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Abstract Post-transcriptional mechanisms are key deter-

minants in the modulation of the expression of final gene

products. Within this context, fundamental players are

RNA-binding proteins (RBPs), and among them ELAV-like

proteins. RBPs are able to affect every aspect in the

processing of transcripts, from alternative splicing, polyad-

enylation, and nuclear export to cytoplasmic localization,

stability, and translation. Of interest, more than one RBP can

bind simultaneously the same mRNA; therefore, since each

RBP is endowed with different properties, the balance of

these interactions dictates the ultimate fate of the transcript,

especially in terms of both stability and rate of translation.

Besides RBPs, microRNAs are also important contributors

to the post-transcriptional control of gene expression. Within

this general context, the present review focuses on ELAV-

like proteins describing their roles in the nucleus and in the

cytoplasm, also highlighting some examples of interactions

with other RBPs and with microRNAs. We also examine the

putative role and the observed changes of ELAV-like pro-

teins and of their interactions with other regulatory elements

in Alzheimer’s disease, cancer, and inflammation. The

changes in the expression of proteins involved in these

diseases are examples of how a derangement in the mRNA

stabilization process may be associated with disease devel-

opment and contribute to pathology. Overall, we hope that

the topics handled in the present manuscript provide a hint to

look at ELAV-like-mediated mRNA stabilization as a

mechanism relevant to disease as well as a novel putative

drug target.
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Abbreviations

AAO Age-at-onset

Ab Beta-amyloid

AD Alzheimer’s disease

ADAMs A disintegrin and metalloproteinase

APP Amyloid precursor protein

ARE Adenine–uridine-rich elements

ARE-BPs ARE-binding proteins

CAT-1 Cationic amino acid transporter 1

Dnd1 Dead-end 1

ELAV Embryonic lethal abnormal vision

GAP-43 Growth-associated protein 43

GM-CSF Granulocyte-macrophage

colony-stimulating factor

IL-1b Interleukin-1 beta

LNA Locked nucleic acid

MAPK Mitogen-activated protein kinase

MI Myocardial infarction

miRNAs microRNAs

mRNPs Messenger ribonucleoprotein particles

MAT Methionine adenosyltransferase

nELAV-like Neuronal ELAV-like

NOVA-1 Neuro-oncological ventral antigen-1

NF Neurofibrillary tangles

NF-kB Nuclear factor-kappa B

PD Parkinson’s disease

PKC Protein kinase C

RBPs RNA-binding proteins

RISC RNA-induced silencing complex

RRMs RNA-recognizing motifs
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TNFa Tumor necrosis factor alpha

TTP Tristetraprolin

50-UTR 50-untranslated region

30-UTR 30-untranslated region

VEGF Vascular endothelial growth factor

Introduction

Within the cell, the amount of protein is the result of a

multi-step cascade involving gene transcription, post-tran-

scriptional regulation of the transcript itself, translation of

the mRNA in the respective protein, and proteolysis. Due

to the impact that each step can have on gene expression,

this cascade is tightly regulated. Of relevance, post-tran-

scriptional mechanisms are emerging as key determinants

in the modulation of gene expression since they allow

a rapid adaptation of protein levels to changing envi-

ronmental conditions [1]. Indeed, post-transcriptional

regulation can shape, under different aspects, the fate of a

given cell (i.e., whether it will be directed to differentia-

tion, transformation, death, or survival) through the

modulation of the expression of selected products. A post-

transcriptional control entails some advantages such as the

possibility to: (a) affect gene expression within a short

time, and (b) allow a localized modification of the protein

content in specific subcellular compartments. In addition,

alternative splicing of the transcript represents a crucial

mechanism that allows the functional proteome to expand.

In fact, alternative splicing can generate alternative forms

of mRNA that may be endowed with different properties,

for example in terms of localization and stability. A less

explored mechanism, occurring in the nucleus as well, is

alternative polyadenylation, which has also been recog-

nized as an important contributor to gene expression

modulation. Considering that mRNA half-life is a para-

meter able to dramatically influence the extent of the

translational processing, modulation of mRNA decay

represents another key target of post-transcriptional

mechanisms. Consequently, inside the cell, it is possible to

identify mRNAs ranging from very stable (many hours) to

heavily unstable (a few minutes). Their rates of degradation

are controlled by orchestrated interactions between specific

cis-acting motifs (present within the sequence of the tran-

script itself) and trans-acting factors, such as the so-called

RNA-binding proteins (RBPs), which bind to the former.

Furthermore, RBPs may also modulate the translational

process of the transcripts themselves. Therefore, depending

on which RBP is associated to a given mRNA, this inter-

action may result in a higher/lower stability and/or in

an enhanced/reduced translation of the transcript itself

(Fig. 1). Distinct RBPs can interact with the same mRNA

in different binding sites or even compete for the same

binding site, thus rendering this entire scenario even more

complex. Finally, among the several trans-acting factors

binding to the transcript, the involvement of non-coding

RNAs that function directly as structural, catalytic, or

regulatory RNAs, should also be taken into account.

Among these, particular attention has been devoted to

microRNAs (miRNAs) [2]. Obviously, any deregulation

within all of these processes may determine an alteration in

protein expression and hence metabolic changes leading to

disease [3] (Fig. 1). This review will especially focus on

the involvement of the ELAV (embryonic lethal abnormal

vision)-like family of RBPs in dictating the fate of specific

mRNAs and on the consequences of alterations of this

post-transcriptional regulation in some pathologies, such as

Alzheimer’s disease (AD), cancer, and inflammation.

Regulation of mRNA stability/translation

The ARE signature

Although some general regulators of mRNAs half-life [i.e.,

50-cap structure and the 30 poly(A) tail] are universally

present in all mRNAs, specific cis elements have been

identified within the mRNA sequence, which affect the

stability and/or the translation of a subset of transcripts.

These cis-acting motifs are evolutionarily conserved and a

number of them has been found in the three main parts of

the transcript: the 50-untranslated region (50-UTR), the

coding sequence, and the 30-untranslated region (30-UTR)

(for more details see [4]). However, the vast majority of

these cis motifs has been identified in the 30-UTR, and

among them, the most common and well known are the

ARE (adenine–uridine-rich elements) sequences, key

determinants for turnover and translation processes [5–7].

The ARE signature is constituted by 50–150 nucleotides,

rich in adenine and uracil bases, that confer instability to

the mRNAs that bear them through the promotion of their

deadenylation and, consequently, their degradation [8, 9].

Within this context, in vitro studies have shown that the

exosome is required for the degradation of ARE-bearing

mRNAs [10]. The first demonstration of an ARE-mediated

selective degradation of an mRNA dates back to 1986

when Shaw and Kamen [11] reported that the introduction

of a 51-nucleotide AT sequence from a human lymphokine

gene, the GM-CSF (granulocyte-macrophage colony-stim-

ulating factor), into the 30-UTR of the rabbit beta-globin

gene caused the otherwise stable beta-globin mRNA to

become highly unstable in vivo. Since then, the ARE sig-

nature has been identified in at least 5–8% of the human

genes [12] and different features have been described. To

this regard, many studies have highlighted the presence of
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the AUUUA pentamer and a certain uridine enrichment as

two important traits of an ARE, although they cannot fully

explain its destabilizing activity (for a review see [13]).

In general, based on the distribution and number of the

AUUUA pentamer, ARE sequences have been grouped

into three classes [8, 14]: (I) containing up to three copies

of the pentamer motif within U-rich regions; (II) presenting

at least two overlapping UUAUUUA(U/A)(U/A) nona-

mers; (III) not possessing any pentamers, but having U-rich

stretches. However, it should be said that despite the

attempts to elaborate a classification, the canonical ARE

structures remain largely unknown.

Functionally, the regulation of mRNA stability via ARE

allows a fine-tuning of the response to extra and intracel-

lular stimuli under changing environmental conditions.

ARE-bearing mRNAs encode a variety of different struc-

tural and regulatory proteins endowing a vast number of

actions. ARE motifs have mainly been described in short-

living transcripts, such as those coding for early response

genes such as cytokines, cell-cycle regulators, oncogenes,

and several interleukins [6]. However, mRNAs for proteins

devoted to a wide range of other functions have also been

recognized as containing AREs [12]. ARE-binding proteins

(ARE-BPs) regulate, as mentioned, the stability and

translation of specific target mRNAs; to date, at least 14

ARE-BPs have been described [7] and among them a rel-

evant place is certainly taken by ELAV-like.

ELAV-like proteins

In mammals, the ELAV-like protein family includes the

ubiquitously expressed ELAVL1 (a.k.a. HuA, HuR), and

the neuron-specific members (nELAV-like) named

ELAVL2 (a.k.a. HuB), ELAVL3 (a.k.a. HuC), and

ELAVL4 (a.k.a. HuD) [15–18]. ELAV-like proteins act

post-transcriptionally as regulators of gene expression. In

response to intra and extracellular signals, they preferen-

tially bind to ARE sequences present in a subset of mRNAs

increasing in many instances their cytoplasmic stability and

rate of translation [19–22], although a decrease in the

translational process has also been described [23]. Fur-

thermore, it should be mentioned that, besides ARE, other

consensus sequences may be implicated in the binding

between ELAV-like and target transcripts, as reported in

the literature [24–26].

Human nELAV-like proteins were first described in

patients with certain types of tumors, especially the small

Fig. 1 Scheme showing the influence of post-transcriptional mech-

anisms on mRNA stability/translation. Different signaling cascades

are triggered upon distinct stimuli, and their activation influences the

interplay among stabilizing, destabilizing RBPs, and miRNAs. The

resulting effect has consequences on the target mRNA half-life and/or

its translation, thus determining an increase or a decrease of the

correspondent protein. Moreover, miRNAs may also interfere with

the up-stream signaling cascades [179–181] and with the expression

of RBPs themselves, as described for ELAVL1 [107–109, 150, 163].

A deregulation of this fine balance may play a role in the development

of several pathologies, such as Alzheimer’s disease, cancer, and

chronic inflammation (see text for more details)
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cell lung carcinoma, which ectopically express antigenic

nELAV-like proteins eliciting the production of autoanti-

bodies able to cross the blood–brain barrier and induce the

anti-Hu syndrome, a paraneoplastic neurological disorder

characterized by subacute sensory neuropathy, dementia,

and/or encephalomyelopathy [27, 28]. The Hu name comes

from the first two letters of the last name of the index

patient presenting a high titer of autoantibodies in the

serum [29]. Following cloning and sequencing, human

ELAV-like genes were reported as orthologues of the

Drosophila melanogaster elav gene [30, 31], encoding a

neuronal nuclear RBP involved in the alternative splicing

of some target mRNAs [32, 33]. Notably, the name elav (as

already said: embryonic lethal abnormal vision) originates

from the observation that, in the fruit fly, the deletion of

this gene leads to embryonic lethality in null mutants and

to defects in the visual system in hypomorphic alleles [34].

Structurally, the four mammalian ELAV-like proteins

present a high degree of sequence homology (70–85%), a

molecular weight around 40 kDa, and three &90 amino-

acid-long RNA-recognizing motifs (RRMs) [35]; the first

two being at the N-terminus, separated from the third one

at the C-terminus by a hinge region [36]. The N-terminal

end and the hinge region are endowed with the high-

est sequence diversity. Furthermore, the hinge region

is functionally involved in the binding to other cellular

components and bears the cis-elements necessary for the

nucleo-cytoplasmic shuttling of the protein [19, 37]. The

first two RRMs, namely RRM1 and RRM2, have been

reported to be able to bind ARE sequences by forming a

cleft with their b-sheet-containing surfaces in which the

mRNA is inserted [38]. The third motif, RRM3, instead,

helps to maintain the stability of the RNA–protein com-

plex, and might also bind to poly(A) tails [20, 39]. Notably,

the poly(A) tail endows a timing function for the life of

each mRNA, since most of the mRNAs are slowly dead-

enylated before rapid degradation of the body. This

mechanism determines a specific lifetime for cytoplasmic

translation, which is approximately constant for a given

mRNA. Interestingly, the length of the poly(A) tail seems

to correlate with the efficiency of the binding of ELAV-like

protein to the target mRNA, the affinity being higher when

the mRNA bears long versus short tails [40].

Mammalian ELAV-like family proteins have also been

shown to form multimers [41–43]. It is likely that multi-

merization is a common feature shared by ELAV-like

proteins, and an important part of the mechanism by which

they exert their effects on the bound mRNA. Within this

context, it has been documented that, in Drosophila, the

major sites for ELAV–ELAV interaction are located in the

RRM3 and in a small adjacent region of the hinge [44].

Studies focused on defining the localization of mam-

malian ELAV-like proteins underline that ELAVL1 is

predominantly localized in the nucleus, where it binds

target mRNAs and participates in their export to the

cytoplasmic compartment protecting them from degrada-

tion [45, 46]. Conversely, nELAV-like proteins seem to be

preferentially localized in the cytoplasm of cultured

mammalian cells, although the cellular distribution may

vary among the different cell types [19]. The nuclear

export of ELAV-like proteins is triggered by various

stimuli activating specific intracellular signaling pathways

(reviewed in [6, 47]) such as the mitogen-activated protein

kinase (MAPK) [48, 49], AMP-activated kinase [50], and

protein kinase C (PKC) [51, 52], thus indicating that the

functional role of ELAV-like is also closely linked to their

subcellular localization. The nuclear ELAV-like proteins

appear not to be associated with large complexes, whereas

cytoplasmic ELAV-like proteins bind to microtubules and

to the target mRNAs in messenger ribonucleoprotein

(mRNPs) complexes which, in turn, associate with poly-

somes to form a translationally competent complex linked

to the cytoskeletal network [53]. It should be highlighted

that ELAV-like proteins are not the only RBPs involved in

the formation of these complexes. Indeed, mRNPs are

assemblies of dozens of different RBPs and target mRNAs

functioning as discrete modules of coordinated mRNAs

encoding-related proteins. Moreover, considering that, in

general, RBPs can bind to more than one mRNA with

sequence specificity, such interactions may be implicated in

the selective localization, coexpression, and coordination of

functionally related subsets of RNAs [54]. In fact, several

studies have reported that specific groups of transcripts can

coordinately change their stability in response to certain

cellular signals. For this reason, it has been proposed that

the mRNPs system may replace in eukaryotes the operon-

based network found in prokaryotes and guarantee a con-

trolled expression of functionally related genes. Within this

context for example, it has been documented that during the

induction of neuronal differentiation, ELAV-like proteins

bind to subsets of mRNAs within ribonucleoprotein com-

plexes, which then change combinatorially in a dynamic

pattern, leading to a continuous remodeling of mRNPs

[54, 55].

Nuclear functions of ELAV-like proteins

Alternative splicing

Alternative RNA processing represents a key mechanism

that allows to expand the functional proteome from a

limited genome size according to different stimuli and

conditions. Consistently, a genome-wide bioinformatic

study documented that the majority of human pre-mRNAs

undergo alternative RNA processing [56, 57]. Specifically,
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an analysis of high-throughput transcriptome sequencing

indicates that 92–94% of the human genes undergo alter-

native splicing [58, 59], the most extensive occurring in

brain tissues [58]. It should be taken into account that these

alternative processing events can also influence transcript

localization, stability, and transport. Two of the best-

characterized classes of splicing regulators are TIA and

ELAV-like proteins. Accordingly, in Drosophila, it was

reported that the elav protein homologue regulates alter-

native pre-mRNA processing in neurons [32, 60–62].

However, the possibility that mammalian ELAV-like pro-

teins may also possess this nuclear function remained

uncertain until 2006 when Lou’s group [63] found that, in

neuron-like cells, ELAV-like proteins regulate the neuron-

specific alternative RNA processing of the calcitonin/

CGRP pre-mRNA. In particular, ELAV-like proteins act by

blocking the activity of the ubiquitously expressed TIA-1/

TIAR proteins, known to play an important role in the

inclusion of the non-neuronal 30-terminal exon, exon 4

[64]. From then on, other studies reported the involvement

of ELAV-like proteins in the control of alternative splicing

of several mRNAs [20, 65, 66]. As previously mentioned,

the RRM domains are highly homologous among the

various ELAV-like proteins, while the hinge region, which

is encoded by the pre-mRNA region that undergoes alter-

native splicing, manifests the highest variability. In

particular, it has been documented that in the mouse only

one isoform is generated for ELAVL1, while multiple

isoforms are produced for ELAVL2, ELAVL3, and

ELAVL4 as a result of the alternative splicing [67]. The

function of these different splice variants is poorly under-

stood, although considering that alternatively spliced hinge

segments are presumed to be involved in protein–protein

interactions, it is possible that the various isoforms interact

with the same set of RNAs but with a different set of

cellular proteins [68]. Wang et al. recently demonstrated

that the ELAVL4 pre-mRNA itself is a potential target of

ELAV-like-mediated splicing regulation. They reported the

first example where ELAV-like proteins operate as splicing

enhancers promoting the inclusion of the ELAVL4 exon 6

by binding to evolutionarily conserved AU-rich intronic

sequences [69]. Notably, it has been reported that exon 6

encodes for part of the nuclear export signal located within

the hinge region, therefore, isoforms bearing exon 6 may

be characterized by a distinct localization with respect to

isoforms that are devoid of it [70].

ELAV-like proteins may influence alternative splicing

also indirectly by affecting the expression and activity of

the neuronal splicing regulator NOVA-1 (neuro-oncologi-

cal ventral antigen 1) [71]. NOVA-1 is a neuron-specific

RBP, which regulates the alternative splicing of a set of

transcripts involved in the formation and activity of the

synapses [72]. Moreover, its activity has been shown to be

necessary for the development of the motor system and the

survival of motoneurons [73]. Therefore, a change in

ELAV-like protein abundance may dramatically affect the

correct processing of NOVA-1 target pre-mRNAs with

potential long-term consequences on the overall metabo-

lism and activity of neurons.

Polyadenylation

Almost all eukaryotic mRNAs acquire a poly(A) tail at

their 30 ends in a process called polyadenylation. Polyad-

enylation represents a key facet of gene expression, since

poly(A) tails are able to influence mRNA stability and

translation. The polyadenylation process is characterized

by two interconnected steps in which the mRNA is

first cleaved at a specific site and then adenosine residues

are added in a nontemplated fashion [74]. In particular,

the polyadenylation signal bears a consensus sequence

AAUAAA (or a variant) between 10 and 35 nucleotides

upstream of the actual cleavage and polyadenylation site.

In addition, some poly(A) sites also contain one or more

U-rich upstream sequences surrounding the AAUAAA

region [75]. The presence and the consequent use of more

than one polyadenylation signal results in alternative pol-

yadenylation. Alternative polyadenylation, although less

explored, is an additional mechanism occurring in the

nucleus (that may or may not be affected by splicing) that

has been recognized as a key contributor to the complexity

of gene expression modulation [74]. More than half of the

genes in the human genome are alternative polyadenylated

in response to developmental or functional needs [76]. One

of the consequences of this molecular mechanism is cer-

tainly the prospect of generating mRNA products with

enhanced or diminished mRNA half-life. In addition, these

alternative processes can also influence transcript locali-

zation and transport [74], and may have a role in certain

disease situations [77]. Within this general context, it has

been reported in Xenopus laevis that ElrA, the homolog of

ELAVL1, is involved in the polyadenylation and stabil-

ization of the cell-cycle regulator cyclin E1 mRNA [78].

More importantly, Zhu et al., using HeLa cells nuclear

extract and recombinant ELAV-like proteins, were first to

demonstrate that also mammalian ELAV-like proteins are

involved in the regulation of polyadenylation. In fact, they

documented that ELAV-like proteins selectively block

both cleavage and poly(A) addition at sites containing

U-rich sequences, and that this inhibition depends on their

binding to the U-rich elements themselves [75]. Further-

more, the authors showed that all three ELAV-like RNA

recognition motifs are required for this activity, and that

presumably the RRM3 and the hinge region are implicated

in the interaction with poly(A) factors. They propose a

model in which ELAV-like proteins bind to RNA and
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poly(A) factors simultaneously in a way that renders the

complex non-functional [75]. The ELAV-like genes

themselves may code for various alternative polyadenyla-

tion variants. Indeed, it has been reported that the ELAVL1

codes for several polyadenylation variants with differential

expression, ARE patterns, and stability [79]. Furthermore,

the distinct alternative variants present a different response

to TTP-induced destabilization [tristetraprolin; a destabi-

lizing RBP that acts promoting the removal of the

poly(A) tail] and to ELAVL1-induced stabilization, thus

indicating an auto-regulatory function [79].

ELAV-like proteins and their interplay with other

mRNA-binding factors: the example of AUF1

and miRNAs

As previously mentioned, the decision of whether a given

mRNA will be finally stabilized or destabilized depends

upon the combined action of various mRNA-binding fac-

tors acting simultaneously or competitively on different

cis-elements spread throughout the mRNA itself. Another

aspect is represented by the fact that most of the mRNAs

are able to bind more than just one RBP, thus increasing

the complexity in their post-transcriptional mode of regu-

lation. This complexity is furthermore underscored by

evidence showing that some RBPs, besides modulating the

decay, may also exert a translational regulation of the

transcript. Finally, the involvement of miRNAs in the

regulation of gene expression is also emerging as an

important element. For more details on these issues, we

refer the reader to more comprehensive reviews [2, 6, 80],

hereafter we decided to examine only some examples

regarding these possible interactions, namely between

ELAVL1 and AUF1, and between ELAVL1 and miRNAs.

ELAVL1 and AUF1 interaction

Recent investigations point to the concept that different

RBPs, even when exerting opposite effects, can concur-

rently bind to common target transcripts (not necessarily to

nonoverlapping sites) thus dictating the fate of a given

mRNA in a complex way. The most extensive studies have

been performed on two ubiquitous RBPs: ELAVL1 and

AUF1. AUF1 is a member of the hnRNP protein family,

which exerts a key role in DNA repair and signaling, and in

the control of transcription and translation. AUF1 is

expressed in four isoforms (p37, p40, p42, and p45) that,

although some differences have been documented, all

basically act enhancing mRNA decay, a process that is

closely linked to the ubiquitination and targeting of AUF1

to the proteasome [81, 82]. All AUF1 isoforms can undergo

post-translational modifications, such as phosphorylation,

methylation, and glycosylation that seem to critically affect

their functions [82]. Literature data report that ELAVL1

and AUF1 overlap in their tissue distribution, preferentially

localizing in the nucleus, and influence the expression of

several common transcripts, strongly suggesting a func-

tional link between them [83–86]. Moreover, the mRNA

destabilizing effects operated by AUF1 are often combined

with the ELAVL1-dependent stabilizing effects, thus

emphasizing the mutual opposing modulation on the

Fig. 2 RBPs interaction in the

control of mRNA fate.

Stabilizing (SPy) and

destabilizing (DPx) RBPs can

simultaneously as well as

competitively bind to a subset of

common transcripts in the

nucleus. Subsequently,

depending on different factors,

either the DPx is released and

the SPy remains bound (hence

the mRNA is recruited to

polysomes and translated) or,

vice versa, the SPy is released

and the DPx remains bound

(hence the mRNA is recruited to

the exosome and degraded).

Within this context, the best

example is proposed by [88]

(see text for more details)
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stability of a target mRNA operated by these two proteins

[80, 87, 88]. It has been suggested that the physical asso-

ciation of ELAVL1 and AUF1 is RNA-dependent and

occurs mainly in the nucleus, whereas in the cytoplasm,

these two RBPs appear to bind target mRNAs individually.

Within this context, Lal et al. [88], using cyclin D1 and p21

(a potent cyclin-dependent kinase inhibitor) as target

mRNAs, proposed that ELAVL1 and AUF1 can simulta-

neously as well as competitively bind to a subset of

common transcripts in the nucleus, thus forming a RNP

complex that transiently contains both ELAVL1 and AUF1

(and likely additional RBPs) until reaching the cytoplasm.

Subsequently, depending on different factors that are still

not well defined (i.e., mRNA sequence, relative abundance

of the various RBPs, subcellular localization, specific

stimuli), either AUF1 is released and ELAVL1 remains

bound or, vice versa, ELAVL1 is released and AUF1

remains bound. In the first case, the RNP complex is

recruited to polysomes where the target mRNA is trans-

lated, and in the second case, the RNP complex is recruited

to the exosome system where the target mRNA undergoes

degradation ([88]; see also Fig. 2).

Modulation of microRNA-mediated repression

by ELAVL1

MiRNAs have been implicated in the control of many

fundamental cellular and physiological processes such as

tissue development, cellular differentiation and prolifera-

tion, metabolic and signaling pathways, and apoptosis [89].

MiRNAs belong to a large family of small &21-nucleotide-

long noncoding RNAs that play a crucial role in the regu-

lation of gene expression at post-transcriptional level in

metazoan animals, plants, and protozoa [2, 90]. Following

transcription by RNA polymerase II, primary miRNAs (pri-

miRNA) are processed first to precursor miRNAs (pre-

miRNAs) and then to mature miRNAs by multiprotein

complexes including Drosha and Dicer, respectively, and

then incorporated into RISC (RNA-induced silencing

complex) (reviewed in [91–93]). MiRNAs inhibit protein

synthesis by repressing translation or inducing degradation

of the mRNA [91, 94, 95]. In particular, miRNAs act by

base-pairing to the bound mRNA and form, at least in the

case of the most studied animal miRNAs, imperfect hybrids

with sequences located in the 30-UTR (reviewed in [2]).

Usually, multiple sites are required to produce an effective

repression, exerted by either the same or by different

miRNAs, and when the sites are close to each other, they

may act cooperatively [96, 97]. Translation has been shown

to be inhibited, at the initiation step, by interference of

Argonaute proteins (key components of RISC) with the

translation initiation factors eIF6 and eIF4 [91, 98, 99].

More recently, it has been reported that some miRNAs are

able to do the opposite, that is, to activate mRNA translation

[100–102].

As mentioned, miRNAs act preferentially by binding to

the 30-UTR region of a target mRNA and they are also

involved in ARE-mediated mRNA instability [103]. Within

this context, some RBPs, such as ELAVL1 [104] or Dnd1

(dead-end 1; [105]), have been shown to modulate miRNA-

mediated regulation. Bhattacharyya et al. documented that,

in human hepatoma cells, ELAVL1 relieves miR-122-

mediated repression of the cationic amino acid transporter 1

(CAT-1) mRNA. In particular, the derepression of CAT-1

mRNA is accompanied by its release from the cytoplasmic

processing bodies and its recruitment to polysomes [104].

However, in contrast to the example on CAT-1, ELAVL1

protein enhances, through an interdependent mechanism,

the repression induced by let-7 miRNA on c-Myc mRNA

(that codes for a protein that is a transcription factor) [106].

The authors suggest that, in this case, ELAVL1 inhibits

c-Myc expression by recruiting let-7-loaded RISC to the

30-UTR of c-Myc. Consistently, the depletion of ELAVL1

counteracts let-7-mediated inhibition of c-Myc [106].

Regarding Dnd1, an RBP that is essential for primordial

germ cell survival in zebrafish and mouse, it has been

reported that, similarly to the effect of ELAVL1 on CAT-1,

it prevents miR-221-induced repression of p27 mRNA in

human germline cells [105]. Although Dnd1 and ELAVL1

share a comparable behavior, Dnd1 seems to affect a

broader number of target mRNAs in comparison with

ELAVL1 that seems to endow a more restricted function

[105].

It has been reported that miRNAs may even modulate

the expression of ELAV-like proteins themselves.

Abdelmohsen et al. have found that miR-519 decreases

cell proliferation [107] and tumor growth [108] by

reducing ELAVL1 expression, while miR-375 inhibits

neurite differentiation by lowering both ELAVL4 mRNA

stability and translation, thus recapitulating the effects of

ELAVL4 silencing [109].

Involvement of ELAV-like alterations in pathological

contexts

Alzheimer’s disease

Learning and memory processes are complex and dynamic

mechanisms affecting synaptic strength and the morphol-

ogy, biochemistry, and physiology of selected regions of

the brain, ultimately leading to persistent modifications in

the efficacy of cell-to-cell communication. Subcellular,

localized changes in gene expression cannot be easily

explained by a purely transcriptional control, while the

implication of post-transcriptional mechanisms can better
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offer a molecular basis to justify those long-term changes

taking place at neuronal specialized microdomains. We

previously demonstrated a physiological role for nELAV-

like proteins in controlling, at the post-transcriptional level,

gene expression in memory formation [110, 111]. More-

over, in vivo knock-down of one of the nELAV-like

impaired learning performance and specifically prevented

the up-regulation of GAP-43 (growth-associated protein

43) mRNA whose corresponding protein is involved in

synaptic plasticity remodeling [110]. These findings sug-

gest that a derangement in ELAV-like proteins, and hence

the stability/translation of the target mRNAs, may have

implications in neurodegenerative pathologies character-

ized by a loss of memory and multiple dysfunctions such as

Alzheimer’s disease (AD).

Briefly, AD is clinically characterized by a progressive

and inexorable cognitive and memory decline, coupled

with a marked neuronal death [112]. It is well known that

the beta-amyloid (Ab) peptide and its aberrant accumula-

tion in senile plaques is, among others, a pathognomonic

hallmark of the disease. Ab peptide formation is regulated

by the so-called amyloidogenic pathway, and is the

proteolytic product of two proteases, namely b- and

c-secretases, that act by cleaving a transmembrane larger

precursor known as APP (amyloid precursor protein). The

non-amyloidogenic pathway is, instead, mediated by the

intervention of an a-secretase, involving upstream also

PKC, that cleaves APP within the Ab sequence, thus

releasing from the cell surface a large ectodomain called

sAPPa [113, 114]. Notably, not only a-secretase prevents

the formation of Ab but the released sAPPa is endowed

with neuroprotectives effects and plays a positive role in

memory mechanisms [115, 116]. In contrast, Ab alters

long-term synaptic plasticity processes inducing memory

deficits [117] and it is reported as the primary contributor

to neuronal degeneration associated with the disease.

ADAM10 is a member of the ADAMs (a disintegrin and

metalloproteinase) family of integral membrane proteins

that act as a-secretases. In particular, literature data indi-

cate significantly reduced ADAM10 protein levels in

platelets of sporadic AD patients coupled with reduced

sAPPa levels in both platelets and cerebrospinal fluid

[118]. Complementary to these findings is the observation

that a-secretase activity is reduced in temporal cortex

homogenates from AD patients [119].

Performing experiments on hippocampal post-mortem

samples from subjects with a different degree of AD (CDR

0–5), we demonstrated, for the first time, that nELAV-like

protein levels decrease as a function of clinical dementia

progression [120]. Additionally, we found that the amount

of hippocampal nELAV-like proteins inversely correlates

with the total hippocampal content of Ab1–42. Of interest,

we showed that the binding between nELAV-like proteins

and the mRNA of ADAM10 is disrupted as a function of

Ab1–42 treatment, thus explaining the significantly dimin-

ished levels of ADAM10 protein observed in AD patients

[120]. Over all, these findings suggest that nELAV-like

might control mRNAs of proteins implicated in AD path-

ogenesis and raise the possibility that molecules able to

bind specific mRNAs and to mimic nELAV-like proteins

may help to recover, by acting upon mRNA stabilization,

the AD-related deficit in the expression of proteins coded

by ARE-bearing mRNAs, as already observed in in vitro

experiments for other mRNAs [121].

Another key enzyme implicated in AD pathogenesis is

the b-secretase BACE1 that, as mentioned, participates in

the production of Ab1–42. The expression and enzymatic

activity of BACE1 are increased in brains of AD patients

[122] and, of interest, BACE1 expression is regulated post-

transcriptionally [123, 124]. Although up to now no spe-

cific link has been found with ELAV-like proteins, an

involvement of some miRNAs, namely miR-298 and miR-

328, has been reported in the negative regulation of

BACE1 expression and that their levels are decreased in an

animal model of AD [125]. Moreover, BACE1 mRNA

amount tended to increase as the levels of another miRNA,

miR-107, decreased with the progression of AD [126].

These observations may indicate that neurodegenerative

diseases like AD tend to reflect a ‘‘downward-spiral’’ effect

of multiple processes, where nELAV-like proteins, as well

as miRNAs, may play a contributory role.

Besides senile plaques, intracellular neurofibrillary tan-

gles (NT) represent an additional prominent feature of AD.

The major component of NT is an abnormally hyper-

phosphorylated and aggregated form of tau protein, an

axonal protein that binds to microtubules and plays an

essential role in their assembly and stability [112].

Recently, on the basis of a genome-wide association study

in humans coupled with functional screening in a Dro-

sophila tau transgenic model, six candidate loci that

influence the accumulation of tau in AD have been iden-

tified and, among them, the ortholog of the ELAVL2 gene,

namely fne [127]. In fact, the expression of fne strongly

increases tau toxicity in the fly eye and, at higher levels, fne

caused pupal lethality when co-expressed with tau. Con-

versely, an fne RNAi line attenuated tau toxicity, thus

indicating a causal link between these two genes [127].

Although this paragraph has been focused on AD, it

should be mentioned that ELAV-like proteins may have a

broader involvement in neurologic and psychiatric diseases,

as documented, for example, by data on schizophrenia and

Parkinson’s disease (PD). Indeed, a recent genome-wide

association study identified ELAVL2 as a susceptibility gene

for schizophrenia in both Japanese and Chinese cohorts

[128]. Regarding PD, Noureddine et al. [129] demonstrated

an allelic association between ELAVL4 and the age-at-onset
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(AAO) trait of PD. In particular, they show a strong asso-

ciation between the SNP2 ELAVL4 polymorphism with

AAO of PD. It is conceivable to speculate that ELAVL4

polymorphisms may influence the interaction of ELAVL4

protein with its targets, thus contributing to disease devel-

opment. Within this context, as also suggested by the same

authors, an important target could be represented by pro-

inflammatory cytokines, including TNFa mRNA (see also

the following paragraph on inflammation) whose corre-

sponding protein has been reported to be increased in PD

[130].

Cancer

Cancer genes are identified by their altered gene expression

and/or activity entailing an aberrant phenotype. On the

whole, these modifications determine an accelerated cell

growth via: (1) increased cell division, (2) resistance to

apoptosis, (3) preservation of angiogenesis, (4) tissue

invasion and metastasis, and (5) immune response escape

[131]. Interestingly, in cancer, deregulations at the post-

transcriptional level are increasingly recognized as key

contributors to abnormal gene expression in the absence of

apparent mutations [7, 132]. As mentioned, a change in

RPBs expression, a derangement in their localization or in

their ability to bind to ARE sequences may modify the

stability and/or the translation of a given mRNA (see also

Fig. 1). For brevity, hereinafter we will report only some

representative cases of RBPs alterations leading to cancer,

mainly focusing our attention on the ELAVL1.

Originally, ELAV-like proteins were identified as spe-

cific tumor antigens present in cancers of patients with

paraneoplastic neurological disorder [133]. Afterwards, not

only among them but also among all RBPs, the most

extensively studied protein in cancer has been ELAVL1 [7].

Probably, ELAVL1 involvement in a wide range of tumors

depends on some features that render this protein unique

such as: (1) it is ubiquitously expressed; (2) it possesses a

stabilizing function; (3) it is endowed with less strict

requirements for ARE binding in comparison to other RBPs

[3]. Tissue array analysis documented that malignant tumors

are characterized by a higher content of ELAVL1 in com-

parison with benign tumors or normal tissues [134–136].

Moreover, subcutaneous injection of ELAVL1-over-

expressing RKO colon cancer cells into nude mice caused

the appearance of significantly larger tumors with respect to

those resulting from control cells; conversely, RKO cells

expressing reduced levels of ELAVL1 produced signifi-

cantly smaller and slower-growing tumors [135]. In several

types of cancer, a reduced binding of the destabilizing RBP

AUF1 has been shown to be associated with an elevated

amount of IL-10 (a cytokine also involved in the inhibition

of both tumor rejection and immune surveillance) [7].

Most ARE-BPs, comprising AUF1 and ELAVL1, are

preferentially localized in the nucleus and are able to

shuttle between the nucleus itself and the cytoplasm. As

already mentioned, the cytoplasmic presence of ARE-BPs

seems to be strictly related to RBPs ability to affect target

mRNAs, therefore changes in their localization may have a

role in cancer. Indeed, a cytoplasmic increase of ELAVL1

has been positively correlated to malignancy [135]. Fur-

thermore, an elevated cytoplasmic ELAVL1 expression has

been associated with a poor histological differentiation,

large tumor size, and poor survival in ductal breast carci-

noma [137]. Moreover, lower cytoplasmic levels of the

destabilizing AUF1 have been detected in extracts from

MNT1 melanoma cells with respect to normal melanocytes

[138].

Another aspect to be taken into account is that RBPs

may also undergo structural changes, possibly affecting

their ability to bind ARE-bearing mRNAs. For example,

post-translational modifications have been described for

nELAV-like [51] and ELAVL1 [139, 140], although, at

least until now, no link with cancer has been documented.

However, in hepatocytes, it has been reported that methyl-

ELAVL1 may function as a destabilizer of MAT2A

(methionine adenosyltransferase) mRNA, potentially

influencing their proliferation [141]. MAT catalyzes the

synthesis of S-adenosylmethionine, the principal hepatic

methyl donor. In mammals, this enzyme is encoded by

MAT1A and MAT2A genes: the first one is expressed in the

adult liver, whereas MAT2A expression is strongly related

to a rapid growth and de-differentiation. A switch between

MAT1A/MAT2A mRNA occurs during the de-differenti-

ation of cultured hepatocytes. In these cells, ELAVL1

associates with MAT2A mRNA inducing an enhancement

of its levels, while AUF1 interacts with MAT1A mRNA

producing a decrease in its abundance [141]. In human

hepatocellular carcinoma samples the authors observed an

increase of the amount of ELAVL1 and AUF1 proteins

coupled with a decrease of methyl-ELAVL1 content.

Conversely, in normal human control samples ELAVL1

and AUF1 are expressed at low levels, whereas methyl-

ELAVL1 is present at high levels, thus suggesting a role of

the ELAVL1/methyl-ELAVL1 and AUF1 system in human

hepatocellular carcinoma progression [141]. Concerning

tumor progression, a fascinating model proposed by Ma-

zan-Mamczarz et al. supports the role of ELAVL1 as a

downstream effector of cancer-related gene expression,

emphasizing the previously mentioned concept of the post-

transcriptional operon-based network. On the basis of their

data in breast carcinoma cells, they demonstrated that

global changes in ELAVL1-bound mRNAs are involved in

the progression to a more malignant phenotype [142].

Accordingly, they show that, in cells characterized by a

less tumorigenic phenotype, ELAVL1 interacts with
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mRNAs encoding pro-apoptotic proteins, whereas in cells

with a more malignant phenotype ELAVL1 switches its

mRNA partners and associates, instead, with other mRNAs

encoding proteins that favor a more tumorigenic phenotype

[142]. A role in cancer onset and/or progression may also

be ascribed to alterations in nELAV-like genes, as sug-

gested for ELAVL4 mutations observed in a subset of

neuroendocrine lung tumors [143]. Finally, it should be

considered that a change in the binding properties of RBPs

may also occur as a consequence of genetic alterations

within the 30-UTR itself of target mRNAs, where most of

ARE elements are found, thus leading to a deregulation in

protein production. Mutations and over-expression of

cyclin D1 have been observed in a variety of tumors where

they cause an alteration of cell-cycle progression and

contribute to tumorigenesis [7]. In agreement with the

previous considerations, the 30-UTR of cyclin D1 is trun-

cated in the human cancer cell line MDA MB-453 or

rearranged in patients with mantle cell lymphomas [144,

145]. Moreover, c-myc mRNA has been found to be con-

stitutively stabilized in various tumors, such as in human

plasma cell myeloma and in a derivative cell line where a

30-UTR translocation has been described [146], and in a

human T-cell leukemia line missing a 61-nt ARE [147].

To give a complete scenario, it is necessary to address

the role of miRNAs in cancer. MiRNAs’ alterations are

implicated in the initiation and progression of human

cancer, moreover miRNAs-expression profiling of human

tumors has recognized signatures correlated to diagnosis,

staging, progression, prognosis, and response to treatment

[148]. In different types of cancer, a deregulation of

miRNAs content is a frequent event; indeed for half of the

217 mammalian miRNAs examined, a general down-reg-

ulation in tumors compared to normal tissues has been

documented [149]. In addition, within the general context

of a crosstalk between miRNAs and RBPs, Xu et al. have

recently reported that a defect in the repression of ELAVL1

translation by miR-16 may have a role in human breast

carcinoma, thus suggesting that strategies targeting these

miRNAs in cancer may represent a more successful

approach [150]. The interaction between ELAVL1 and the

already-mentioned miR-519 has also been reported to play

an important role in cancer. Accordingly, in several human

carcinoma cell lines it has been documented that miR-519

induces a repression of ELAVL1 translation without

affecting ELAVL1 mRNA abundance, leading to sup-

pressed cell proliferation [107]. Furthermore, lung, kidney,

and ovarian cancer specimens showed more elevated

ELAVL1 protein content, unchanged ELAVL1 mRNA

amount, and markedly reduced levels of miR-519 when

compared to healthy tissues [108]. Consistently, cells

overexpressing miR-519 formed significantly smaller

tumors, whereas cells characterized by reduced miR-519

levels produced substantially larger tumors [109]. Also, the

expression of another miRNA, namely miR-125a, has been

found to inversely correlate with ELAVL1 expression

in various breast carcinoma cell lines [151]. Coherently,

re-establishing miR-125a expression in these cells induced

a decrease in ELAVL1 protein content and a parallel

inhibition of cell growth [151]. Taken together, these data

emphasize the concept that miRNAs may function as tumor

suppressors, thus representing a novel putative therapeutic

tool.

Inflammation

Cytokines and chemokines shape the way through which

the immune system responds to an inflammatory insult.

Therefore, a derangement in their expression may lead to

altered inflammatory responses, well beyond the original

purpose, and to the establishment of chronic inflammation.

The majority of cytokines and chemokines, produced

during the immune response, are coded by very unstable

ARE-bearing mRNAs [6, 12, 13]. This is the case, for

example, of the pro-inflammatory cytokines TNFa (tumor

necrosis factor alpha), IL-1b (Interleukin-1 beta), IL-6,

IL-8, GM-CSF, and of the anti-inflammatory cytokine

IL-10, whose synthesis is required to counteract, in the

long term, the prolonged effects of pro-inflammatory

cytokines. It should be underscored that, since their

transcripts are very unstable, a small change in mRNAs’

half-life may determine dramatic modifications in the

correspondent protein contents. These considerations

emphasize the key importance of RBPs in the regulation of

the expression of genes involved in the inflammatory

response and their possible role in inflammatory patholo-

gies. Regarding the role of post-transcriptional mechanisms

implicated in the regulation of chemokine gene expression,

we refer the reader to a comprehensive review by Fan et al.

[152]. Hereafter, we will mainly focus on TNFa, the most

investigated cytokine involved in inflammation processes.

Collectively, very few data are available on the natural

mutations/deletions occurring within the ARE of cytokine

transcripts and directly implicated in inflammatory pathol-

ogies [3]. However, the experimental deletion of the TNFa
ARE in the mouse highlights their importance in vivo. In

fact, TNFaDARE mouse macrophages express a constitu-

tively stable TNFa mRNA leading to a spontaneous

production of TNFa protein. Of relevance, mutant mice

develop a chronic inflammatory arthritis and a Crohn’s-like

inflammatory bowel disease [153]. In addition, mice defi-

cient in TTP (a destabilizing RBP protein) develop

symptoms such as cachexia, arthritis, and dermatitis [154]

similar to those described in TNFaDARE mice. These find-

ings are consistent with the observation that, in both cases,

the TNFa mRNA becomes more stable: in the first case
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because of a deletion of its ARE, whereas in the second case

because of a defect in the TTP-mediated destabilizing

mechanism. Within this context, macrophages lacking in

another destabilizing RBP, namely TIA-1, produce signifi-

cantly more TNFa protein than wild-type controls, being

TIA-1 suggested to function as a translational silencer

[155]. A key role in the post-transcriptional control of TNFa
is certainly played by ELAVL1. Consistently, ELAVL1 has

been identified as the major TNFa ARE-binding protein in a

mouse macrophage cell line (macrophages are the main

TNFa-producing cells) and shown to stabilize TNFa mRNA

itself [156]. Furthermore, stable knockdown of ELAVL1 in

the same cell line causes, following LPS challenge, a

reduced expression of TNFa mRNA due to a marked

decrease in its stability [157]. Similarly, chemical inhibitors

of the interaction between ELAVL1 and the TNFa mRNA

produce decreased levels of TNFa secreted protein in LPS-

treated macrophages [158]. Additionally, in a mouse model

of spontaneous lupus nephritis, a polymorphism present

within the 30-UTR of TNFa mRNA results in the hindered

binding of ELAVL1 to TNFa mRNA itself, leading to a

significant reduction in the levels of the corresponding

TNFa protein [159].

As mentioned, IL-10 is a potent anti-inflammatory

cytokine able to strongly suppress the synthesis of TNFa
and other pro-inflammatory cytokines [160, 161]. Consis-

tently, IL-10 knockout mice exhibit increased TNFa levels

coupled with an unregulated inflammatory activity [162].

Furthermore, it has been reported that systemic IL-10

treatment of mice, following carotid artery injury (a pro-

cedure that induces vascular damage associated with an

inflammatory response), blunts the inflammatory cell

infiltration and local TNFa expression [163]. A clue to

explain the underlying molecular mechanism comes from

an in vitro experiment performed in the same work, where

the authors show that IL-10 treatment of a human mono-

cytic cell line inhibits the expression of ELAVL1 and

represses the binding of ELAVL1 itself to the TNFa ARE

sequence, resulting in a greater degradation of the TNFa
transcript [163]. The authors suggest the involvement,

upstream, of the p38 MAPK, since the activation of LPS-

induced p38 MAPK is strongly inhibited by IL-10. How-

ever, considering that ELAVL1 contains no putative

phosphorylation sites for MAPK, p38 and ELAVL1 may

belong to independent pathways finally acting on TNFa
mRNA [6], as also suggested in another context [164].

Prolonged inflammation, associated with the production of

pro-inflammatory cytokines, is also observed following

myocardial infarction (MI) and related to left ventricular

dysfunction and adverse remodeling. Notably, IL-10

inhibits this myocardial inflammatory response by sup-

pressing ELAVL1-mediated mRNA stabilization of pro-

inflammatory cytokines, thereby also attenuating left

ventricular dysfunction and remodeling [165]. Consis-

tently, knockdown of ELAVL1 in the myocardium

significantly reduces post-MI inflammatory response and

left ventricular dysfunction and remodeling in IL-10 null

mice [157].

In line with the implication of ELAVL1 in inflamma-

tion, it has also been found that ELAVL1 increases the

stability of the mRNA of the Toll-like receptor 4 in vas-

cular smooth muscle cells [166]. The activation of Toll-like

receptors results in the NF-kB (nuclear factor-kappa B)-

dependent transcription of several cytokines [167];

accordingly, an inhibition of the nuclear activation of NF-

kB has been observed in monocytes stimulated with LPS

following IL-10 treatment [168]. Furthermore, siRNA

knockdown of ELAVL1 inhibits inflammatory responses in

endothelial cells, including NF-kB phosphorylation and

adhesion of monocytes [169]. However, in contrast with

the putative role of ELAVL1 in the hyperactivation of

inflammatory mediators, Katsanou et al. [170] demon-

strated that, in macrophages, ELAVL1 over-expression

induces the translational silencing of specific pro-inflam-

matory cytokine mRNAs, probably via functional

interactions with negative post-transcriptional modulators,

such as TIA-1 and TTP. These last findings underscore that

the functional effects of ELAVL1 may depend on specific

cis-elements present in each target mRNA as well as by the

different upstream signaling cascades triggered upon dis-

tinct stimuli and cellular contexts.

MiRNAs, such as miR-155 and miR-125b, have also

been implicated in the regulation of TNFa production in

immune cells [171]. Mice deficient in miR-155 show

impaired B cell responses [172, 173] linked to reduced

TNFa production [174]. Similarly, transgenic mice over-

expressing miR-155 in B cells show higher serum TNFa
and elevated susceptibility to endotoxemia [175]. In con-

trast, miR-125b is down-regulated in LPS-stimulated

macrophages and can target the 30-UTR of TNFa, sug-

gesting a role of miR-125b in post-transcriptional

repression of TNFa mRNA [175].

On the whole, the reported data highlight that RBPs

targeting cis-elements within the transcript of TNFa, as

well as of other mRNAs, combine their functions with the

miRNAs machinery towards both activation and suppres-

sion, thus strongly supporting the concept that a

deregulation of this fine balance may lead to the develop-

ment of specific pathologies (see also Fig. 1).

Conclusions

The previous paragraphs highlight the crucial role of post-

transcriptional processes in the control of gene expression

and open a new fascinating route to translate basic
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mechanisms into clinical medicine. The reported literature

data emphasize that a derangement in post-transcriptional

mechanisms may represent a common feature of diseases,

and indicate that pharmacological interventions may be

directed, in some cases, to blunt the excessive function of

these networks whereas, in other cases, to potentiate them.

As underscored in this manuscript, ELAV-like proteins

are pleiotropic proteins that are important in various con-

texts, since they can affect the fate of target mRNAs whose

corresponding proteins are fundamental for key cellular

functions. Within this context, we have recently studied

ELAV-like/mRNA interaction from a medicinal chemistry

point of view. Particularly, we addressed our efforts to

discover ELAV-like-mimicking molecules that, on one

hand, may help to better understand mRNA–protein

interactions and, on the other, may represent the first step

towards a highly innovative pharmacological approach that

can open new therapeutic strategies in several pathological

contexts. We and our collaborators found that four pep-

tides, corresponding to very conserved motives within the

first two RRM domains of ELAV-like, are able to stabilize

two target transcripts, namely NOVA-1 (a protein, as

mentioned, essential for proper neural development and for

synaptic plasticity in the mature brain) and VEGF (vascular

endothelial growth factor; a protein that plays a funda-

mental role in angiogenesis, but also in repairing processes

after brain injury), synergizing with phorbol esters [121].

Our findings point out the possibility that molecules able to

bind selected mRNAs and to mimic ELAV-like may help

to recover the deficit in the expression of proteins, coded

by ARE-bearing mRNAs, associated with specific pathol-

ogies, such as AD. Conversely, Chae et al. [158] identified

some chemicals able to inhibit the interaction between

ELAVL1 and the ARE of the TNFa transcript, suggesting

that this latter approach can lead to the discovery of new

anti-inflammation drugs, where a decrease in the expres-

sion of selected key genes, such as TNFa, is more

desirable.

Furthermore, considering that miRNA activity is

involved in the control of a wide range of biological

functions and processes, such as development, differenti-

ation, metabolism, growth, proliferation, and apoptosis

[176, 177], innovative strategies targeting miRNAs have

also been developed with the purpose of reducing the levels

of aberrantly expressed miRNAs or, on the contrary, to

elevate the levels of down-regulated miRNAs with bene-

ficial functions [93, 178]. The feasibility of miRNAs as

therapeutic targets is supported by the fact that a phase I

clinical trial adopting an anti-miRNA was successfully

concluded (see: santaris.com), thus pointing that miRNAs

inhibitors may become an important novel class of drugs.

The inhibition of miRNAs with complementary oligonu-

cleotides leads to the reduction of a specific miRNA-

programmed RISC. Of interest, an LNA (locked nucleic

acid)-based anti-miRNA targeting a liver-specific miRNA,

namely miR-122, is being developed for hepatitis C ther-

apy [93].

Overall, we hope that the topics handled in the present

manuscript provide a hint to look at ELAV-like-mediated

mRNA stabilization as a mechanism relevant to disease as

well as a novel putative drug target.
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135. López de Silanes I, Fan J, Yang X, Zonderman AB, Potapova O,

Pizer ES, Gorospe M (2003) Role of the RNA-binding protein

HuR in colon carcinogenesis. Oncogene 22(46):7146–7154

136. Denkert C, Weichert W, Winzer KJ, Müller BM, Noske A,

Niesporek S, Kristiansen G, Guski H, Dietel M, Hauptmann S

(2004) Expression of the ELAV-like protein HuR is associated

with higher tumor grade and increased cyclooxygenase-2

expression in human breast carcinoma. Clin Cancer Res 10(16):

5580–5586

137. Heinonen M, Bono P, Narko K, Chang SH, Lundin J, Joensuu H,

Furneaux H, Hla T, Haglund C, Ristimäki A (2005) Cytoplasmic
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