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Abstract

Ensuring the appropriate spatial-temporal control of protein abundance requires careful control of
transcript levels. This process is regulated at many steps, including the rate at which transcripts
decay. microRNAs (miRNAs) and RNA Binding Proteins (RBPs) represent two important
regulators of transcript degradation. We review here recent literature that suggests these two
regulators of transcript decay may functionally interact. Some studies have reported an excess of
miRNA binding sites surrounding the positions at which RBPs bind. Experimental reports
focusing on a particular transcript have identified instances in which RBPs and miRNAs compete
for the same target sites, and instances in which the binding of a RBP makes a miRNA recognition
site more accessible to the RISC complex. Further, miRNAs and RBPs use similar enzymes for
degradation of target transcripts and the degradation of the target transcripts occurs in similar
subcellular compartments. In addition to miRNA-RBP interactions involving transcript decay,
RBPs have also been reported to facilitate the processing of pri-miRNAs to their final form. We
summarize here several possible mechanisms through which miRNA-RBP interactions may occur.
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INTRODUCTION

MRNA transcripts are subjected to a complex array of regulatory controls as they are
processed into proteins. These regulatory steps may occur at the level of mRNA splicing,
polyadenylation, transport, and stabilization. The ultimate goal of such regulation is the
correct spatial and temporal distribution of encoded proteins. Transcript degradation, the
focus of this review, is utilized extensively during development to eliminate maternal
transcripts at the maternal-to-zygotic transition [1, 2]. In adult tissues, transcript degradation
is employed to define cell lineages [3], and to rapidly eliminate transcripts in signaling
pathways that could be deleterious if continuously expressed [4]. Inappropriate protein
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expression resulting from deficiencies in transcript degradation mechanisms may contribute
to developmental abnormalities and the progression of cancer [5]. Many aspects of mMRNA
regulation are controlled by RBPs, and there are many types of proteins that bind RNA. We
focus here on the class of RBPs that recognize and bind to sequence elements in the
transcript’s 3° UTR, thereby affecting the transcript’s stability [6]. Transcript stability and
translatability can also be regulated by miRNAs, short 21-23 nucleotide RNAs that regulate
targeted mMRNA transcripts [7-10]. RBPs and miRNAs recognize specific recognition
sequences in the transcript RNA indicated by the nucleotide sequence and/or secondary
structure [11, 12]. While RBPs and miRNAs have generally been considered distinct
transcript degradation pathways, it is becoming clearer that RBPs can regulate miRNA
activity through synergistic activity at the level of transcript decay, and by affecting the
miRNAs themselves. We briefly summarize the known mechanism of action of miRNAs and
RBPs. We then describe evidence indicating that RBPs and miRNAs have a functional
interaction. We consider several possible mechanisms in which RBPs and miRNAs might
promote or antagonize each other’s effects, and the evidence for each. We summarize with
suggestions for future areas of research.

INTRODUCTION TO RBPs

RBPs can regulate many aspects of RNA processing, localization, export, and stability by
binding to recognition sequences within 3° UTRs. As an example, trans-acting RBPs ensure
that there is coordinated regulation of the transcripts that encode proteins involved in iron
metabolism. Iron-responsive RBPs are regulated by iron levels. These proteins interact with
iron-responsive elements—conserved hairpins that form distinctive secondary structures in
untranslated portions of target transcripts [13]. Binding of the iron-responsive RBPs results
in changes in transcript stability or translation rate. Other families of RBPs include the
Pumilio or PUF family [14], and the adenosine-uracil rich element (ARE) binding family
[15]. The Pumilio protein in Drosophila is essential for axis formation and stem cell
maintenance [14]. The ARE, UAUUUAU, is present in many signaling transcripts including
cytokines, growth factors and oncogenes [16]. Among the proteins that can bind to AREs are
HUR/ELAV [6], Tristetrapolin (TTP) [17] and FXR1 [18]. Some of these ARE-binding
proteins (ARE-BPs) promote degradation of the target transcript, while others, like the HUR
family of proteins [19, 20], can cause stabilization of the targeted message [6].

The short and degenerate recognition sites for RBPs, and the difficulty in defining RBP
occupancy /n vivo, has hindered attempts to clearly define RBP recognition sites and the
transcripts they regulate. Immunoprecipitation of RBPs as part of RBP-RNA complexes,
followed by detection of the bound sequences by microarrays or next generation sequencing,
a procedure called RIP-chip or RIP-Seq, respectively represents a method for better defining
the sequences bound by specific RBPs [21, 22]. More recently introduced methods allow the
definitive localization of the recognized binding sites. With photoactivatable ribonucleoside
crosslinking and immunoprecipitation (PAR-CLIP), photoactive thiouridine is incorporated
into RNA and then crosslinked with ultraviolet light [23]. T to C conversions in the portion
of the cDNA derived from the protected cross-linked regions allow for a definitive indication
of the specific nucleotides bound by the RBP [23-25].
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INTRODUCTION TO miRNAs

In addition to RBPs, miRNAs are also important regulators of transcript decay. miRNAs
have been shown to play a central role in the regulation of a wide variety of biological
processes [26]. Many miRNAs display tissue-specific or development time point-specific
expression patterns [27-29]. Dysregulation of miRNA pathways has been implicated in
human disorders including cancer, heart disease and neurological disorders [30-33]. In the
latest version of MiRBase, version 18, there are 1527 unique human miRNAs, and over 60%
of human protein-coding genes are conserved targets of miRNAs [34]. miRNAs are initially
transcribed as primary miRNAs (pri-miRNASs) by RNA Pol 1I. The pri-miRNA contains a
hairpin precursor that includes the sequence that will be the ultimate miRNA. pri-miRNAs
are processed to precursor miRNAs (pre-miRNAS) by the Microprocessor complex of
Drosha/DGCR8 [35-37]. The pre-miRNAs are then cleaved by the RNase 111 enzyme Dicer
to generate mature miRNAs [38, 39]. Mature miRNAs direct the RNA-induced silencing
complex (RISC), including the catalytic component Argonaute (Ago), to messenger RNAS
with partially complementary sequences [40]. Recent studies using microarrays and
ribosome profiling to measure the effects of miRNAs have revealed that miRNAs act
predominantly to decrease levels of target mRNAs [41].

miRNAs generally bind their targets through 6-8mer matches to the miRNA “seed” region
[8-10]. There may also be imperfect matching throughout the rest of the miRNA [8-10, 42].
There is selective pressure to conserve seed-matched targets, including not only the stronger
8mer seed matches, but also the weaker 6mer seed matches [34], which tend to effect
minimal changes in target RNA or protein levels [43-46]. In addition to a stronger seed
match, some of the other parameters that lead to enhanced miRNA activity include increased
AU content in the surrounding sequence, proximity to other miRNA recognition sites, and
avoidance of the middle of 3° UTRs [46].

EVIDENCE FOR AN INTERACTION BETWEEN miRNAs AND RBPs

RBPs and miRNAs have generally been viewed as two distinct mechanisms to regulate
transcript abundance. There are several reasons to hypothesize that these two mechanisms
might act coordinately. miRNA recognition sites are most prevalent and most effective in 3’
UTRs, the regions of the transcript that are also targeted by RBPs [46, 47]. The increased
effectiveness of 3° UTR recognition sites could reflect several factors, including the passing
of ribosomes across coding regions. Indeed, there is experimental evidence indicating that
translating ribosomes can impede miRNA function. When the same miRNA targeting site
was moved from the coding region to the 3° UTR by shifting the location of the stop codon,
it was more effective in the 3° UTR [48]. Mutating specific base pairs upstream of a miRNA
site so that they now encode rare codons caused the translation machinery to pause, and
made the miRNA binding sites more effective [48]. In addition to the absence of passing
ribosomes, the preference for 3 UTRs could also reflect proximity to the polyA tail, which
is a critical regulator of transcript stability, or to the cap once the transcript is circularized
[49]. Thus, one of several possible explanations for the improved efficacy of miRNA binding
sites in 3° UTRs is that 3° UTRs also contain recognition sites for RBPs.
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Another line of indirect evidence that supports a possible role of RBPs in miRNA function is
that the sequences surrounding a given recognition site also make an important contribution
to the effectiveness of the site [46]. Indeed, sometimes the sequences surrounding a miRNA
recognition site are conserved along with the site itself [46, 50, 51]. These findings suggest
the importance of flanking sites, and could reflect either a contribution of accessibility [52],
or that these sequences are conserved because they represent a docking point for RBPs [51].

More direct evidence for a potential interaction between miRNAs and RBPs derives from the
observation that miRNA binding sites and RBP binding sites are present on the same 3’
UTRs, and in some cases are in close proximity to each other. In a study of HuR binding
sites using RIP-chip and PAR-CLIP, there was extensive colocalization of HUR and Ago
binding sites [24]. Over 75% of mRNAs with 3° UTR Ago binding sites also contained 3’
UTR HuR binding sites [24]. An enrichment for miRNA recognition sites has also been
reported in the sequences surrounding Pumilio recognition sites identified based on
immunoprecipitation with antibodies to Pumilio [53].

Finally, miRNAs and RBPs share mechanisms of action. Both affect target transcripts by
causing deadenylation, decapping, and transcript degradation by exonucleolytic enzymes
[54]. The CCR4 deadenylase complex and the decapping enzymes Dcpl/2 have been
implicated in both AU-rich element binding protein-mediated decay and miRNA-mediated
decay [43, 55, 56]. Further, both miRNAs [57, 58] and RBPs [59, 60] have been localized to
cytoplasmic P bodies, sites within the cell that may be involved in mRNA decay [54].

GENOMEWIDE ANALYSES IMPLICATING AN INTERACTION BETWEEN
RBPs AND miRNAs

Researchers analyzing large scale miRNA overexpression microarrays have identified
putative RBP recognition sites as sequence motifs associated with miRNA function.
Jacobsen and colleagues transfected miRNAs into cells and monitored gene expression
changes with microarrays [61]. U-rich motifs previously identified as binding sites for the
HuD RBP were associated with downregulation in response to transfection with small
RNAs. In another study, a subset of the AU-rich elements correlated with changes in mRNA
expression after transfection with either miR-1 or miR-124 in HelLa cells [62]. Thus, the
transcripts that are actually downregulated in response to overexpression of miRNAs tend to
also contain recognition sites for ARE-BPs.

One concern in evaluating these studies is that the actual sequences bound by miRNAs and
RBPs tend to be AU-rich. Thus, the apparent colocalization of miRNA and RBP binding
sites could be a consequence of the localization of both types of sites in AU-rich regions of
3" UTRs, rather than a signal that the two types of sequences are interacting with each other
functionally. Further, there may be portions of 3’ UTRs that are more important for
regulating transcript decay. If so, RBP recognition sites and miRNA recognition sites might
both tend to be present in such regions. These possible confounding factors make it difficult
to assess the functional importance of colocalization of miRNA and RBP recognition sites.
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EXPERIMENTAL MODELS TO TEST THE INTERACTION BETWEEN RBPs
AND miRNAs

Several model systems have been developed to experimentally test for a functional
interaction between miRNA and RBP recognition sites. Didiano and Hobert analyzed the
ability of the endogenous C. elegans miRNA /sy-6to regulate the activity of its target cog-1
in the neurons in which it is typically active [63]. The authors found that /sy-6 recognition
sites in the cog-1 3’ UTR may not be active when transferred to a different 3 UTR,
indicating the importance of the surrounding sequence. Further, mutation of the nucleotides
within the seed had a minimal effect on the efficacy of miRNA binding sites within
permissive contexts. A specific sequence flanking a particular /sy-6 binding site was shown
to be important for miRNA regulation. The sequence contained a possible recognition site
for Pumilio, but deleting that recognition site had no effect on 3° UTR regulation. Thus,
while the authors discovered that the sequences surrounding miRNA binding sites are
important for their efficacy, it was unclear whether this reflects a role for these sequences for
the docking of RBPs or in regulating the local secondary structure.

Sun and colleagues performed a similar set of experiments in a different reporter system,
and arrived at a different conclusion [64]. They performed reporter assays to determine
critical regions within the RhoB 3’ UTR for the efficacy of two miR-223 binding sites. One
site was more important than the other based on site-directed mutagenesis, and yet was not
the site predicted to have stronger binding. They demonstrated that the distinction lay in the
presence of specific sequences upstream of the more effective binding site, and these
sequences included binding sites for AU-rich elements. The simple presence of As and Us
was not as strong a signal as known RBP recognition sites. Further, the directionality
mattered, as the RBP sequences could promote miRNA-mediated repression of reporter
activity when present upstream, but not downstream, of miR-223 sites or recognition sites
for other miRNAs. Directionality in the relative position of the miRNA binding sites and
RBP recognition sites was also noted for the Pumilio RBP. While Pumilio binding sites were
enriched in the sequences both upstream and downstream of the miRNA binding site, the
downstream enrichment was stronger [53].

POSSIBLE MODELS FOR RBP-miRNA INTERACTION: RBPs MAKE miRNA
SITES MORE ACCESSIBLE

Previous studies have highlighted the accessibility of miRNA binding sites as an important
factor in their functionality [52]. A role for RBPs in making miRNA target sites more
accessible has been reported for an interaction between Pumilio and miR-410 [65].
Leibovich and colleagues identified motifs that are enriched in the least accessible mMiRNA
targets. Most motifs were GC-rich, but one AU-rich motif was identified, and it resembled
the Pumilio binding site. By analyzing gene expression data, they discovered that high
expression of both Pumilio and miR-410 had a greater suppressive effect on targets with
binding sites that are present in poorly accessible positions within 3° UTRs. The results
support a model in which, for Pumilio and miR-410 specifically, Pumilio binding increases
the accessibility of specific targets to the RISC complex.
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A similar conclusion that RBPs can make transcripts more accessible to the RISC complex
was drawn for the case of the Pumilio binding protein and miR-221/222 [5]. miR-221 and
miR-222 are regulators of p27KiP1 a cyclin-dependent kinase inhibitor that contributes to the
establishment of proliferative quiescence [66]. In quiescent cells, p27XiP accumulates
despite high miR-221/222 levels. Kedde and colleagues revealed that in quiescent cells,
Pumilio is not phosphorylated and therefore not active on the p27KiP1 3* UTR [5]. Upon
growth factor stimulation, Pumilio becomes phosphorylated, binds the p27KiP1 3* UTR and
causes a change in local conformation that facilitates its association with miR-221/222. The
authors introduced an RNA molecule with both donor and acceptor fluorophores. With this
system, the lifetime of acceptor fluorescence is proportional to the distance between the
donor and acceptor fluorophores, and indicates the openness of the structure. The lifetime
acceptor fluorescence was longer in proliferating than quiescent cells because of the more
open conformation conferred by Pumilio binding (Fig. 1). Knockdown of Pumilio in cycling
cells eliminated the decrease in transcript lifetime. Thus, in proliferating cells, Pumilio
binding makes the miR-221/222 sites accessible and results in down-regulation of p27Kipl
levels, allowing proliferation to proceed. In this study, measurements of RNA secondary
structure in cells permitted a clear demonstration of a role for Pumilio in affecting miRNA
site accessibility.

A similar model was proposed for the case of HUR and /et-7binding to the c-Myc 3 UTR
[67]. The RBP HuR was found to reduce c-Myc expression by complexing with the 3* UTR
in a position adjacent to a /et-7binding site. The activity of /et-7was dependent on HUR,
and the activity of HUR depended on /et-7. The authors discovered that HUR binding
promoted the association of /et-7with the c-Myc mRNA and therefore proposed a model in
which HuR binding changes the local RNA conformation, unmasking the /et-7recognition
site. However, there is no further evidence for this structural model, thus more experiments
are still needed to understand the relationship between HuR and /ef-7in this model system
(Fig. 2A).

POSSIBLE MODELS FOR RBP-miRNA INTERACTION: RBPs AND AGO
DIRECTLY INTERACT

There is also evidence that RBPs and the RISC complex can have a direct physical
interaction. In an early study, Caudy and colleagues demonstrated that the RISC complex in
Drosophila contains two proteins that associate with AU-rich elements: PAI-RBP1 [68] and
FMRP/FXR1 [69]. Reduction of FXR1 in Drosophila S2 cells resulted in less efficient RNAI
silencing. The FMRP protein is encoded in a portion of the genome that is silenced in
Fragile X syndrome [70]. A mutation in FMRP observed in Fragile X syndrome affected the
ability of the protein to associate with RISC [69]. Further work confirmed that FXR1
associates with Ago2 in mammalian cells as well [71]. Subsequent proteomic analysis of
Ago-binding proteins in human cells revealed AU-rich element binding proteins FMR, FXR
and HuR [72]. In two Drosophila models, the phenotypic functional effects of FMRP were
reduced in strains in which expression of Ago proteins was deficient [71]. The discovery of a
functional interaction between FXR1 and Ago2 resulted in suggestions that either RBPs are
targeted to substrates by the RNAi complex [69], or that FXR1 scans for the G-quartet
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previously reported to be a recognition site for FXR1 [73], and then recruits RISC [71].
Caudy and colleagues suggested that different RISC component RBPs could be present in a
tissue-specific or development-specific manner, allowing for flexibility in the regulation of
target genes in different ways, including transcript decay or translation initiation.

Jing and colleagues proposed a similar, but not identical, model as a result of their
investigations of TNF-a mRNA [74]. They performed a RNAi-based screen in Drosophila
cells and discovered that Dicer and Ago proteins are required for the rapid decay of ARE-
containing 3’ UTRs. Thus, their results suggest that the miRNA machinery is central to the
ability of AU-rich element binding proteins to induce rapid transcript turnover. Further, their
results specifically implicated the miRNA miR-16 in ARE-mediated transcript turnover.
miR-16 contains the sequence UAAAUAUU, which is complementary to the AU-rich
element binding site (Fig. 2C). For miR-16 mediated degradation of the TNF-a mRNA, the
specific ARE binding protein TTP was required. A physical interaction between TTP and
the RISC complex was discovered, and proposed to be an important mechanism for miR-16-
mediated decay. The authors suggest a model in which TTP binds to an ARE and, when a
RISC-containing miR-16 is nearby, the miRNA and ARE interact through complementary
base pairing and mediate decay.

POSSIBLE MODELS FOR RBP-miRNA INTERACTION: COMPETITION FOR
THE SAME BINDING POSITION

In addition to data indicating that miRNAs and RBPs collaborate to mediate transcript
decay, there are also reports of competition between miRNAs and RBPs for the same
sequence, resulting in an antagonistic effect (Fig. 2B) [51, 75, 76]. Competition for binding
sites has mostly focused on RBPs of the HUR/ELAV family, the family of proteins that
stabilize transcripts rather than promote target degradation (with the exception of [67]). One
report focused on Dnd1, a RBP required for germ cell survival and migration in zebrafish
[77] that has a conserved RNA binding domain similar to that of ELAV/Hu family members.
Dnd1 was discovered to bind to target mMRNAs through stretches of uridines, and thereby
prevent access of miR-430-loaded RISC complexes to the target [51]. This Dnd1-mediated
antagonism of miR-430 activity was active in zebrafish germ cells, and represents a
mechanism whereby specific sets of mMiRNA-mRNA interactions can be inhibited in a cell
type-specific manner. Loss of Dnd1 can result in reduced numbers of germ cells, sterility
and germ cell cancers [51, 78]. The authors suggest two possible mechanisms for Dnd1
action: Dnd1 binding may result in a secondary structure for the target RNA that makes
miRNA recognition sites inaccessible. Alternatively, binding of Dnd1 could result in a
subcellular localization for the transcript that makes it inaccessible to the RISC complex.

As another example, downregulation of the cationic amino acid transporter 1 (CAT-1)
mMRNA by miR-122 was inhibited by stress, and the derepression required binding of HuR to
the 3° UTR [75]. The derepression required a specific region of the 3° UTR that bound HuR,
and was accompanied by relocalization of CAT-1 mRNA from P bodies, subcellular
structures that are sites of transcript decay, to polysomes. Further, antibodies against Ago2
immunoprecipitated CAT-1 mRNA from the cytoplasm of stressed cells, indicating that HUR
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likely remains bound to the transcript, but prevents miRNPs from acting as effective
repressors.

As a final example, a competition between miRNAs and RBPs for the same binding site has
also been identified for a coding region miRNA recognition site. While less common and
less effective than 3° UTR sites, miRNAs can also target coding region recognition sites [47,
79-81]. Degradation of the BTrCP1 ubiquitin ligase is dependent on miR-183-mediated
binding to a recognition site within the coding region [75]. The RBP coding region
determinant binding protein (CRD-BP) was shown to bind to the coding region of BTrCP1
and compete with miR-183. CRD-BP thereby results in stabilization of the transcript and the
protein.

Competition between RBPs and miRNAs was also addressed in two different studies
performing PAR-CLIP with antibodies to HUR to assess the relationship between HuR and
miRNAs. Lebedeva and colleagues concluded that HUR and miRNA binding sites were
frequently near each other in 3” UTRs, but usually did not overlap [25]. In fact, the HUR
binding pattern across 3’ UTRs was essentially the opposite of miRNA recognition sites.
HuR binding was almost uniform across the 3° UTR, but was depleted near the stop codon
and the polyadenylation site, while binding of Ago proteins was enriched in these two
regions [82]. They conclude that miRNA seeds tend to be present within 20 nucleotides of
HuR binding sites, and that this preference may represent the preference of miRNA
recognition sites for AU-rich regions.

Mukerjee and colleagues, upon performing a similar analysis, came to a different
conclusion. They discovered that there was a strong signal for HUR and miRNA binding
sites to be very close together and even overlapping [24]. When they analyzed the effects of
miRNA knockdown on mRNA expression, transcripts with overlap between the miRNA site
and the HuR site were significantly less strongly upregulated upon miRNA depletion than
transcripts with nonoverlapping sites, or with a miRNA recognition site and no HUR binding
site. The authors concluded that these overlapping sites represent instances in which the
stabilizing effect of HUR out-competes the destabilizing effect of mMiRNA-mediated
transcript decay through a competition for the same or nearby base pairs (Fig. 2B).

POSSIBLE MODELS FOR RBP-miRNA INTERACTION: CONVERSION FROM
REPRESSION TO ACTIVATION

An alternative and intriguing model for RBP-miRNA interaction was described by
Vasudevan and Steitz [18]. They discovered that the TNFa ARE mediates translational
induction upon cell cycle arrest of HEK293 cells and THP-1 monocytes. Purification of S1-
aptamer tagged mRNP complexes revealed that FXR1 and Ago2 are associated with the
TNFa ARE only in serum-starved cells, and that both FXR1 and Ago?2 activities are
important for translational activation upon serum withdrawal and other forms of cell cycle
arrest [18]. Upon growth arrest, insoluble foci of FXR1/Ago2 decreased, and these same two
proteins became associated with ARE-containing mRNP complexes. A human miRNA
miR-369-3 that contains a seed sequence that recognizes the TNFa. ARE, was found to
direct the association of FXR1 and Ago2 to the TNFa 3’ UTR upon cell cycle arrest [83].
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The authors further showed that other miRNAs, including the miRNA /et-7, can also induce
translational upregulation of target mMRNAs in cell cycle-arrested cells [83]. A similar mode
of miRNA-mediated translational induction was also discovered in Gg-arrested Xenopus
leavis oocytes, but not in oocytes matured with progesterone [84]. Translational activation in
the oocytes also depended upon FXR1 and Ago, as oocytes depleted of either factor failed to
show translational activation. The results support a model in which, upon cell cycle
withdrawal, new RBPs and miRNAs may be recruited to ARE-containing sites, and these
new components can mediate translational activation rather than repression.

RBPs AFFECT miRNA BIOGENESIS: FACILITATING PROCESSING

Many miRNAs display cell- and tissue-specific regulatory patterns [27-29]. Some of these
regulatory events occur at the level of transcription of the pri-miRNA, and some of the same
transcription factors that control the expression of genes also regulate the expression of
miRNAs [85]. In addition, the process through which pri-miRNAs are converted to pre-
miRNAs and to the mature form of the transcript can also be regulated, and RBPs have been
implicated in this form of regulation. The human immunodeficiency virus transactivating
response RNA-binding protein (TRBP), a protein that binds the stem-loop of the HIV trans-
activating response region, is an integral component of the Dicer-containing complex that
prepares pre-miRNAs for loading into the RISC complex [86, 87]. Dicer, TRBP and the
catalytic component of RISC, Ago2, are present in a ternary complex. The presence of
TRBP is important for the recruitment of Ago2 and miRNA activity, and thus TRBP
represents an important platform for RISC assembly [86]. Truncating mutations in the TRBP
protein result in defective miRNA processing, and have been identified in carcinomas with
microsatellite instability [88]. Restoration of TRBP protein levels improved miRNA activity
and suppressed tumor growth and tumorigenicity.

Further studies indicated a role for other RBPs in the processing of specific classes of
miRNAs, also through binding of the terminal loop. KH-type splicing regulatory protein
(KSRP), for instance, binds AU-rich elements in 3 UTRs and acts as a mediator of decay
[89, 90]. KSRP was found to be a component of both the Drosha and Dicer complexes.
KSRP interacts directly with a GGG triplet in the terminal loop of /ef-7a and promotes the
processing of pre-/et-7ato the mature form [91]. KSRP also exhibited activity toward
several other miRNAs, but not all of the miRNAs tested. KSRP knockdown reduced
expression of mature /ef-7a and upregulated cell proliferation. Thus, KSRP, a protein
previously identified as an ARE-BP, is also an important component of the pathway that
forms miRNAs by binding the terminal loop of immature miRNAs and promoting their
processing (Fig. 3A).

Another RBP, heterogeneous nuclear ribonucleoprotein Al (hnRNP Al), can also bind the
terminal loop region of /et-7a[92]. hnRNP Al binds to a UAGGG[AU] sequence in the
terminal loop of pri-fet-7a and inhibits processing by Drosha. Depletion of hnRNP Al
resulted in increased pri-/et-7a processing. hnRNP Al interfered with the binding of KSRP
(Fig. 3A), and thus, hnRNP A1 functions as a negative regulator of pre-/et-7abiogenesis
through a competition with KSRP. In contrast, hnRNP Al can also act positively on miRNA
biogenesis by binding to the terminal loop region of miR-18a (Fig. 3B). In this case, hnRNP
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Al binding creates a more favorable cleavage site for Drosha and actually promotes
formation of the pre-miRNA [93]. The results suggest that the terminal loop of MiIRNAs
represents a position at which there can be a competition between multiple proteins, some of
which promote biogenesis while others inhibit it, and that the same RBP may promote or
inhibit miRNA processing depending on the terminal loop sequence and its conformation.

Besides binding to the terminal loop region of a pre-miRNA sequence, RBPs may also bind
other parts of the pri-miRNA sequence to affect their biogenesis. Splicing factor SF2/ASF
preferentially binds to the intronic pri-miR-7-1 sequence to facilitate the Drosha cleavage
step in miR-7maturation [94]. A SF2/ASF binding site was identified on the 3” end of the
pri-miR-7stem (Fig. 3C), and a functional m/R-7binding site was also identified on the 3’
UTR of SF2/ASF to repress its translation [94]. Thus, the SF2/ASF splicing factor and
miR-7form a negative feedback loop.

RBPs AFFECT miRNA BIOGENESIS: IMPACT THROUGH MODIFICATION OF
MIiRNA 3’ ENDS

RBPs can also regulate miRNA biogenesis by modifying miRNA 3’ ends. As an example, in
embryonic stem cells, processing of the /et-7family of miRNAs is regulated by the RBP
Lin28 [95]. Human Lin28 interacts with a GGAG sequence motif in the terminal loop region
of /et-7. Lin28 can recruit terminal uridylyltransferase 4, which adds terminal uridines to
pre-fet-7. The uridylated pre-/et-7fails Dicer processing and is degraded [96-98] (Fig. 3A).
Inhibiting /et-7biogenesis may be a key constituent of pluripotency as Lin28 is essential for
proper germ cell development in mice and overexpression of Lin28 is associated with human
germ cell tumors [99]. Further, Lin28 is one of the proteins that, in concert with others, can
contribute to the creation of induced pluripotent stem cells from differentiated precursors
[100].

CONCLUDING THOUGHTS AND SUGGESTIONS FOR FUTURE RESEARCH

Transcript decay is an important mechanism for the regulation of protein abundance in the
creation of intracellular polarization, in the establishment and maintenance of cell fates and
identities, and in the transduction of intracellular and extracellular signals. Mechanisms that
affect transcript decay rates can potentially be used to alter cellular protein content and
distribution. Defects in these pathways can result in inappropriate protein expression and
contribute to developmental abnormalities and disease. We describe here two different
pathways for controlling transcript decay rates: miRNAs and RBPs. We specifically explore
the ways in which these two regulators interact with each other.

Both global computational analyses and experimental manipulation of a specific system
have supported a possible interaction between RBPs and miRNAs. Some specific examples
are summarized in Table 1. While both approaches can provide evidence to support such a
model, each is limited. In global computational analyses, each putative binding site cannot
be directly verified, and thus some sites may be incorrect. Experimentation for individual
RBP-miRNA interactions can provide more direct and definitive evidence for a specific
interaction, but is limited to the small number of instances that can be directly investigated.
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For this reason, it has been difficult to assess the impact of a possible synergistic mode of
action on the global role of miRNAs. Novel approaches that bridge this gap would be
valuable.

There are many other important avenues of research that remain open. While there are a
large number of RBPs (~800 for human) catalogued in the Gene Ontology database, the
activity of relatively few of them is understood. Further studies with RIP-CLIP or PAR-
CLIP to identify the binding motifs and the regulated transcripts for RBPs would be helpful
in determining the role of different RBPs in different contexts.

Further application of other approaches used in a small number of instances would also be
valuable. Kedde and colleagues used a FRET approach to clearly define a role for the
Pumilio protein in the conformation of the p27KiP1 3* UTR [5]. Application of this or similar
techniques to other 3° UTRs could help to clarify how general this mechanism is, and thus
the extent to which RBPs modify the accessibility of transcripts to the miRNA machinery.
Vasudevan developed an /n vivo formaldehyde crosslinking approach to “freeze” and purify
aptamer-tagged mMRNA complexes [18]. Further applications of this approach could provide
valuable information about the association of miRNA components with AU-rich sequence
elements more broadly. Didiano and Hobert performed the critical experiment of testing
whether mutating putative RBP recognition sites and introducing or eliminating AU-rich
sequences affected miRNA effectiveness [63]. Other similar experiments could help to
clarify whether putative RNA-binding sites are truly docking sites for an RBP or reflect
changes in RNA secondary structure. The studies of Didiano and Hobert also emphasize the
importance of model systems in which miRNA-target interactions can be studied in the cells
in which they normally occur, and without the introduction of high levels of exogenous
mMiRNAsS.

Further investigation of the mechanisms by which RBPs and miRNAs achieve their effects
on transcript decay would also be beneficial. While it is understood that binding of RBPs
results in the subcellular movement of transcripts between polysomes and P bodies, the basis
for this is still unclear. Further, how some RBPs facilitate transcript decay, while others
promote transcript stability, is also unclear. A combination of genetic and biochemical
methods that allow for monitoring of the localization of specific target transcripts under
conditions in which particular components of the transcript processing machinery are
inactivated or modified could help to clarify the molecular basis for RBP function.

If mMiRNAs and RBPs can in some cases promote, and in other cases oppose, each other, this
represents new opportunities for regulation [50]. RBPs that affect transcript stability can
represent a rapid mechanism of regulation. Cell-type, cell-fate or signal-induced changes in
the levels of RBPs could regulate a subset of miRNA targets, and would therefore provide
modularity to the regulation achieved by miRNAs. A better understanding of this process
could provide valuable insight into the mechanisms through which cells perform specific
physiological functions.
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ABBREVIATIONS
Ago Argonaute
ARE Adenosine-uracil rich element

ARE-BP  Adenosine-uracil rich element-binding protein

CAT-1 Cationic amino acid transporter 1

CRD-BP  Coding region determinant binding protein

hnRNP A1 Heterogeneous nuclear ribonucleoprotein Al

K SRP KH-type splicing regulatory protein

miRNA microRNA

RBP RNA binding protein

PAR-CLIP Photoactivatable ribonucleoside crosslinking and immunoprecipitation
pre-miRNA Precursor-miRNA

pri-miRNA Primary miRNA

RIP-chip  Ribonucleoprotein immunoprecipiation followed by microarray

RIP-Seq Ribonucleoprotein immunoprecipitation followed by next generation

sequencing
RISC RNA-induced silencing complex
TRBP Transactivating response RNA-binding protein
TTP Tristetrapolin
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Fig. (1).
Local secondary structure of PUM and miR-221/222 binding sites.

PUM and miR-221/222 binding sites form a stem loop secondary structure by binding to
each other on the 3’'UTR of the p27XiP! transcript. Binding of Pumilio is necessary to
increase the accessibility of miRNA binding sites. The Pumilio and miR-221/222
recognition sites are shown in detail and the entire 3’ UTR, folded with RNAfold [101], is
shown. The probability that a base is paired with other nucleotides is indicated with the color
scheme shown.
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Fig. (2).

Models of RBP-miRNA combinatorial binding on mRNA 3’UTRs.

Three examples of RBP-miRNA interaction with the proposed mechanisms are shown. Gene
3’UTR regions are indicated with black arrows. (A) HuR and /et-7bind closely to each on
the c-Myc 3’UTR and promote the effect of miRNA-mediated repression. (B) HuUR binding
competes with miRNA binding sites and alleviates the effect of miRNA repression. (C) TTP
physically interacts with AGO. TTP binds ARE elements on the mRNA 3’UTRs, which
facilitates sequence pairing between the 3’UTR ARE and parts of the miR-16 mature
sequence.
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Fig. (3).

RBPs regulate miRNA biogenesis.

Mature miRNA sequences and the star miRNA sequence are indicated in green. RBP
binding sites are indicated in red. The specific binding position of each RBP motif is
highlighted with dots. (A) pre-miRNA hairpin loop of /et-7a. (B) pri-miR-18a. (C) pri-
miR-7.
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Table 1

Summary of selected reports of miRNA-RBP interaction
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miRNA RBP Targeted Transcript M echanism References
Cooperative Binding
miR-221/222 PUM p27 3’UTR open up secondary structure [5]
miR-410 PUM open up secondary structure [65]
miR-1, miR-124 | ARE [62]
miR-223 ARE RhoB 3'UTR Upstream ARE promotes miRNA site activity [64]
let-7 HuR c-Myc 3'UTR [67]
miR-16 TTP TNF-a 3'UTR ARE-BP TTP physically interacts with AGO, and miR-16 [74]
sequence
could pair up with ARE
let-7 Puf-9 hbl-1 [102]
Antagonistic Binding
miR-443 Dnd1 Nanos1, TDRD7 3'UTR [51]
miR-122 HuR CAT-13'UTR [75]
miR-183 CRD-BP BTrCP1 coding region [76]
Biogenesis
let-7a KSRP pre-let-7a terminal loop promote pre-miRNA processing [91]
let-7a hnRNP Al | pre-let-7a terminal loop compete with KRSP binding to repress pre-miRNA processing [92]
miR-18a hnRNP Al | pri-miR-18a terminal loop | promote Drosha cleavage [93]
miR-7 SF2/ASF pri-miR-7 stem promote Drosha cleavage [94]
let-7a Lin28 pre-let-7a terminal loop recruit TUT4 which uridylates pre-/et-7a for degradation [97]
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