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RNA-Binding Proteins: A Lesson in Repression
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Regulation of protein expression in neurons by controlling not only when, but where, mRNAs are translated is likely to play an important
role in neuronal function. In this review I focus on the mRNA-binding proteins that control mRNA translation in neurons and how they
may participate in local, synaptodendritic protein synthesis.
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That protein synthesis may occur outside the neuronal cell body
was first suggested in the early 1980s by the finding that polyri-
bosomes are localized to subsynaptic regions (Steward and Levy,
1982). Of the potential functional significance for local protein
synthesis, Steward and Levy (1982) wrote, “It is difficult to con-
ceive of a situation which is intuitively more appealing as a mech-
anism for protein synthesis-dependent maintenance or modifi-
cation of a synapse as a function of the activity over that
synapse. . . . ” Indeed their excitement was shared by many re-
searchers who, over the next decade, characterized the dendritic
presence of the molecular machinery required for protein synthe-
sis. More recently, a great deal of research has focused on the regu-
lation of dendritic mRNA translation in neurons. Many studies have
addressed two distinct questions: first, how are mRNAs transported
into dendrites; and second, how is translation of these mRNAs reg-
ulated? It is now clear that both processes involve mRNA-binding
proteins that are primarily bound to the 3�-untranslated region
(UTR) of responsive mRNAs. Although several mRNA-binding
proteins that regulate mRNA transport and translation in neurons
have been described, identification of the target mRNAs to which
they bind has lagged behind. This review focuses on RNA-binding
proteins and their role in regulating local protein synthesis in
neurons.

Transport and translation are linked
Logically, if protein synthesis were to occur in distinct cellular
compartments, mRNAs must be identified shortly after tran-
scription and held in a translationally dormant state during
transport to the appropriate compartment. The selection step
would be expected to occur at an early time after transcription, so
that these messages would be sequestered from the vast protein
synthetic machinery located within the cell body. Such a mecha-
nism was recently attributed to the mRNA-binding protein zip-
code binding protein 1 (ZBP1) (Huttelmaier et al., 2005). ZBP1
binds to a 54 nucleotide “zipcode” in the 3�-UTR of �-actin

mRNA. In neurons, ZBP1 and �-actin mRNA are partially colo-
calized in both dendrites and axons (Zhang et al., 2001; Tiruchi-
napalli et al., 2003). Initially described as a protein involved in
mRNA transport, it is now apparent that ZBP1 plays a role in
both transport and translational repression. In the NG108 –15
neuroblastoma cell line, ZBP1 binds to �-actin mRNA in the
nucleus, translocates into the cytoplasm and acts to repress trans-
lation, possibly by preventing the interaction of the 40S and 60S
ribosomal subunits (Huttelmaier et al., 2005).

ZBP is a member of the heterogeneous nuclear ribonucleo-
protein (hnRNP) family of proteins that also includes hnRNP A2
and Fragile X mental retardation protein (FMRP). Staufen1 and 2
represent the other conserved family of RNA-binding proteins
with demonstrable roles in mRNA transport in neurons. Like
ZBP1, hnRNP A2, FMRP, and Saufen2 have been shown to shut-
tle between nucleus and cytoplasm in neurons and to be trans-
ported into dendrites (Eberhart et al., 1996; Shan et al., 2003;
Kiebler et al., 2005). Although a role for ZBP1 in both mRNA
transport and translation has been established, thus far, only a
role in transport is ascribed to hnRNP A2 and Staufen2. Once in
the cytoplasm, these mRNA-binding proteins and their target
mRNAs are packaged into granules for transport out of the cell
body (Hirokawa, 2006).

Activity-dependent translation of localized mRNAs likely oc-
curs via a combination of mechanisms, including activation of
the general protein synthetic machinery in dendrites and release
from repression of specific mRNAs. The latter allows distinct
mRNAs to be translated in response to specific stimuli. mRNA
translation is a complicated process generally divided into three
steps: initiation, elongation, and termination. Translation is pri-
marily regulated during steps one and two by complexes of pro-
teins that interact with the mRNA. Although a detailed descrip-
tion of this process is beyond the scope of this review, there is
evidence that suggests local translation in neurons is regulated at
the initiation step. Therefore, a brief review of eukaryotic trans-
lation initiation is in order.

Regulation of translation initiation
In eukaryotic cells, synthesis of most proteins is driven by cap-
dependent mRNA translation (Sonenberg and Dever, 2003).
Here, translation initiation requires the interaction of the eukary-
otic initiation factor (eIF) 4F complex with the 5�-m 7G-cap.
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eIF4F recruits the 43S preinitiation complex (including the 40S
ribosomal subunit) to the 5� end of the mRNA, which then scans
the 5�-UTR for the AUG start codon. At the start codon, part of
the initiation complex is dissolved and the 60S ribosomal subunit
joins the 40S subunit to form a translationally competent 80S
ribosome (Raught et al., 2000). The formation of the initial eIF4F
complex is anchored by the cap-binding protein eIF4E and its
interaction with eIF4G. Inhibition of 4E binding to 4G, resulting
in a block of translation, is accomplished by eIF4E-binding pro-
teins (4E-BPs) (Sonenberg and Dever, 2003). Phosphorylation of
4E-BP inhibits its binding to eIF4E and, thus, would promote
initiation complex formation and translation. In addition, eIF4E
phosphorylation is also accompanied by an increase in transla-
tion rate (Scheper and Proud, 2002). In the hippocampus, both
4E-BP and eIF4E phosphorylation are enhanced by extracellular
signal-regulated kinase (ERK) activation (Kelleher et al., 2004;
Banko et al., 2005). Thus, synaptic activity that activates the ERK/
MAPK pathway would increase eIF4F complex formation and
thereby stimulate translation initiation (Kelleher et al., 2004;
Banko et al., 2005). The identity of the specific mRNAs that are
translated, however, may depend on other mRNA binding pro-
teins that regulate the availability of the mRNA to participate in
cap-dependent translation.

There are at least two mechanisms by which translation of
specific mRNAs can be regulated in neurons. The first is through
the stabilization of the message. The best described example of
this type of translational regulation in neurons is mediated by the
ELAV-like protein HuD (Perrone-Bizzozero and Bolognani,
2002). HuD binds to a 26-nucleotide AU-rich element in the
3�-UTR of the mRNA-encoding growth-associated protein
(GAP-43) and selectively stabilizes the mRNA (Kohn et al., 1996;
Chung et al., 1997). Initially found to play a role in neurite out-
growth (Anderson et al., 2001), recent studies have described a
role for HuD-induced stability of GAP-43 in spatial memory
formation in the hippocampus (Pascale et al., 2004). The second
mechanism of regulating translation of specific mRNAs involves
the derepression of mRNAs that are maintained in a translation-
ally dormant state by the association of mRNA-binding proteins.
Perhaps the best-characterized member of this type to be de-
scribed in neurons is the cytoplasmic polyadenylation element
binding protein (Wu et al., 1998).

Control by repression
CPEB1 was first identified in Xenopus oocytes where it plays a role
in oocyte maturation and early embryogenesis (Mendez and
Richter, 2001). In neurons, CPEB1 localizes to dendrites and is
present at the postsynaptic density (Wu et al., 1998). CPEB1
binds to a specific cis-element in the 3�-UTR of responsive
mRNAs and, through a specific 4E-BP called maskin, forms a
complex with the 5�-cap that prevents the formation of the initi-
ation complex, thus keeping the mRNA translationally dormant
(Fig. 1). CPEB1 harbors a conserved regulatory phosphorylation
site (T 171 and S 177 in mice) that can be phosphorylated by either
an Aurora A kinase or �-calcium/calmodulin-dependent protein
kinase II (�-CaMKII) in hippocampal neurons (Huang et al.,
2002; Atkins et al., 2004). CPEB1 phosphorylation leads to the
elongation of the poly(A)-tail by an atypical poly(A) polymerase,
Gld-2 (Barnard et al., 2004), a process thought to recruit eIF4G to the
5�-cap, dislodging maskin from eIF4E (Cao and Richter, 2002). Pres-
ently, two mRNA targets have been identified for CPEB1 in den-
drites of mammalian neurons, those encoding �-CaMKII and tissue
plasminogen activator (Wu et al., 1998; Shin et al., 2004), but more
targets are likely to exist (Du and Richter, 2005).

Three other CPEB family members have been identified in
mammals (CPEB2– 4) based on sequence homology in the RNA-
binding domain of these proteins (Theis et al., 2003). CPEB2– 4
are expressed in brain, but do not contain the conserved phos-
phorylation site located in CPEB1. Expression of CPEB3 is in-
duced in the hippocampus after kainate-induced seizures and
apCPEB, the CPEB3 homolog in Aplysia, may act as a synapse-
specific tag capable of localizing new protein synthesis to previ-
ously activated synapses (Si et al., 2003). However, a role for
CPEB2– 4 in mRNA-binding or in translational regulation has
yet to be described.

Using a combination of forward- and reverse-genetic screens
in Drosophila to identify genes involved in learning and memory,
Dubnau et al. (2003) identified several proteins involved in
mRNA translation. Both screens revealed a role for pumilio, a
previously identified protein that repressed the expression of
Hunchback mRNA in posterior structures during Drosophila em-
bryogenesis (Zamore et al., 1997). Pumilio binds to a specific motif
in the 3�-UTR termed the nanos response element and is thought to
anchor a complex that includes nanos and brat (Dean et al., 2002). In
addition to being implicated in learning and memory (Dubnau et al.,
2003), pumilio (and nanos) also play a role in shaping dendritic
morphology of specific neurons in the Drosophila (Ye et al.,
2004). Unfortunately, the mRNA targets that pumilio regulates
in the mammalian brain remain to be elucidated.

FMRP is also thought to regulate mRNA translation in den-
drites, at least in part, by repressing translation initiation. Al-
though the specific mechanism(s) of FMRP action are still largely
a mystery, when bound to specific mRNAs it can inhibit their
synthesis (Laggerbauer et al., 2001; Li et al., 2001). Fragile X men-
tal retardation is a result of the complete loss of FMRP, or muta-
tions that affect the RNA-binding domain (Bagni and
Greenough, 2005). Mice and humans lacking FMRP exhibit a
change in synaptic morphology and number (Irwin et al., 2001;
Nimchinsky et al., 2001) that may lead to behavioral abnormali-
ties (Restivo et al., 2005). FMRP has several different mRNA
binding domains including K homology domains, and clusters of
arginine and glycine residues (RGG box), which may explain why

Figure 1. mRNA translation repression and activation mediated by CPEB1. This schematic
represents the steps thought to occur during the regulation of mRNA translation of CPEB1-
bound mRNA. Initially, the mRNA is held in a translationally dormant state by CPEB1 binding to
the CPE sequence in the 3�UTR. Translational repression is accomplished by the interaction of
maskin with eIF4E. As with most 4E-BPs, maskin binds eIF4E at the same site that eIF4G binds,
thus preventing the formation of the initiation complex. Presumably, mRNA translated in the
dendrite are transported in this repressed state. After synaptic activation, CPEB1 phosphoryla-
tion (see text) results in the recruitment of cleavage and polyadenylation specificity factor
(CPSF) to the hexanucleotide (HEX) sequence and the polyadenylation of the message by Gld2.
This polyadenylation helps to override the maskin inhibition and eIF4G can now bind to eIF4E
and establish the initiation of translation.
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there have been at least four different mechanisms described for
how FMRP binds to target mRNA (Bagni and Greenough, 2005).
Interestingly, the best characterized mRNA target is fmr1, which
encodes the FMRP protein itself. FMRP and fmr1 mRNA colo-
calize to the same transport granules in hippocampal neurons in
culture, and their localization into dendrites is enhanced after
synaptic activity (Antar et al., 2004). It is widely accepted that
activation of the metabotropic glutamate receptor induces an
increase in the synthesis of FMRP; however, the consequences of
enhanced FMRP levels are, as yet, unclear, because FMRP inhib-
its translation of some proteins and enhances translation of oth-
ers [see Mini-Reviews in this series by Grossman et al. (2006) and
Pfeiffer et al. (2006)].

Many of the molecular players involved in local protein syn-
thesis are now being elucidated. What is ahead of us is an under-
standing of how these mRNA-binding proteins interact, coop-
erate and ultimately regulate individual mRNA species after
synaptic activation. Adding to the excitement and confusion is
how noncoding RNA and microRNAs (miRNA) work with
mRNA binding proteins to regulate translation. In all cases
reported to date, miRNAs turn off translation of bound
mRNA, possibly through the recruitment of mRNAs into pro-
cessing or P bodies (He and Hannon, 2004). There are an
estimated 125 different miRNAs expressed in the brain (Kosik
and Krichevsky, 2005), all likely to further the reign of repres-
sion over specific mRNA.
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