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ABSTRACT

The rMAPS2 (RNA Map Analysis and Plotting Server
2) web server, freely available at http://rmaps.
cecsresearch.org/, has provided the high-throughput
sequencing data research community with curated
tools for the identification of RNA binding protein
sites. rIMAPS2 analyzes differential alternative splic-
ing or CLIP peak data obtained from high-throughput
sequencing data analysis tools like MISO, rMATS, Pi-
ranha, PIPE-CLIP and PARalyzer, and then, graphi-
cally displays enriched RNA-binding protein target
sites. The initial release of rMAPS focused only on
the most common alternative splicing event, skipped
exon or exon skipping. However, there was a high
demand for the analysis of other major types of alter-
native splicing events, especially for retained intron
events since this is the most common type of alterna-
tive splicing in plants, such as Arabidopsis thaliana.
Here, we expanded the implementation of rMAPS2
to facilitate analyses for all five major types of al-
ternative splicing events: skipped exon, mutually ex-
clusive exons, alternative 5 splice site, alternative 3
splice site and retained intron. In addition, by employ-
ing multi-threading, rIMAPS2 has vastly improved the
user experience with significant reductions in run-
ning time, 3.5 min for the analysis of all five major
alternative splicing types at once.

INTRODUCTION

RNA-binding proteins (RBPs) play important roles in reg-
ulation of transcriptional and post-transcriptional gene ex-
pression in eukaryotic cells (1). Alternative splicing (AS) is

a prevalent mechanism for generating transcriptomic and
proteomic complexity and diversity in eukaryotic cells (2).
The regulation of AS, one of several roles of RBPs, is an
important post-transcriptional regulatory mechanism. It is
known that RBP regulation of AS is dependent on the bind-
ing site positions of RBPs with respect to the regulated AS
events (3 7). Thus, spatial analyses of RBP binding sites
and motifs around regulated AS events can help determine
whether AS events in speci ¢ biological processes are regu-
lated by speci ¢ RBPs.

Interactions between RBPs and RNA can be studied us-
ing high-throughput sequencing data generated from RNA
sequencing (RNA-seq) (8) and cross-linking immunopre-
cipitation sequencing (CLIP-seq). Antibodies are attached
to RBPs of interest, and the RNA sequences bound to
these RBPs are then extracted through immunoprecipi-
tation (9). With the advancement of high-throughput se-
quencing depth and quality, more reliable differentially reg-
ulated AS studies have become available. Studying differ-
entially expressed AS events in two different conditions
can provide profound insights on gene regulation related to
RBP activities.

In 2016, we introduced rMAPS, a web server to perform
RBP motif and binding site analyses with data on alter-
natively spliced exons (10), in order to ful | the need for
a user-friendly way to integrate RNA-seq analysis of AS
with information about RBP consensus motifs and CLIP-
seq peaks. rIMAPS tries to nd global patterns of motif
enrichment found across similar alternative skipped exons
by scanning for motifs near the exon boundaries. rMAPS
searches for a global pattern of certain motifs, speci cally
located near the alternatively spliced exon boundaries, giv-
ing rise to the upregulation (enhancer) or downregulation
(silencer) of the alternative skipped exon as compared to
background (unregulated exons). Since its initial release,
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rMAPS has received more than 120 000 visits from over 35
countries, generating 15 RNA maps per week. During the
past 12 months, usage has increased from 11 to 19 RNA
maps per week, and the number of citations has doubled
during the same time period. Clearly, rMAPS is getting
more attention from the high-throughput sequencing and
RBP research communities, and there is every indication
that these numbers will continue to rise as knowledge of
rMAPS s capability spreads.

Existing RBP analysis web servers include RBPmap (11),
which predicts RBP binding sites on RNA sequences, PN-
Imodeler (12), which infers protein-binding NTs from se-
quence data, RBPmotif (13), which performs de novo motif

nding and secondary structure analysis, and HotSPRing
(14), which predicts the hot spots in RBPs. However, none
of these tools are known to perform RBP motif or CLIP
peak search in a binding-site-position dependent manner.

Although the initial release of rMAPS provided re-
searchers with much functionality, allowing interpretation
of differential AS events or CLIP peaks obtained from
massive sequencing data analysis tools such as MISO (15),
rMATS (16 18), Piranha (19), PIPE-CLIP (20) and PARa-
lyzer (21), it was restricted to RBP motif analysis of skipped
exon (SE) events only. The initial release of rMAPS fo-
cused on SE events because these are the most common
alternative splicing events in higher eukaryotes. However,
the demand for RBP motif analysis on other types of AS
events was high, especially for retained intron (RI) events,
which are a prominent type of AS event in plants. Here we
implement and release a new version, rIMAPS2, with sev-
eral improvements. In addition to a contemporary graphi-
cal user interface (GUI) (see new features and updates sec-
tion), rIMAPS2 provides RBP motif enrichment analysis
and CLIP peak enrichment analysis for all ve major types
of AS events: skipped exon (SE), mutually exclusive exon
(MXE), alternative 5 splice site (A5SS), alternative 3 splice
site (A3SS) and retained intron (RI). To broaden its use
across the scienti ¢ community, rMAPS2 is now capable of
analyzing more than 13 different species including the most
widely researched plant species, Arabidopsis thaliana, with
plans to continue adding more species in the future (see Sup-
plementary Table S1 for the list of supported species). To
improve running time, major parts of the code have been
restructured to employ multi-threading, and consequently,
rMAPS2 can run more than 10 times faster, dropping from
up to 8 min for a single SE event type to about 3.5 min for
all ve AS types together.

rMAPS2 WEB SERVER

rMAPS2, RNA Map Analysis and Plotting Server 2, pro-
vides two major types of analyses: RBP motif enrichment
analysis and CLIP-seq binding sites (or peak) enrichment
analysis. As shown in Figure 1, rIMAPS2 systematically per-
forms binding site sequence enrichment analyses of RBPs
around AS event sites, or within the exonic and anking
intronic regions. Then, rIMAPS2 generates plots that show
the spatial distributions of RBP motif density (RNA maps)
for a set of known RBP motifs collected from the previ-
ous studies (22 24) (see Supplementary Table S2 for the list
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of RBPs) or from user input motifs. rIMAPS2 can also ex-
amine RBP motifs within endogenous RNAs identi ed by
CLIP-seq and create an RNA map, visualizing the spatial
distribution of binding sites for the RBP of interest. Each
plot generated can provide insights on position-dependent
functions of an RBP. Users can easily upload their differen-
tial alternative splicing event data from two sample groups
to search RBP motif enrichment for over 100 known RBPs
motifs or for their own binding motif sequences of interest.

RBP motif analysis

As the one of the main analyses of rMAPS2, RBP mo-
tif enrichment analysis searches signi cantly enriched RBP
motifs from differentially regulated AS events between two
sample groups as compared to non-regulated background
AS events. rIMAPS2 generates RNA maps to visualize spa-
tial distributions of RBP motif density around the associ-
ated exonic and anking intronic regions. RBP motif en-
richment analysis takes AS events identi ed from RNA-
seq data and consensus motifs of RBPs as input data.
For differentially regulated AS events data from RNA-seq,
users can simply upload output les obtained from rMATS
and MISO, or user de ned les following rMAPS2 in-
put le format. By default, the rMAPS2 server provides
a number of known consensus motifs including numerous
well-characterized splicing factors from previous studies.
Users can also upload additional motifs of interest. Once
a user speci es all required inputs (genome assembly and
AS events) and optional parameters such as plot type, in-
tron and exon size, sliding window size, interval, email ad-
dress and additional motifs (Figure 2A), RBP motif enrich-
ment analysis evaluates the occurrences of each RBP mo-
tif in the upstream exon, upstream anking intron, target
exon, downstream anking intron and downstream exon
separately (having additional exon and anking intron re-
gions for MXE events). For intronic sequences, RBP mo-
tif enrichment analysis excludes the 20 bp sequence within
the 3 splice site and the 6 bp sequence within the 5 splice
site, which are strongly constrained by the consensus splice
site signals. For each motif, motif scores representing den-
sity are calculated within a given sliding window (default
50 bp) as the overall percentage of nucleotides covered by
the motif. After computing motif scores separately for the
set of upregulated, downregulated and background (non-
regulated) exons, rIMAPS2 plots the motif scores for these
three sets of exons in red, blue and black solid lines, respec-
tively. In addition, to identify speci ¢ positions with a sig-
ni cant difference in motif score between different sets of
exons, IMAPS2 employs Wilcoxons rank sum test, as de-
scribed in the previous version (10), for each sliding win-
dow between upregulated versus background or downreg-
ulated versus background exons, and plots negative logig
P-values with red and blue dotted lines for upregulated ver-
sus background and downregulated versus background re-
spectively. Note that the solid lines and dashed lines can be
displayed on a separate plot using the optional parameter
Plot Type . Plots with separate dashed lines are shown in
Supplementary Figure S1. RBP motif enrichment analysis
provides URL links for the entire set of results, or partial






