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Binding proteins for mRNA localization and local translation,
and their dysfunction in genetic neurological disease
Gary J Bassell and Sofija Kelic
Neurons utilize mRNA transport and local translation as a

means to influence development and plasticity. The molecular

mechanisms for this mRNA sorting involve the recognition of

cis-acting sequences by distinct mRNA binding proteins that

have a dual role, acting in both mRNA transport and

translational regulation. Other proteins play a part in the

assembly of messenger ribonucleoprotein complexes into

transport granules. mRNA binding proteins are crucial targets

of phosphorylation signals that regulate local translation.

Fragile X syndrome and spinal muscular atrophy have emerged

as two genetic neurological diseases that could result, in part,

from impaired assembly, localization, and translational

regulation of these messenger ribonucleoproteins.
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Introduction
There are now many examples of the selective localiza-

tion of mRNAs into dendrites and axons [1–4]. In past
199

edirect.com
years, the non-uniform localization patterns for different

mRNAs were often viewed as interesting descriptive

observations, yet the functional significance of their sort-

ing was unclear. However, in more recent years, studies

have begun to elucidate the molecular mechanism of

mRNA transport and its local translation, and the pertur-

bation of these mechanisms has meant that important

functions in neuronal development and synaptic plasti-

city are beginning to be appreciated.

More than twenty years ago Steward and co-workers [5]

demonstrated that polyribosomes were concentrated

beneath synapses and localized to dendritic spines, and

this observation lead to the hypothesis that local synthesis

can contribute to synaptic assembly and plasticity [1–3].

Major progress has since been made to identify the

specific mRNAs that are targeted to synapses, to identify

the required cis-acting sequences involved in mRNA

transport and translation, and to elucidate how neuronal

activity and glutamatergic activation can regulate these

events (reviewed by [2,3]). One locally synthesized pro-

tein is calcium/calmodulin kinase II (CaMKIIa), which is

enriched in the postsynaptic density and can mediate

regulation of long term potentiation (LTP) by phosphor-

ylation of glutamate receptor subunits [2,3]. In addition

to the discovery of local synthesis of CaMKIIa, there

has also been evidence found for the synthesis of gluta-

mate receptor subunits themselves [1]. One exciting

recent report has used biarsenical fluorescent dyes to

visualize the activity-dependent dendritic synthesis of

the a-amino-3-hydroxy-5-methyl-4-isoxazole propionic

acid (AMPA) receptor subunit, GluR2, which was tagged

with a reactive tetracysteine motif [6]. The protein syn-

thetic machinery in dendrites and synapses is thus com-

petent to translate a wide range of proteins, which include

cytoskeletal, regulatory, and membrane-bound receptors

[1–3].

There has also been exciting progress in elucidating

the mechanism and localization of mRNAs to axons

(reviewed by [1–4]). With regard to developing neurons,

an important connection has been made between axon

guidance and local translation in growth cones [1–4].

With regard to adult axons, there has been evidence to

demonstrate local translation of specific mRNAs in

response to nerve injury, which could provide an impor-

tant function in axonal regeneration [1–4]. Because the

localization of mRNAs to either growth cones or synapses

provides the neuron with a capacity to autonomously

regulate its own structure and function, there might

be some interesting parallels between the molecules
Current Opinion in Neurobiology 2004, 14:1–8
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and the mechanisms involved guidance and plasticity

(reviewed in [3]).

The object of this review is to focus on five proteins that

are involved in the molecular mechanisms governing

the assembly of localized messenger ribonucleoprotein

(mRNP) complexes, their cytoskeletal-based transport,

and translational regulation. These specific proteins

provide important links among mRNPs involved in

diverse aspects of neuronal function and neurological

disease.

Cytoplasmic polyadenylation element
binding protein
CaMKIIa mRNA has binding sites for the cytoplasmic

polyadenylation element binding protein (CPEB), an

RNA binding protein, which promotes the local poly-

adenylation and translation of CaMKIIa mRNA at

synapses [7–11]. The binding of CPEB to a cytoplasmic

polyadenylation element (CPE) in the 30UTR (untrans-

lated region) regulates translation by forming a complex

with proteins such as maskin, an eIF4E binding protein,

to repress translation initiation. CPE-dependent poly-

adenylation in the cytoplasm as a mechanism for regul-

ation of mRNA translation was first described in oocytes

[7], but is now known to exist in neurons [8]. In CPE-

containing mRNAs, translation depends on the length of

their poly (A) tails. When they are short, translation is

repressed. Upon stimulation, the poly(A) tail is elongated

and this is concomitant with translation. In the brain, the

CPE-dependent regulation of CaMKIIa mRNA transla-

tion occurs in response to visual experience [9]. The

CPE as a specific cis-acting element was also shown to

involve N-methyl-D-aspartate (NMDA) receptor-regu-

lated mRNA translation in cultured hippocampal neurons

[10]. Using synaptosomes as a biochemical model, activa-

tion of the Aurora kinase by an NMDA receptor

(NMDAR) led to the phosphorylation of CPEB and

enhanced cytoplasmic polyadenylation [11].

CPEB has recently been shown to also play a part in

the dendritic localization of CPE-containing mRNAs

[12�]. The CPE sequence was sufficient to direct a

heterologous reporter mRNA to dendrites and enhanced

green fluorescent protein (EGFP)–CPEB formed gran-

ules that exhibited rapid microtubule-dependent move-

ments. These granules contained the molecular motors

dynein and kinesin, and maskin, which simultaneously

binds both CPEB and eIF4E. In neurons cultured from

CPEB knockout mice, CPE-containing mRNAs showed

impaired localization to dendrites [12�]. These important

studies demonstrate that CPEB has a dual role, acting in

both mRNA transport and translational regulation.

Recent studies identified the presence of three additional

CPEB gene family members in mouse brain [13]. Only

the CPEB-1 isoform, however, was found to contain
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Aurora phosphorylation sites, whereas alternatively

spliced isoforms of CPEB-2, -3, and -4 contain phosphor-

ylation sites for other kinases, including CaMKII, which is

essential for hippocampal plasticity [13]. These findings

broaden the scope of potential interactions involved in

regulation of mRNA translation and protein-synthesis

dependent plasticity.

Two exciting recent studies from the Kandel laboratory

[14��,15�] have suggested an original idea that modulation

of protein synthesis at synapses does not need to occur

only by means of traditional signaling through kinases and

phosphatases. In Aplysia, a neuron-specific CPEB isoform

(ApCPEB) was identified that has a unique amino-term-

inal extension with unusually high glutamine and aspar-

agine content and a lack of predicted secondary structure,

which are both characteristics of yeast-prion domains

[14��]. They show that ApCPEB, when expressed in

yeast, exists in two prion-like states, and in the active

and self-perpetuating state it binds mRNA and activates

translation. In the second study [15�], local synthesis of

ApCPEB was induced by serotonin and demonstrated to

be required for transition to the late phase of long-term

facilitation (LTF). These data are consistent with a role

for ApCPEB in stabilization of rapamycin-sensitive pro-

tein synthesis required for the late phase of LTF. They

showed CPE-dependent polyadenylation of actin mRNA

that might allow for increased synthesis of actin needed

for new synaptic growth. The combination of the two

studies puts forth a provocative model that local synthesis

of ApCPEB and the activation of a prion state provide a

stable mechanism for memory storage. It will be very

exciting to see whether or not this prion-hypothesis for

ApCPEB can be demonstrated at synapses, as has been

shown in yeast. In addition, it will be essential to know

how the neuron can regulate such prion-like switches to

allow for synaptic weakening and importantly, to keep the

active state spatially restricted and prevent widespread

activation of synapses [16].

Fragile X mental retardation protein
Fragile X mental retardation is caused by the lack of

fragile X mental retardation protein (FMRP), an mRNA

binding protein that binds to hundreds of mRNAs as

identified by microarray methods [17,18�]. One estab-

lished mode of interaction involves the binding of the

RGG box, an mRNA binding domain of FMRP, to

mRNA sequences containing a G-quartet [19]. FMRP

is in a biochemical complex with actively translating

polyribosomes and is localized to dendritic spines [20].

FMRP is thus hypothesized to regulate the translation of

synaptically localized mRNA [21]. Abnormal synaptic

protein synthesis in the absence of FMRP could underlie

different symptoms of the fragile X syndrome, including

the development of long, elongated, and immature

spines and the presence of impaired synaptic maturation

[22,23].
www.sciencedirect.com
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Recent studies have provided insight into the molecular

mechanism of FMRP-mediated regulation of mRNA

translation. In vitro studies have shown that FMRP is a

translational repressor [24]. One proposed mode for

FMRP-mediated repression involves the interaction

between FMRP and BC1 RNA [25�], which is a small,

non-coding RNA that regulates translation initiation [26].

Increased levels of several proteins (CaMKIIa, microtu-

bule associated protein 1B [MAP1B] and activity-

regulated cytoskeleton associated protein [Arc]), as well

as increased association of their mRNA into polyriboso-

mal fractions were found in Fmr1 knockout animals

compared to wild type controls. BC1 RNA might provide

a bridge between FMRP and some target mRNAs [25�].
These authors suggest that FMRP–BC1–mRNA interac-

tions can serve to repress translation at the level of

initiation, because they did not observe FMRP associa-

tion with actively translating polyribosomes, as has been

described in other systems [20,27].

The hottest recent topic in the regulation of mRNA

translation involves micro RNAs (miRNAs) [28]. miRNAs

are short,19–23 nucleotide, noncoding RNAs that control

translation by imperfect base-pairing to complementary

sequences in their target mRNA 30-UTRs. Dicer RNase

and the Argonaute protein family (AGO1 in Drosophila)

are required in miRNA processing. Upon maturation,

miRNAs are incorporated into the RNA-induced silencing

complex (RISC). Activated RISC uses miRNA as a guide

to identify complementary mRNAs, which leads to the

effective suppression of translation. The Drosophila homo-

log of FMRP was found to associate with Dicer, miRNA,

and to colocalize with translating ribosomes [29]. Warren

and co-workers have recently demonstrated mammalian

FMRP interactions with miRNAs and their complexes in
vivo [30��]. Endogenous miRNAs were shown to associate

with the FMRP–mRNA complexes, to exhibit Dicer

activity, and to associate with elongation initiation factor

2C2 (eIF2C2), the mammalian Argonaute protein. Using

two different Drosophila models, AGO1 was demonstrated

as being crucial for FMRP function. The authors suggest

that FMRP interacts with Dicer and AGO1 and partici-

pates in miRNA processing (Figure 1). FMRP binds to its

target mRNA, and the following recognition of the mRNA

complementary sequence through miRNAs (high-specifi-

city interrogation) leads to translation suppression. G-

quartet recognition might be required for the initial re-

cognition of target mRNAs by FMRP (low specificity

scanning). The absence of FMRP can disrupt this process

and lead to misregulation of protein synthesis.

Post-translational modifications, like phosphorylation,

might regulate the translation of FMRP-associated

mRNAs [31��]. Site-directed mutagenesis confirmed that

serine 499 is the primary phosphorylation site of FMRP.

Affymetrix oligonucleotide microarray analysis of � ser-

ine substituted FMRP- transfected cell lines has demon-
www.sciencedirect.com
strated that the phosphorylation of FMRP does not affect

its binding to different mRNAs. However, phosphoryla-

tion seems to affect localization of FMRP on translating

polyribosomes. The polysome profiles indicated that

phosphorylated FMRP was associated with stalled poly-

ribosomes, whereas unphosphorylated FMRP was asso-

ciated with actively translating polyribosomes. If these

mechanisms also exist in the brain, dephosphorylation of

FMRP caused by synaptic activation could lead to the

translation of FMRP-bound mRNAs (Figure 1).

Zipcode binding proteins
The localization of b-actin mRNA to the leading edge of

fibroblasts [32] or neurite growth cones [33] provides a

sequence-specific mechanism to promote the enrichment

of the b-actin isoform at sites of dynamic actin polymer-

ization and influences cell motility. A 54 nt sequence

within the 30UTR of b-actin mRNA, termed the zipcode,

is both necessary and sufficient for b-actin mRNA loca-

lization [34]. The mRNA binding protein, zipcode bind-

ing protein (ZBP1), binds directly to the b-actin zipcode

[35] and this interaction is required for mRNA localiza-

tion [36]. ZBP1 has nuclear localization and export

sequences, and its shuttling between the nucleus and

cytoplasm allows for the export of a mRNP localization

complex [37]. Live cell imaging of EGFP–ZBP1 [33,37]

or the b-actin mRNA zipcode, as detected using EGFP–

MS2, a bacteriophage coat RNA binding protein [38],

revealed dynamic movements at rates exceeding one

micron per second. In fibroblasts, the b-actin mRNP

complex with ZBP1 is localized predominantly along

actin filaments [37]. In neurons, ZBP1 and b-actin

mRNAs are co-localized in granules that are transported

predominantly along microtubules, which allows for

longer distance trajectories [33,39]. One hypothesis is

that ZBP1 could serve as an adaptor between the zipcode

and either the actin or the microtubule based motors.

Disruption of the interaction between the ZBP1 and the

zipcode inhibited both the neurotrophin-induced locali-

zation of b-actin mRNA and the accompanying enrich-

ment of b-actin protein in growth cones [33]. These

growth cones showed impaired persistent forward move-

ments and retractive behavior. Recent work has shown

that insulin-like growth factor mRNA binding protein

(IMP-1), the ortholog of ZBP1, and HuD (ELAV/Hu

family member), another mRNA binding protein, can

form a complex with tau mRNA, which is also localized

in granules to growth cones of developing axons [40].

This suggests that mRNAs transported to growth cones

synthesize different proteins needed to influence neurite

outgrowth and growth cone motility.

ZBP1 and b-actin mRNA granules are also localized

to dendrites, dendritic filopodia, and spines of cultured

hippocampal neurons. Knock-down of ZBP1 levels using

morpholino antisense reduced dendritic levels of ZBP1
Current Opinion in Neurobiology 2004, 14:1–8
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Figure 1
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Proposed model for FMRP–miRNA regulation of synaptic mRNA translation [30��]. (a) FMRP forms an mRNP complex in the nucleus, which is

transported to dendrites and docked at synapses. (b) The enlargement of one synapse depicts FMRP bound to a G-quartet within the 30UTR

of a typical target mRNA. FMRP also interacts with miRNAs that base pair with other sequences within the target mRNA. As the phosphorylation

of FMRP can impede translation [31��] this model proposes that synaptic stimulation could lead to the dephosphorylation of FMRP and its

subsequent dissociation from the miRNP complex, resulting in enhanced translation of mRNA into protein, for example, MAP1b. The function

of the FMRP interaction with the G-quartet could be to facilitate low affinity scanning and recognition of the mRNA target, whereas the

FMRP–miRNA association might regulate translation at the level of elongation. (Figure provided by S Warren.)
and b-actin mRNA and impaired growth of dendritic

filopodia in response to brain-derived neurotrophic factor

(BDNF) treatment [41]. Conversely, overexpression of

EGFP–b-actin, which contained the zipcode, increased

the density of dendritic filopodia and filopodial-synapses

when compared to EGFP–b-actin without the zipcode

[41]. The rapid localization of ZBP1 and b-actin mRNA

granules into dendrites was stimulated by potassium

chloride (KCl) depolarization and required NMDA recep-

tors [39]. Dynamic movements of EGFP–ZBP1 granules

into spines [39] suggest a possible role for ZBP1-mediated

mRNA localization in the actin-based morphological

plasticity of spines.

A second zipcode binding protein (ZBP2) was identified,

which is the ortholog of KH-type splicing regulatory

protein (KSRP), a splicing factor [42]. ZBP2 is predomi-

nantly a nuclear protein that is present only at low levels in

neurites, yet it is also enriched in growth cones (Figure 2).

The concerted binding of ZBP1 and ZBP2 to the zipcode

might be necessary for localization. Alternatively, ZBPs

compete for zipcode binding and participate in distinct

steps in an mRNA localization pathway (Figure 2).

MARTA1, a close homolog of KSRP, binds the dendritic

targeting element of MAP2 mRNA [43]. These findings

further support the idea that there are conserved mole-

cular interactions involved in mRNA localization.
Current Opinion in Neurobiology 2004, 14:1–8
Survival of motor neuron protein
Spinal muscular atrophy (SMA), the most common inher-

ited cause of infant death, is a neurodegenerative disease

affecting motor neurons [44]. SMA is caused by mutation

of the survival of motor neuron protein gene (SMN1) that

results in the expression of a truncated and unstable iso-

form lacking the carboxy-terminal exon-7 [45]. SMN is an

assembly factor that promotes high fidelity and non-pro-

miscuous interactions between RNA binding proteins

and their target sequences [46]. For example, SMN can

facilitate assembly of small nuclear ribonucleoproteins

(snRNPs) by loading specific spliceosome proteins onto

their appropriate snRNAs [46]. As SMN is ubiquitously

expressed, a major question has been to understand SMN

function in neurons and understand why motor neurons are

sensitive to low levels of SMN. SMN has been detected in

axons of spinal cord motor neurons in vivo [47]. Live cell

imaging of EGFP–SMN granules demonstrated rapid,

bi-directional, and cytoskeletal-dependent movements

within neurites and growth cones [48�]. Exon-7 was neces-

sary for localization of SMN from the nucleus to the

cytoplasm. Neurons with overexpressed SMND7 (SMN

lacking exon 7) had shorter neurites, a condition that could

be rescued by redirecting SMND7 into neurites using a

growth associated protein (GAP-43) axon localization

sequence [48�]. Motor neurons cultured from an SMA

mouse model have shorter axons and smaller growth cones
www.sciencedirect.com
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Figure 2
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The path to b-actin mRNA localization: role of zipcode binding proteins from the nucleus to the growth cone [33,37,42]. Immediately following

transcription, the nascent b-actin mRNA forms a messenger ribonucleoprotein complex. ZBP1 is a nucleocytoplasmic shuttling protein that

can enter the nucleus and can be exported in an mRNP complex with b-actin mRNA. ZBP2 is the ortholog of the splicing factor KSRP. Both ZBP1

and ZBP2 bind the 54 nucleotide zipcode sequence in the 30UTR of b-actin mRNA. ZBP1 and/or ZBP2 may interact directly with microtubule

motors involved in anterograde and retrograde transport. ZBPs might also be involved in myosin-dependent anchoring of the b-actin mRNA in

growth cones. The growth cone is depicted as the site of localized b-actin synthesis. Neurotrophin signaling through Trk receptors might regulate

various steps of the pathway: from retrograde signaling, to mRNA synthesis, export, complex assembly, transport, anchoring, and translation

(Figure provided by L Antar).
[49�]. These growth cones also have reduced levels of b-

actin mRNA and protein. The mRNA binding protein,

heteronuclear ribonucleoprotein (hnRNP-R), was shown

to associate with b-actin mRNA and enhance its localiza-

tion. As SMN can bind directly to hnRNP-R [50], these

data suggest a model whereby an SMN–hnRNP-R com-

plex contributes tob-actin mRNA localization. It will be of

interest to know whether or not hnRNP-R can bind

directly to the b-actin mRNA zipcode, and whether or

not SMN is also a part of a complex with ZBPs.

As mRNA localization and translation in growth cones has

been linked to growth cone motility and axon guidance

[33,51], it would be interesting if SMN was involved in

axonal pathfinding. An exciting study showed knock-

down of SMN in zebrafish resulted in axon-specific

pathfinding defects that were partially rescued by full

length human SMN, but not by SMND7 [52�]. These
www.sciencedirect.com
studies suggest an inefficiency of SMN associated RNPs

in motor neuron axons in SMA. As motor neurons have

unusually long axons, their localized mRNPs could be

more vulnerable to low levels of SMN.

Conclusions
The past year has seen exciting progress in efforts to

identify the role of specific mRNA binding proteins and

associated factors in the molecular mechanisms governing

the regulation of mRNA localization and local protein

synthesis in neurons. An emerging theme is that a single

mRNA binding protein, for example, CPEB, might play a

dual role, acting in both mRNA transport and translational

regulation. Such a dual role might also be true of other

binding proteins, such as FMRP, shown to regulate

translation, or for ZBP1, which functions in localization

[30,33]. Important progress has also been made in under-

standing the mRNA and protein composition of RNA
Current Opinion in Neurobiology 2004, 14:1–8
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granules, the proteins involved in their assembly, and how

transport and translation events might be coupled [53].

Further work is needed to find out precisely how many

different types of granules exist and to define what makes

them unique. Do different mRNA binding proteins or

combinations thereof specify distinct addresses in the

neuron? Are there specific synaptic signaling pathways

that only affect some mRNPs but not others? For exam-

ple, ZBP1 granule trafficking and CPEB-mediated trans-

lation are regulated by NMDA receptors [11,39]; yet

FMRP granule trafficking [54] and FMRP-mediated

long-term plasticity [55] depend on signaling through

metabotropic glutamate receptors. This suggests that

different types of protein synthesis-dependent plasticity

might involve regulation of different mRNPs. In the case

of mRNA localization to developing axons and growth

cones, it seems clear that there is at least some conserva-

tion with the mechanisms that govern dendritic mRNA

transport and translation at synapses. We speculate that

all of the binding proteins discussed above will have a role

at the growth cone and the synapse, yet to varying degrees

and requirements. Their crucial function could rely less

on polarized sorting in the neuron, and more on the

importance of their translation products for that specia-

lized compartment. Continued progress in the identifica-

tion of localized mRNPs and their crucial functions in

synaptic plasticity and axonal pathfinding will, unsurpris-

ingly, reveal a range of inherited errors in RNA regulation

that underlie distinct types of neurological disease.

Update
Two studies were recently published that provide further

insight into the regulation of CPEB and its role in synaptic

plasticity. CaMKIIa was shown to phosphorylate the reg-

ulatory site of CPEB-1 and regulate CPE-mediated trans-

lation in hippocampal neurons in response to neuronal

depolarization [56]. Because a previous study had impli-

cated a requirement for Aurora kinase in CPE-dependent

translation of CaMKIIamRNA in response to activation of

NMDA receptors [11], these studies suggest that different

kinase pathways can converge on CPEB-1. CPEB-1 knock-

out mice were also recently shown to have a deficit in theta

burst LTP that was evoked by one train of stimulation [57].
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