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Abstract

In bacteria small regulatory RNAs (sRNAs) interact with their mRNA targets through non-
consecutive base-pairing. The loose base-pairing specificity allows sRNAs to regulate large
numbers of genes, either affecting the stability and/or the translation of mRNAs.
Mechanisms enabling post-transcriptional regulation of the sRNAs themselves have also
been described involving so-called sponge RNAs. Sponge RNAs modulate free sSRNA levels in
the cell through RNA-RNA interactions that sequester (“soak up”) the sSRNA and/or promote
degradation of the target sRNA or the sponge RNA-sRNA complex. The development of
complex RNA sequencing strategies for the detection of RNA-RNA interactions has enabled
identification of several sponge RNAs, as well as previously known regulatory RNAs able to
act as both regulators and sponges. This review highlights techniques that have enabled the
identification of these sponge RNAs, the origins of sponge RNAs and the mechanisms by

which they function in the post-transcriptional network.



Introduction

SRNAs - a flexible regulator

The first demonstration of a small RNA that regulates an mRNA transcript by RNA-RNA base
pairing in a prokaryote was MicF in Escherichia coli. Mizuno et al [1] showed it to regulate
the mRNA for the outer membrane porin OmpF through annealing of the two RNAs. Since
this discovery, our understanding of the richness of the world of SRNA activity in post-
transcriptional gene regulation has been accumulating. Importantly MicF has both multiple
mechanisms of action and multiple targets [2]. For example, the 5" end of MicF blocks
formation of the initiation complex during Irp translation and therefore translation of the
transcription factor Lrp is reduced [3]. The same region of MicF also pairs with a sequence
near the 5’ end of the yahO transcript which likely promotes exonuclease degradation of
this mRNA [4]. Alternatively, by binding to the coding sequence of IpxR, MicF targets the

mRNA for endonuclease cleavage [4].

Our understanding of how many different mechanisms exist by which sRNAs can tune gene
expression has expanded with each sRNA that has been studied. Other examples of
regulatory mechanisms include prevention of RNase degradation as was shown for the sRNA
RoxS of Bacillus subtilis [5]. RoxS binds to the extreme 5’ end of the yfIS transcript blocking
exoribonuclease activity. Additionally, RoxS is present in two forms, the full length and a
processed form, that have different target specificity [6]. Although some sRNAs have been
described that control the expression of a single mRNA target, such as RnaC of B. subtilis
(which controls the heterogeneous translation of the global transcription factor AbrB [7]),
many sRNAs have been described that control large regulons of mRNAs. One of the best
described is GevB, an sRNA conserved in the Enterobacteriaceae that is involved in global
control of amino acid metabolism, controlling the level of 45 different mRNAs [8]. The
converse is also true, single mRNAs can be controlled by multiple sSRNAs depending on the
environmental condition. The sigma factor S encoded by the rpoS gene controls the
general stress response in E. coli, the regulon of which includes over 400 genes, including 4
sRNAs SdsR, SdsN, GadY, and Sral [9]. The translation of the rpoS transcript is positively

controlled by three different sRNAs under different conditions DsrA, ArcZ, and RprA [9].



How to control unrequired sRNAs — identification of sponge RNAs

As with every other gene, it is to be expected that the cell will require regulatory
mechanisms to also control the levels of sSRNAs. However, historically, sSRNAs have been
analysed from the perspective of which mRNAs they are able to bind to. Bioinformatic
target prediction tools such as CopraRNA [10, 11] and TargetRNA [12, 13], are restricted to
MRNA binding sites and are generally constrained to the 5’ region of mRNAs. Over the past
few years, however, a growing number of examples have been described where sRNAs
interact with each other, changing the levels of targets normally regulated by one or both of

the sRNAs.

This sSRNA-sRNA interaction forms the basis of the competing endogenous RNA (ceRNA)
hypothesis that was first described for eukaryotic RNAs [14]. MicroRNAs (miRNAs) are short
21-23 nucleotide RNAs expressed by eukaryotes that can recognise hundreds of mRNA
targets. The term “sponge RNA” was coined by Ebert et al in 2007 who showed that
expression of an engineered RNA, that could base pair with the seed region of an miRNA,
could compete with the targets of miRNAs for binding [15]. This in turn removes the miRNA
from the regulatory pool by titration, so alleviating the regulation of the miRNAs native

target.

The first natural sponge RNA was identified at the same time in Arabidopsis thaliana [16].
The non-protein coding gene IPS1 was shown to contain a motif with a sequence that was
complementary to the phosphate starvation induced miRNA miR399. The interaction
between the two RNAs results in miR-399 being sequestered, which resulted in increased
accumulation of the miR-399 target PHO2 mRNA and subsequently reduced phosphate
content in the shoot [16]. Franco-Zorrilla et al used the term “target mimicry” to define this
mechanism of post-transcriptional regulation [16]. Since then many different examples of
sponge RNAs have been discovered in eukaryotic species [17]. Sponge RNA function has not
only been shown for miRNAs, but also for long non-coding RNAs, pseudogene transcripts,
circular RNAs, viral RNAs as well as protein-coding transcripts [18]. It has also been shown
that some sRNAs are able to directly titrate the level of certain proteins, thereby modifying
the proteins’ activity. This is an analogous function to RNA-RNA sponges (for review see [19-

21)).



The first bacterial RNA shown to fit the ceRNA hypothesis and act as a sponge RNA was
described in Salmonella enterica. Both Salmonella and E. coli are able to use the breakdown
products of chitin, chitobiose and chitotriose. The gene encoding the membrane protein
porin ChiP, that allows these chitosugars to diffuse across the outer membrane into the cell,
is transcribed at a basal level, but is post-transcriptionally repressed by the constitutively
expressed sRNA ChiX [22]. When chitosugars are present, the chb operon is transcriptionally
upregulated and the suppression of ChiP is relieved by the binding of ChiX to the

intercistronic spacer sequence between chbB and chbC [22] (Table 1).

Several reviews [19, 23-25] have concentrated on the three best characterised sponge
RNAs: the intergenic region of the chbBC transcript [22, 26], SroC [27] and the external
transcribed spacer of the Leu-tRNA, called 3’ETS/¥Z [28]. Many other RNA molecules have,
however, been described that can regulate sSRNAs (summarised in Table 1). Three points
arise from the comparison of these RNAs. First, the RNAs have been identified using a
number of different experimental techniques, second, they arise from different origins and
third, they function by a wide variety of mechanisms. This has resulted in many terms being

used to describe sponge RNAs. This review will focus on these three topics.

Techniques to identify sponge RNAs

In the early 2000s, pioneering screens in E. coli led to the identification of many sRNAs
through the use of both microarrays and computational predictions [29-31]. This
accumulated evidence provided the first indication that bacterial sSRNA regulatory networks
might be more complex than the transcription factor, sigma factor and signalling systems
that had been identified to date. The introduction of tiling arrays led to the identification of
numerous RNA species that were not in the original genome annotations. For example, the
use of tiling arrays to map the transcriptional activity of B. subtilis in 104 different biological
conditions, identified over 1500 previously unannotated condition-specific regions [32].
Many of these regions encode independent transcripts without protein coding function.
These included antisense RNAs and previously unidentified untranslated regions (UTRs) at

both the 5’ and 3’ ends of transcripts. This technique also enabled the identification of RNAs



important for pathogenesis in Listeria monocytogenes [33] and Staphylococcus aureus [34].
The introduction of the now routine RNA sequencing techniques RNA-seq [35], dRNA-seq
[36], Term-seq [37] and Rend-seq [38] has allowed whole transcriptomes to be mapped to
single nucleotide resolution and can distinguish primary and processed transcripts. Close
analysis of these RNA-seq data sets from the Enterobacteriaceae led to the identification of
the sponge RNA SroC [27] (Table 1). This RNA had been identified in multiple transcriptome
experiments as a stable fragment from the gltl/JKL operon mRNA. Despite being operonic,
Miyakoshi et al [27] showed this to be produced through an RNase E processing event from
a transcript containing only the g/tlJ coding sequences. In turn they showed that this
fragment is a negative regulator of the sRNA GcvB [27], which is itself also a negative

regulator of g/tlJKL, preventing its translation [8, 39].

The RNA-seq methods that have been used to identify sponge RNAs are summarised in

Table 2 and the sponge RNAs that have been identified are described below.

Protein based methods for the identification of Sponge RNAs

Many techniques have been developed to enable the identification of RNAs associated
directly with proteins. Hfg is a conserved RNA binding protein that attaches to many sRNAs
in the Enterobacteriaceae, helping sSRNAs to find their mRNA targets [40]. Studies with Hfq
have proved a powerful means to identify not only sRNAs and their biological roles, but also

the mRNA targets of sSRNAs.

Co-immunoprecipitation of RNA binding proteins such as Hfq [41] is the simplest technique
that has been used to identify RNAs associated with the protein (Table 2). Indeed, it was the
combination of SroC being identified as a stable RNA fragment of the g/tl/KL mRNA and its
interaction with Hfg that led Miyakoshi et al to hypothesise that this RNA may have a
regulatory function [27]. Since the first investigation in S. enterica, others have identified

hundreds of Hfg associated sSRNAs and their RNA partners.

A methodological improvement to co-immunoprecipitation was brought about through the
introduction of a crosslinking step to stabilise the RBP-RNA interactions (Table 2). The cross-

linking step enables not only the identification of the RNAs bound to the specific protein



being studied, but also the mapping of the specific interaction sequences within individual
RNAs. CLIP-seq (Cross-linking Immunoprecipitation) was the first technique to improve on
the basic method of co-immunoprecipitation of RNAs bound to an RBP and many variations
of this method have been developed [42]. CRAC (Crosslinking and Analysis of cDNA) is one
variation (Table 2) and was carried out on Hfq in an EHEC E. coli 0157:H7 strain [43]. During
CRAC a bipartite tag is added to the RNA-binding protein of interest and following UV cross-
linking, the RNA-protein complex is purified under highly denaturing conditions. Hfg CRAC
identified several sSRNAs that are transcribed from prophages, AgvB and AsxR. These two
sRNAs were shown with further experiments to act as sponge RNAs for sSRNAs encoded by

the host chromosome; AgvB interacts with GevB, while AsxR interacts with FnrS (Table 1).

Although co-immunoprecipitation is a powerful technique for identifying RNAs that bind
protein, it is limited to providing a list of bound RNAs, but no information as to which two
RNAs are themselves interacting. A powerful advancement in RNA-protein
immunoprecipitation techniques was the development of methods such as RIL-seq (RNA
interaction by ligation and sequencing) [44] and CLASH (Cross-Linking, Ligation and
Sequencing of Hybrids) [45] (Table 2). These techniques not only identify which RNAs are
bound to the RNA binding protein, but also that enable mapping of RNAs that are
interacting with each other. Several studies have exploited techniques where chimeras are
formed between the interacting RNAs that are captured via their interaction with the Hfq
protein [44, 45]. Proximity ligation uses an RNA ligase to join the ends of two RNAs that are
interacting. In RIL-seq and CLASH this takes place after digestion of the RNA that is not
protected by being bound by the protein. This in turn allows the identification of the

particular RNA sequences involved in the interactions.

RIL-seq identified PspH, a sponge RNA present in the 3" UTR of pspG that reduces the
availability of the sRNA Spot 42 (Spf) for interaction with its targets (Table 1) [44].
Remarkably, a large-scale CLASH experiment carried out over the entire growth curve of E.
coli identified over 100 sRNA-sRNA interactions [45]. Forty SRNA-sRNA interactions were
also mapped in an RNase E CLASH data set [46], only a quarter of which overlapped with
those identified in the Hfq CLASH dataset. The ArcZ-CyaR interaction was studied in depth

during the Hfg CLASH study [45] (Table 1). Moreover, an interaction between CyaR and



GcevB was also identified substantiating even further the existence of a network of sRNA-
sRNA regulatory interactions. These experiments hint of the richness of the RNA-RNA
network and suggest that we have only just scratched the surface of understanding how

post-transcriptional regulation is implemented in the cell.

Non-protein-based methods for the identification of sponge RNAs

The power of using an RNA binding protein as a scaffold to identify RNA interactions is
undeniable. As described above studies of Hfqg in the Enterobacteriaceae have enhanced not
only mapping of the post-transcriptional regulatory network, but also our understanding of
how it functions. However, in Gram-positive bacteria such as B. subtilis and S. aureus no
RNA binding protein has been identified to play the equivalent role of Hfg within the
Enterobacteriaceae, even though Hfq is conserved in these species. Deletion of Hfq in B.
subtilis or S. aureus has little or no effect, and no role in sSRNA interactions have been
established [47-50]. This suggests that many RNA-RNA interactions are either protein
independent or the protein mediating their interaction has yet to be identified. Therefore,
alternative strategies are required to identify RNA-RNA interactions that are either protein

independent or where the protein is unknown.

A modified CLASH protocol has been developed to enable the identification of interacting
RNAs without the requirement for a protein bait (Table 2). This method is advantageous for
bacteria where genetic manipulation is not feasible as it does not require the use of RNA
tagging or protein expression. Using the psoralen 4'-aminomethyl trioxsalen (AMT) and UV
irradiation at 254 nm it is possible to create reversible crosslinks between interacting RNAs.
Once the RNA has been crosslinked, extracted and single stranded portions of the RNA
removed, the RNA is ligated to form chimeras between the interacting RNAs. The
crosslinking is reversed by exposure to UV irradiation at 365 nm and chimeric RNAs are

identified by RNA-seq.

Three versions of this technique have been developed and used in eukaryotes [51-53]. In
prokaryotes the technique has been implemented in the model systems E. coli [54] and B.
subtilis [55]. Although many novel RNA interactions were identified in E. coli, none involved

sRNAs. However, the study in B. subtilis found both known and novel interacting partners



for the two sRNAs RoxS [5, 6] and FsrA [56, 57], and a sponge RNA called RosA that interacts
with both RoxS and FsrA (Table 1).

There are several limitations of this method that could be solved in the future. As AMT only
forms inter-strand crosslinks between uridine residues, if uridines are not present in close
proximity to the interacting RNA stretches, the interaction is unlikely to be captured. The
efficiency of the proximity ligation step of RNAs that are captured by the crosslinking is also
low and results in ligation of both interacting and non-interacting RNAs, causing noise in the
data set. However, as shown for B. subtilis, it does identify validated RNA-RNA interactions

and therefore represents a further technique to map RNA-RNA interactions [55].

GRIL-seq (Global small non-coding RNA target identification by ligation and sequencing) is
an alternative method that produces chimeric RNAs in vivo through the expression of an
inducible RNA ligase [58, 59] (Table 2). GRIL-seq can be carried out on both individual sSRNAs
and also on the global RNA pool using HI-GRIL-seq (high-throughput). GRIL-seq was
developed in Pseudomonas aeruginosa where the iron regulated sRNA PrrF1 was
overexpressed concomitantly with the RNA ligase [58]. During this investigation, the 3’ end
of the katA gene was identified as interfering with the negative regulation of katA by PrrF1,
suggesting that katA 3’ is a PrrF1 sponge (Table 1). Hi-GRIL-seq has the advantage that it
requires no prior knowledge of sRNAs within the cell, but still involves the expression of the
RNA ligase (Table 2). Novel RNA-RNA interactions were identified in P. aeruginosa by Zhang

et al, although no specific sponge RNAs were reported [59].

While potentially revealing, GRIL-seq and Hi-GRIL-seq are likely to be limited in the kinds of
interaction they can identify. The modified CLASH protocol and GRIL-seq both use proximity
ligation. However, during the modified CLASH protocol ligation takes place in vitro, whereas
for GRIL-seq this is in vivo. The modified CLASH protocol removes the single stranded RNAs
not involved in the interaction, therefore increasing the likelihood that the ligation is made
between two RNAs that are physically interacting, whereas the removal of non-interacting
or single stranded RNA cannot take place in vivo. Therefore, a potential technical issue with
GRIL-seq compared with the modified CLASH protocol, is that this lack of a step to remove

the single stranded parts of the RNA is likely to have an influence on the free ends of the



two interacting RNAs finding each other. This in turn is expected to limit the kinds of

interactions that can be identified.

Interactions involving individual sRNAs can be identified through the use of RNA tags. The
MS2 RNA tag has been used regularly to identify RNA-RNA and RNA-protein interactions
[60] (Table 2). The use by the Massé group of MS2 affinity purification coupled with RNA
sequencing (MAPS) has allowed the mapping of the targetomes of several sRNAs in several
species of bacteria including E. coli [28, 61] and S. aureus [62, 63]. This technique involves
adding the MS2 RNA tag sequence to an RNA of interest. The interaction between the MS2
tag and the MS2 RNA binding protein is very strong and therefore interacting RNAs can be
greatly enriched through the purification process. MAPS was applied to the E. coli sSRNAs
RyhB and RybB, and not only identified new mRNA targets, but also resolved the 3’ external
transcribed spacer (ETS) of the glyW-cysT-leuZ polycistronic tRNA precursor as a bona fide
interaction partner [28]. The expression of the glyW-cysT-leuZ, and therefore concomitantly
the 3’ETS’®%Z, is constitutive. This sets an expression threshold that RyhB and RybB must
reach before there is a sufficient concentration of these sRNAs for them to affect the levels
of their specific targets (Table 1). Until this expression threshold has been met, the 3’ETS/#%?
acts as a sponge RNA to prevent RyhB and RybB interacting with their respective mRNA
targets [28].

With the increased use in sequencing as a routine experimental practice, and the
improvement of methods and sensitivity to identify subsets of RNAs, the identification of

interacting RNAs including RNA sponges is only likely to increase.

Mechanisms that produce sponge RNAs

As has already been highlighted by the description of g/tlJKL, GevB and SroC, and ChiX, chiP
and the intergenic spacer region of the chb operon, some bacterial sponge RNAs are part of
functional RNAs that are downregulated by an sRNA under certain conditions, but that
switch to functioning as a sponge RNA following their accumulation, often in response to
environmental cues [19]. As highlighted above, the use of large sequencing-based studies

that capture RNA-RNA interactions has expanded not only the network of interactions, but
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also the repertoire of RNA sequences that can act as regulatory RNAs. Table 1 indicates
there are two groups of bacterial sponge RNAs; processed mRNAs and independent
transcripts (those that are controlled by their own promoter and terminator sequences).
The majority of sponge RNAs have been identified in the Enterobacteriaceae. This is
primarily due to the identification of the RNA binding protein Hfq, but also because of the
ease of genetic manipulability offered with these organisms. This has led to a biased view as
to the mechanisms by which sRNAs function. Figure 1 depicts the mechanisms by which
sponge RNAs have been shown to be produced, and several possible mechanisms by which

they could be produced, but have yet to be demonstrated in the literature.

Independently transcribed sponge RNAs

A gene is transcribed through the recognition of a promoter sequence by RNA polymerase
core enzyme bound to a sigma factor and, in some cases, activated by specific transcription
factors. Transcription continues until a terminator sequence is encountered. This is how the
majority of sSRNAs that have been identified to date are expressed. That is, they are primary
transcription products. This is also true for a group of sponge RNAs identified in both Gram-
positive and negative species (Figure 1a). In B. subtilis the independently transcribed sRNA
RosA is regulated by the carbon catabolite control protein CcpA and has the capacity to
interact with other functional sRNAs [55] (Table 1). Four independently transcribed sRNA
sponges have been described in E. coli: AgvB and AsxR, from the prophages of EHEC
0157:H7 [43], and ArcZ and CyaR from the host chromosome [45]. Intriguingly, ArcZ [45, 64]
and CyaR [65] have been shown to have mRNA targets, in addition to their direct role in
SRNA regulation by sponge mechanisms. This suggests a division between sRNAs that only

act as sponge RNAs and those that regulate both mRNA and sRNA targets.

Processing transcripts to release regulatory fragments

Many sRNAs have been shown to come from the processing of transcripts (Figure 1b, d, e).
These processed transcripts, that are not immediately turned over by degradative RNases,
have added extra complexity to our understanding as to how the sRNA landscape is
produced and controlled. RNAs with regulatory activity have been shown to be generated
from different areas of transcripts, including intergenic regions, intergenic spacers of tRNAs

and 3’UTRs.
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Intergenic spacer regions

The transcription of different isoforms of the same gene or operon can enable different
functions of an RNA. One example of this is the g/tl/KL operon of Salmonella that is
transcribed in two forms: a full-length mRNA that encodes for the glutamate/aspartate ABC
transporter and a transcript that ends at a Rho-independent terminator situated between
the glt/ and gltJ genes (Figure 1b). The sRNA SroC is produced through an RNase E
processing event of this transcript to release the intergenic spacer region between gl/t/ and
glt) [27]. This RNA was initially thought to be an RNA degradation product [27, 39], however
SroC is an Hfq associated sRNA [41, 43, 66] with a well described regulatory function [27].
The translation of the gl/tlJKL operon is prevented by the sSRNA GcvB. However, SroC is a
sponge RNA for GevB and the interaction between the two sRNAs results in derepression of

the GevB regulon [27].

As previously mentioned, in the Enterobacteriaceae the ChiX sRNA negatively regulates
expression of the gene encoding the chitosugar outer membrane porin chiP that is
expressed at a moderately high basal level. Binding of ChiX causes the degradation of the
chiP mRNA target, while the sRNA is recycled rather than being degraded. The chitosugar
inner membrane transporter and enzymes required for chitosugar metabolism encoded by
the chb operon are regulated by the presence of the chitosugar through alleviation of the
transcription repression by NagC. The intergenic spacer region between chbB and chbC acts
as an sRNA decoy through its ability to form a complex with ChiX (Figure 1c). The decoy
sequence is part of the entire chb transcript and it appears that, at the point of binding to
ChiX the entire transcript is still present. However, immediately after the two RNAs interact,

RNase E cleaves the chb operon mRNA into a 400 nt intermediate [22, 26].

Intergenic spacers of tRNAs

The sponge RNA 3’ETS®“Z is produced from RNA processing of the glyW-cysT-leuZ
polycistronic tRNA transcript into the mature forms of these three tRNAs. The ETS spacer
downstream of the leuZ tRNA is removed and forms a stable sRNA (Figure 1d) capable of
interacting with both RyhB and RybB [28] (Table 1). At present it is unclear whether this is a

conserved mechanism found in other tRNA intergenic spacers or other species. The study by
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Lalouna et al also showed that the metZ-metW-metV tRNA operon transcript was able to
interact with both RybB and MicF sRNAs. However, in contrast to the 3’ETS/%, these
intergenic spacers are not matured to stable sSRNA fragments, suggesting that if these
sequences also act as sponge RNAs, they use alternative mechanisms [28]. The authors also
showed that for the Enterobacteriaceae, some 3’ ETS sequences are similarly or even more
conserved than the 3’ETS®%, In particular, the 3'ETS®"Y, 3'ETS9Q, 3'ETS™®, and 3'ETS?W all
showed great sequence conservation and the length of the regions is sufficient for potential

base pairing [28].

3’ UTRs

The SkatA sRNA is produced by processing the 3° UTR sequence from its parent mRNA, and
is similar to the processing of the SroC sRNA from the g/tlJKL transcript [58] (Figure 1e).
Mapping of the P. aeruginosa transcriptome had previously only identified one promoter for
the katA transcript from which the SkatA RNA originates. Therefore, this SRNA is most likely
generated from an endonucleolytic cleavage event of the native katA mRNA, although the
RNase involved has not been identified. Another sponge RNA that is derived from a 3’ UTR is
PspH from the pspG gene. However, PspH most likely results from a promoter present in
this region rather than endonucleolytic cleavage [44] (Figure 1f). Analysis of transcriptomes
has led to the identification of other sSRNA transcripts produced from intragenic promoters
such as the E. coli sSRNA RbsZ, suggesting that this could be a common mechanism for the
production of non-coding transcripts. The expression of RbsZ is driven by an internal
promoter to the rbsB gene. rbsB encodes a periplasmic ribose binding protein required for
ribose uptake and impacts the cells ability to carry out chemotaxis towards ribose [67]. RbsZ

is a sponge RNA to the sRNA RybB and is discussed further below [68].

Other mechanisms to produce sponge RNAs

With the exponential increase in the identification of sponge RNAs over the last few years, it
is highly conceivable that bacteria have evolved many other mechanisms to produce sponge
RNAs. In addition to 3’UTRs [66, 69], it is also conceivable that 5’UTRs could act as sRNAs or
sponge RNAs (Figure 1e). In one of the original papers mapping sRNAs in E. coli, Vogel et al
identified several possible sSRNAs derived from 5’ UTRs of transcripts [70]. Although some of

these have since been shown to be riboswitches, it is imaginable that others could have
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alternative regulatory roles. One example is provided by the elegant mechanism by which
some bacteria integrate ethanolamine and B12 availability. The metabolism of
ethanolamine is carried out by the genes encoded by the eut operon. The regulation of this
operon was studied in Enterococcus faecalis [71] and L. monocytogenes [72]. The presence
of ethanolamine is sensed by the histidine kinase EutW, that in turn phosphorylates and
activates the RNA binding protein EutV. EutV binds to RNA hairpin motifs in the eut
transcript and prevents the termination of transcription when ethanolamine is present.
However, the metabolism of ethanolamine by bacteria requires the coenzyme B12. The
expression of the genes required for the synthesis of B12 are controlled by a B12 binding
riboswitch. The riboswitch is constitutively transcribed and, when B12 is present, B12 binds
to the riboswitch causing an alteration of the RNA structure resulting in termination of
transcription. However, when B12 is not present the genes for B12 synthesis are
transcribed. This transcription results in a longer transcript being produced for the sRNAs
RIi55 (L. monocytogenes) [72] and EutX (E. faecalis) [71]. These sRNAs form a secondary
structure downstream of the riboswitch that sequesters the response regulator protein
EutV, preventing the transcription of the genes required for ethanolamine metabolism.
Therefore, this non-coding RNA is acting as an RNA sponge for the regulatory protein. This
elegant mechanism allows the cell to integrate the signals of both ethanolamine and B12

availability.

An alternative system for generating potential regulatory RNA fragments has been
described by Dar and Sorek [73]. They described a set of non-coding RNAs they termed
decay-generated noncoding RNAs [73] that have been excised from protein coding
sequences (Figure 1g). These sequences show an altered degradation rate to their parental
mMRNA and many have been predicted to interact with the RNA chaperones Hfg and ProQ.
These sequences included the sponge RNA SroC. Finally, it is highly conceivable that an
sRNA-antisense (as) sRNA pair could act via a sponge RNA mechanism (Figure 1h), whereby
the sRNA is expressed under one condition and the as-sRNA under another. Under
conditions where the sRNA and as-sRNA are coexpressed, repression or derepression of the
sRNA regulon would occur, depending on whether the sRNA acts positively (stabilises) or
negatively (blocks) on its targets. This kind of mechanism has already been described for

type | toxin-antitoxin systems where by the antitoxin is transcribed antisense to the toxin.
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The toxin and antitoxin RNAs interact resulting in translation of the toxin being blocked, the

complex being targeted for degradation or in some cases both [74].

Mechanisms of action of sponge RNAs

Table 1 describes many RNA species that interact with sRNAs and affect their ability to act
on their mRNA targets. Many terms have been used to describe these RNAs, including
sponge RNA [27], ceRNA [14], RNA decoy [26], anti-sRNA [43], RNA predator [24] and RNA
trap [75]. This diversity of nomenclature impedes effective literature searches, but it is also
intriguing that bacteria have evolved so many different mechanisms to inhibit SRNA activity

by titration. The two main mechanisms are depicted in Figure 2 and are discussed below.

The sponge RNA target sequence

Sponge RNAs can interact with their target sSRNA in two general ways, either by binding to
the same region(s) used by the sRNA to interact with mRNAs or to other regions of the
SRNA. However, the result is likely to be similar, namely the targeted sRNA will either be
sequestered and held in an inactive form, or the sRNA or sRNA-sponge complex will be
degraded (Figure 2a). An unusual example of a sponge RNA that is capable of executing both
of these mechanisms is RosA of B. subtilis. The interaction of RosA with FsrA results in
sequestration, whereas its interaction with RoxS results in degradation of the sSRNA [55]. In a
ARosA strain the sRNAs FsrA and RoxS become deregulated. This is reflected in the
proteome of the ARosA strain where targets of FsrA and RoxS were shown to be reduced in

their levels [55].

sRNAs can contain one or multiple seed regions, the sections of the RNA that are involved in
the interaction with their mRNA targets. A sponge RNA can act to block an sRNA by
providing a complementary sequence to the sRNA seed regions. Alternatively, the
interaction between the sponge RNA and the sRNA can be at a distance to the seed region.
The Salmonella sSRNA GcevB is one of the best studied SRNAs to date and contains two
different seed regions R1 and R3 [39, 61]. GcvB has a very short RNA half-life and an
extensive regulon, targeting 1% of all genes in Salmonella including those involved in amino

acid metabolism [8]. Deletion of gcvB results in a faster doubling time than the wild-type
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strain when the mutant is grown on media containing tryptone as its nitrogen source, which
is abundant in peptides [27]. The deletion of gcvB removes the post-transcriptional
repression on several peptide permeases that are responsible for uptake of the peptides. As
previously stated, one target of GevB is the 5’UTR of g/t/ from the g/tlJKL operon encoding
the Glutamate/Aspartate ABC transporter, resulting in translational repression of this gene
[39]. Interaction between GcvB and glt/ takes place in seed region R1 [39]. The second GcvB
binding site base-pairs to the previously mentioned sponge RNA SroC that is produced from
the intergenic spacer between glt/ and gltJ as a result of early termination of transcription
and processing by RNase E. Deletion of sroC results in a much slower doubling time than the
wild-type when grown on the media containing tryptone as the nitrogen source. This is due
to the loss of repression of SroC on GevB in this condition [27] through the interaction of
SroC with GevB at the R3 seed region and a short sequence at the base of stem loop one
(SL1) [27, 61] (Table 1). SroC acts as a sponge RNA on a second sRNA MgrR, via a different
pairing region from the one involved in the interaction with GevB [76]. The interaction
between SroC and MgrR results in the derepression of eptB encoding an LPS modifying

enzyme involved in the resistance to the antimicrobial peptide polymyxin B (Table 1).

Interestingly, to date, GevB has been shown to interact with two different sSRNAs, SroC [27]
and AgvB [43] (Table 1) and a third, CyaR has been hypothesised [45]. As described above
SroC is a multi-target sponge RNA acting on both GecvB [27] and MgrR [76]. The only known
target of AgvB is GevB. AgvB mimics GcvB mRNA targets [43]. Tree et al called AgvB an anti-
SRNA and its name denotes anti-sRNA for GcvB. The genome of Enterohemorrhagic E. coli
strains 0157:H7 encode two copies of the sequence coding for AgvB. Strains of E. coli
0157:H7 are able to colonise the final few centimetres of the bovine gastrointestinal tract,
where the majority of the bacteria multiply in the terminal rectal mucus. A mutant deleted
for both copies of the AgvB locus was shown to be less competitive in its ability to use
mucus as a growth medium, compared to two standard laboratory media [43]. The similarity
of the effects of SroC and AgvB, suggest it is due to the amino acid availability in the bovine
gastrointestinal tract that leads to the requirement of the post-transcriptional
downregulation of GevB. As such, AgvB contains the consensus target sequence for the R1
seed sequence of GevB. An example of a mRNA target of GevB is dppA that encodes the

dipeptide transporter (Table 1). GevB and dppA interact using the R1 seed region. In the
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absence of GevB, the absence of AgvB was shown to have no effect on dppA levels.
However, in the presence of GevB and the absence of AgvB, levels of dppA remained low.
Mutation of the consensus target sequence in AgvB was also sufficient to allow GcvB
repression of dppA translation, suggesting that, as for SroC interaction of GcvB with AgvB
leads to derepression of the GevB regulon. The third GevB interacting partner CyaR was
identified through CLASH analysis of Hfg-bound RNAs [45]. CyaR also acts as a classic SRNA
regulating mRNA targets [65]. Like AgvB, CyaR is also likely to interact with the R1 seed

sequence.

The number of regulatory elements present to control the activity of a single SRNA
highlights how important fine-tuning gene expression is for the fitness of the cell. An
intriguing question that could be addressed is whether the binding of a sponge RNA to one
seed sequence, still allows an sRNA like GevB to regulate a different subset of targets via its
second seed sequence if the interaction did not result in degradation of the sRNA. This
would add another level to the complexity of post-transcriptional regulation by sponge

RNAs.

Predatory regulation

Figueroa-Bossi and Bossi introduced the concept of a sponge RNA being a “predator” [24].
Many sRNAs direct either the target RNA or the sRNA:target complex for degradation by
RNases. The very basic concept of a sponge RNA is that it “soaks up” the sRNA with which it
interacts. However, if the sponge RNA can, not only efficiently capture its target sRNA, but
also promote the destruction of the sRNA, it is not only a sponge RNA, but also a predator.
The classic example of a predatory RNA is the intergenic chbBC region that titrates the sSRNA
ChiX away from the chiP mRNA. However, this regulation is entirely dependent on the
stoichiometry between the ChiX sRNA and the chbBC intergenic region [26]. When levels of
the chbBC mRNA are low compared to ChiX i.e. in the absence of chitosugars, ChiX is able to
target this mRNA for degradation. However, when chitosugars are present and the levels of

chbBC are in excess of the levels of ChiX, then ChiX is targeted for degradation.

The question remains, does every “sponge RNA” that targets its prey for degradation act as

a predator or is a true predator a class of its own regulatory RNA? In many cases the
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downstream effect on the sRNA has not been determined (Table 1). If a sponge RNA that
promotes the degradation of its target is classified as a predator, then under the conditions
tested the B. subtilis RNA RosA appears to fit the criteria for being both a sponge RNA and a
predator [55]. As described previously, one of its targets, FsrA, is sequestered, while the
other, RoxS, is degraded. However, RosA appears to be a more multifunctional RNA than
has been described for other sponge or predator RNAs, as it is able to alter the level of
processing of RoxS to RoxS (D), a shorter form of RoxS, where 20 nucleotides from the 5’
end are removed by RNase Y [6]. The absence of RosA also decreased the processing of RoxS
to RoxS D, raising the possibility that the RoxS-RosA complex might be able to disassociate

to enable RoxS D to regulate its second set of targets [55].

This increased complexity in whether a sponge RNA simply acts to remove a sSRNA from the
regulatory pool, by blocking its ability to interact with its mRNA target, or promotes its
degradation, leads to many questions that have yet to be answered in the field of post-
transcriptional gene regulation. If the interaction of the two RNAs results in sequestration,
what subsequently happens to this pair of RNAs? Is there possibility for the pair to
disassociate, possibly by an RNA helicase if conditions change? Or do interacting pairs of
RNAs cycle on and off of each other, with partner swapping depending on relative affinities.
Excess levels of the sponge RNA ensures that the sSRNA remains blocked, but changes in the
stoichiometry of the sRNA, sponge RNA and mRNA target(s) would push the equilibrium in

an alternative direction.

Level and Threshold of expression

In regulation of a target by an sRNA the effect is always a question of concentration of
either the sRNA or the target. Usually, this change in concentration results from an altered
condition that changes the way in which a transcriptional regulator is functioning to either
activate or block transcription. As discussed above the concentration of the sRNA ChiX and
the chbBC transcript is important for whether ChiX regulates chiP mRNA or it is sponged out
and degraded. It is also a question of RNA stability. Both RoxS and RosA of B. subtilis are
always expressed, however, which RNA is in excess depends on the conditions [32] (Table
1). RoxS is a very stable sSRNA. RosA is regulated by the carbon catabolite control protein

CcpA. In conditions where RosA is not repressed by CcpA i.e. the absence of a catabolic
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carbon source such as glucose or malate, the half-life of RoxS is approximately 13 minutes,
however this increases to over 45 minutes in a ARosA strain. If the balance is tipped in
favour of increased RoxS and decreased RosA transcription, such as upon the addition of
malate, then RoxS is able to regulate its target regulon. However, in the absence of malate,
transcription will favour increased levels of RosA, which will form a complex with RoxS.
Therefore reducing the half-life of RoxS and blocking its interaction with its target regulon,

ensuring metabolism efficiently continues down the correct pathway [55].

Control of transcription is not always tight. Regulons of genes controlled by a particular
transcription factor are often continually expressed at a low level. In E. coli, at least one
sponge RNA, the 3’ETS ¢, has evolved to remove the result of this low-level transcriptional
noise of the two small RNAs RybB and RyhB (Figure 2b and Table 1) [28], only allowing the
regulatory function of these two sRNAs to act when their expression reaches a specific
threshold above the expression level of the sponge RNA. tRNA genes are expressed
constitutively at a constant level. Processing of the glyW-cysT-leuZ releases the 3’ETS ¢, In
unstressed cells the sSRNAs RybB and RyhB are sequestered by 3’ETS ¢“Z and the levels of
their respective targets are unaffected. However, under either iron stress for RybB and
envelope stress for RyhB, transcription of these two sRNAs greatly increases. The ratio
between the sponge RNA and the sRNA tips in favour of the sRNA and the excess sRNA is
free to regulate its downstream targets. As with concentration of an RNA in sSRNA-mRNA
target regulation, this appears to be a common theme in sponge RNAs. Therefore,
controlling the regulatory activity of the sRNA is always a question of threshold between the
sponge RNA and its target sRNA, but there are multiple mechanisms by which to achieve

this.

The global RNA regulatory network

Bacteria sense their environment at all times and reprogram their gene expression in
response to detected changes. A major factor is nutrient availability. Global and local
changes ensure that bacteria can make the most of the nutrients that are available and
ensure their survival. For example, under starvation conditions, some Firmicutes have the

ability to sporulate and remain dormant until conditions improve. A theme that emerges
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from the analysis of the known sponge RNAs is the central role they appear to play in
balancing metabolism (Table 1). The Gram-negative Enterobacteriaceae and Gram-positive
Firmicutes have many overlapping pathways that are similarly regulated at the level of
transcription. The same appears to be true for sSRNA networks, where several sSRNAs have
evolved that regulate similar pathways in different bacteria. For example, Fur regulated
sRNAs that participate in the iron sparing response to reduce levels of non-essential iron
binding proteins are commonly identified [77, 78] and others that are activated by preferred
carbon sources, such as Spot 42 in E. coli [79] and RoxS in B. subtilis [5]. Although the
biology of these organisms is quite different, there are key points in their metabolic
pathways that clearly need to be controlled, and RNA regulation has been selected as one of
the best ways to achieve this goal. Patterns in the evolution of sponge RNAs also appear as
more are identified. An intriguing example of sRNA evolution in the Firmicutes is the C-rich
region containing RoxS/RsaE sRNA that is conserved in B. subtilis and S. aureus. However,
different CcpA-regulated, G-rich region containing sponge RNAs have evolved to balance the
level of these sSRNAs. RosA in B. subtilis has been shown to reduce levels of RoxS [55],
whereas in S. aureus, RsaE is known to interact with Rsal, but the mechanism of action is yet

to be established [62].

Regulatory RNAs are often studied in isolation, in one condition of interest, where they are
deleted or overexpressed and the effect on their targets is monitored. However, global
analysis experiments such as CRAC [43], CLASH [45, 46] and RIL-seq [44] have highlighted
the fact that RNAs can behave quite differently between conditions. A network of five
different sSRNAs in E. coli act in a condition-specific manner to regulate each other and their
targets. ArcZ blocks the activity of CyaR during transition phase [45]. In Salmonella ArcZ is
also maximally expressed during transition phase, although unlike E. coli, expression of ArcZ
is detectable during the exponential growth phase [64]. Upon overexpression of the ArcZ
sRNA from a multicopy plasmid in stationary phase the levels of over 16% of Salmonella
transcripts were shown to be altered, many of which have yet to be explained [64]. Some of
these changes could feasibly be due to ArcZ acting as a sponge RNA on CyaR and other
sRNAs. CyaR and GcvB were shown to interact, likely through their known seed regions, but
it has yet to be shown which sRNA is acting as the sponge [45]. As described above GcvB is

also sponged by SroC and, in EHEC strains, by the phage encoded sponge RNA AgvB [43].
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Therefore, the pattern of repression or derepression of the regulons of specific SRNAs will
depend on the combination of different sponge RNAs that are expressed. In addition, like
protein regulators, SRNAs have been shown to have a certain hierarchy in the control of
their regulons [80, 81]. Bobrovskyy et al., recently studied the SgrS regulon in E. coli,
involved in the stress response to sugar-phosphate stress. By analysing each of the targets,
they identified that the regulatory hierarchy was influenced by features of each SRNA—
mMRNA pair, the molecular mechanisms of regulation and the role of accessory factors such
as Hfq and RNase E [81]. In future research, it will be intriguing to determine how sponge
RNAs fit into this hierarchy. Do they always represent the most favoured interaction or can

they split the regulon in to a part that is repressed and another part that is derepressed?

In the Enterobacteriaceae a second RNA chaperone, ProQ, was identified through the use of
GRAD-seq in Salmonella [67] and in studying the development of bacterial competence in
Legionella pneumophila [82]. ProQ, like the well-studied RNA binding protein Hfq, is able to
bind sRNAs. ProQ had previously been proposed to have a role as a matchmaker of sRNA-
mMRNA pairs [83], however a comparative study of Hfg and ProQ using RIL-seq has shown
that this may not be its only function [68]. The study identified a significant proportion of
ProQ bound RNA pairs also associated with Hfg. One of these pairs was identified to be the
SRNAs RbsZ and RybB, of which RbsZ was shown to be a sponge of the cE dependent RybB
(Table 1). Hfq is required for the RbsZ mediated degradation of RybB by RNase lll. However,
interaction of this sponge RNA-sRNA pair with ProQ results in inhibition of this degradation.
RbsZ is transcribed from an internal promoter to the rbsB gene that is part of the ribose
catabolism operon [67]. Under some conditions RbsZ and the end of the rbs transcripts are
processed to produce a shorter form of RbsZ, denoted RbsZ-S [68]. The full length RbszZ
bound at a higher level to ProQ, whereas the processed RbsZ-S bound at a higher level to
Hfqg. The RIL-seq data also identified chimeras between RybB and the 5’ end of the rbsB
transcript on both Hfg and ProQ. RbsZ-S acts to sponge the sSRNA RybB to prevent
downregulation of rbsB. However, when RybB levels increase above those of RbsZ then
RybB is free to downregulate rbsB. Melamed et al suggested that this in turn might lead to
reduced levels of RbsZ-S and increased active RybB, thus amplifying the negative regulation

[68]. It is intriguing what the physiological role of crosstalk between the ribose regulon and
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the oE dependent sSRNA may be, but again highlights the complexity of the post-

transcriptional network.

Although less is known about RNA regulation in Gram-positive bacteria, two recent papers
in B. subtilis [55] and S. aureus [62] highlight the fact that RNA networks are also likely in
play. Rsal (alternative name RsaOG [84]) is an intriguing sSRNA, as identification of its targets
by MAPS not only showed that it interacts with multiple mRNAs, but also three different
sRNAs, RsaG, RsaD and RsaE (homologue to B. subtilis RoxS). However, it interacts with
these two groups of RNAs using different seed regions. The mRNAs interact with the
unpaired CU rich regions, whereas sRNAs, which all contain C-rich regions are predicted to
interact with the G rich regions of Rsal. Rsal is also capable of forming a trimeric complex
with RsaG and three different mRNAs in vitro [62]. Rsal and RsaG interaction has no effect
on the target recognition and regulation of Rsal targets. The RsaG regulon remains to be
defined, but it could be predicted that the interaction with Rsal blocks RsaG interacting with
its MRNA targets, resulting in a derepression of the RsaG regulon. Therefore, Rsal could be a

sponge RNA for RsaG.

Conclusion and Future Outlook

Sponge RNAs are a diverse group of non-coding RNAs globally present across the
prokaryotic and eukaryotic kingdoms. The increase in our ability to carry out both global and
targeted RNA interaction studies has widened our view on the types of RNAs that can be
classed as sponge RNAs. This is only likely to increase given the type and flexibility now
available within the design and analysis of RNA-seq experiments, as was described in this
review. These targeted and global studies will enable us to fully understand all the players
that are functioning in the post-transcriptional regulatory network. This is likely to include
RNAs with multiple functions such as the tRNA intergenic spacer regions that have been

described for E. coli [28].

There are still further improvements to these methods to be made and in interpreting the

data that is generated from them. It is likely that improvements to the molecular biology

methods that result in the RNA-seq libraries would enable the identification of more
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interactions. For example, in methods such as CLASH, RIL-seq and Modified CLASH, the
efficiency of both the cross-linking and ligation steps could be improved. The analysis of the
data that results from RNA-seq experiments producing chimeric RNAs is highly complex and
there are multiple pipelines that have tried to tackle this challenge. Improvements in
mapping the chimeric reads to the genome sequence is key to identifying the interacting
RNAs, and key to this is a well annotated genome where the transcript start, stop and

processing sites are precisely annotated.

The downstream statistical analysis needs to be carefully conceived to increase the
confidence in identifying real RNA interactions. Many of these techniques by their nature
create problems with background. However due to the nature of RNA interactions and RNA
turnover often being highly efficient, many chimeric reads in these data sets are likely to be
rare. Therefore, the statistics used in identifying both false positives and false negatives
needs to be carefully considered. The additional use of sequence interaction software such
as IntaRNA [11, 85] has been shown to be beneficial in identifying both false positives and
false negatives [46, 55]. When a list of RNA interactions is produced from the analysis of the
RNA-seq data, at present it is challenging without further validation to determine how the
identified targets of a particular sRNA are likely to act. For example, is the interaction
between an sRNA and a possible target acting to block or enhance translation? Or is it,

indeed acting as a bone fide sponge RNA?

If we were able to fully describe all of the bona fide interactions within a particular
bacterium, the resulting studies to understand the regulatory logic mediated by all the
sRNAs and sponge RNAs in the network may not be possible. Notably, we would likely need
to understand the dynamics of the regulation of the RNAs themselves, and parameters such
as their half-life and relative affinities to understand the putative hierarchies of the
interactions. We can then hope to address questions as to whether the circuitry is over-
elaborate and reflective of the tinkering hand of evolution [86] or more closely reflect
optimal control structures with energetic and response times optimized in a manner that
maximizes fitness. Consistent with tinkering (bricolage), it is intriguing that intervening

spacer regions have been recruited as RNA sponges.
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This review has discussed examples of how sponge RNAs act not only as stand-alone
regulators of sSRNAs, but can be multipurpose, blocking the function of sSRNAs in addition to
interacting with their own mRNA targets. This adds an increased level of complexity to the
regulatory network where crosstalk between sRNAs can affect the levels of the different
sRNA regulons either positively or negatively. This fine tuning of gene expression is a
mechanism in how bacteria gain fitness benefits and out-compete their neighbours. The
mechanisms these molecules utilise have already been highlighted for use in eukaryotic
systems for not only understanding how networks function [87], but also in molecular
medicine, where in one trial the hepatitis C virus was inhibited in cell culture using a sponge
RNA [88]. Sponge RNAs offer similar possibilities in prokaryotic systems not only in synthetic

biology, but also in increasing our development of novel RNA based therapies.
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Table 1 The bacterial Sponge RNAs and their regulatory effects on their target(s)
The coding strand of the DNA is depicted as dark pink, promoter sequences as blue arrows, genes as turquoise blocks, mRNAs as turquoise
lines, terminator sequences dark blue, sponge RNA coding regions pink blocks and sponge RNAs as pink lines. Ribosomes are shown in purple,

Hfq in lilac, ProQ in green. RNases are depicted in red (RNase E), orange (RNase Ill), black and grey (exonuclease).

Sponge sRNA Species Mechanism of action

RNA target(s)

Intergenic | ChiX Salmonella n

region of and E. coli chiX Under uninducing conditions, sSRNA
g : T i1 chiP ChiX binds to the chiP mRNA, which

chbBC is degraded before ChiX is recycled.

transcript Chito | sugars

[22, 26,

89]

- - - Transcription of chb operon.

chiP Translation repression of chiP by
ChiX is relieved through the
interaction of ChiX with the chb

operon.
ChiX
‘ NI chb operon
— ——

The chb transcript is cleaved by
RNase E and then ChiX is degraded.

25



’
3'ETSe¥? RyhB Enterobacte
(28] and | riaceae [mme | Co—f
Ryb B glyW-cysT-leuz
————————
v
RybB
Transcription of tRNA operon glyW- Low level transcription of sSRNAs,
cysT-leuZ and processing of 3'ETS/ev? RyhB and RybB n ll n
‘— Iron starvation
\ '
3’ETS¥Z was identified as a sponge Envelope stress e
RNA by MAPS. 3’ETS/¥Z binds Hfq and e —
separately interacts with RyhB and Altered conditions increase et m—
RybB to block their interaction with transcription of SRNAs. Threshold concentration reached and
their regulon. translation of RyhB and RybB targets blocked.
RbsZ and RybB E. coli

RbsZ (S)
(68]

[ r— 1
A

Transcription of SRNA RybB.

_

=

c¢ |

Transcription of SRNA RbsZ from
internal promoter to RbsB gene.
RbsZ-S is produced from processing
the different transcripts.

Binding of RybB and Rbsz-S
to Hfq leads to degradation
of RybB by RNase Ill.

Rbe" Ii "
(TN IT] RybB

regulon
deregulated

regulated

Binding of RybB and RbsZ to
ProQ protects RybB from
Rbsz, Hfg and RNase Il
dependent downregulation.

Interaction of RybB and RbsZ was
identified using RIL-seq
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SroC [27]

GcevB [8]
and
MgrR
[76]

Enterobacte
riaceae

Transcription of gltl) with early
termination. Followed by processing
by RNase E to form SroC.

GevB/
MrgR

Transcription of SRNAs GcvB or MgrR

e
1 \M‘gm

Deregulation of
GevB regulon

SroC is an Hfgq dependent sRNA and base pairs
GevB with GevB. This interaction promotes
degradation by RNase E and recycling of SroC.
This results in deregulation of the entire GevB

regulon.
Deregulation
of LPS phosph-
ethanolamine
R transferase
MrgR eptB

Other genes?

IntaRNA was used to predict SroC’s interaction
with MgrR. SroC uses a different region from
GcevB to base pair with MgrR. This results in
deregulation of eptB and maybe other genes.

AgvB [43]

GcevB

E. coli EHEC
Two copies
on SP10
and SP17

| !

Gevl

E

Transcription of sSRNA GcvB.

GevB
dppA

£

GevB interacts with one of its targets,
the mRNA dppA encoding the dipeptide
transporter using the R1 seed region.

- 1

Transcription of SRNA AgvB.

GevB |i Il |l dppA
(IR IT] H

AgvB was identified using CRAC as an Hfq dependent
SRNA. It interacts with GecvB using the R1 seed region,
mimicking the dppA target. dppA is translated.
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AsxR [43 FnrS E. coli EHEC
[43] > —_—
Stx20 f
—
prophage —
FnrS Il " il
Transcription of SRNA FnrsS. Transcription of SRNA AsxR.
chuS
e ——
FnrS interacts with one of its targets, AsxR was identified using CRAC as an Hfg dependent
the mRNA chuS$ encoding the heme SRNA. It interacts with FnrS using its terminator stem
oxidase using seed region. loop. FnrS is degraded and chuS$ is translated.
PspH [44] | Spot42 | E. coli

> p— Transcription of
I _ﬁ_ o oremate
- own promoter

Overexpression
of PspH

Deregulation of
Spot 42 regulon

PspH was identified to interact with Spot 42 using RIL-seq. The
known Spot 42 seed region participates in the interaction.
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ArcZ [45]

CyaR

E. coli

- 1

LIS

. CyaR
Overexpression
Transcription of SRNA ArcZ —- “ Reduction in CyaR
levels and
— of ArcZ deregulation of
— LEENLIT]
—— CyaR

Al v

The ArcZ-CyaR interaction was identified using
CLASH on Hfg. ArcZ and CyaR interacts using

Transcription of sSRNA CyaR
the known seed region. CyaR is degraded.

SkatA [58]

PrrFl1

P.
aeruginosa

—
[ i g lf .

PrrFl ﬂ II ﬂ /
Transcription of sSRNA PrrF1 during \

iron limitation.

PrrF1 interacts with katA mRNA,
which results in its rapid degradation

_—
 meew  f :

—

katA SkatA produced from processing of

—— 3’ UTR of katA transcript.

katA transcript produced with 3’ UTR
it i
PrrFl

SkatA sequesters PrrF1 and leads to
stabilization of the katA and sodB
transcripts.

29




RosA [55]

RoxS
and FsrA

B. subtilis

=

f

No Glucose
Roxs in RoxS
degradation

ot

FsrA/RoxS “ " Il

LTl
FsrA

Transcription of RosA

Interaction
of RoxS and
RosA results

Deregulation of
RoxS and FsrA
= regulons
FsrA

sequestered by

RosA under

conditions

tested

Transcription of SRNAs FsrA and RoxS ‘ II Transcription of RosA
repressed by CcpA

RosA was identified as a sponge RNA
of FsrA and RoxS using modified
CLASH.

Glucose Roxs
RoxS regulon

Regulation of
— ROXS and FsrA
FsrA regulons
FsrA regulon
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Table 2 Methods to identify RNA-RNA interactions including sponge RNAs

RNA binding proteins and free
RNAs that are not cross-linked to
the protein of interest are
removed. In the RNA extraction
step urea and SDS are used to
enhance the activity of PK.

proteins or RNAs.

- No information as to
which RNAs interact
with each other, so
therefore like RIPseq
computational and
molecular work is
required to determine

Technique Methodology Advantages and Key
Name Disadvantages References
Protein dependent methods
RIP-seq (RNA | An antibody to the protein of - This is the simplest of | [41, 66]
immunopreci | interest can be used or the the protocols that allow
pitation protein is tagged with a suitable identification of RNAs
followed by purification tag such as His, Flag associated with RBPs. —
RNA-seq) or Spa. At the required point in A list of RNAs
growth bacteria are harvested, associated with the RBP
disrupted to release the cell is generated and
contents before being incubated | further computational
with the protein or tag specific and molecular work is
antibody. The antibody bound required to determine
protein is purified using protein A | which RNAs in the list
Sepharose beads before the RNA | interact.
is extracted.
CLIP-seq This is a modification to the RIP- - Increased stringency [90, 91]
(Cross-linking | seq protocol where UV-C (254 of the protein
Immunopreci | nm) is used to cross-link RNAs to | purification reduces
pitation) the RBP of interest, before the IP. | background.
The IP is carried out under Identification of the
CLIP-seq has | stringent conditions with washing | point of RNA-protein
many steps including high-salt buffers cross-linking.
variations and ionic detergents that ensures | - No information as to
[42] only the cross-linked protein-RNA | which RNAs interact
complex is purified. To extract the | with each other, so
RNA from the RBP, proteinase K therefore like RIP-seq
(PK) is used to cleave the protein | computational and
cross-linked to the RNA under molecular work is
denaturing conditions. Releasing | required to determine
the RNA into solution with a which RNAs in the list
peptide that remains on the RNA | interact.
at the site of crosslinking.
CRAC This is a variation of CLIP-seq - Increased purification | [43, 92, 93]
(Crosslinking | where a two-step affinity and stringency ensures
and Analysis | purification under denaturing the sample is not
of cDNA) conditions. This ensures other contaminated by other
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which RNAs in the list
interact.

CLASH This is a variation of CLIP and - Purification carried [45, 46, 94,
(Cross- CRAC where not only is UV cross- | out under stringent 95]
linking, linking used to pinpoint the exact | conditions. Ligation of
ligation and point where the protein and RNA | RNAs allows interacting
sequencing interact, but the interacting RNAs | pairs of RNAs to be
of hybrids) are ligated by proximity ligation identified.
to created chimeric RNAs. The -Some interactions may
purification is carried out under be missed due to
stringent conditions. The RNA-seq | ligation favouring some
data analysis pipeline identifies RNA pairs over others.
the two RNAs present within the | Ligation may occur
chimera. Approaches such as between non-regulator
determining the folding energy of | pairs due to the
the chimera helps determine true | proximity of the RNAs
interactions. on the protein.
RIL-seq (RNA | RIL-seq is a similar method to - Unlike many RNA-RBP | [44, 68, 96]
interaction CLASH, where UV cross-linking is | protocols there is no
by ligation used and RNAs are ligated to requirement for
and form chimeras on the RBP being radiolabelling.

sequencing)

studied, but the purification is
carried out under native
conditions.

- Some interactions
may be missed due to
ligation favouring some
RNA pairs over others.
Ligation may occur
between non-regulator
pairs due to the
proximity of the RNAs
on the protein.

Protein independent methods

Modified
CLASH

This method is similar to RBP
based CLASH, but instead of the
RBP the psoralen AMT is used to
cross-link interacting RNAs
together. The bacteria are grown
as required before the addition of
AMT that is taken up by the cell
and crosslinking with UV at 365
nm. The RNA is harvested, rRNA
depleted, single stranded
overhangs are removed with
RNase digestion and the resulting
ends of the interacting RNAs are
ligated to form chimeric RNAs.
Non-ligated RNAs are removed
using further RNase treatment

- No requirement of
genetic modification.
Enables identification
of RNA interactions
without knowledge of
an RBP.

- Efficiency of
crosslinking and
ligation of interacting
RNAs is low. The
psoralen AMT only
allows crosslinks of
interactions between
uridine residues. False
positives in the data set
are likely to be high

[51, 52, 54,
55, 97]

32




and the crosslinking reversed
using UV 254 nm. RNAs are
sequenced and analysed to
identify chimeric RNAs.

due to the ligation step
being in free solution
rather thanon a
protein as for RBP-
CLASH.

GRIL-seq The sRNA to be studied is - High proportion of [58]
(Global sSRNA | overexpressed from an inducible | reads map to sRNA
Target promoter, followed by being studied. Requires
Identification | overexpression of the T4 RNA- over expression of both
by Ligation ligase. The sRNA of interest is the sRNA and the RNA
and purified from the pool of RNA ligase in vivo.
Sequencing) | using complementary poly(A) - Focuses on one sRNA
tailed oligonucleotides. This at a time. Ligation
allows capture of the sRNA requires a 5’
including the chimeras on oligo monophosphate and
dT magnetic beads. Following therefore will only
RNA-seq the identity of the RNA allow identification of
in the chimeras are determined. processed RNAs where
the 5’ triphosphate has
been removed.
Hi-GRIL-seq Very similar to GRIL-seq, but - Global RNA [59]
allows the identification of RNA- | interaction study.
RNA interactions at a global level | - Requires over
rather than focussing on one. The | expression of the RNA
T4-RNA ligase is overexpressed to | ligase in vivo. The
ligate interacting RNAs before the | efficiency of the
RNA is harvested, rRNA depleted | ligation is very low.
and RNA-seq carried out to allow | Likely high false
the interacting RNAs to be positive identification
identified. rate due to ligation
occurring in vivo and no
processing of RNA ends
to ensure ligation of
ends of RNA are in
close proximity.
MAPS (MS2 The MS2 stem loop aptamer is -High number of reads | [28, 60, 98]
affinity added to either the 5’ or 3’ end of | for interactions with
purification the RNA of interest and is SRNA being studied.

coupled with
RNA-
sequencing)

expressed in vivo. The tagged
RNA is then harvested in the
condition of study before being
purified by affinity
chromatography. The resulting
RNA is sequenced and compared
to a non-tagged control. Targets
of the sRNA will be enriched.

- Requires over-
expression of the sRNA.
Addition of the MS2 tag
to the sSRNA may result
in altered expression or
secondary structure of
the sRNA and therefore
not allowing
identification of
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targets. One sRNA can
be studied at a time.
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Figure 1 — Mechanisms to produce sponge RNAs

The coding strand of the DNA is depicted as dark pink, promoter sequences as blue arrows,
genes as turquoise blocks, mRNAs as turquoise lines, terminator sequences dark blue,
sponge RNA coding regions pink blocks and sponge RNA as pink lines. a) Independent
transcript, produced from its own promoter sequence and is likely to have a specific
terminator sequence. Examples of independent transcripts acting as sponge RNAs RosA B.
subtilis and AsxR expressed from the Stx2® prophage b) Early termination and processing of
transcript as depicted by the coloured RNases. This processing can be 5’ (dark grey), 3’ (light
grey) or within the RNA sequence (burgundy). Some transcripts have multiple terminator
sequences. Under certain conditions the first terminator may form and transcription is
terminated. The transcript is then processed and can act as a sponge RNA. SroC is processed
by RNase E from the gltlJ transcript and targets GcvB. c) Intergenic region. The intergenic
region of the chbBC transcript mimics the sRNA binding site of the sRNA ChiX that under
inducing conditions targets ChiX for degradation. d) Processing of External Transcribed
Spacer (ETS). Similar to processing the 3’ UTR by an endoribonuclease. The 3’ ETS'®“Z of E.
coli is an example. e) Processing of UTR. Many genes have long regions transcribed before
(5" UTR) or after the coding sequence (3’ UTR). These regions can be cleaved an
endoribonuclease to release a functional regulatory RNA. The 3’ UTR of the katA gene of P.
aeruginosa is processed to release the sponge RNA SkatA. A sponge RNA from a 5" UTR has
yet to be identified. f) Internal Promoter. This has been described for the 3’ UTR of PspG
which results in the sponge RNA PspH. However, the promoter could be located anywhere
in the gene. The following have yet to be identified as acting as sponge RNAs, but are likely
examples for future investigation. g) Excision from protein coding sequence. h) Antisense
RNA.
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Figure 2 — Mechanisms by which sponge RNAs can regulate sRNAs
mMRNAs are depicted as turquoise lines, ribosomes are in purple, sRNAs as blue lines, sponge
RNA as pink lines, RNases black and grey.

a) Sponge RNA is expressed in a condition specific manner. The sponge RNA can either
mimic the mRNA sequence that the sRNA targets When conditions change, the levels of the
sponge RNA increase and it interacts with the sRNA to block its interaction with the mRNA
target. Upon binding with the sRNA, the complex is either targeted for degradation by
RNases or the sponge RNA sequesters the sRNA and the complex is stably maintained in the
cell. b) Threshold concentration. The sponge RNA is present at a constant level and interacts
with the sRNA, which is expressed at a low level. When conditions change, the rate of
transcription of the sRNA increases and pushes its concentration above the level of the
sponge RNA. The free sRNA is able to interact with its mRNA targets and block the
translation and or target the complex for degradation by RNases.
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