reliability of the annotation
procedures. It also supports the hypothesis that risk SNPs
may affect inflammatory bowel disease by altering gene
expression. To facilitate further in-depth mechanism
studies, detailed annotations, which are wuseful to
propose hypothesis and drive new findings, are shown
on the ‘rSNP report’ page (Figure 2B). Users can obtain
a systematic view of each rSNP, its LD proxies, potential
target genes and a detailed presentation of rSNP-related
regulatory elements. For each regulatory element, the
spatio-temporal labels on tissue and developmental stage
are provided for convenient study design.

We also searched the rSNPBase by significant SNPs
identified by all published GWASs (collected via the
GWAS (NHGRI) catalog as of 27 July 2013) (3). The
results showed that among the 10992 GWAS-identified
significant SNPs, 6058 were rSNPs and 2361 were LD
proxies of rfSNPs. These rSNPs and LD proxies are likely
to reveal regulatory mechanisms underlying diseases or
other phenotypes. The systematic and detailed functional
annotations in rfSNPBase are expected to provide appro-
priate and powerful data references for the follow-up study
of the significant SNPs reported by the published GWAS:s.

CONCLUSIONS

rSNPBase is a database that functionally annotates the
regulatory features of SNPs in the human genome with
reference to experimentally supported regulatory
elements. It identifies rSNPs and their corresponding
regulated genes from four regulation types: proximal tran-
scriptional regulation, distal transcriptional regulation,
RBP-mediated  post-transcriptional — regulation  and
miRNA-mediated post-transcriptional regulation. It also
analyses LD correlations between SNPs to annotate the
regulatory feature to SNP-set rather than a single SNP.
The spatio-temporal labels and experimental eQTL
evidence provided for each SNP in rSNPBase.
Predictably, the number of both human SNPs and experi-
mentally supported regulatory elements will continue to
increase. Therefore, we will update the rSNPBase period-
ically to include new data and data types. For data on
distal transcriptional regulation and RBP-mediated post-
transcriptional regulation, the relevant experiments in the
ENCODE project are only in a pilot phase and involve
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minor cell lines or RBPs. We will follow their progress
and update rSNPBase promptly in compliance with the
ENCODE data release policy. In summary, rSNPBase
provides functional annotations of rSNPs in a wide
range of regulation types with up-to-date experimental
evidences. rSNPBase is targeted to assist researchers to
have a deep understanding of the regulatory features
of SNPs, and to support further genetic and molecular
mechanism studies.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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