
Regulation of RNA granules by FMRP and implications for 
neurological diseases

Austin Lai#, Arielle N. Valdez-Sinon#, Gary J. Bassell
Department of Cell Biology, Emory University School of Medicine, Atlanta, Georgia, USA

# These authors contributed equally to this work.

Abstract

RNA granule formation, which can be regulated by RNA-binding proteins (RBPs) such as fragile 

X mental retardation protein (FMRP), acts as a mechanism to control both the repression and 

subcellular localization of translation. Dysregulated assembly of RNA granules has been 

implicated in multiple neurological disorders, such as amyotrophic lateral sclerosis. Thus, it is 

crucial to understand the cellular pathways impinging upon granule assembly or disassembly. The 

goal of this review is to summarize recent advances in our understanding of the role of the RBP, 

FMRP, in translational repression underlying RNA granule dynamics, mRNA transport and 

localized. We summarize the known mechanisms of translational regulation by FMRP, the role of 

FMRP in RNA transport granules, fragile X granules and stress granules. Focusing on the 

emerging link between FMRP and stress granules, we propose a model for how hyperassembly 

and hypoassembly of RNA granules may contribute to neurological diseases.
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1 ∣ INTRODUCTION

The physiologic functioning of neurons relies on the regulation of translation, which 

underlies critical functions such as the maintenance of neuronal health and synaptic 

plasticity.1-4 Dysregulation of protein synthesis in neurons therefore leads to severe 

disruptions in neuronal functioning and can result in impaired cognition. This is exemplified 

by the hallmark pathology of disrupted protein synthesis in neurodevelopmental disorders 

such as Angelman syndrome,5-7 autism spectrum disorder (ASD),8-10 and fragile X 

syndrome (FXS).11-13 FXS is the leading inherited form of intellectual disability and is 

caused by the loss of fragile X mental retardation protein (FMRP), a translational repressor.
14 Studies throughout the past two decades on FMRP function have uncovered several 

mechanisms by which FMRP represses translation, including stalling polyribosomes and 
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associating with miRNA and related mRNA ribonucleoprotein (mRNP) complexes. These 

mechanisms are discussed in depth in other reviews.14-17 Additionally, FMRP has been 

known to regulate the formation of the RNA granules, including mRNP transport granules, 

fragile X granules (FXGs), P-bodies and stress granules. In addition to regulating translation 

by multiple mechanisms, FMRP has been well studied to regulate the transport of mRNP 

granules.16 The regulation of mRNP granule formation is necessary for the transport and 

localization of specific mRNA species to synaptic sites.18,19 FMRP has also been identified 

to promote the formation of stress granules20—a membrane-less assembly of RNA-binding 

proteins (RBPs) and translationally repressed mRNAs formed in response to cellular stress.
21 Progress made in studying the regulation of stress granule formation has highlighted their 

relevance to neurological disorders. Aberrant formation of stress granules, for instance, has 

been implicated in neurodegenerative22 and neurodevelopmental disorders.23 Here, we 

review our current understanding of FMRP function in regulating translation and mRNP 

granule transport, including its role in “FXGs.” Next, we cover the role of FMRP in stress 

granule dynamics and how posttranslational modifications (PTMs) of FMRP contribute to 

the regulation of translation and granule dynamics (Figure 1). Further insight into the basic 

biology of FMRP's role in mRNP and stress granules may help uncover novel points of 

therapeutic options for neurodevelopmental disorders and perhaps other related neurological 

disorders.

2 ∣ FMRP IS A TRANSLATIONAL REPRESSOR

FMRP is an RBP encoded by the FMR1 gene that regulates mRNA translation, localization 

and stability. FMRP consists of three major RNA-binding domains, including two hnRNP 

K-homology (KH) domains and an RGG box domain.24 The two KH domains recognize 

kissing-complex tertiary motifs in RNA,25 whereas the RGG box recognizes G-quadruplex 

structures.26 The loss of FMRP as a result of a trinucleotide repeat expansion in the 5′ UTR 

of the FMR1 gene is a hallmark of the monogenic neurodevelopmental disorder FXS.

Following earlier studies on FMRP localization in RNA granules within dendrites and spine 

synapses,27 subsequent studies provided mechanistic insight into the role of FMRP as a 

translational repressor at synapses.16 In the absence of FMRP, there is excess basal 

translation and loss of stimulus-induced translation in dendrites and spines.28 Multiple 

modes of translational repression have been attributed to FMRP. While several of these 

mechanisms of translational regulation by FMRP have been reviewed in detail elsewhere,
14,15 here we provide a preliminary overview for these major roles of FMRP.

Translation can be evaluated in terms of three steps: initiation, elongation and termination. 

FMRP regulates both initiation and elongation stages of translation by acting alone29 or 

through association with factors such as miRNAs and the RNA-induced silencing complex 

(RISC).30,31 Additionally, FMRP can inhibit cap-dependent translation of mRNAs by 

forming a repressive mRNP complex with cytoplasmic FMR1-interacting protein 1 

(CYFIP1), an eIF4E-binding protein (4EBP).32 Together, the FMRP-CYFIP complex binds 

eIF4E and inhibits initiation.32 Previous studies have shown that genetic reduction of 

CYFIP1 levels in neurons in mice increased the level of proteins encoded by FMRP-targeted 

mRNAs, including Maplb, aCamk2 and App.32 The binding of FMRP to CYFIP1 inhibits 
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interactions of eIF4E with eIF4G. As a result, the formation of FMRP-CYFIP1 complex 

inhibits cap-dependent translation. This regulatory mechanism is linked to extracellular 

signaling, as brain-derived neurotrophic factor (BDNF) or glutamate signaling can release 

CYFIP1 and FMRP from eIF4E to promote translation. In Fmr1-KO mice, both eIF4E-

eIF4G binding33 and eIF4E phosphorylation34 are increased. Taken together, these 

observations suggest that FMRP regulates initiation through both direct and indirect 

mechanisms.

Previous work has found that FMRP associates directly or indirectly with miRNAs, 

Argonaut of RISC, Dicer and miRNA precursors. In a Drosophila model, dFMRP modulates 

miRNA expression to control neuronal development.30,35 In mice, FMRP associates with 

RISC and/or miRNAs that cooperate to regulate mRNA translation and dendritic spine 

morphology.31 The stimulation of group 1 metabotropic glutamate receptors (mGluRs) 

results in the PP2A-mediated dephosphorylation of FMRP, which subsequently promotes the 

release of RISC from target mRNAs.31 Additionally, this dephosphorylation events also 

enhance the ubiquitination of FMRP and its degradation by the proteasome.36 Together this 

pathway serves as a switch for regulating translational activity in response to environmental 

cues. Through the well-established mechanisms outlined above, FMRP maintains the proper 

physiologic levels of translation for its target mRNAs.

The majority of FMRP associates with polyribosomes and has been shown to stall 

polyribosomes at the elongation phase.29 in vivo high-throughput sequencing of RNAs 

isolated by CLIP showed that FMRP binds most frequently to coding regions of mRNAs, 

with fewer binding sites within 5′ and 3′ UTRs.24,29 High frequency of binding to coding 

regions suggests that FMRP acts by physically blocking ribosomes transit. Experiments 

specifically measuring ribosome transit with and without FMRP showed that polypeptide 

elongation was 40% to 50% faster in Fmr1-KO than wild-type (WT) brain lysates,29 which 

further implies a role for FMRP in regulation of ribosomal transit. It remains unclear how 

FMRP interactions with coding sequences allow for selectivity in FMRP binding. Several 

studies have worked to identify common sequences on mRNAs to which FMRP binds.
24,29,37 While these findings have been reviewed in depth elsewhere,17 it is of note that there 

seem to be multiple motifs that FMRP binds, including G-quadruplexes often within 

untranslated regions.29 Bioinformatic overlap of FMRP consensus binding sequences 

(FCBS) from two published FMRP CLIP sequencing datasets identified the short sequence 

motifs TGGA and GAC in both coding and untranslated regions.38 Further work is needed 

to better understand the role of FMRP-binding domains and the motifs recognized on the 

model of regulation by FMRP. Related to this question, recent work has identified the role of 

RGG box interactions with Q-quadruplexes in mRNA localization, whereas KH domain 

interactions regulate translation on distinct FMRP target mRNAs.39

3 ∣ FMRP IN RNA TRANSPORT GRANULES

FMRP is associated with RNA transport granules in neuronal processes, both dendrites27,40 

and axons40,41 of cultured neurons. Live cell imaging of FMRP-GFP fusion proteins has 

revealed dynamic and activity-regulated transport of FMRP.40,42 Several groups have 

uncovered association of FMRP with molecular motors.42-45 Using the MS2 tagging method 
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for live cell imaging of FMRP target mRNA, several groups have shown that FMRP 

regulates mRNA transport.42,46,47 One model has emerged that suggests a role for FMRP as 

an adapter for motors that transport RNA; however, it remains unclear whether FMRP 

directly binds to motor or adapter proteins. A limitation in the field has been lack of a 

unifying mechanism for how FMRP may play a role in localization of its target mRNAs. 

Recent exciting work has uncovered a role for FMRP RGG box interactions with G-

quadruplex RNA sequences to localize mRNAs in neurons.39 This study further uncouples 

the functions of FMRP target mRNA interactions in localization vs translation.

4 ∣ FMRP RECRUITMENT TO FRAGILE X GRANULES

Mammalian cells express two autosomal homologs of FMRP known as FXR1P and 

FXR2.48,49 Similar to FMRP, FXR1P and FXR2P contain two KH domains and have 86% 

and 60% amino acid sequence overlap with FMRP, respectively.48,49 Observation of “FXGs” 

containing FMRP, FXR1P and FXR2P in the presynaptic compartment suggests a 

physiologic role for the fragile X proteins in regulating the axonal proteome.50,51 While 

many of the translationally repressive functions of FMRP occur postsynaptically (as 

discussed above), previous observations of reduced axonal growth cone motility in Fmr1 
knockout neurons suggested a potential presynaptic role of FMRP and perhaps its homologs.
40

Initial studies on FXG focused on characterizing the protein composition of these granules 

as well as where in the brain they were localized.51,52 While FXR2P is expressed in 

essentially every FXG, FXGs are also composed of FMRP and/or FXR1P dependent on the 

brain region.51,53 For example, the majority of hippocampal FXGs are composed of FXR2P 

and FMRP, whereas frontal cortex FXGs contain all three fragile X proteins.51 Initially, it 

was observed in mice that FXGs are present only during developmental periods requiring 

robust synaptic plasticity.51 A more recent study has identified the persistent expression of 

FXG in the hippocampus of adult mice and adult humans,50 which has implications for the 

role of FMRP, FXR1P and FXR2P across the human lifespan.

With the well-described role of FMRP in the regulation of translation, it was hypothesized 

that FXG may also play a role in the spatiotemporal control of protein synthesis in the 

presynaptic compartment. Ribosomal subunits were identified to associate with FXG in 

multiple brain regions including the hippocampus, motor cortex and the olfactory bulb.50 

Additionally, several previously identified FMRP mRNA targets including Omp, Map1b and 

B-catenin29 were observed to colocalize to FXG.50 The association of ribosomal machinery 

and mRNA with the FXGs is reminiscent of stress granules, another mRNP granule class 

that represses the translation of associated mRNAs (to be discussed further in depth below).
21 Thus, the interaction of ribosomes and mRNAs suggested that FXGs have the capacity to 

regulate local translation of the associated mRNA. Indeed, OMP expression within the axons 

of Fmr1 knockout mice was significantly higher compared to expression within the axons of 

WT mice.50 Similar to how the protein composition of FXG is dependent upon brain region, 

the specific mRNA transcripts associated with the FXG are differential based on brain 

region.53 The brain region specificity of FXG protein and mRNA composition support a 

mechanism by which FXG can tightly regulate the spatiotemporal translation of FMRP 
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targets. Taken together, the studies on FXGs reveal a distinct role for FMRP in the 

presynaptic compartment in regulating the translation of mRNAs that have an impact on 

synaptic strength and connectivity. However, it is unclear if other proteins that are involved 

in other mRNP granules are also involved in the formation of these FXGs. For example, 

Caprin1 is involved in the formation of both RNA transport granules and stress granules54-57 

and interacts with FMRP58; the interaction between Caprin1 and FMRP promotes phase 

separation, which is an important feature of mRNP granules (discussed further in depth 

below).59 With its roles in other mRNP granules and its association with FMRP, it is 

possible that Caprin1 may also be involved in the formation FXGs. To better understand the 

physiology of FXG, it is necessary to elucidate what other RBPs are involved in the 

formation and function of FXG.

FMRP is also observed to colocalize to RNA processing bodies (P-bodies),60,61 which are 

RNA granules that prevent the translation of mRNA and promote the degradation of mRNA 

via miRNA-guided translational silencing and siRNA-guided RNA degradation.18 The 

association of FMRP to the RISC,30,31 an integral component of miRNA-guided 

translational silencing, further supports observations of FMRP localization in P-bodies. The 

recruitment of FMRP to P-bodies further implies a role of FMRP in the formation of 

translationally repressive mRNP granules via its interaction with other RBPs.

5 ∣ FMRP REGULATES STRESS GRANULE DYNAMICS

Stress granules are membrane-less ribonucleoprotein assemblies that form during cellular 

stress.21 mRNAs sequestered into stress granules are translationally repressed at the 

initiation phase; the precise regulation of stress granules assembly and disassembly is 

therefore a mechanism for fine-tuning of protein synthesis.

Approximately 50% of the proteome of the “core” of stress granules—the more stable 

substructure that can be purified—are RBPs.56 Interestingly, the composition of stress 

granules varies depending on the type of cellular stress used to induce stress granule 

formation, cell type and disease contexts.57 In the study by Markmiller et al, nearly 25% of 

the RBPs under study exhibited stress-type-specific stress granule targeting. Just under half 

of the RBPs tested were found to localize to stress granules in a cell-type-dependent manner. 

Neuronal stress granules are particularly diverse in their composition, which varies 

depending on whether they are localized in the dendrites, soma or axon.

Much work has been done on elucidating how cellular processes influence stress granule 

dynamics.62 Molecular chaperones play a significant role in the dissolution of stress 

granules during stress recov-ery63-65 and can inhibit the aberrant formation of stress 

granules in amyotrophic lateral sclerosis (ALS).66 RNA helicases, which regulate many 

aspects of RNA metabolism, have also been shown to mediate stress granule dissolution. 

Proteomic analyses of stress granule cores reveal RNA helicases as a conserved component, 

and abolishing the activities of such RNA helicases reduces stress granule formation.56

Additionally, several PTMs have been found to regulate stress granule dynamics. PTMs can 

rapidly alter the interactome of target substrates by inducing conformational changes or 
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alteration in charge of the target substrate. Three classes of PTMs have been found to oppose 

stress granule formation. Glycosylation of α-synuclein and tau have been shown to inhibit 

their pathologic aggregation into stress granules and other mRNP structures.67,68 

Methylation of RBPs, such as the ALS-associated FUS, has been found to inhibit the cation-

π interactions–in which a π-bond system stabilizes cationic group–and stress granule 

assembly.69,70 Similarly, lysine acetylation can disrupt cation-π interactions and is 

protective against pathologic tau aggregation characteristic of multiple neurodegenerative 

disorders.71

By far the most well-characterized PTM in regulating stress granule dynamics is 

phosphorylation. The rapid and reversible conjugation of a charged phosphate moiety serves 

as an ideal pathway for rapidly altering the RBP interactome in response to environmental 

cues. Interestingly, phosphorylation can promote or oppose stress granule formation, 

depending on the kinase involved. Several cases of phosphorylation-mediated inhibition of 

phase separation have been reported.72(p4),73 Liquid-liquid phase separation (LLPS) occurs 

when a set of molecules form a dense network of weak interactions, which concentrate these 

molecules into a separate phase. By altering the conformation and charge of a biomolecule, 

phosphorylation can switch the ability of a molecule to form the necessary interactions that 

drive LLPS. For instance, the hyperphosphorylation of tau drastically alters the electrostatic 

characteristic of the molecule in a way that favors phase separation.74 More recently, 

phosphorylation of FMRP was observed to result in its phase separation with CAPRIN1,59 a 

protein that positively regulates and localizes to stress granule assembly. This suggests a 

mechanism by which FMRP localizes to and promotes the formation of stress granules upon 

PTM. Other studies have supported this hypothesis. For instance, FMRP and its autosomal 

homologs are well described to be present in stress granules.23,75 Furthermore, the loss of 

FMRP results in reduced levels of stress granule formation.20 As described above, it is well 

established that dephosphorylation of FMRP disinhibits translational repression. This is a 

critical node downstream of the stimulation of mGluRs, which are critical for protein 

synthesis-dependent long-term depression (LTD), a form of learning and memory.36 

Therefore, the phase separation of FMRP as a result of phosphorylation points to a potential 

link between the activation of group 1 mGluRs and stress granule dynamics. A better 

understanding of the mechanistic relationship between extracellular signaling and the role of 

FMRP in stress granules may uncover novel therapeutic strategies that target stress granule 

dynamics through receptors such as mGluRs.

6 ∣ FMRP MODIFICATION AS A MOLECULAR SWITCH

As this review has highlighted, FMRP can regulate the translation of mRNA through 

multiple mechanisms. Interestingly, PTM of FMRP can alter its ability to regulate translation 

across several of these mechanisms. FMRP has been shown to be phosphorylated on the 

highly conserved serine 499, which may then promote phosphorylation of nearby serines.76 

It was initially concluded that ribosomal protein S6 kinase (S6K1) was primarily responsible 

for the phosphorylation of FMRP downstream of mGluR signaling.77 However, later work 

has demonstrated that FMRP is first phosphorylated on serine 499 by casein kinase II 

(CK2), and then secondary phosphorylation on nearby residues can occur via mGluR-

dependent mechanisms.78 FMRP phosphorylated at serine 499 is associated with 
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polyribosomes that are stalled and inhibit translation,76 whereas unphosphorylated FMRP 

associates with actively translating polyribosomes.76 These observed changes in ribosomal 

stalling based on FMRP phosphorylation status suggested that the PTM of FMRP serves as a 

level of regulation on the ability of FMRP to repress translation. Additionally, the 

phosphorylated form of FMRP acts as a translational repressor through other mechanisms. It 

has been observed that phosphorylated FMRP forms an inhibitory complex with RISC and 

miRNAs to repress the translation of FMRP-target mRNAs.31,79 Phosphorylated FMRP 

represses the translation of HoxB8 mRNA via miR196a-mediated translational repression79 

as well as PSD-95 mRNA via miR125a-mediated translational repression.31 

Dephosphorylation of FMRP by PP2A downstream of mGluR signaling80 allows for the 

release of the miRNA-RISC complex from PSD-95 mRNA, thus allowing for its translation.
36

While it is evident that the phosphorylation status of FMRP is able to alter its ability to 

regulate translation, the phosphorylation state of FMRP also has downstream consequence 

on other PTMs of FMRP. Dephosphorylation of FMRP by PP2A following mGluR signaling 

triggers the ubiquitination of FMRP.36,81 This ubiquitination event precedes the translation 

of PSD-95,36 which suggests that ubiquitination of FMRP is a critical step to reverse the 

repression of translation. Currently, there is an interest to better understand what E3 

ubiquitin ligases may be responsible for the ubiquitination of FMRP. Cdh1-APC, an E3 

ubiquitin ligase implicated in cell cycle exit, has been demonstrated to ubiquitinate FMRP 

and trigger its degradation following mGluR stimulation.82 It is currently unclear if 

ubiquitination of FMRP by Cdh1-APC affects the downstream translation of FMRP-targeted 

mRNAs. The observations that dephosphorylation and ubiquitination affect the ability of 

FMRP to stall polyribosomes and cooperate with RISC begs the question if these PTMs are 

also critical for other functions of FMRP, such as its role in mRNP granules.

As discussed above, a critical step in the formation of mRNP granules is LLPS. 

Phosphorylated FMRP has the ability to phase separate with RNA into liquid droplets,83 

which implies that phosphorylated FMRP is more readily able to form translationally 

repressive granules, such as FXG or stress granules. Furthermore, the phosphorylation of 

FMRP promotes its ability to bind to Caprin1,59 another RBP known for its ability to 

regulate the translation of mRNA via mRNP granules. Given how FXGs, P-bodies and stress 

granules are able to regulate protein synthesis, it can be concluded that the effects of FMRP 

phosphorylation on LLPS are another mechanism for regulating protein synthesis. It has yet 

to be determined whether the dephosphorylation of FMRP by PP2A is able to reverse the 

ability of FMRP to bind to Caprin1 and phase separate. With the effects that ubiquitination 

has on RISC-mediated translational repression, it is also of interest to determine whether or 

not ubiquitination of FMRP also affects LLPS. The ubiquitination proteasome system (UPS) 

has been previously implicated in stress granule formation,84,85 so the ubiquitination of 

FMRP may be a step in the regulation of granule formation. A future focus for research may 

be in the investigation of how dephosphorylation and ubiquitination may regulate the ability 

of FMRP to phase separate and form mRNP granules that play key physiologic roles in the 

spatiotemporal regulation of protein synthesis.
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A recent study demonstrated that Cdh1-APC, an E3 ubiquitin ligase that ubiquitinates 

FMRP (as mentioned above), regulates the formation of stress granules in postmitotic 

neurons.86 In WT cortical neurons, Cdh1-APC activity antagonizes the formation of stress 

granules, which acts as a mechanism to regulate protein synthesis. In Fmr1 knockout 

neurons, modulation of Cdh1-APC activity had no effect on the formation of stress granules. 

Taken together, results from this most recent study suggest that ubiquitination of FMRP by 

Cdh1-APC antagonizes the formation of stress granules. Elucidation of how ubiquitination 

of FMRP by Cdh1-APC regulates stress granule formation and downstream protein 

synthesis brings the field a step closer to better understanding the mechanism by which 

FMRP itself is regulated and the downstream processes that are affected (Figure 2).

7 ∣ CONCLUSION

The diversity of RNA granules ensures dynamic and spatiotemporal control of RNA 

localization and translation. Here, we have highlighted these processes through the lens of 

FMRP, an mRNA-binding protein linked to diverse types of RNA granules including RNA 

transport granules, stress granules, P-bodies and FXGs. Emerging mechanisms of FMRP-

mediated control of RNA localization and translation via RNA granules have provided new 

insight into the biology of RNA granules in health and disease. FMRP is also a regulator of 

the dynamics of mRNA fate between RNA granules and polyribosomes. Studies have begun 

to elucidate the role of PTMs, including phosphorylation and ubiquitination. More recently, 

the role of phase separation to form biomolecular condensates has emerged for FMRP 

containing RNA granules, as has been described for diverse types of RNA granules. Here, 

we have presented a model for how hyperassembly and hypoassembly of RNA granules may 

contribute to neurological diseases. Further knowledge of the basic regulatory mechanisms 

of RNA granule dynamics should provide insight into potential therapeutic targets that may 

correct defects in RNA granule dynamics affecting translational control in neurological 

disease.
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FIGURE 1. 
Overview of FMRP function in stress granules, mRNP, local translation at the synapse and 

FXGs. Stress granules, membrane-less organelles with translationally repressed mRNAs, are 

in dynamic equilibrium with mRNAs being actively translated. mRNAs can also be 

sequestered into the mRNP transport granules, through which transcribes can be spatially 

regulated. For instance, transcripts can be transported to the synapse for localized 

translation. The formation of FXGs can regulate protein synthesis in the presynaptic 

terminal. FMRP has been shown to play a role in stress granule dynamics and mRNP 

granules. FMRP has also been well-studied function as a translational repressor at the 

synapse, regulating local protein synthesis and synaptic function. Additionally, FMRP 

homologues FXR1 and FXR2 have been shown to be present in FXGs
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FIGURE 2. 
Dynamic equilibrium between stress granules and protein synthesis is regulated by PTMs of 

RBPs. In physiologic conditions (middle), stress granule assembly and disassembly act as a 

mechanism to regulate protein synthesis. It has been shown in neurodegenerative diseases 

(right), such as ALS, that stress granules hyperassemble and lead to reduced protein 

synthesis.22 Neurodevelopmental disorders (left), such as FXS, are characterized by 

increased levels of protein synthesis17 and proposed hypoassembly of stress granules.20 

Additionally, a recent study86 demonstrates that Cdh1-APC is a complex that regulates the 

assembly of stress granules through PTM of FMRP, and therefore it may be of interest to 

investigate manipulation of Cdh1-APC activity as a potential therapeutic opportunity for 

neurodevelopmental and neurodegenerative diseases
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