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Abstract

Small, genomically-encoded microRNAs are important factors in the regulation of mRNA 

translation. Although their biogenesis is relatively well-defined, it is still unclear how they are 

recruited to their mRNA targets. The fragile X mental retardation protein family members, FMRP, 

FXR1P and FXR2P are RNA binding proteins that regulate translation of their cargo mRNAs. All 

three proteins, in addition to the single Drosophila ortholog, dFmrp, associate physically and 

functionally with the microRNA pathway. In this review, we summarize what is known about the 

role of the fragile X family members in translation regulation and highlight evidence for their 

association with the microRNA pathway. In addition, we present a new model for the role of 

phosphorylation on FMRP function, where phosphorylation of FMRP inhibits Dicer binding, 

leading to the accumulation of precursor microRNAs and possibly a paucity of activating 

microRNAs.
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Introduction

The Fragile X Mental Retardation Protein (FMRP) is an RNA binding protein that regulates 

translation of its bound mRNAs (in addition to references 1 and 2, let’s put that new review 

here on translation regulation that Tory found Costa-Mattioli et al 2009—it reviews quite a 

lot). FMRP associates with approximately 400 mRNAs in the brain3, 4 and is found nearly 

ubiquitously throughout the body.5 High expression levels of FMRP in brain6 and its role as 

a translational regulator1, 2(add Costa-Mattioli et al): suggest an important role in memory, 

learning, and normal cognition. In fact, loss of FMR1 gene expression causes Fragile X 

Syndrome, which is characterized by impaired cognitive function and other symptoms.5 

Although FMRP is associated with ribosomes7, how FMRP regulates translation of its 

bound mRNAs at the molecular level is still unclear. The Drosophila ortholog of FMRP, 

dFmrp, associates with Dicer, Ago1, Ago2, microRNAs (miRNAs) and other components of 

the miRNA pathway.8–11 Further studies subsequently showed that mammalian FMRP 
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associates with Dicer, miRNAs, Ago2 and miRNA pathway components10, 12, suggesting 

that FMRP utilizes the miRNA pathway to regulate its target mRNAs. The aim of this 

review is to highlight recent discoveries implicating an association of the fragile X family of 

proteins with the miRNA pathway and to examine how phosphorylation of FMRP may 

influence this association.

Processing of miRNAs

MiRNAs are a class of small RNAs that are 19–25 nucleotides in size and are genomically 

encoded.13, 14 MiRNAs function by base pairing with sequences in the 3′UTR of their target 

mRNA sequences. If base-pairing is perfect along their ~22 nucleotide length, the result is 

mRNA target degradation. In contrast, if base-pairing is imperfect with a bulge in the 

duplex, the result is translational silencing.15 The most recent Sanger Release (version 12.0 

Sept. 2008, http://microrna.sanger.ac.uk/sequences/), lists 948 human microRNAs. Since 

each miRNA could potentially interact with multiple mRNAs due to incomplete base pairing 

to each target, it has been bioinformatically predicted that more than 30% of human genes 

could be regulated by miRNAs.16

In mammals, primary miRNAs are transcribed in the nucleus and processed into 70–80 nt 

precursor miRNAs by Drosha and DGCR8.17 Precursor miRNAs (pre-miRNAs) are 

exported to the cytoplasm by exportin 518, where they are processed into short, double 

stranded duplexes by the Dicer pre-miRNA processing complex.13, 16, 17 The RNA induced 

silencing complex, RISC, then separates the duplexed strands into a mature miRNA.13 This 

guide miRNA associates with Argonaute 2 (Ago2), which is the only human Argonaute 

family protein with endonuclease activity.19, 20 Incomplete complementarity of the miRNA 

to its target mRNA leads to translational repression (or in some cases activation, as 

discussed later) while complete complementarity triggers Ago2’s endonuclease activity 

leading to cleavage of the target mRNA, as observed during RNA silencing. Conversely, in 

Drosophila, both Ago1 and Ago2 have cleavage activity, with Ago1 mediating miRNA 

guided cleavage of RNA and Ago2 mediating siRNA cleavage during RNA silencing.19

Although it is unknown exactly how the mature miRNA finds its target mRNA, miRNAs 

function as part of larger complexes such as RISC (RNA induced silencing complex) and 

miRNP (miRNA ribonucleoprotein) complexes, suggesting that miRNAs guide associated 

proteins to target mRNAs to effect degradation, repression, or in some cases, translation 

activation.20–22 Although both structure and homology studies of Argonaute explain its 

“slicing role”, there is no similar evidence explaining its role in translation repression.20 

Thus, other associated proteins within the miRNP are likely to mediate translational 

repression or activation. Since FMRP has been found associated with miRNAs and 

Ago210, 12 and is a known translational regulator which can both activate3, 23 and suppress 

translation1, 2((add Costa-Mattiola et al):, it likely plays an important role in miRNA 

mediated translation regulation.

Processing bodies and FMRP

Once mRNAs have been targeted by miRNAs for degradation (because of complete 

complementarity) or suppression (incomplete complementarity), they move into cytoplasmic 
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foci. These foci were first observed in yeast and subsequently named processing bodies 

(PBs)24, where mRNPs colocalize with machinery for translation repression and mRNA 

decay.25 Although the environment of PBs is highly dynamic, decapping machinery 

including Dcp1p/Dcp2p and activators of Dcp proteins have been found there along with, 

under certain stress conditions, nonsense-meditated decay pathway proteins.25 PBs require 

mRNA to form, as shown by their disruption upon RNase treatment and the observation that 

overexpression of a nontranslating mRNA increases their size in yeast.26

PBs are also called GW bodies because they contain the protein GW182, an RNA binding 

protein first observed in discrete foci in HeLa cells.27 Knockdown of GW182 with siRNAs 

(silencing RNAs) results in a loss of GW bodies/PBs, leading to the conclusion that GW182 

is a necessary component of PBs, as well as a useful marker for immunofluorescence.28 

Whether FMRP localizes to PBs is controversial. One study reported that FMRP localizes to 

approximately 50% of granules containing the GW182 marker as shown by 

immunofluoresence in astrocytoma cells, suggesting that it is present in PBs.29 Further, 

dFmrp also colocalizes with Dcp1p and other known PB proteins.30 However, in a study 

using HeLa cells, the majority of FMRP was found not to colocalize with Dcp1p, but was 

instead found in stress granules.31 Thus, whether FMRP is localized to PB may depend on 

the cell system under study.

Role of FMRP in the microRNA pathway

Although FMRP associates with components of the miRNA pathway, it is also controversial 

whether it plays an important or essential role in the function of the miRNA pathway itself. 

As described above, Didiot and colleagues reported that FMRP localizes separately from 

RISC machinery components and PBs.31 Further, they showed that FMRP was not required 

for RISC function in transfection studies with reporter constructs bearing miRNA target 

sequences.31 In contrast, Plante and colleagues showed that FMRP was required for efficient 

RNA silencing using reporter constructs expressed in murine fibroblast cells.32 They also 

demonstrated that FMRP directly associates with miRNAs, possibly through the hnRNP K 

homology domains, to aid assembly of Dicer processed miRNAs onto target mRNAs in 

vitro.32 Taking this a step further, Xu and colleagues showed that dFmrp was required for 

assembly of the Dicer-Ago complex, and in the absence of dFmrp, there were fewer 

complexes, which may explain the reduced levels of the miRNA 122 (miR-122).8 They 

concluded that dFmrp was required for normal neuronal miRNA levels during development, 

likely because it was necessary for assembly of Dicer with Ago.8 Differing conclusions 

about whether FMRP is required for normal function of the miRNA pathway may be due to 

the use of different cell systems or the evaluation of different miRNAs. Regardless of 

FMRP’s role in RISC function, it is still possible that FMRP utilizes the miRNA pathway 

for translation regulation of its cargo mRNAs.

The fragile X family proteins and translation activation

FMRP is part of a family of proteins that includes two autosomal paralogs, Fragile X related 

protein 1 (FXR1P) and Fragile X related protein 2 (FXR2P).5 Co-expression of the FXR 

proteins at synapses in patients with Fragile X syndrome demonstrates that the FXRs cannot 
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completely compensate for lack of FMRP33, 34, suggesting different functions for the 

paralogs. Additionally, although FXR1P can be found throughout the body, it is highly 

expressed in muscle and heart tissue where FMRP is mostly absent.35–37 Further, 

inactivation of FXR1P leads to impaired myogenesis in mouse38 and Xenopus (NEW 

REFERENCE Huot, et al. MBC 2005) and altered expression of muscle specific isoforms of 

FXR1p may contribute to facioscapulohumeral muscular dystrophy (FSHD).39 Collectively, 

these studies underscore the important role of FXR1p in normal muscle development.

At the molecular level, recent data show that miRNAs bound to the 3′ untranslated region 

(3′UTR) of the TNFα gene in quiescent cells recruit both AGO2 and FXR1 proteins, 

resulting in upregulation of translation.21, 22 The transition between translation upregulation 

and repression by the AGO2/FXR1 containing miRNPs occurs based on cell cycle.22 

Translation activation by fragile X family member FMRP has also been suspected when a 

subset of mRNA cargoes were found decreased on polysomes in the absence of FMRP (add 

ref Brown, 2001), suggesting that FMRP was required for their translation. Further, a recent 

study found increased translation of known mRNA cargo Sod1 through binding by the C 

terminus of FMRP, which revealed the start codon, perhaps leading to translation 

initiation.23 Thus, fragile X family members FXR1p and FMRP have both been shown to 

activate translation of some mRNAs.

Phosphorylated FMRP and regulation of translation

FMRP is phosphorylated on three serines between its nuclear export sequence and the 

primary RNA binding domain, the RGG box40, in both brain and cell lines. To determine the 

role of phosphorylation on FMRP function, amino acid substitutions of the primary 

phosphorylation site were made, mimicking either constitutive phosphorylation or no 

phosphorylation.40 Constitutively phosphorylated FMRP (P-FMRP) was relatively resistant 

to ribosomal run-off, suggesting that it was associated with untranslating polyribosomes.40 

In contrast, unphosphorylated FMRP was easily run-off, suggesting that it was associated 

with actively translating polyribosomes.40 Narayanan and colleagues identified a specific 

cargo mRNA, SAPAP3, whose translation was modulated by phosphorylation of FMRP.3, 41 

As predicted by the model, inhibition of phosphatase 2A (PP2A) led to an increase in 

translation of SAPAP3.41 Consequently, it has been suggested that phosphorylation of 

FMRP functions as a key step in the regulation of bound target mRNAs through an unknown 

mechanism. Recent data points toward phosphorylation regulating association of FMRP 

with the miRNA pathway as a means to regulate translation of target mRNAs.42

The role of phosphorylated FMRP and the miRNA pathway

As described above, FMRP associates with many components of the miRNA pathway and 

localizes to PBs in some systems.8–11, 30 Morphological data show that loss of FMRP in 

mouse or Drosophila causes defects in spine and synapse formation.43 Taken together, a 

role for FMRP in neuronal development mediated through the miRNA pathway seems 

likely.

Phosphorylation of FMRP provides a rapid and reversible way to modulate FMRP’s 

association with the miRNA pathway. Since phosphorylation of FMRP and miRNAs are 
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mechanisms for translation regulation of target mRNAs, we investigated whether 

phosphorylation regulates association of FMRP with the miRNA pathway. Using a phospho-

specific antibody that is specific to the three phosphorylated serines (496, 499, and 503) of 

FMRP’s sole phosphorylation site40, we repeatedly found that P-FMRP associated with a 

large amount of an 80nt RNA species that appeared to be pre-miRNA.42 Since the Dicer 

complex is necessary for the processing of pre-miRNAs into mature miRNAs13, our 

hypothesis is that phosphorylation of FMRP precludes Dicer binding and leads to the 

abundance of pre-miRNAs observed with P-FMRP (Fig. 1 and 42). Indeed, 

immunoprecipitations of P-FMRP and total FMRP probed with a Dicer antibody showed 

that Dicer associates only with FMRP and not P-FMRP.42 RNase treatment had no effect on 

the FMRP-Dicer interaction, suggesting a protein interaction.42 To further confirm that 

phosphorylation prevents binding, beads linked to the phospho-peptide sequence of FMRP 

could not capture Dicer while the same unphosphorylated peptide sequence could capture 

Dicer.42

We conclude that Dicer-FMRP association requires FMRP’s unphosphorylated region 

496-503 and that phosphorylation of FMRP abolishes this interaction. This is a new role for 

phosphorylation in regulating FMRP function by modulating association with Dicer and the 

miRNA pathway. If miRNAs are required for translation activation21, 22 and FMRP is 

involved in translation activation23, phosphorylation of FMRP would indirectly suppress 

translation by decreasing miRNA production through loss of Dicer binding (Fig. 1). Future 

studies will determine whether there is translation activation of specific mRNAs by miRNAs 

associated with non-phosphorylated FMRP, similar to the reported translational activation 

function of FXR1.21,22 Ultimately, the multiple layers of regulation associated with FMRP 

and the miRNA pathway will need to be unraveled to fully comprehend the complexity of 

Fragile X syndrome and translation regulation via the miRNA pathway.
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Figure 1. Potential regulatory role of P-FMRP in translation regulation
Unphosphorylated FMRP associates with Dicer (top left). The Dicer containing complex 

then processes pre-miRNAs into mature, double-stranded duplex miRNAs (bottom left). 

After RISC separates the duplex strands, the single-stranded mature miRNA binds FMRP’s 

target mRNA to induce translation. Conversely, when FMRP is phosphorylated, Dicer 

cannot bind and pre-miRNAs are not processed into mature miRNAs (top right). Without 

activating miRNAs, translation of the target mRNA cannot occur and the result is indirect 

suppression of translation by FMRP due to loss of Dicer binding.
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