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RNA–protein interactions in vivo:
global gets specific
Minna-Liisa Änkö* and Karla M. Neugebauer
Max Planck Institute of Cell Biology and Genetics, Dresden, Germany

RNA-binding proteins (RBPs) impact every process in the
cell; they act as splicing and polyadenylation factors,
transport and localization factors, stabilizers and destabilizers, modifiers, and chaperones. RNA-binding capacity
can be attributed to numerous protein domains that bind
a limited repertoire of short RNA sequences. How is
specificity achieved in cells? Here we focus on recent
advances in determining the RNA-binding properties of
proteins in vivo and compare these to in vitro determinations, highlighting insights into how endogenous RNA
molecules are recognized and regulated. We also discuss
the crucial contribution of structural determinations for
understanding RNA-binding specificity and mechanisms.
Introduction
Eukaryotic genomes encode hundreds of proteins with the
capacity to bind RNA. RNA binding can be conferred by a
variety of protein motifs, including RNA recognition motifs
(RRMs), K homology (KH) domains and zinc fingers [1].
Importantly, cellular RNA is not naked but is associated
with proteins in ribonucleoprotein (RNP) complexes, which
comprise most functional forms of RNA. RBPs that bind
mRNA can change gene expression output at different
steps of RNA metabolism, including capping, pre-mRNA
splicing, editing, polyadenylation, RNA export, RNA stability, and translation (Figure 1). Mutations in RBPs or in
the cis sequences that disrupt RNA interactions with RBPs
can cause disease [2]; moreover, disruption of RBP expression compromises the viability of cells and organisms [2,3].
These phenotypes underscore the central role of RNA–
protein interactions in cellular processes. However, only
a few RBPs have been studied extensively and many are
only predicted based on sequence similarity. Thus, the
functions of most RBPs remain elusive. In vitro studies
have shown that RBPs generally bind to relatively degenerate and/or short sequence motifs. However, these motifs
do not contain enough information to predict the binding
sites or RNA targets of RBPs through simple sequence
analysis (Figure 2a). Therefore, central questions in RNA
biology are: what are the RNA targets of RBPs; and how is
their in vivo binding specificity achieved?
Recent developments in high-throughput technologies
have allowed, for the first time, the identification of RNA
targets of RBPs in a genome-wide manner. These methods
have provided a relatively unbiased, global approach for
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the derivation of in vivo binding sites. In this review we
focus on the mechanisms of RBP binding to single-stranded
RNA, because RBP binding to double-stranded RNA is not
sequence specific. The field is currently in a ‘cataloguing
phase’, generating lists of target RNAs and binding sites
for RBPs. In addition, these methods have revealed novel
functions for several RBPs, highlighting the importance of
RNA–protein interactions in cells. Complementary to the
global approach, structural studies are providing crucial
information on the mechanistic details of how RBPs contact target RNAs and can resolve discrepancies in RNAbinding sites.
How are RNA–protein interactions determined?
Before the breakthrough of genome-wide methods, especially next-generation sequencing, the study of RNA–protein
interactions was limited to in vitro assays, such as mutagenesis studies of selected RNA substrates or expression of
minigenes or model transgenes in tissue culture cells. Since
1990, numerous techniques have been developed to identify
the RNA sequences bound by proteins, both in vitro and in
vivo. Each technique has advantages, disadvantages and
caveats due to experimental bias. The key in vitro, in silico
and in vivo approaches are summarized in Boxes 1–3. One of
the first unbiased approaches to RNA–protein interactions
was SELEX (systematic evolution of ligands by exponential
enrichment; Box 1) [4], which allows the identification of
high-affinity RNA-binding preferences of a given RBP. Because SELEX is performed with purified proteins (or parts of
proteins) and synthetic short RNAs, it leaves the question
about in vivo binding specificity unanswered. How do the
identified consensus binding motifs relate to the in vivo
binding specificity of RBPs? More recently, RNAcompete
and next-generation SELEX have been used to evaluate the
effect of RNA secondary structure on RBP binding (Box 1)
[5,6]. However, in vitro methods do not take into account the
effect of the complex cellular environment where RNA–
protein interactions normally take place. In cells, the sequence with the highest in vitro binding affinity may not be
the preferred binding site, and weaker interactions may be
biologically relevant and even advantageous. For instance,
the release of splicing factors from target sites may be just as
functionally important as initial binding for the splicing
reaction to occur. Furthermore, the contribution of RBP
cofactors to RNA-binding affinity is often excluded in vitro
but is likely to play an important role in vivo.
What is the best way to uncover RNA-binding sites and
targets in vivo? RNA targets and the specific nucleic acids
important for binding sometimes emerge through forward
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Figure 1. RNA-binding proteins (RBPs) are involved in many steps of gene expression. Cellular RNA is associated with proteins in ribonucleoprotein (RNP) complexes,
which comprise most functional forms of RNA. The processes where RBPs can affect the gene expression output are presented in italics.

genetic analysis. For example, mutagenesis and phenotypic screening in Caenorhabditis elegans uncovered nucleotides in the fem-3 mRNA that are required for binding of
regulatory factors such as FBF [7,8]. However, this situation is relatively rare and it is a labour-intensive way to
identify both the protein and the RNA-binding partners.
Instead, knockdown and overexpression of RBPs followed
by microarray analysis has emerged as a common strategy
for obtaining a global view of endogenous RNA targets.
This approach has been used extensively to investigate
splicing factors, with the development of splicing-sensitive
microarray platforms [9]. However, this type of analysis
has the caveat that changes in gene expression levels or in
exon inclusion do not necessarily require a direct interaction between the protein investigated and the RNA affected. An application of gene expression microarrays that
addresses the RNA–protein interaction more directly is
RNA immunoprecipitation followed by microarray analysis (RIP-chip) [10]. RIP-chip provides information about
the composition of RNPs but is also not restricted to direct
interactions because a protein can be an RNP component
through bridging protein–protein interactions. Nevertheless, identification of RNA targets of some RBPs, using
256

either RIP-chip or global profiling after knockdown or
overexpression, has led to the derivation of binding sites
through motif analysis (Box 2).
The development of in vivo crosslinking with UV light,
followed by immunoprecipitation (CLIP) and next-generation sequencing, has permitted the identification of direct
RNA-binding sites of proteins globally [11–14]. Box 3
explains the principles of CLIP and related methods. Some
variants of the method even allow the determination of the
binding sites at close to one nucleotide resolution. Although UV crosslinking introduces biases due to differences in crosslinking efficiencies between different
nucleotides, the CLIP method has proven to be a powerful
tool to determine in vivo binding sites and discover functional mechanisms of RBPs. CLIP and other related highthroughput technologies have been reviewed recently
[9,15–17].
Structures of RBPs bound to RNA are less broadly
available than genome-wide RNA-binding data; yet these
studies are indispensable for understanding how proteins
interact with the wide variety of different RNA molecules
in cells. Structural studies of RBPs bound to RNA molecules focus on the RNA-binding pocket of the protein
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Box 1. In vitro determination of RNA-binding specificity
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Figure 2. RNA-binding specificity: protein binding to target RNAs and binding sites.
(a) An mRNA-binding protein (blue) is shown bound to its target mRNA (black line),
which is named according to the gene ID. The specific sequence at which the RNAbinding protein (RBP) binds is called the binding site (blue nucleotide sequence).
From the analysis of numerous binding sites, a consensus motif can be derived. (b) It
is commonly seen by crosslinking and immunoprecipitation (CLIP) that the RBP
binds some but not all potential binding sites (NNN) that match its consensus
sequence, indicating additional determinants of RNA-binding specificity.
Alternatively, the protein may be detected by CLIP at many binding sites that map
to the same gene; however, it is possible that the RBP is not bound at both sites
within the same RNA molecule simultaneously. (c) RBP with multiple RNA-binding
domains can bring together RNA sequences that are far apart in the primary
sequence. In an analogous way, RNA binding to nearby sites in the same transcript
can induce RBP multimerization.

domain and reveal the mechanism of interaction in great
detail. Such structures complement the genome-wide
approaches by providing insight into how empirically determined binding sites relate to protein domain composition and structural requirements for sequence recognition.
RNA-binding domains: common modules for RNA
recognition
RBPs interact with RNA through a variety of protein
domains. Although single domains can be sufficient for
RNA binding, many RBPs have multiple RNA-binding
domains (Figure 3). One of the most frequently occurring
RNA interaction domains is the RRM, which occurs 487
times in 20 000 annotated human protein-coding genes
[1]. RRMs are present in Ser/Arg-rich (SR) proteins, heterogeneous nuclear RNP (hnRNP) proteins, splicing factors such as Rbfox proteins, Elav proteins and several
components of the core spliceosomal machinery, including
U2 auxiliary factor 65 (U2AF65) and U1A. In addition to

SELEX (systematic evolution of ligands by exponential enrichment)
is designed to determine the sequence of high-affinity DNA or RNA
ligands that bind to a protein or other molecule of interest [4,65].
Beginning with a large oligonucleotide library of random sequences
and primers for amplification at the 50 and 30 ends, the protein of
interest is allowed to bind to the oligonucleotide pool; bound
sequences are selected, usually by affinity chromatography or gel
shift, and reamplified and reselected through many rounds by PCR.
Finally, the resulting pool of bound RNA molecules is sequenced to
generate consensus information. The many rounds of selection
yield high-affinity binding sites, generally in the nanomolar or
subnanomolar range. The caveats to SELEX include: (1) many RBPs
are expressed at micromolar concentrations in cells; nanomolar
targets are not necessarily the only ones bound by the protein in
cells; (2) full-length RNA molecules may have a secondary structure
that promotes or excludes protein binding. Recent advances on the
original SELEX protocol include the avoidance of constant primer
regions that can introduce biases, such as secondary structure
formation that influences binding [66]. Importantly, ‘next-generation
SELEX’ (which paradoxically does not use next-generation sequencing) and RNAcompete can query both genomically derived
sequences and local RNA structures by tiling gene regions or
sequences on custom microarrays [5,6]. The microarray is used to
generate a library of short-input RNAs, which are subjected to a
selection procedure as in standard SELEX. Reprobing of the tiling
array gives an apparent binding affinity for all sequences. In terms
of extrapolating to cells, the caveats to these latter variations of
SELEX is that they are limited to the queried sequences, the only
secondary structures evaluated are based on local base-pairing
interactions, and the assay still relies on binding purified proteins to
the library under in vitro conditions.

splicing factors, RRMs are found in many other RBPs
involved in nuclear processes, such as the poly-A-binding
protein (PABP) and the cap-binding protein (CBP20).
RRMs can adopt very different binding specificities:
CBP20 recognizes a single nucleotide (m(7)GpppG-cap)
[18] and PABP binds to a polyA sequence [19]; by contrast,
splicing factor consensus motifs are generally degenerate
sequences of four to eight nucleotides [20]. The KH domain
also binds RNA and occurs 95 times in the human genome
[1]; it was first identified in the transcriptional regulator
hnRNP K, which binds single-stranded DNA as well as
RNA [21]. KH domains are found in many splicing regulators including branchpoint-binding protein SF1, Nova-1
and -2 (onconeural ventral antigen 1 and 2), Sam68 and
FMRP, as well as in exosome subunits, and proteins involved in RNA stability and translational control [22].
Similar to RRMs, the target sequences for different KH
motifs are variable: SF1 specifically recognizes the conserved branchpoint sequence but notably does not recognize all branchpoints equally [23], Nova proteins bind a
four-nucleotide consensus motif, and FMRP may not have
a consensus sequence [24]. Zinc fingers are relatively small
protein domains that coordinate zinc or other metal ions in
the binding pocket. Zinc fingers bind RNA and/or DNA [25]
and are emerging as yet another versatile RNA interaction
domain that occurs at least 167 times in the human
genome [1]. The binding specificity of a zinc finger domain
depends on the number of zinc fingers within the domain
and the amino acid composition. Examples of RBPs with
zinc finger domains are U2AF35, which binds together
with U2AF65 at the branchpoint/30 splice site, the SR
protein SRSF7 (9G8), and muscleblind-like splicing factors
257
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Box 2. RIP approaches followed by in silico determination
of RNA-binding specificity
A common way of identifying RNA targets of RBPs is immunoprecipitation of the RBP followed by microarray analysis (RIP-chip) or
next-generation sequencing (RIP-seq). RIP-based approaches were
first developed for polyA-binding protein (PABP) to determine which
mRNAs were undergoing active translation [67]. Since then, many
RBPs have been subject to RIP analysis for RNA target identification
[53,54,56,58,68–70].
From a pool of unaligned sequences obtained by RIP, binding
motifs can be derived using MEME (multiple expectation maximization for motif elicitation) algorithms to identify shared motifs [71].
This was particularly successful for members of the Puf family of RBPs
in yeast and fruit flies, where it was possible to assemble pools of tens
to hundreds of target RNA sequences for each family member;
binding motifs predicted by MEME were well validated [68,72]. More
recently, mRNA targets of GLD-1 were identified in Caenorhabditis
elegans, using RIP-chip; binding motifs were similarly derived and
validated [70]. These examples make it seem relatively trivial to derive
relevant sequence motifs, using prediction. However, size matters:
metazoan pre-mRNAs are 10 times longer than mRNAs and increase
the complexity of the computational task if, for example, the RBP
binds introns. Prediction from pooled sequences puts the burden of
proof on validation, because the inference that a binding site occurs
somewhere along the transcript is indirect. Indeed, some of the
targets identified by RIP may be indirect because of protein–protein
interactions within the RNP.

(Mbnl1-3). In addition to RRMs, KH domains and zinc
fingers, RNA binding can be conferred by the SWAP domain in suppressor-of-white-apricot homolog splicing factor [26] and by the PIWI domain in the miRNA processing
protein, Ago1 [27]. There are also double-stranded RNAbinding motifs, such as those in the protein Staufen, that
mediate binding to double-stranded RNAs [28]. Taken
together, numerous protein domains contained in hundreds of genes have the potential to bind RNA, and we
may not be fully aware of all of the protein domains that
can do so.
Structural insights into RBP–RNA interactions
Genome-wide in vivo UV crosslinking studies have identified splicing factor consensus binding sequences that are
usually short and degenerate (Table 1). Interestingly, the
in vivo consensus sequences seem to be very similar to the
in vitro determined motifs for all factors tested so far,
which validates the utility of in vitro approaches (Box 1).
The degeneracy of consensus sequences raises the question
of how the same RNA interaction domain can recognize a
set of different yet related sequences. Structural studies
help to interpret genome-wide data, by providing clues as
to how the various RNA-binding domains physically contact RNA. Structures of RRMs bound to short RNAs have
revealed that only a few nucleotides are in fact in direct
contact with the protein (see below). Similarly, only four
nucleotides fit into the RNA-binding pocket of a KH domain [22]. This implies that the actual consensus
sequences may be even shorter than those determined
by in vitro and genome-wide methods, where analysis
parameters tend to search for longer motifs (hexa- to
octamers). Furthermore, consensus sequences retrieved
from genome-wide data represent the combined binding
preference for a large and complex set of RNA targets.
Intriguingly, some structural studies of splicing factors
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Box 3. In vivo determination of RNA-binding specificity
Methods for identifying direct interactions between RNA and
protein in vivo rely on crosslinking of cells, tissue samples or
extracts with UV light [73]. UV light penetrates cells and induces
covalent bonds between RNA bases and amino acid side chains at a
distance of only several ångströms; the covalent bond permits
stringent washing. Unlike formaldehyde, UV light does not induce
protein–protein crosslinks, making UV preferable for addressing
direct binding. UV crosslinking is relatively inefficient but that can
be overcome by using sufficient starting material. In crosslinking
and immunoprecipitation (CLIP), fragmentation of the purified RNA
permits sequencing of so-called ‘tags’. In the original protocol,
fragmented RNA served as the substrate for reverse transcription
and concatemerization for Sanger sequencing [58]. To increase the
depth of reads, the protocol has been adapted for next-generation
sequencing in high-throughput sequencing (HITS)-CLIP [11]. A
further advance in cloning strategy and library preparation, called
iCLIP, permits identification of the actual crosslink site with a
resolution of a few nucleotides [12]. A variation of CLIP, photoactivatable ribonucleoside-enhanced (PAR)-CLIP, uses the incorporation of photoreactive ribonucleoside analogues, such as 4thiouridine (4-SU) and 6-thioguanosine (6-SG), into RNA transcripts
synthesized in living cells [14]. The advantage of PAR-CLIP is that it
may increase the efficiency of crosslinking [14,74]. Potential biases
in crosslinking to specific amino acids and nucleotides, such as
uracil in CLIP or the photoreactive species in PAR-CLIP, may
influence detectability and/or the derivation of binding motifs [92].
PAR-CLIP has been a powerful tool for the identification of RNA
targets, such as miRNAs bound to their cognate mRNA targets [14].
In this case, maximization of target identification was the aim, not
deriving consensus sequence motifs.
It is worth noting that CLIP results will be influenced by the
complexity of the RNAs present in the sample. In other words,
transcripts not expressed by the particular cells or tissues under
study are not queried by CLIP. An annotated gene that is not a target
may simply not be expressed or expressed at very low levels. The
same transcript may indeed be a target in another cell type.

bound to RNA indicate that a single RRM domain can
utilize a variety of mechanisms to accommodate binding of
a large number of different RNA molecules that share only
limited sequence similarity [29]. The SR protein SRSF3
(SRp20) has one RRM that binds the consensus sequence
CNNC, based on the crystal structure; this is much shorter
than the motifs retrieved from in vitro and in vivo studies
(Table 1). Although these four nucleotides are contacted by
the RRM, only one nucleotide is specifically recognized (50
C) [30]. Similarly, the RRM of SRSF2 (SC35) has been
shown in several studies to bind very different target
sequences (Table 1). A recent report explains this, by
showing that RNA can adopt either syn or anti conformation to fit into to the binding pocket [29]. This is in contrast
to other RRM-containing proteins, such as sex lethal (Sxl),
HuD and U1A, where the RNA-binding pocket can accommodate several different nucleotides [31–33]. Thus, either
the RRM or the RNA can provide the flexibility needed to
achieve specificity despite the degeneracy of the consensus
sequence.
Both in vivo and in vitro studies of Nova-1 and -2 have
identified repeats of YCAY tetramers as Nova consensus
target sequences, which Nova recognizes through its KH
domains. The structure of the KH3 domain in a complex
with RNA showed that Nova binds YCAY within a loop
region of a stem–loop structure [34]. However, typical of
KH domain-containing proteins, Nova has three KH
domains that can all interact with RNA. The clustering
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set of nucleotides and have slightly different consensus
sequences [36]. Thus, the consensus motifs of multidomain
RBPs are averages from several binding domains contacting a variety of RNA molecules (Figure 2b,c). Accordingly,
computational analyses generate short, degenerate consensus sequence motifs that occur in the genome frequently [37], but only a fraction of these sites are in fact occupied
by an RBP as determined by CLIP [38]. In other words, not
every possible consensus sequence motif is bound by an
RBP in cells, indicating that additional features contribute
to binding specificity. Therefore, computational prediction
of binding sites based on sequence information alone
remains an extremely difficult task.
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Figure 3. RNA binding can be conferred by a variety of domains. Top panel: RNAbinding proteins (RBPs) interact with RNA through a variety of distinct protein
domains. Bottom panel: a single domain is sufficient for RNA binding, but many
RBPs have a combination of multiple RNA-binding domains.

of KH domains seems to increase both the affinity and the
binding specificity of the protein to RNA [22]. The array of
KH domains might explain why the genome-wide studies
have identified YCAY repeats surrounding regulated
exons, because each of the Nova KH domains could bind
to a one of the repeat sites. The structure of the first two
KH domains of Nova in a complex with a YCAY repeat
RNA was recently solved [35]. Comparison of the Nova
KH3 domain and KH1/2 binding specificity within the
stem–loop structure showed that, although the YCAY
motif is similarly recognized by the KH3 and KH1/2
domains, the RNA hairpin structure contributes to binding
affinity and specificity. This difference in the binding
specificities of individual domains of Nova is similar to
that observed for PTBP1 (also called PTB, hnRNP I), one of
the best-studied splicing factors. PTBP1 has four RRMs
that bind pyrimidine tracts but contact a slightly different

RNA interactions in combination
How do RNA-binding motifs adapt to the longer RNA that
is the actual cellular target? As mentioned above, many
RBPs have clusters of RNA-binding domains, and some
have combinations of different types of domains (Figure 3).
For instance, IGF2-binding protein 1 (IGF2BP1) has two
RRMs and four KH domains. What are the functional
consequences of such an array of motifs? What is the
contribution of each domain to the function of the RBP?
Structural studies indicate that clustering of domains may
provide increased binding specificity and/or affinity. Based
on CLIP studies, splicing factor binding sites are often
clustered, indicating that several relatively low-affinity
binding sites could constitute a larger binding surface.
However, CLIP data are derived from a population of cells,
and thus binding site clusters do not necessarily mean that
multiple copies of the RBP or multiple domains of the RBP
are bound to a single RNA molecule at the same time
(Figure 2b). Another possibility is that binding site clusters
reflect flexibility of binding, that is, the RBP may slide
between nearby low-affinity binding sites.
Many reports suggest that PTPB1 forms homodimers
[39], although it has been shown that free PTBP1 in
solution is a monomer [40,41]. Interestingly, PTBP1 CLIP
detected both monomeric and dimeric PTBP1 bound to

Table 1. Comparison of RNA-binding specificities determined in vitro and in vivo
RBP
SRSF1

In vivo consensus
GAAGAA

Species
Human

Binding site preference
ORF and Intron

SRSF3

CU-rich

Mouse

ORF and Intron

SRSF4
PTBP1
NOVA-1 and -2
RBFOX1
RBFOX2
TDP-43
hnRNP C
TIA1, TIAL1
HuR
SF1
PUM2
QKI
IGF2BP1-3
FMRP
TRA2beta

GA-rich
UUCUCU
YCAY
nd
UGCAUG
UG-repeat
U-repeat
UUUA, AUUUU
U-repeat
ACUNAC
UGUANAUA
A[C/U]UAAY
CAUH (H=A,C,U)
nd
AGAAGA

Mouse
Human
Mouse
na
Human
Human
Human
Human
Human
Human
Human
Human
Human
Mouse
Mouse

ORF and Intron
Intron
Intron
na
Intron
Intron
Intron
Intron
Intron
Intron
30 UTR
Intron
ORF
ORF, 30 UTR
ORF and Intron

In vitro consensus
RGAAGAAC
AGGAC[A/G][G/A]AGC
[A/U]C[A/U][A/U]C
CTC[T/G]TC[C/T]
GAAGGA
UCUU
UCAY
UGCAUG
UGCAUG
UG-repeat
U-repeat
(A)U-rich
U-repeat
UACUAAC
UGUA(AUC)AUA
ACUAAY
nd
G-quartets
(GAA)n

Reference
[38]
[75]
M-L Anko (unpublished)
[76,77]
[78] (M-L Anko, unpublished)
[39,42,48]
[11,58,79]
[80]
[47,80]
[49,81]
[12,82]
[51,83]
[5,84,85]
[23,86]
[14,87]
[14,88]
[14]
[24,89]
[90,91]

R, Purine; Y, pyrimidine; nd, not determined; na, not available.
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RNA [42], indicating that the bound RNA may tether
PTBP1 molecules together (Figure 2c). Binding specificity
was not affected by dimerization because both monomeric
and dimeric PTBP1 had the same consensus sequence motif
[42]. Similarly, Nova was found to be a monomer in solution
but, through complex inter- and intramolecular interactions
between the KH domains, the RNA-bound form may generate higher-order complexes [35]. The zinc finger-containing
Mbnl1 protein also shows flexibility in RNA binding by
adopting different conformations to recognize RNAs with
varying sequence configurations [43]. The cluster of zinc
fingers in Mbnl1 has been proposed to cause RNA looping
through intra- or intermolecular interaction of different
Mbnl1 domains [44]. Recently, a similar looping mechanism
was proposed for Nova [35] and PTBP1 [45], in which the
tandem binding motifs provide an RNA interaction surface.
The intra- and intermolecular interactions may also change
the configuration of the RNA and, for instance, loop out an
exon or bring two distant sites together to regulate splicing
outcome. This evidence indicates that RNA harbouring a
pair of sequence elements targeting an RBP may undergo
looping (Figure 2c); thus, RNA looping may be a general
mechanism for RBPs to bring together distant RNA regions
or exclude stretches of RNA.
In addition to forming homodimeric complexes, RBPs
can interact with coregulatory proteins and with each
other. A classic example is Raver1, a multifunctional protein with three RMMs that can modulate PTBP1 function.
According to the proposed model, Raver1 forms bridging
interactions between RNA-bound PTBP1 proteins and
brings the PTBP1–RNA complexes into a conformation
that allows regulation of exon inclusion [46]. An Rbfox2
CLIP study also showed clusters of PTBP1 consensus
motifs close to the Rbfox2 binding sites, indicating that
these two proteins may either antagonize or cooperate to
regulate the same splicing events [47]. Nova1 also interacts with PTBP1, as well as with Rbfox1. Therefore, it is
interesting to speculate that RBPs can compete for binding
sites, interact by looping and/or form bridged protein–
protein interactions to determine splicing outcomes. Similarly, other coregulator proteins might function in assisting complex formation between distantly bound proteins.
The CLIP studies have shown that, in addition to the
sequence information, the position of a sequence motif
relative to the regulated exon plays an important role.
By combining CLIP data with splicing sensitive microarray data and/or RT-PCR validation, it has been possible to
construct so-called RNA maps that predict the effect of
splicing factor binding on exon inclusion [12,48–51].
Depending on the position of binding relative to the regulated exon, the splicing factor can either enhance or repress
inclusion. This type of positional effect has been observed
for several factors, including PTBP1 [42,48], Nova-1
[11,50], TIA/TIAR [51], Rbfox2 [47], TDP-43 [49] and
hnRNP C [12]. In addition to positional information, other
parameters, such as the phosphorylation status, may determine whether the RBP acts as a positive or a negative
regulator of exon inclusion [52]. Mechanisms such as RNA
looping through intra- and intermolecular interaction may
provide mechanistic explanations for the observed positional effects.
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Integration of binding with function
It appears that several RBPs are required to cooperate for
functional regulation of one RNA molecule. Comprehensive studies comparing multiple RBPs and their targets
have provided evidence that the same RNA can be bound
and regulated by multiple factors [53,54]. To date, no in
vivo study has examined all of the proteins that bind and
influence the fate of a single mRNA. An in vitro characterization by mass spectrometry of all proteins that copurify
with a single species of spliced mRNA yielded 45 proteins
[55], showing that individual mRNPs can be expected to
contain a diverse set of proteins that can impact the life of
mRNA.
A currently more tractable and equally intriguing question is: how many RNAs does one RBP bind and regulate?
Because of technical differences, as well differences in
model systems and antibodies used, direct comparison
between different factors is not yet possible. Based on
the RBPs analyzed to date, it appears that most factors
have some thousands of binding sites in hundreds of genes
(see Table 1 for references). For example, PTBP1-binding
clusters were found in almost half of annotated human
genes [42]. Whether this reflects true differences in binding
sites or just depth of sequencing and whether all the
binding sites are functionally significant are still open
questions. In the case of PTBP1, 28% of binding events
were associated with alternative splicing. However, this
does not mean that the rest would not be functionally
significant because PTBP1, along with other RBPs, has
been associated with several different steps in gene expression [36,53]. Some of the factors analyzed are ubiquitously expressed (e.g. SR proteins, PTBP1, hnRNP C)
whereas others show restricted expression in one or a
few tissues (e.g. Nova1 and 2, Rbfox2, TPD-43); however,
the number of binding sites does not seem to correlate
generally with tissue specificity. Interestingly, RBPs often
seem to regulate functionally related sets of genes or even
complete pathways [38,53,54,56–58].
Genome-wide analyses have additionally revealed
many novel functions for RBPs. For example, splicing
factors have been shown to be multifunctional RBPs participating in many steps of gene expression, including
miRNA processing and nuclear export [56,59–62]. An
important question is whether the interactions of splicing
factors with mature mRNA or miRNAs is mechanistically
identical to the interactions with pre-mRNA. Binding
interactions are likely to be the same, but the mode of
recruitment and activity may be different. Again an interesting example is PTBP1: in its function in internal ribosome entry site (IRES)–mediated translation initiation, it
acts as an RNA chaperone by helping IRES to achieve its
correct conformation [36]. Moreover, U2AF65 undergoes
conformational changes in the arrangement of its tandem
RRMs in response to the strength of the polypyrimidine
tract recognized; the shift from open to closed conformation reflects the nucleotide composition of the polypyrimidine tract and correlates directly with the strength of
splicing regulation conferred [63]. Although RNA-binding
capacity is addressed by genome-wide studies, such as
CLIP, further insights into temporal relationships or
the context of different biological processes await the
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combination of these data with detailed biochemical and
structural analyses.
Concluding remarks
In-depth analysis of RNA–protein interactions is crucial to
understand how the gene expression output of cells is
regulated. Yet hundreds of RBPs are encoded by genomes
and only a few have been analyzed. Progress towards
identifying in vivo RNA targets and binding sites has
revealed that in vitro approaches to determining binding
specificity is largely valid, but consensus binding motifs
alone cannot reveal endogenous targets. Furthermore,
structural studies have shown that, even though consensus
binding sequences are degenerate, single nucleotide mutations can either abolish or create a recognition site for an
RBP. Splicing factor–RNA interactions are thus far the
best-studied examples of RNA–protein interactions in
cells. Although structural and genome-wide studies have
deepened our knowledge of how RNA binding relates to
splicing regulation, we are still far from a complete understanding of these processes in cells. Efforts to construct a
splicing code are underway but further genome-wide data
and mechanistic insights are necessary to allow accurate
predictions about splicing regulation in a given cell at a
given time [64]. The overall aim is to be able to predict the
functional consequences of numerous protein–RNA interactions taking place sequentially or simultaneously on a
given target RNA. How these models will adapt to the
variety of cell types within tissues and organs remains a
challenge.
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