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Motivation

Regulatory, non-coding RNAs

I often function by forming a duplex with other RNAs

I many identified but unknown targets

I their interactome provides insight to function

Goal: Predict RNA–RNA duplexes in silico on genome-wide scale
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ABSTRACT

Motivation: Regulatory, non-coding RNAs often function by forming a

duplex with other RNAs. It is therefore of interest to predict putative

RNA–RNA duplexes in silico on a genome-wide scale. Current com-

putational methods for predicting these interactions range from fast

complementary-based searches to those that take intramolecular

binding into account. Together these methods constitute a trade-off

between speed and accuracy, while leaving room for improvement

within the context of genome-wide screens. A fast pre-filtering of pu-

tative duplexes would therefore be desirable.

Results: We present RIsearch, an implementation of a simplified

Turner energy model for fast computation of hybridization, which

significantly reduces runtime while maintaining accuracy. Its time

complexity for sequences of lengths m and n is Oðm � nÞ with a

much smaller pre-factor than other tools. We show that this energy

model is an accurate approximation of the full energy model for

near-complementary RNA–RNA duplexes. RIsearch uses a Smith–

Waterman-like algorithm using a dinucleotide scoring matrix which

approximates the Turner nearest-neighbor energies. We show in

benchmarks that we achieve a speed improvement of at least 2.4�

compared with RNAplex, the currently fastest method for searching

near-complementary regions. RIsearch shows a prediction accuracy

similar to RNAplex on two datasets of known bacterial short RNA

(sRNA)–messenger RNA (mRNA) and eukaryotic microRNA (miRNA)–

mRNA interactions. Using RIsearch as a pre-filter in genome-wide

screens reduces the number of binding site candidates reported by

miRNA target prediction programs, such as TargetScanS and

miRanda, by up to 70%. Likewise, substantial filtering was performed

on bacterial RNA–RNA interaction data.

Availability: The source code for RIsearch is available at: http://rth.dk/

resources/risearch.

Contact: gorodkin@rth.dk

Supplementary information: Supplementary data are available at

Bioinformatics online.

Received on October 24, 2011; revised on August 10, 2012; accepted

on August 14, 2012

1 INTRODUCTION

Non-coding RNA (ncRNA) form an abundant class of genes

involved in both regulation and housekeeping functions, often

in complexes with proteins and/or through interactions with

other RNAs (Amaral et al., 2008). The potential for ncRNAs

is becoming apparent, e.g. in the mammalian genome where the

protein coding regions account for�1.2% (International Human

Genome Sequencing Consortium, 2004) while the majority of the

genome is transcribed (The ENCODE Project Consortium,

2007). Even in smaller genomes, such as fungi strains of

Aspergillus, ‘only’ 45–50% of the genome encodes proteins

(Galagan et al., 2005), leaving plenty of room for ncRNAs

which could hold the potential for improvements to microbial

industrial production, such as has already been investigated in

Streptomyces (D’Alia et al., 2010). Also in mammalian produc-

tion systems such as Chinese hamster ovary cell lines, ncRNAs

receive increasing attention (Barron et al., 2011).
Computational screens for structured RNAs result in thou-

sands of candidates on a genome-wide scale and it is of interest

to predict possible RNA interaction partners of these sequences

(Gorodkin et al., 2010; Gorodkin and Hofacker, 2011). These

candidates are predicted from sequence and structure-based

alignments, by using a combination of thermodynamic and evo-

lutionary constraints (such as compensating base pair changes)

(Pedersen et al., 2006; Torarinsson et al., 2006, 2008; Washietl

et al., 2005; Weinberg et al., 2007). A principal problem, how-

ever, is to obtain experimental data for each of these candidates,

such as the full-length RNA sequence and its function. Another

factor is that many ncRNAs are expressed at extremely low

levels. For example, the regulatory antisense RNA of the

GAL10 operon in yeast is functional and expressed as one

copy per 14 cells (Houseley et al., 2008). Coping with such low

expressed ncRNAs on a high-throughput experimental scale is

still an intractable task.
One approach toward functional analysis of ncRNA candi-

dates is to search for possible interactions with other RNAs, as

a substantial class of ncRNAs function by duplex formation with

other RNAs, of which microRNAs (miRNAs) are a popular

example. However, not only small ncRNAs interact by base pair-

ing, but also long ncRNAs. For example, Staufen 1-mediated

messenger RNA decay (SMD) can be initiated by imperfect

base pairing between Alu elements in a lncRNA and in the

30-UTR of an SMD target (Gong and Maquat, 2011).

Translational regulation by short RNAs (sRNAs) is also a

common mechanism existing in bacteria (Waters and Storz,

2009). A well-known example is the MicC-ompC messenger

RNA (mRNA) interaction causing translational repression

(Chen et al., 2004; Vogel and Papenfort, 2006).*To whom correspondence should be addressed.
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I dinucleotide scoring matrix in Smith–Waterman-like algorithm

I approximates Nearest Neighbor energy model

I computed energies deviate from full model, BUT

I candidates are ranked similar

I fast method for predicting near-complementary duplexes
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Search space

I RIsearch: DP over m × n

I idea: seed-and-extend (DP on either end over l2 )

I GUUGle + RIsearch performs very well for miRNAs

I Now: one stop shop → RIsearch2
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RIsearch2: outline

Suffix array enables very fast seed detection

I build generalized suffix array of the target
(entire human genome stored in 47 GiB)

I build partial suffix array of the query (according to seed settings)

I match suffix arrays (allowing wobble pairs)

Extend seeds with DP as before

I DP matrix anchored at first/last position of seed
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RIsearch2: building the target index

5



RIsearch2: building the target index
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RIsearch2: building (partial) query SA
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RIsearch2: building (partial) query SA
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RIsearch2: building (partial) query SA
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RIsearch2: parallel matching SAs
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RIsearch2: Benchmark

100 miRNAs vs. repeat-masked human genome

variant
run time

[h:mm:ss]

RIsearch

1 optimal per query–target pair (miR–chr-strand) 65:58:21
suboptimals ≤ −10 kcal/mol 184:47:47

RIsearch2 with different seed sizes anywhere in the query

-s 8 2:28:39
-s 7 6:36:24
-s 6 19:10:45

RIsearch2 with seeds position-constrained in the query

-s 1:8/6 (1–6 / 2–7 / 3–8) 4:05:43
-s 2:7 (2–7) 1:29:08
-s 2:7/5 (2–6 / 3–7) 8:49:09

This is single-core time, additionally RIsearch2 is multi-threaded.
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Application 1: miRNA sponge discovery

RIsearch2 is especially efficient when constrained to seed region

I screen all human mature miRNAs against the human genome

I identify genomic regions with high binding site density

I select candidates based on difference real vs. shuffled

Pan et al., in prep.

12



Application 2: search for off-targets

Off-targeting is a problem in probe/siRNA design

siRNAs can effect transcripts other than the intended target

I (near-)perfect complementarity : silencing

I imperfect binding to 3’ UTR : miRNA-like effect

Approach:

I use RIsearch2 to screen for potential off-targets

I combine with accessibility profiles and transcript abundance

I partition function to quantify off-target volume (per siRNA)

I compute off-targeting probabilities (per transcript)
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Application 2: search for off-targets (cont.)

Predicted off-targets are down-regulated upon siRNA transfection
(combined results for 6 siRNAs [Burchard, 2009])
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