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Learning andmemory di⁄culties observed in patients with fragile
X syndrome, as well as in a mouse model for the syndrome, are
partially due to impaired translational regulation of neuronal
mRNAs encoding key molecules for the synaptic structure and
function. There has been intense interest in characterizing the
mRNAs that are regulated by the fragile X mental retardation
protein (FMRP) in the neuronal cell. A large number of candidate

FMRP-interacting mRNAs has been identi¢ed over the last
few years and three models have been described so far to
explain the speci¢city of these interactions. Here, we report
our vision on how they could work in the same and/or in di¡erent
pathways and suggest that the threemechanismsmay not be mu-
tually exclusive. NeuroReport 15:2447^2450 �c 2004 Lippincott
Williams &Wilkins.
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INTRODUCTION
The fragile X mental retardation protein (FMRP) is an RNA-
binding protein mostly localized in the cytoplasm. It
contains both a nuclear localization signal (NLS) and a
nuclear export signal (NES) allowing it to shuttle between
nucleus and cytoplasm [1,2].
Absence or reduction of FMRP leads to fragile X

syndrome (FXS), the most common form of inherited mental
retardation, with an estimated prevalence of 1/4000 males
and 1/6000 females. The syndrome is characterized clini-
cally by notable deficits in language and executive func-
tions. Patients often manifest attention-deficit, hyperactivity
disorder and autistic-like behaviour [3]. In addition FXS is
also associated with a specific set of physical manifestations,
including distinctive facial features, connective tissue
abnormalities, and macroorchidism in males [4,5]. One of
the most relevant characteristics is mental retardation [6].
Morphological studies on post-mortem patient brains
showed the presence of abnormal dendritic spines [7,8].
Moreover the mouse model for the syndrome (FMRP
knockout) [9] has the same spine dysmorphogenesis
[10,11]. This very likely reflects a dysregulation of
molecular events underlying the synaptic structure,
such as mRNA transport/localization or local protein
synthesis.
Functional analysis and comparison of the sequence

domains of FMRP shows the presence of four RNA-binding
motifs: two ribonucleoprotein K homology domains (KH
domains), a cluster of arginine and glycine residues (RGG
box), and a novel RNA-binding domain present in the N-
terminal region of the protein [12–15]. FMRP binds to RNA
homopolymers in vitro [12,14] and also to 4% of total human
fetal brain mRNAs in vitro [16]. These latter findings
suggested that FMRP could have some RNA-binding
selectivity. Several groups have taken different approaches
in order to identify the in vivo mRNA targets for FMRP and

the RNA elements required for FMRP-RNA interaction.
There are at least two categories of mRNAs recognized by
FMRP (for a recent review see [17]). The first includes
mRNAs with a structure called the G-quartet [18–20] while
the second includes mRNAs complementary and bound to
the non coding RNA BC1 [22].
Brown et al. [23] examined the mRNAs associated with

FMRP–mRNP in mouse brain and human lymphoblastoid
cell lines. From this and parallel studies [18,19] an
interesting RNA structure recognized by FMRP in vivo has
been identified and characterized. In particular, it has been
shown that FMRP is able to bind mRNAs containing a series
of guanine that can be arranged in a G-quartet. G-quartets
are nucleic acid structures in which four guanine residues
are arranged in a planar conformation stabilized by
Hoogsteen-type hydrogen bonds. Some of the FMRP-target
mRNAs including its own mRNA [18] have a G-quartet
motif but the majority does not, leaving open the question of
how the rest of the mRNAs are recognized. To better
understand the FMRP function in neurons Eberwine and
Greenough developed and used a novel technology for the
identification of mRNA targets called APRA (antibody
positioned RNA amplification). This method utilizes for the
priming of cDNA synthesis oligonucleotides linked to
antibodies against FMRP. New molecules were isolated
and some contained a G-quartet motif [24].
Finally, we showed that translation of specific neuronal

mRNAs is up-regulated in FMR1 knockout mice.
Significantly, the translational repression by FMRP is
much stronger in isolated synaptoneurosomes than in total
brain extracts. In addition, we have shown that FMRP
binds to the small non-messenger cytoplasmic RNA BC1,
and BC1 simultaneously associates with mRNA targets
regulated by FMRP [22]. These data suggest that BC1 could
mediate the interaction between FMRP and the regulated
mRNAs.
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HOWDOES FMRPRECOGNIZE ITS SPECIFIC
TARGETmRNAs?

FMRP can bind directly to mRNAs: While the high affinity
that FMRP has for RNA molecules in general is extremely
clear frommany papers published over the last ten years, it is
now possible to identify three putative mechanisms that
allow FMRP to specifically recognize its mRNA targets. The
first significative study shedding light on the FMRP-RNA
interaction came from Brown et al. [23]. They co-immuno-
precipitated mRNAs with the FMRP ribonucleoprotein
complex and used these mRNAs to screen microarrays. They
identified one set that encompasses 432 mRNAs associated
with FMRP in the mouse brain. In parallel studies, by
comparing the mRNA polysomal profile from normal and
fragile X patient lymphoblastoid cells, they found another set
of 251 mRNAs, which had variations in their distribution on
polysome gradients while their cytoplasmic abundance
remained unchanged. The two groups have 14 mRNAs in
common, which encode proteins important for the neuronal
function, synaptic plasticity and neuronal maturation [23]
and interestingly, among them, they also include the
microtubule associated protein 1B (MAP1B) mRNA that has
also been found to be translationally regulated in Drosophila
mutants for the homologous FMR1 gene [22,25].
Darnell et al. [19] have shown, using in vitro selection of

random RNA sequences (SELEX) that FMRP binds a class of
mRNAs with G-quartet motifs. Of 31 candidate mRNAs
containing this motif identified in the database, 12 were
assayed for FMRP binding and six RNAs bound to FMRP
with considerable affinities. All of them are associated with
synaptic function and also included MAP1B mRNA. This
joined work thus yielded a list of 6 RNA targets containing
G quartets that directly bind to FMRP and change their
translational efficiency in fragile X cell lines [19].
Finally, using the sophisticated APRA technique, 81

additional mRNAs were identified by Miyashiro et al.
which encode proteins with diverse physiological properties
such as cytoskeleton structure and function, synaptic
transmission, peroxisomal biogenesis, membrane docking
and fusion, nuclear transport and molecular chaperone-like
activity [24]. While there is not much overlap with the
mRNAs identified in previous studies, some mRNAs (23%)
contain the G-quartet structure confirming and extending
previously findings [18,19]. We can thus envisage a first
molecular mechanism of FMRP binding through the
recognition of particular RNA sequences able to adopt a
G-quartet structure (Fig. 1a). Domain mapping has shown
that the RGG box of FMRP binds the G-quartet
motifs [18,19]. This is quite interesting because it brings a
new vision into the function of the arginine/glycine-rich
domains which are generally believed to promote
non-specific binding to nucleic acids through electro-
static interactions and are also considered to have
the property to unfold RNA secondary structures [26,27].
A great degree of heterogeneity in the conformation of
the RNA targets and in their RGG binding mode has been
recently reported by Pastore’s team [20], suggesting that
other cis-acting sequences in target mRNAs may also be
involved in their association with FMRP. Indeed, recently
new FMRP targets have been isolated containing U-rich
stretches [21]. The combined action of the RGG box and
other RNA binding domains could thus direct FMRP to
mRNAs that have G-rich and U-rich elements in vicinity.

BC1 can function as an adapter between FMRP and its
target mRNAs: The second model that could explain the
recognition of other mRNAs would be through the associa-
tion with the small dendritic non-coding RNA BC1, which
anneals to complementary regions of some mRNA targets,
thereby recruiting FMRP to the targeted mRNAs and
determining the specificity of FMRP action [22] (Fig. 1b).
In particular we found that BC1 RNA is predicted to
basepair to the neuronal mRNAs encoding for molecules
important for the synaptic structure and function (MAP1B
mRNA appears to be among these), with a sequence
complementarity found at the base of the longer stem-loop,
according to a stable predicted secondary structure of BC1
RNA [28]. A recent study from Darlix’s laboratory [29]
supports the hypothesis that the recognition mechanism is
mediated by the association of FMRP with BC1 RNA.
Moreover, they found that FMRP possesses all the proper-
ties of a potent nucleic acid chaperone which promotes the
annealing of nucleic acids with complementary sequences
as well as strand exchange in a duplex nucleic acid structure
in vitro [29], raising the possibility that FMRP plays a direct
role in BC1/mRNA annealing.

Thus, BC1 is an important factor in FMRP-mediated
translational repression, but there is still an interesting
question to answer: which is the RNA binding domain
responsible for the binding? The RGG box has been
involved in the G-quartet recognition and BC1 does not
contain an obvious G-quartet or a U-rich sequence. This
means that BC1 could bind to one of the other three RNA-
binding domains. Infact, we have recently found that the N-
terminus of FMRP, which exhibits no homology to known
RNA binding domains, binds strongly and specifically to
the 5’ stem-loop of BC1 (unpublished data), this is also the
region which exhibits complementarity to FMRP target
mRNAs. The interaction of FMRP with BC1 RNA may also
give a clue at how FMRP regulates translation. In fact the
interaction with BC1 could mediate the associations of
ribonucleocomplex containing FMRP with some compo-
nents of the preinitiation complex [30]. In support of this
notion, BC1 has also been shown to associate with poly(A)
binding protein and eIF4A [30,31]. Thus, the BC1/mRNA/
FMRP complex may form the translational inhibition
complex (Fig. 1b).

The molecular mechanisms so far described could
actually work synergistically. Where a weakly conserved
purine quartet, a motif containing few Us, or a region with
comparatively low complementarity to BC1 each may not
suffice to bind FMRP, several such elements in vicinity may
be more efficient. MAP1B mRNA is a typical example, it has
been found to be associated to FMRP using independent
approaches and presents both a G-quartet and a long
complementary region to BC1.

Interestingly, the two KH domains of FMRP, which seem
to recognize RNA in a sequence-specific way are still
orphans for targets except for a single report were the
authors identified as bound to the KH2 domain mainly
repetitive elements [32].

FMRP and miRNAs: A third mechanism is suggested
by a recently described RNP complex that involves the
Drosophila ortholog dFXR and some components of the RISC
(RNA-induced silencing complex) such as the proteins
AGO2, DmP68, VIG and micro-RNAs [33–35]. Micro-RNAs
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(miRNAs) are a large family of short (20–24 nucleotides)
single-stranded, non-coding regulatory RNAs that modu-
late gene expression by partially base-pairing with target
mRNA sequences. Micro-RNAs are derived from the
processing of larger precursor of B70 nucleotides or longer
by the endonuclease Dicer (for a recent review see [36]).
Because the final goal of FMRP action is the translational

regulation of a subset of neuronal mRNAs, it is indeed
important that several components of the miRNA pathway
have been implicated in translational control, including
Gemin3, Gemin4 and eIF2C2, a member of the human
Argonaute family [37]. What is the biological meaning of the
association of FMRP with the putative RISC? FMRP could
be targeted to its mRNA targets as part of a RISC complex
and then, with or without binding directly its mRNA
targets, could regulate (repress) translation guided by
miRNAs [33–35] (Fig. 1c). Indeed recently it has been
shown that human FMRP is associated to miRNAs [38].
FMRP could play a part in this regulatory pathway,
stabilizing the specific annealing between miRNAs and
the complementary region in 3’-UTR of the target mRNAs.
Finally, BC1 structure reminds very much a miRNA
precursor strengthening the real possibility that FMRP is
attracted by double-stranded mRNA to mediate the specific
recognition. These results strongly support the hypothesis
that FMRP can act to stabilize the RNA-RNA duplex which
must have been formed between BC1 and the mRNA targets
or between miRNAs and the complementary sequence in
the 3’-UTR of substrate transcripts (Fig. 1b,c). From these
recent data, it seems that both BC1 and miRNAs have
similar mechanisms of action.
Comparison of the models presented in this review poses

the compelling question of whether the models are in
conflict with each other. We propose that they are perfectly
compatible with each other, since at least BC1 RNA and the
G-quartet motif bind to distinct domains on the FMRP
protein. Integration of these three models may explain the
complexity of the syndrome and the variability that is
observed in patients with the same FMRP deficiency.
Furthermore, it is even possible that other mechanisms
may be still involved that would require the functional
activity of the two KH domains. It should be noted that
often the binding-specificity of a multi-domain RNA-
binding protein is different from the sum of the binding
specificities of the individual domains.
The mode of RNA recognition could also be regulated

during development. Indeed, for the last mechanism
involving miRNAs it is well established that it works
mainly during development [39–42]. In adulthood, when
the FMRP protein is still necessary for the brain function,
other mechanisms could take over.
Whatever the mechanism of RNA recognition with FMRP,

loss of FMRP in affected individuals leads to impaired
expression (mRNA localization? and/or mRNA translation)
of a subset of neuronal mRNA. A more detailed analysis of
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Fig.1. Threepossiblemodels for FMRP function. (a) FMRPrecognizes its
mRNA targets containing the G-quartet structure and this could lead to
translational repression. (b) FMRP represses mRNA translation via BC1
RNA interaction. In this case BC1couldmediate the translation inhibition
by the association with some components of the preinitiation complex
such as the poly(A) binding protein and the eIF4A. (c) FMRP can repress
mRNA translation via miRNAs. The FMRP-RISC complex would recog-
nize the targetmRNAs viamiRNAs and repress mRNA translation.
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the mRNAs isolated so far should help to unravel the fine
molecular events surrounding the syndrome as well as the
multitask functions of FMRP.
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