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mRNA localization and regulated translation play central roles

in neurite outgrowth and synaptic plasticity. A key molecule in

these processes is the Fragile X mental retardation protein,

FMRP, which is involved in the metabolism of neuronal mRNAs.

Absence or mutation of FMRP leads to spine

dysmorphogenesis and impairs synaptic plasticity. Studies that

have mainly been performed on the mouse and Drosophila

models for Fragile X Syndrome showed that FMRP is involved

in translational regulation at synapses, but even 15 years after

discovery of the FMR1 gene, the precise working mechanisms

remain elusive.
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Introduction
Mental retardation is a frequent cause of cognitive dis-

ability that includes a substantial genetic component.

Mutations of the gene coding for FMRP (Fragile Mental

Retardation Protein) are associated with an X-linked and

syndromic form of mental retardation, the Fragile X

Syndrome (FXS) [1�,2–5]. In the majority of cases, the

syndrome is caused by expansion of a polymorphic CGG

repeat located in the 50 UTR of the gene. The expansion

causes transcriptional silencing of the FMR1 gene, which

occurs as a result of hypermethylation of the CGG repeats

and the upstream CpG (region with at least 200 bp and

with a GC percentage that is greater than 50%) islands [6].

The domain structure of FMRP includes three RNA-

binding motifs that are typical of hnRNP (heterogeneous

nuclear ribonucleoprotein) proteins, namely two ribonu-

cleoprotein K homology domains (KH domains), and a

cluster of arginine and glycine residues (RGG box). A

fourth domain at the N-terminus that contains a helix-

loop-helix–Tudor motif also binds RNA. This domain
www.sciencedirect.com
structure suggests that FMRP is involved in messenger

RNA (mRNA) biogenesis and metabolism [1�]. The

absence of or mutations in FMRP lead to the defects

in spine morphology that are found in FXS. Indeed,

FMRP has been detected along dendrites [7] and at

synapses [8] where it regulates synaptic protein synthesis

[9]. mRNAs are localized and translated locally at the

neurites, which spatially restricts gene expression within

neurons, and thereby provides growth cones and synapses

with the capacity to autonomously regulate their structure

and function and to alter their individual protein compo-

sition. FMRP appears to be a key regulator of this process.

In this review, we summarize recent progress on the

association of FMRP with different components and

regulators of the translational machinery. Taking into

account recent progress in translational control, we pre-

sent a new perspective on the published literature.

Roles of FMRP in translation and molecular
mechanisms
It has been hypothesized that FMRP has a role in the

regulation of neuronal translation. mRNA translation (a

process divided into several pre-initiation steps of initia-

tion, elongation and termination) can be inhibited mainly

at the initiation steps but also during elongation [10,11].

Because translation initiation complexes are smaller than

a ribosome (80S; S: Svedberg unit), sedimentation on

sucrose gradients, which measures complex size after

ultracentrifugation, is traditionally taken as an indication

of the translational status of an mRNP (messenger ribo-

nucleoprotein) particle: if it is bigger than 80S, the mRNA

is assumed to be associated with polyribosomes. How-

ever, some forms of stalled initiation complexes (mRNPs)

tend to aggregate and become as big or even bigger than

translating polyribosomes. Examples include stress gran-

ules [12], which contain stalled 48S initiation complexes,

and P bodies, which contain an inhibitor of the very first

step of translation complex formation [13–15].

To date, a very complex dataset concerning the distribu-

tion of FMRP along polysome gradients has been pub-

lished [1�] with widely diverging results. Several studies

show that FMRP primarily cofractionates with polyribo-

somes in both human and murine cultured cell lines and

in two tissues, brain and liver [16,17]. However, other

reports showed the cofractionation of FMRP primarily

with mRNPs (mammalian and Drosophila cell lines and

mouse brain) [9,18–20] or equally distributed between

the two fractions (polyribosomes and mRNPs) in mam-

malian cell lines [21,22]. Although the conclusions of
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these studies sometimes state that FMRP co-fractionates

with one or the other fraction, the distribution in most

cases is more heterogeneous.

A heterogeneous distribution on sucrose gradients can be

observed when the protein is part of several different

complexes or part of a large but labile complex so that the

outcome is changed by the extraction protocol: whereas

polyribosomes might partially dissociate during prepara-

tion, non-translating mRNPs can aggregate or remain

aggregated (see above). The fact that FMRP forms both

homo-and heterodimers [23], associates with a variety of

other proteins [1�] and is present in an array of neuronal

granules [24,25��,26�] strongly suggests that there are

different FMRP-containing ribonucleoprotein particles.

As putative FMRP target mRNAs are both up-and down-

regulated [22,27], FMRP could serve as both an activator

and a repressor of translation, and, therefore, sediment

both in the mRNP and the polyribosome fraction, pos-

sibly depending on post-translational modifications [28].

We conclude that polysome gradients alone are not suffi-

cient to elucidate the roles of FMRP in translation.

Therefore, the years of debate on the association of

FMRP with polysomes and/or mRNPs unfortunately

did not advance our knowledge on how FMRP represses

translation. Instead, a different series of studies suggest

that the population of FMRP associated with light

mRNPs (the non-polysomal fraction) is involved in

repression of translation initiation: large amounts of

FMRP repress translation in vitro by inhibition of the

80S complex formation [29]. Furthermore, two molecular

mechanisms, both based on non-coding RNAs, link

FMRP to inhibition of translational initiation. First,

FMRP is linked to the miRNA (microRNA) molecules

that base pair to an mRNA target. As a consequence, the

mRNA is translationally repressed [30] and can also be

destabilized [31]. Both processes take place in a complex

called RISC (RNA interference silencing complex). The

purification of RISC from Drosophila tissue culture cells

demonstrated that Drosophila FMRP (dfxr) is associated

with RISC [32], whereas another group purified dfxr

complexes from the same cells and found Argonaute 2,

a RISC component, associated with the complex [20].

Mammalian FMRP also interacts with components of

miRNA pathways, namely DICER, the Argonaute

Ago1, and miRNAs [33�]. This link is further supported

by the observation that synaptic protein synthesis asso-

ciated with memory is regulated by the RISC pathway in

Drosophila [34�]. Recently, it was also shown that mam-

malian miRNAs are present at synapses and regulate

spine development [35��]. miRNAs inhibit translation

at the level of initiation [36�,37�], and this appears to

take place in the P-bodies [36�,38–41], which are accu-

mulations of non-translated mRNPs silenced at the initia-

tion level [42�]. In fact, P-bodies contain proteins

involved in the inhibition of translation initiation
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[14,15]. We have observed FMRP in the P-bodies (Eleu-

teri B, Achsel T, unpublished observation). It remains to

be seen whether all mRNAs in the P-bodies are blocked

at the same stage of translation initiation, and how this

reflects on the silencing mechanism that FMRP is

involved in. The second finding that links FMRP to

translation initiation is its association with the small

non-coding RNA BC1 in brain [9,43�]. BC1 RNA has

the potential to base pair to neuronal target mRNAs,

connecting the mRNAs and FMRP. The binding of

FMRP to BC1 was not observed in a study by Wang

et al., [44]. In this in vitro study the authors used protein

constructs, preparations and assays different from those

used in our studies [9,43�], which might be the cause of

this discrepancy. However, the FMRP–BC1 interaction

has been confirmed in other assays [43�], and in other

laboratories both in vitro [45��] and in vivo [46]. The

FMRP–BC1 interaction is quite strong, with a Kd of

200 nM for baculovirus-produced protein at high salt

[43�] and a Kd of 25 nM for E. coli-produced protein at

lower salt concentrations, respectively [45��]. In this latter

study, the authors also show that FMRP has annealing,

DNA-strand exchange, and unwinding activities. More-

over, deletions of the N-terminal region and of the two

KH domains strongly reduce these activities [45��].
Furthermore, FMRP binds through the N-terminus, a

novel RNA binding domain, to the upper part of the BC1

50 stem loop [43�], while the rest of this stem loop anneals

to mRNAs [9]. We propose a model in which FMRP binds

to BC1 on one side of the stem, and its strand exchange

activity facilitates annealing of the other side to the target

mRNAs. Significantly, BC1 is implicated in inhibition of

translation initiation: in in vitro assays, BC1 interacts with

two initiation factors, eIF4A and PABP, and inhibits

formation of the 48S pre-ribosomal complex on a non-

neuronal reporter mRNA [47]. Thus, we think that

FMRP and BC1 cooperate to accomplish tight regulation

of the translation initiation.

Translational regulation is an important step that requires

tight control. mRNAs can be simultaneously repressed by

more than one miRNA species [48] and multiple mechan-

isms can work on the same mRNA. This is demonstrated

in the case of the Drosophila oskar mRNA, which is

regulated by both the miRNA and the Cup pathways

[49]. In this case, RNA interference-mediated repression

probably predominates early in oogenesis, whereas Cup-

mediated repression functions late in oogenesis [49].

Similarly, FMRP could regulate mRNA translation dur-

ing development and in the adult through different

mechanisms and/or through a combination of pathways.

In conclusion, the population of FMRP on the light

mRNP particles is probably involved in translation reg-

ulation. Furthermore, the protein has also been detected

on the heavy part of sucrose gradients, which indicates an

association with either polyribosomes or mRNA granules.
www.sciencedirect.com
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Granules can be P-bodies (see above), stress granules (in

which FMRP can be detected after stress conditions) [50]

or neuronal transport granules [24]. The first two are

mRNP aggregates stalled at the initiation level

[12,42�,51]; the latter contain, in addition to the trans-

port-related factors, ribosomal components [25��,26�], and

might thus be aggregates of polysomes. Finally, the

FMRP population associated with polysomes is presum-

ably bound to actively translated mRNAs, that is, those

mRNAs that are not, at the given point, silenced (see

below). Co-fractionation of FMRP with the polysomes

can be disrupted by adding to brain extracts an RNA that

binds to the KH2 domain (the ‘kissing complex’ RNA),

but not by addition of RNAs that bind to the RGG box

(the ‘G-quartet’ RNA) or to the N-terminus (BC1) [52]. It

will be interesting to see which natural mRNAs contain a

‘kissing complex’ structure and the relevance for the co-

sedimentation of FMRP with polysomes. Some groups

claim that FMRP is associated exclusively with the

polysomes. To reconcile this with the role of FMRP as

translational repressor, a ‘stalling ribosomes’ model has

been suggested [17,28], but mechanistic details have yet

to be proposed.

Roles of FMRP in synaptic plasticity
The key deficit of FXS patients, similar to the situation in

the mouse and fly models of the syndrome, is an immature

— long and thin — appearance of the dendritic spines,

which is thought to be the cause of the mental retardation

[1�,53,54]. Spines are dynamic structures that mature

during development and in response to stimulation,

and this process requires local protein synthesis [55].

FMRP regulates synaptic protein synthesis [9]. To under-

stand the mental retardation, it is, therefore, important to

know which mRNAs are controlled by FMRP at the

synapses. Despite the fact that FMRP has been reported

to be associated with a large number of mRNAs in vivo
and in vitro [1�], the majority of the dendritic targets

remain elusive. More than 500 putative mRNAs have

been isolated, but very few have been found in more than

one independent study. Among these few, three are of

particular interest for the development and function of

the spines, namely microtubule-associated protein 1B

[9,22,56,57], Rac1 (rho family, small GTP binding pro-

tein; [58], Zalfa F, Bagni C, unpublished), and calcium/

calmodulin-dependent protein kinase IIa mRNA [9,59].

These mRNAs encode key proteins involved in synaptic

remodeling and strength.

Synaptic stimulation increases local translation [55], and

similar stimuli provoke a relocation of the translation

machinery into the spines [60]. Translation can be acti-

vated by dissociating FMRP from the regulated mRNA,

by changing its function on the mRNA, or by bypassing its

repression. The finding that mGluR (metabotropic glu-

tamate receptor) activation actually increases FMRP

levels [61] implies that FMRP itself is involved in
www.sciencedirect.com
translation activation. Alternatively, several dendritic

mRNAs contain internal ribosomal entry sites [62], which

is a convenient way to bypass a specific block of transla-

tion initiation. Finally, rapamycin-sensitive translational

initiation [63] and cytoplasmic polyadenylation [64,65]

are upregulated after NMDA receptor stimulation —

both increase translation. To elucidate which (combina-

tion) of the above mechanisms provides the main con-

tribution to the release of FMRP repression, further

studies are necessary. Recently, reports of very challen-

ging techniques have been published [66–68], which we

hope will lead to the answer of this question.

Conclusions
Mental retardation and dendritic spine dysmorphogen-

esis could reflect a lack of proper dendritically localized

protein synthesis. Because FMRP is expressed not only

during development but also in adulthood, it is tempting

to hypothesize that in addition to a role in establishing

new connections, FMRP also has a role in maintaining

them throughout the lifetime of an organism. The future

challenge that remains in order to find a therapeutical

approach to Fragile X Syndrome is the identification

of the precise role of FMRP in synaptic plasticity so

that neuronal activity can be modulated in absence of

FMRP.
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