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Smaug, Nanos, and Pumilio define a novel pathway for 
local translational control that affects dendritic branch-
ing and spines in both flies and mammals. Recent findings 
support a role for processing bodies and related synaptic 
mRNA-silencing foci (SyAS-foci) in the modulation of 
synaptic plasticity and memory formation. The SyAS-
foci respond to different stimuli with changes in their 
integrity thus enabling regulated mRNA release followed 
by translation. CPeB, Pumilio, TDP-43, and FUS/TLS 
form multimers through low-complexity regions related 
to prion domains or polyQ expansions. The oligomeriza-
tion of these repressor RBPs is mechanistically linked to 
the aggregation of abnormal proteins commonly associ-
ated with neurodegeneration. Here, we summarize the 
current knowledge on how specificity in mRNA transla-
tion is achieved through the concerted action of multiple 
pathways that involve regulatory ncRNAs and RBPs, the 
modification of translation factors, and mRNA-silencing 
foci dynamics.

Keywords mTOR · NMDAR · ARC/Arg3.1 · Abnormal 
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Introduction

Neurons typically have thousands of synapses, whose 
composition and strength are dynamically controlled by 
their history of impulse transmission. Synaptic stimulation 
activates multiple signaling pathways that ultimately lead 
to post-translational modifications of key proteins and to 
the regulated production of vastly diverse molecules. All 
these processes modulate the strength of synaptic trans-
mission and allow for memory formation. Long-lasting 
memories require durable changes in synaptic strength, 

Abstract The production of proteins from mRNAs 
localized at the synapse ultimately controls the strength 
of synaptic transmission, thereby affecting behavior and 
cognitive functions. The regulated transcription, process-
ing, and transport of mRNAs provide dynamic control of 
the dendritic transcriptome, which includes thousands of 
messengers encoding multiple cellular functions. Trans-
lation is locally modulated by synaptic activity through 
a complex network of RNA-binding proteins (RBPs) and 
various types of non-coding RNAs (ncRNAs) including 
BC-RNAs, microRNAs, piwi-interacting RNAs, and small 
interference RNAs. The RBPs FMRP and CPeB play a 
well-established role in synaptic translation, and additional 
regulatory factors are emerging. The mRNA repressors 
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either reinforcement or debilitation, which are known as 
long-term potentiation and long-term depression, respec-
tively. Both forms of synaptic plasticity largely depend on 
the coordinated translation of messengers localized at the 
post-synapse that encode multiple receptor subunits, scaf-
fold proteins, adhesion molecules, signaling molecules, and 
others [1–11]. Previous reports demonstrate through multi-
ple experimental approaches that neuron activity modulates 
protein synthesis in dendrites and synapses. Balanced trans-
lation is key to synaptic homeostasis, and the dysregulation 
of local protein synthesis may provoke malfunctions or 
pathogenic conditions [2, 10, 12–21]. Both transcript-spe-
cific and global effects were identified through the incorpo-
ration of precursor amino-acids or puromycin-derivatives 
and the use of fluorescent proteins, among other strategies. 
A clear outcome of the stimulation of brain-derived neu-
rotrophic factor (BDNF) or metabotropic receptors is an 
increase in overall protein synthesis, which is accompanied 
by an enhancement in the translation of a number of mes-
sengers and the repression of others [13, 22–25]. In con-
trast, N-methyl-d-aspartate (NMDA) receptor stimulation 
decreases the local rate of protein synthesis and, at the same 
time, activates the translation of a number of messengers 
[2, 6, 10, 15, 26–29]. Response diversity involves multiple 
molecular mechanisms in which non-coding RNAs and a 
growing number of RNA binding proteins (RBPs) play a 
pivotal role [8, 14, 22, 29–34]. An expanding concept is 
that mRNA repression implies the formation of specific 
cytoplasmic bodies collectively known as mRNA-silencing 
foci, which are non-membranous, microscopically visible 
assemblies of repressed mRNAs and associated proteins 
[35, 36]. Neuron-specific mRNA-silencing foci related 
transport as well as the ubiquitous processing bodies (PBs) 
are present in dendrites and synapses, and their significance 
for local translation is just beginning to be understood [35, 
37–41]. Among other novel regulatory molecules, Pumilio 
and Smaug reversibly aggregate and form dendritic foci 
that contribute to the modulation of translation upon synap-
tic stimulation [14, 42–44].

Translational regulation at the synapse is an important 
aspect of gene expression control and it is followed by pro-
tein modification and degradation, which occur locally and 
under the control of neuronal activity [9, 11, 45, 46]. Cal-
cium/calmodulin-dependent protein kinase II alpha (CaM-
KII alpha) is a key protein required for synaptic plasticity 
under the control of multiple regulatory pathways. Smaug 
1 foci, cytoplasmic mRNA polyadenylation and miRNA-
mediated silencing as well as post-translational mecha-
nisms locally regulate CaMKII upon synaptic stimulation  
[14, 47, 48]; reviewed in [49]. The activity-regulated 
cytoskeleton-associated protein (ARC/Arg3.1) is another 
example of multi-step regulation. ARC/Arg3.1 transcription 
is activated by synaptic stimulation. ARC/Arg3.1 mRNA 

is transported along dendrites in association with granules 
that contain specific RBPs that trigger ARC/Arg3.1 mRNA 
decay upon ectopic translation outside stimulated synapses 
[1, 3, 19, 50, 51]; reviewed in [20].

In this work, we provide an overview of the current 
knowledge on the mechanisms involved in translational 
regulation in dendrites and synapses, with a focus on spe-
cific RBPs and on the dynamics of relevant mRNA-silenc-
ing foci. Most of the studies examined here were performed 
in mammals; the hippocampus is a frequent experimental 
model due to its known involvement in memory consolida-
tion. Substantial information has also been gathered from 
invertebrate organisms and is reported here as well.

The synaptic transcriptome: a nuclear screenplay 
by local storytellers

The presence of ribosomes at dendrites and post-synaptic 
surroundings has been known for a long time [52], and 
our knowledge of the identity of the localized transcripts 
has been progressively growing. Initially limited to a few 
messengers serendipitously discovered to have a polarized 
distribution, the list of localized mRNAs has expanded to 
thousands using microarray analysis [7]. In a comprehen-
sive deep-sequencing analysis, e. Schuman’s lab identi-
fied more than 2,000 transcripts localized in hippocampal 
dendrites. Notably, 86 % of these transcripts overlap with 
previously identified localized mRNAs, strongly suggest-
ing that the list is now quite complete [53]. Among other 
cellular functions, localized mRNAs encode glutamate and  
gamma-aminobutyric acid (GABA) receptors, voltage-gated 
ion channels, post-synaptic density (PSD) components 
and scaffolds; cytoskeleton components and regulators;  
kinases, phosphatases, and signaling molecules of the cal-
cium and phosphatidylinositol pathways; RBPs that regu-
late translation, transport, and localization; and molecules 
involved in protein synthesis, processing, and ubiquitina-
tion. Although axons are mostly devoid of mRNAs and pol-
ysomes, the translation of specific transcripts is known to 
occur at specific domains with important consequences for 
axonal growth, survival, and regeneration; these findings 
are comprehensively reviewed in [54, 55].

The transcriptome at the synapse comprises nearly 50 % 
of the mRNA species present in a mature hippocampal neu-
ron, implying that a large number of mRNA molecules are 
actively transported along relatively long distances—up to 
hundreds of micrometers—from the cell nucleus [53]. RNA 
transport has been intensely investigated. Recent articles 
systematically review how cis-acting elements and specific 
RBPs dictate the packaging of messengers in large RNA 
transport granules. These granules move by the action of 
molecular motors along microtubules and microfilaments 
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[56–61]. Neuron activity influences RNA motility, thus 
ensuring the efficient delivery of selected transcripts to 
stimulated synapses and the response at the synapse may 
involve granule remodeling and mRNA release [37, 38, 52, 
56, 61–64]. A number of key RBP components of RNA 
transport granules are nuclear; the recent discovery of a 
novel pathway for nuclear mRNA export has renewed the 
field. Speese and colleagues discovered that several tran-
scripts encoding post-synaptic components of the fly neu-
romuscular junction leave the nucleus packaged in gran-
ules [65]. These granules are relatively large and cannot 
pass through the nuclear pore; rather, they exit the nucleus 
through the budding of the nuclear envelope in a mecha-
nism that parallels the export of viral particles (Fig. 1). 
In a first step, the inner nuclear membrane ensheaths the 
RNA granule in a vesicle and delivers it to the perinuclear 
space. A subsequent fusion with the outer nuclear mem-
brane releases the RNA granule into the cytoplasm [65]. 
The composition of these granules is only partially known. 
The presence of a C-terminal fragment of the wingless-type 
MMTv integration site family member 1 (wnt1) receptor 
that carries a PDZ-binding motif may help granule target-
ing to the post-synapse, where PDZ-containing proteins 
concentrate [65]. An intriguing speculation is that neuron 
activity enhances the exit of nuclear RNA granules. This 
might be particularly relevant for ARC/Arg3.1 mRNA, 

whose transcription increases dramatically upon synaptic 
stimulation; mRNA floods the cytoplasm and dendrites in 
relatively short time, potentially involving a massive export 
pathway such as nuclear envelope budding [3, 20].

Different mRNAs show different localization patterns 
along proximal and distal dendrite segments, and specific 
motifs directing their transport have been identified. These 
RNA signals are preferentially located in the 3′UTR, can 
be repetitive and redundant, are highly diverse, and include 
both sequence motifs and structural elements. These prop-
erties provide specificity for RBP recognition and diver-
sity of localization patterns [66, 67]; reviewed in [59, 61, 
68, 69]. The use of alternative UTRs may affect mRNA 
subcellular localization; the transcript encoding BDNF, 
an important neurotrophin linked to several disorders that 
regulates synapse maturation, is a clear example [70–72]. 
BDNF is synthesized from several alternatively processed 
transcripts, and BDNF messengers with long 3′UTRs are 
transported and translated in the dendrites. The localized 
production of BDNF is important for dendrite branch-
ing and spine growth, and the high levels of neurotrophin 
synthesized from the BDNF mRNA variants located at the 
soma cannot meet this requirement [70, 71]. RNA transport 
is also influenced by RNA editing. The mRNA encoding 
the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate 
receptor (AMPAR) is alternatively spliced and edited, thus 

Fig. 1  The dendritic transcriptome and its regulation. The transport of 
mRNAs to dendrites depends on cis-acting elements and may involve 
alternative UTRs that contribute to localization and translational 
regulation. Synaptic activity affects both nuclear and cytoplasmic 
mRNA processing, which involves specific factors that are depicted 
in association with the mRNAs in several colors. Two independent 
mechanisms for the nuclear export of mRNAs directed to the synapse 
are known: the exit of mRNPs through the nuclear pore and the exit 
of nuclear RNA granules (red spheres) through budding and fusion 
of the nuclear membrane. Once in the cytoplasm, the RNA granules 

(green and red spheres) are transported to the post-synaptic regions 
by the action of microtubule-dependent molecular motors. Transla-
tional regulation at the post-synapse involves multiple mechanisms 
and molecules: the control of RNA granule integrity; the activation 
and inactivation of translation factors by mTOR and other pathways; 
the calpain-mediated decay of the PABP inhibitor PAIP2; non-coding 
RNAs that are locally modulated at several levels, including biogen-
esis and stability; and a great variety of RBPs whose aggregation and 
activity are regulated by synaptic stimulation
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generating a number of mRNA molecules that localize dif-
ferentially; for instance, unedited AMPAR transcripts are 
more efficiently targeted to dendrites [73]. Furthermore, 
the splice variants termed FLIP are present in dendrites 
and dendritic spines, whereas the FLOP AMPAR mRNA is 
largely restricted to the soma.

Finally, cytoplasmic splicing is an emerging regulatory 
mechanism, and recent work suggests that it may contrib-
ute to shaping the local transcriptome (Fig. 1). Intronic 
sequences are retained in a number of messengers referred 
to as cytoplasmic intron sequence-retaining transcripts 
(CIRTs). The mRNAs encoding CaMKII beta, fragile X 
mental retardation protein (FMRP) and other relevant syn-
aptic molecules are CIRTs. Remarkably, intronic sequences 
retained in CIRTs have repetitive elements that direct the 
mRNA to dendrites [74]. It is speculated that CIRTs are 
spliced locally, and this seems to be the case for the cal-
cium-activated big potassium channel (BKCa) [46]. Cyto-
plasmic splicing of BKCa mRNA at dendrites allows for 
the space-restricted production of BKCa protein, thus mod-
ulating channel currents in response to local stimulation 
[46]. The molecular mechanism for cytoplasmic splicing 
at dendrites is poorly understood but likely involves spli-
ceosome components and/or IRe1-dependent cleavage [75, 
76]. Taken together, these findings show that regulated tran-
scription, transport, and local mRNA processing dynami-
cally affect the transcriptome at dendrites and synapses.

Regulation of translation by synaptic activity: multiple 
subplots make the story

Cis-acting signals present in localized mRNAs direct their 
transport and trigger multiple mechanisms for translational 
control that involve non-coding RNAs and a growing num-
ber of RBPs. In addition, the stimulation of neurotransmit-
ter or neurotrophin receptors modulates the translational 
apparatus associated with the post-synapse through sev-
eral parallel mechanisms that differentially affect different 
transcripts; the mammalian/mechanistic target of rapamy-
cin (mTOR) pathway has a pivotal role. In this section, we 
summarize recent advances in these pathways and discuss 
how translation specificity is achieved through the coordi-
nated regulation of multiple molecular networks.

Non-coding RNAs: great performances by tiny actors

The rodent BC1 RNA and its primate counterpart BC200 
were among the first non-coding RNAs identified to have 
a clear role in translation regulation at synapses (reviewed 
in [77]). These regulatory RNAs evolved from independent 
retrotransposition events. The BC1 RNA is a 152-nt tran-
script that derives from tRNA (Ala), and BC200 is a 200-nt 

RNA that derives from the signal recognition particle RNA 
(reviewed in [77]). Both BC RNAs repress translation by 
interacting with eIF4A and eIF4B through a conserved 
motif at the 3′ end, thus affecting the helicase activity of 
eIF4A and the recruitment of the small ribosomal subu-
nit. Although the identity of the target transcripts remains 
mostly unknown, work with the BC1 KO mouse confirms a 
role in translation at the post-synapse.

In addition to the BC RNAs, neurons contain a growing 
number of regulatory small non-coding RNAs; the dys-
regulation of non-coding RNA-mediated silencing is an 
emerging cause of several neurodevelopmental pathologies, 
including Fragile X and Rett syndromes, as well as other 
complex disorders such as depression, drug addiction, and 
experimental models of schizophrenia (reviewed in [32, 
33, 78–80]). A number of miRNA families are specific to 
neurons, and comprehensive reviews have been presented 
on their relevance in neuron development and function in 
Aplysia, Drosophila, and mammals [32, 33, 78–80]. Syn-
aptic activity largely depends on multiple miRNAs. Several 
messengers are locally controlled at dendrites and synapses 
by miRNAs, including transcripts that encode proteins 
linked to actin dynamics, translation regulation, and numer-
ous other cellular networks. In turn, miRNA-mediated 
silencing is modulated by synaptic activity and neurotro-
phins [8, 22, 30, 81–83].

The molecular mechanisms underlying miRNA-medi-
ated silencing have been a matter of intense debate. An 
integrative model proposes that the miRNA-induced silenc-
ing complex (miRISC) affects translation at several levels, 
and it may involve deadenylation eventually followed by 
decapping and decay [84, 85]. Messenger RNA degrada-
tion is an appealing mechanism for long-lasting synaptic 
changes as this provides a durable modification of the local 
transcriptome. Supporting a role for the miRNA pathway 
in the regulated decay of dendritic transcripts, recent obser-
vations indicate that miRISC activity is required for the 
degradation of the potassium/chloride cotransporter KCC2 
and the K channel Kv1.1 mRNAs upon BDNF stimulation 
[22]. In contrast, translational repression by miRNAs with-
out changes in mRNA levels may enable a quick recov-
ery of expression as is the case of CaMKII alpha mRNA 
and other transcripts [22, 47, 86]. The miRNA pathway is 
linked to PB formation, and the miRISC proteins Argo-
naute 2 (Ago2) and glycine(G)-tryptophan(w) 182 kDa/tri-
nucleotide repeat-containing six proteins (Gw182/TNR6C) 
colocalize in foci proximal to dendritic spines in associa-
tion with specific mRNAs [36, 37, 85, 87]. Recent work 
in non-neuronal cells has identified a Gw182/TNRC6 
splicing variant termed Gw220/TNGw1 that stabilizes 
miRNA targets and directs the formation of a specific 
type of PB linked to mRNA storage. These PBs contain 
miRISC but lacks Hedls, a coactivator of decapping [88] 
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and intriguingly, PBs that exclude decapping molecules are 
present in dendrites. The relevance of Gw220/TNGw1 in 
transient repression by miRNAs at the post-synapse is an 
open question.

work in several cell systems indicates that miRNA-
mediated silencing is modulated by a number of RBPs. In 
neurons, FMRP interacts with Ago2 and contributes to the 
regulation of the post-synaptic component PSD95 by miR-
125a [83]. In addition to FMRP and other modulatory pro-
teins, the miRNA pathway frequently involves a network 
of competitive endogenous RNAs (Fig. 2). These RNAs 
are coding or non-coding transcripts containing miRNA-
recognition motifs that compete with the miRNA targets. 
A recently discovered circular RNA acts as a sponge for 
miR-7 and affects neuron development [89]. work by two 

independent groups links the topoisomerase Top3β to syn-
aptic defects in both vertebrates and invertebrates. Top3β is 
found in a multiprotein complex that includes FMRP and 
RNA and affects FMRP targets. An interesting possibility 
is that topoisomerase activity affects circular sponge RNAs 
(reviewed in [90]). Neuronal activity affects the miRNA 
pathway through additional mechanisms. MicroRNA pre-
cursors (pre-miRNA) and the processing enzyme DICeR 
are present in dendrites and isolated synapses, where they 
provide local regulation of miRNA biogenesis. In addition, 
the degradation of a number of pre-miRNAs and RISC pro-
teins facilitates the rapid reactivation of selected targets 
upon specific stimulation [22, 30, 81, 86] (Fig. 2).

It has been suggested that miRNA-mediated silencing 
occurs in endosomes and multivesicular bodies (MvBs), 

Fig. 2  Mechanisms for translational regulation at the synapse. Sev-
eral RBPs and non-coding RNAs coordinate the translation of local-
ized mRNAs. The miRNA pathway (upper left) regulates numer-
ous transcripts and is locally controlled at several levels by synaptic 
activity. MicroRNA biogenesis is stimulated through the activation of 
DICeR by HIv-TAR binding protein (TRBP), and pre-miRNA decay 
is stimulated by the Lin28/Dis3l2 pathway. MicroRNA-mediated 
silencing is modulated by FMRP and Pumilio (double arrows) and by 
PrPc in association with multivesicular bodies (MvB). The miRNA 
pathway is antagonized by competitive endogenous RNAs that act as 
miRNA sponges to neutralize specific miRNAs. FMRP (upper right) 
is an important disease-associated repressor that affects the translation 
of hundreds of transcripts carrying specific motifs via multiple path-
ways. Dysregulation of the FMRP pathway is causative of Fragil X 
mental retardation syndrome (FSMRS) and autism spectrum disorders 
(ASD). CPeB (bottom right) binds the specific motif termed CPe and 

recruits the deadenylase PARN and the poly(A) polymerase GLD2. 
CPeB bidirectionally regulates the deadenylation or cytoplasmic 
polyadenylation of several transcripts. Smaug, Nanos, and Pumilio 
(bottom left) define a novel regulatory network conserved in mammals 
and invertebrates. Mammalian Smaug1/Samd4a controls synaptic 
CaMKII alpha mRNA and potentially several other transcripts car-
rying SRes, including Nanos 1 mRNA. Drosophila Smaug regulates 
Nanos, which together with Pumilio and Brat affects the translation 
of a number of Drosophila neuronal transcripts. The effect of Pumilio 
on paralytic/Scn1a, Dlg, and 4E mRNAs has been demonstrated in 
both Drosophila and mammalian models, and the repression of AChE 
mRNA by Pumilio 2 has been shown in the mammalian neuromuscu-
lar junction. Mammalian miR-134 regulates Pumilio 2 upon synaptic 
activity. A potential functional interaction between Pumilio and CPeB 
is indicated by double arrows
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and more recently autophagy has been proposed to play 
an important role in regulating DICeR activity [91–93]. 
MicroRNA-mediated silencing is considered to be a cell-
autonomous process, but the participation of MvBs and 
endosomes leads to the speculation that extracellular mol-
ecules may be incorporated in the pathway. Cumulative 
evidence from various experimental systems supports the 
notion that miRNAs are secreted and then incorporated by 
distant cells via the endocytic pathway [91–93]. emerg-
ing observations suggest that miRNAs are secreted from 
the pre-synapse, thus opening the possibility of their endo-
cytosis at the post-synapse. Incipient data supporting this 
challenging model have been reported, adding a level of  
complexity to the control of synaptic strength by miRNAs 
[93, 94].

It is generally accepted that whereas miRNAs act in the 
cytoplasm to repress their target mRNAs, piRNAs mediate 
transposon silencing by promoting de novo DNA meth-
ylation. In addition, piRNAs and their cognate proteins 
from the MIwI family are present in dendrites in close 
proximity to the synapse [31]. The translational regula-
tor Smaug1/Samd4A is involved in synaptic plasticity in 
mammals [14] and the Drosophila homologue represses fly 
maternal transcripts with the help of specific piRNAs [95]. 
However, the evidence for a role of piRNAs on translation 
at the post-synapse is incipient [31]. A fourth type of regu-
latory non-coding RNAs is endogenous siRNAs, which are 
expressed in the brain and show an increase in expression 
upon training [96]. whereas the role of BC RNAs and miR-
NAs in synaptic plasticity is well demonstrated, our under-
standing of the contribution of piRNA, siRNA and other 
small non-coding RNAs is just beginning and will require 
intensive investigation.

RBPs: new plays for old actors

In this section, we summarize the current knowledge on the 
markedly small number of RBPs with well-known effects 
on mRNA translation at dendrites and synapses. we briefly 
discuss the relevance of FMRP and cytoplasmic poly-
adenylation element (CPe) binding protein (CPeB), two 
molecules extensively discussed in the literature, and we 
emphasize novel pathways involving Smaug, Nanos, and  
Pumilio (Fig. 2).

FMRP and CPeB are among the most studied RBPs, 
and compelling evidence for their important role in syn-
aptic translation arises from multiple independent studies 
[5, 21, 34, 48, 64, 97–109]. Fragile X syndrome (FXS) and 
several forms of autism are associated with mutations in the 
genes encoding FMRP or FMRP-associated proteins [97, 
108]. FMRP is produced at the post-synapse upon group 
1 mGluR (mGluR1/5) activation and acts as a translational 

brake. This balance is extremely important, and a loss of 
FMRP function provokes serious neurological defects in 
human diseases and animal models [21, 25, 97, 109, 110]. 
FMRP mRNA, numerous transcripts encoding synaptic 
components, general translation factors including mTOR 
and molecules linked to autism are regulated at the transla-
tional level by FMRP or related proteins. This protein fam-
ily binds secondary structures such as “kissing complexes” 
and G-quadruplexes. Additional sequence motifs have been 
identified, and it is expected that additional targets will be 
discovered [21, 34, 97, 99, 108, 111]. FMRP forms den-
dritic RNA granules, and a large body of evidence indicates 
that FMRP associates with polysomes. FMRP affects trans-
lation initiation and/or elongation with the help of specific 
miRNAs in a number of cases [83, 99]. FMRP-mediated 
mRNA repression is regulated by methylation and phos-
phorylation and may involve ubiquitination followed by 
FMRP decay [83, 99]. FMRP is a versatile protein, and in 
addition to RNA transport, translation, and stability, FMRP 
modulates the nuclear editing of transcripts encoding 
important synaptic functions, which may affect their traf-
ficking (Fig. 2) [73]. The dysregulation of RNA editing is 
associated with neuropsychiatric and neurodevelopmental 
conditions, further positioning FMRP at the center of neu-
ron health.

Members of the CPeB protein family are expressed in 
different cell types, where they control mRNA translation 
by regulating the length of the polyA tail and additional 
mechanisms that directly affect translation [21, 34, 48, 100, 
102, 104, 106, 112]. Like its Xenopus oocyte counterpart, 
mammalian CPeB forms a bifunctional activator-repres-
sor complex in the dendrites and synapses that contains 
both the poly(A) polymerase GLD2 and the deadenylase 
poly(A)-specific ribonuclease (PARN) [98]. Thus, CPeB 
provides a switch that alternatively activates or inactivates 
translation (Fig. 2). NMDAR stimulation induces the ubiq-
uitination and phosphorylation of CPeB and provokes the 
exit of PARN and the activation of GLD2 [48, 98, 101]. 
More than 100 mRNA transcripts appear to be affected by 
this dual activity complex, including CaMKII alpha and 
the NMDAR subunit NR2A, which are also regulated by 
miRNA and FMRP; the AMPA receptor subunits GluA1 
and GluA2; the RBP Hu protein D (HuD); and other sign-
aling molecules that contribute to synaptic plasticity and 
learning [98, 101]. CPeB forms dendritic granules, and 
later in this review, we discuss how the regulated oligomer-
ization of CPeB by specific protein domains is emerging 
as an evolutionarily conserved feature relevant to memory 
formation and persistence [102–104, 106, 112].

Among other proteins recently linked to translational 
regulation in dendrites, the RBP eIF4AIII forms dendritic 
RNA granules and contributes to the spatial restriction 
of ARC/Arg3.1 translation by a novel mechanism [50]. 
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eIF4AIII is a component of the exon-junction complex 
(eJC), which is a multiprotein label of exon–exon junc-
tions that is removed during the pioneer translation round. 
The eJC associated with an exon–exon junction located at 
the 3′UTR of ARC/Arg3.1 mRNA directs the transcript to 
the non-sense-mediated decay (NMD) pathway, which is a 
housekeeping mechanism that dictates the degradation of 
messengers with premature stop codons located upstream 
of exon–exon junctions. The NMD pathway requires the 
interaction of the eJC with translation factors, and it is 
proposed that ARC/Arg3.1 mRNA is degraded when trans-
lated in improper locations, whereas ARC/Arg3.1 mRNA is 
selectively protected from NMD at activated synapses [20, 
50]. NMD affects the fate of additional transcripts encoding  
several synaptic proteins, and this may involve a trans-
acting factor termed Nova. Nova is present in the somato-
dendritic compartment, where it mediates the transport of 
specific messengers. It is also present in the nucleus, where 
it represses splicing modes that ultimately trigger NMD. 
The Nova-NMD pathway is regulated by neuron activity. 
Interestingly, a number of synaptic components regulated 
by Nova at the mRNA level are linked to familial epilepsy 
and related animal disease models [45]. Another RBP con-
nected to neuronal diseases with an emerging role in den-
dritic translation is TAR DNA binding protein of 43 kDa 
(TDP-43). TDP-43 is typically localized to the nucleus in 
most cell types but forms dendritic RNA granules directly 
or indirectly linked to translation regulation upon synapse 
stimulation (reviewed in [113]).

In comparison with the large number of localized tran-
scripts, the battery of synaptic proteins that interact with 
RNA is only partially known. Remarkably, two independ-
ent screens aimed to identify RBPs in non-neuronal cell 
types yielded 300 novel molecules among a total of 800 
RBPs [114, 115]. These studies concluded that a high pro-
portion of these proteins are not predictable as RNA binders  
by current computational methods. In addition, a significant 
number of identified proteins were shown to be causative in 
neurological diseases when mutated. These striking obser-
vations suggest that novel RBPs with potentially important 
roles in mRNA translation and stability are expected to be 
identified among the numerous but poorly described pro-
teins present at the synapse [116].

Smaug, Nanos, and Pumilio: a novel translational 
regulation network

The RBPs Smaug, Nanos, and Pumilio define a novel 
pathway for translational regulation that affects synapse 
formation and dendrite branching in both vertebrates and 
invertebrates [14, 44, 117–123]. Pumilio family (Puf) pro-
teins are highly conserved throughout evolution and play 
an important role during early development in several taxa 

(reviewed in [124]). More recently, independent studies in 
intact organisms and cell cultures demonstrate that muta-
tions or the knockdown of Pumilio provoke strongly defec-
tive neuronal phenotypes by affecting multiple transcripts 
[34, 117–123, 125] (Fig. 2; Table 1). Moreover, work with 
animals highlights the relevance of the Pumilio pathway 
in behavior and memory formation. Pumilio mutant flies 
show an important defect in learning an odor-based para-
digm [126], and mice with disrupted brain expression show 
increased locomotor activity and impaired nesting behav-
ior, a phenotype linked to autism [122].

The number of Pumilio genes is highly variable among 
species. Flies contain one Pumilio variant, whereas two 
variants are present in mammals. Pumilio 2 is the major 
neuronal isoform; it has particularly high expression in the 
cortex and hippocampus, where it forms dendritic granules 
speculatively linked to mRNA transport and translation 
[30, 42, 117, 122]. Several experimental approaches indi-
cate that the optimal sequence recognized by mammalian 
Pumilio 2 or fly Pumilio is UGUAHAUA [111, 119, 122–
125, 127]. Pumilio molecules bind this Pumilio binding 
element (PBe) by means of a tandem array of eight imper-
fect repeats known as Pumilio homology domains (PUM-
HD) or PUF domains, wherein each PUM-HD module 

Table 1  Pumilio binding elements

Fly paralytic mRNA contains a functional PBe [125]. Mammalian 
Scn1a mRNA is bound by Pumilio 2 and contains several PBes. 
PBe1 is located within the 3′UTR of human, mouse, and rat Scn1a 
and PBe2 is located within the coding or non-coding region of 
alternatively spliced variants. Nucleotide positions are indicated for 
the following accession numbers: human Scn1a, NM_001165963, 
PBe1, 7512 and PBe2, 7025; mouse Scn1a, NM_018733, PBe1, 
7664; PBe2 7175 and PBe3, 7316. Rat, NM_030875.1, PBe1, 
7659 and 7775; PBe2, 7284. Mammalian AChE transcripts con-
tain a PBe at the 3′UTR near the stop codon at the following posi-
tions: human NM_55040.1, 2047; mouse NM_009599.3, 2006 and 
rat NM_172009.1, 1890. PBes are apparently absent in Drosophila 
AChE transcripts

Glutamine and asparagine (QN)-rich regions of different lengths are 
frequent in RBPs that play key roles in synapse translation. Similar 
regions present in SG or PB components are important for the assem-
bly of these foci or for the recruitment of specific proteins to them

Transcript PUM binding element

Drosophila Paralytic uguaaaua

Mammalian Scn1a

 PBe1 uguacaua

 PBe2 uguaaaua

 PBe3 uguagaua

Drosophila Dlg1

 PBe1 uguagaua

 PBe2 uguacaua

Mammalian Dlg1 uguauaua

Mammalian AchE uguauaua
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contacts one nucleotide from the eight-base target RNA 
motif [124]. Putative PBes are present in several neuronal 
mRNAs. work by several research groups has demon-
strated that a number of post-synaptic transcripts are con-
trolled by Pumilio in insect and mammalian neurons and 
muscles [44, 117, 119, 121, 122, 125]. Drosophila Pumilio 
and rodent Pumilio 2 regulate the translation of the voltage-
gated sodium channel paralytic (para) and the vertebrate 
orthologue Scn1a [117, 125], which contain conserved 
PBes (Table 1). voltage-gated channels regulate membrane 
excitability, which is important for synapse remodeling 
and growth, and the regulation of para/Scn1a channels by 
mammalian or fly Pumilio affects synapse morphology and 
function [44, 117, 128]. Additionally, the translation ini-
tiation factor 4e is repressed post-synaptically by Pumilio 
in flies and mammals, with consequences for local protein 
synthesis and synapse formation [44, 117]. A third type of 
transcript contributing to synapse regulation by Pumilio 
encodes post-synaptic scaffold proteins. The messenger 
for fly discs large 1 (dlg1), the orthologue of vertebrate 
PSD95/Dlg4, contains a canonical PBe and is regulated by 
Pumilio. More recently, the vertebrate orthologue Dlg1 was 
reported to be upregulated in the CA1 region of Pumilio 
2-deficient mice [119, 122] (Table 1). Additional Pumilio 
targets are expected to contribute to synapse formation and 
function. In an unbiased screen, Pumilio 2 was shown to 
bind several transcripts linked to Parkinson’s disease [127]. 
The presence of PBes in a number of neuronal messengers 
is dictated by alternative processing modes; the transcripts 
for Drosophila Ago1 and other molecules involved in RNA 
regulation have neuron-specific 3′UTRs that contain puta-
tive PBes [72]. Similarly, the 3′UTR of a dendritic, alter-
natively processed mammalian BDNF mRNA includes 
predicted PBes, the relevance of which awaits confirmation 
[70].

Pumilio 2 is also abundant at the vertebrate neuromus-
cular post-synapse. Pumilio 2 regulates the expression of 
acetylcholinesterase (AChE) mRNA, a major transcript at 
this cellular location. A conserved PBe is present in the 
3′UTR of the alternative splice variant encoding the hydro-
philic AChe “t” subunit; the PBe is absent from the mes-
senger encoding the hydrophobic AChe “h” isoform. Thus, 
specific regulation is provided for the soluble form of the 
enzyme [123] (Fig. 2; Table 1). In addition to synapse-
specific transcripts, Drosophila Pumilio and mammalian 
Pumilio 2 regulate several components of the eRK and 
p38 pathways by directly binding to PBe and PBe-like 
sequences [129, 130]. These kinases signal downstream 
of synapse activation, and their regulation by Pumilio may 
contribute to synaptic plasticity in both neurons and muscle 
cells.

Pumilio proteins affect mRNAs by multiple path-
ways that may involve translational repression as well as 

deadenylation and decay [124, 127, 131]; reviewed in [34] 
(Fig. 2). Pumilio activity in fly peripheral neurons involves 
the translational repressor Nanos and its partner Brain 
Tumor (Brat) [124]; Pumilio or Nanos mutant flies show 
similar neuronal defects [44, 118, 120, 121, 125]. Pumilio 
molecules cooperate with the miRNA pathway through 
multiple mechanisms. Mammalian Pumilio 2 and its nem-
atode orthologue associate with Ago2 and eeF1A and 
attenuate translation elongation [131]. Furthermore, bio-
informatic analysis reveals that the presence of PBes cor-
relates with the presence of miRNA target sites in a large 
number of mammalian transcripts; it has been proposed 
that Pumilio affects RNA folding and the accessibility of 
miRNA sites [127]. Finally, Pumilio regulatory activity can 
be bidirectional and Pumilio molecules activate translation 
by interacting with CPeB proteins. Thus far, this interac-
tion has unknown consequences for neuronal function [34, 
124].

It is anticipated that this important regulatory path-
way is tightly controlled by neuron activity. vertebrate 
Pumilio 2 mRNA carries an miR-134 site, and synapse 
activation increases dendritic levels of both miR-134 and 
Pumilio 2; thus, Pumilio 2 activity is constrained within 
a narrow range [30, 42]. Independent work indicates that 
insect or vertebrate neurons with increased or decreased 
levels of Pumilio or its partner Nanos show defective 
phenotypes. Thus, the levels of these two components of 
the pathway must be narrowly controlled to allow normal 
function (Fig. 2). Nanos is regulated at the RNA level by 
Smaug, which belongs to a novel family of mRNA regu-
lators. Smaug molecules interact with RNA through a 
sterile alpha motif (SAM) conserved domain that recog-
nizes a number of related stem-loop motifs, collectively 
termed Smaug recognition elements (SRes) (reviewed 
in [132]). The SAM domain accommodates a number of 
variations of the SRes; SRes may have stems with dif-
ferent sequence and length, and they may have loops of 
four to seven nucleotides with only three fixed positions 
[111, 133, 134]. The secondary structure that surrounds 
the motif may further affect binding. Due to this flexibil-
ity, Smaug regulates hundreds of maternal mRNAs in the 
Drosophila embryo [135–139]. In fly peripheral neurons,  
Nanos mRNA forms motile granules that are trans-
ported along dendrites. The Nanos transcript is specula-
tively repressed by Smaug, and mutations in the SRe of 
fly Nanos are deleterious [118, 120, 121]. More recently, 
mRNA repression by Smaug was reported at the mam-
malian synapse [140]. Of the two genes present in the 
vertebrate genome, the Smaug1/Samd4A homologue is 
expressed in hippocampal neurons at the time of synap-
togenesis and is associated with the post-synaptic density. 
The abrogation of Smaug1/Samd4A by RNAi strategies 
dramatically affects synaptogenesis and dendritic spine 
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morphology, and this correlates with a seriously hampered 
synaptic response (Fig. 3a–c and reference [14]).

Messenger RNA repression by Smaug operates at sev-
eral levels [95, 132, 141, 142]. Drosophila Smaug inhib-
its translation initiation by recruiting Cup, a 4e-binding 
protein that interrupts the interaction between 4e and 4G, 
thus blocking 40S recruitment [141]. Drosophila Smaug 
is also able to trigger Nanos mRNA deadenylation by 
recruiting the CCR4-NOT complex and specific piRNAs 
[95, 132, 135, 143]. Recently, Smibert and colleagues 
demonstrated that fly Smaug recruits Ago1 in an miRNA-
independent manner [142]. In addition, Drosophila Smaug 
forms a highly stable mRNA, where cap-dependent and 
cap-independent translation are blocked [132, 144]. These 
mechanisms are likely to occur in the mammalian coun-
terpart, and all of these mechanisms are compatible with 
the aggregation of Smaug in specific mRNA-silencing 
foci, which are present in the dendrites of mammalian 
neurons and in fly embryos [14, 95]. Like the Drosoph-
ila molecule, mammalian Smaug1/Samd4A represses 
the translation of mRNAs carrying SRes [111, 140] and 
the CaMKII alpha mRNA has multiple putative SRes 
conserved in humans, rodents, Xenopus, and zebrafish. 
Recent evidence indicates that Smaug1/Samd4A regulates 

CaMKII alpha mRNA at the post-synapse in an NMDA-
dependent manner, thus accounting for the defects upon 
Smaug1/Samd4A knockdown [14]. CaMKII alpha 
mRNA is translationally activated by cytoplasmic poly-
adenylation, opening the possibility that its repression 
by Smaug1/Samd4A involves deadenylation. Many other 
neuronal mRNAs are expected to be under the control 
of Smaug1/Samd4A, and their identification will require 
further intensive study. Among other mammalian candi-
dates, the messenger encoding Nanos 1 is expressed in the 
central nervous system and contains putative SRes [111, 
145]. Taken together, these data suggest a conserved role 
of the Smaug–Nanos–Pumilio pathway in translational 
regulation in neurons.

A choir of RNA granules sings a varied repertoire: 
SyAS‑foci and self‑aggregation motifs

Synaptic activity affects RNA granule motility and integ-
rity, reflecting their role in mRNA transport and repres-
sion. The significance of neuronal granules in RNA move-
ment has been reviewed comprehensively [3, 56–61, 68]. 
In this section, we focus on the relevance of granules in 

Fig. 3  PBs and Smaug1 foci in dendrites and dendritic spines. a 
Smaug1/Samd4a knockdown in hippocampal neurons provokes the 
presence of numerous thin dendritic spines. Deconvoluted confocal 
Z-stack images of eCFP-expressing neurons are shown. Bar 1 μm. 
b Smaug1/Samd4a forms mRNA-silencing foci in mature hippocam-
pal neurons. c Smaug1 foci are present in approximately 60 % of the 

dendritic spines, visualized by transient eCFP expression. d–f The 
PB markers DCP1a, Hedls, and Rck/p54 form dendritic foci. whereas 
Hedls and Rck/p54 are mostly restricted to the dendritic shaft, 40 % 
of the synapses contain DCP1a [14, 35, 39]. Bars in b–f 10 μm; mag-
nifications 1 μm
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translational regulation and how specific protein domains 
present on RNA repressors govern their aggregation.

It is an increasingly supported concept that mRNA 
repression is linked to the formation of mRNA-silencing 
foci, which harbor the transcripts in association with their 
repressor RBPs. PBs and stress granules (SGs) were the 
first mRNA-silencing foci identified. PBs are constitutive, 
whereas SGs are induced upon acute stress insults [35, 36, 
41, 146–148]. SGs contain abortive translation initiation 
complexes that include a number of translation initiation 
factors and small ribosomal subunits, and PBs concentrate 
proteins involved in mRNA decapping and silencing and 
exclude ribosomes and most translation factors. Polysomes 
are in close contact with PBs, suggesting that translation 
occurs in their surroundings [149]. Moreover, PBs dynami-
cally exchange mRNAs with the cytosol and may dissolve, 
thus releasing the transcripts to allow their translation [35, 
36, 41]. Similarly, in vertebrate oocytes, the dissolution 
of large RNA granules containing dormant mRNAs pre-
cedes their translational activation [150]. In the Drosophila 
oocyte, strongly repressed transcripts that reside in the PB 
inner core move to the periphery to begin translation [151]. 
Similarly, when monitoring protein synthesis at the single-
molecule level, Carson and coworkers found that mRNA 
translation occurs in the vicinity of dendritic RNA granules 
[16].

The relevance of PBs to mRNA repression in dendrites 
and synapses is emerging. vertebrate and invertebrate neu-
rons display several types of small dendritic foci. These 
foci contain subsets of classical PB components, includ-
ing the decapping protein 1a (DCP1a) and the co-acti-
vators Rck/p54, Hedls, and Pat1b (Fig. 3d–f) [22, 35, 37, 
39, 47]. Large PBs are also present and are likely formed 
by the fusion of small foci through homotypic and hetero-
typic interactions between PB components [22, 35–37, 39, 
41, 47, 146, 152–154]. An additional type of foci, which 
are different from canonical PBs, contain the PB scaffold 
molecules LSm1 and LSm4, the nuclear cap-binding pro-
tein CBP80 and small ribosomal subunits, and exclude 4e 
and large ribosome subunits. This composition suggests the 
presence of transcripts stalled at the pioneer translation ini-
tiation round and broadens the spectrum of dendritic RNA 
granules [38].

Independent work from several laboratories has demon-
strated that neuron activity regulates the integrity of den-
dritic PBs. NMDAR activation enhances the exchange of 
DCP1a between the foci and the cytosol, and prolonged 
NMDAR stimulation ultimately provokes their dissolu-
tion. This activity links NMDAR-dependent translation to 
DCP1a foci dynamics [37, 39] (Fig. 4). Both insect and 
vertebrate PBs are connected to miRNA-mediated silenc-
ing. Fly dendritic PBs contain Me31B/Rck/p54 and trailer 
hitch (Tral), another protein linked to the miRNA pathway. 

Similarly, a number of mammalian miRNAs colocalize 
with dendritic foci containing Rck/p54, Gw182, Ago2, 
and DCP1a [37, 47, 152]. BDNF stimulation activates the 
miRNA-mediated silencing of a number of transcripts and 
enhances the formation of dendritic DCP1a foci, further 
linking their dynamic assembly to the miRNA pathway 
[22].

Additional RNA granules containing various mRNA 
repressors are present in dendrites and synapses. These 
granules respond to specific stimuli with changes in motil-
ity or integrity. Mammalian Smaug1/Samd4A forms 
specific mRNA-silencing foci associated with synapses, 
termed S-foci, as they are distinct from PBs and other 
neuronal RNA granules hitherto described (Fig. 3a–f). As 
expected if repressed mRNAs are reversibly stored in the 
S-foci, they disintegrate when mRNAs are captured into 
polysomes and assemble when the pool of non-translated 
transcripts increases. Synaptic activity enhances the cycling 

Fig. 4  mRNA-silencing foci at the synapse. Translational regula-
tion at the synapse involves multiple mRNA-silencing foci, which 
are regulated by synaptic activity and thus termed synaptic activity-
regulated mRNA-silencing foci (SyAS-foci). Among others, Smaug1 
foci (S-foci), a plethora of PBs with various composition and granules 
containing FMRP or Caprin1/RNG105 are present at the post-syn-
apse. These different SyAS-foci respond to specific stimuli, display-
ing changes in motility or integrity. Their dissolution allows for the 
release of mRNA followed by translation. S-foci respond to NMDAR 
stimulation and remain unaltered upon AMPAR stimulation. AMPAR 
or mGluR stimulation provokes the dissolution of FMRP granules in 
the synaptic surroundings, whereas NMDAR activation has no effect. 
Caprin1/RNG105 granules dissolve upon BDNF Receptor (BDNFR) 
stimulation [5, 14, 155]. The exchange of mRNPs between PBs and 
the cytosol increases upon NMDAR activation, which may induce PB 
disassembly. PBs also respond to BDNF; short exposure increases the 
number of PBs in dendrites, whereas long exposure triggers their dis-
solution [22, 37, 39] (not shown). In most cases, the identity of the 
released transcripts is only partially known. Speculatively, a given 
mRNA species may associate with multiple SyAS-foci, thus facilitat-
ing its regulation upon different stimuli. NMDAR stimulation glob-
ally represses translation by the inactivation of eeF2, whereas mGluR 
and BDNFR stimulation enhances protein synthesis through the 
mTOR and other pathways
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of mRNAs between the S-foci and polysomes; NMDAR 
stimulation triggers a rapid and reversible dissolution of 
the S-foci to release transcripts, thus transiently allowing 
their translation [14, 63, 140] (Fig. 4). In addition to PBs 
and S-foci, a few other dendritic RNA granules, includ-
ing FMRP and Caprin1/RNG105/GPIAP1 granules, also 
behave as mRNA-silencing foci. These foci respond to syn-
aptic activity, and are collectively termed synaptic-activity 
regulated silencing foci (SyAS-foci) [5, 34, 63, 107, 155] 
(Fig. 4).

SyAS-foci formation is mediated by protein self-aggre-
gation, which is a common feature in RBPs linked to 
translational regulation in dendrites as well as in SG and 
PB components. A growing concept is that the formation 
of SGs and abnormal protein aggregates may influence the 
normal dynamics of RNA granules, thus affecting synap-
tic plasticity [35, 36, 41, 146, 148]. Multimerization often 
depends on disordered regions that tend to assemble into 
ordered aggregates, and a number of self-oligomerization 
domains display low amino acid diversity, which may 
include imperfect repeats of 3–4 amino acids, frequently 
with a high proportion of glutamine (Q) and/or asparagine 
(N), conferring a prion-like behavior [35, 36, 41, 146, 147, 
156, 157] (Table 2). Aplysia CPeB is the first example of 
the physiological prion-like self-aggregation of an RBP 
involved in translational regulation. A QN domain specific 
to the neuronal isoform governs Aplysia CPeB oligomeri-
zation upon neuron activation, thereby stimulating the 
binding to target transcripts [102, 106, 112]. The multim-
erization of CPeB molecules by QN domains is evolution-
arily conserved, and the fly orthologue Oo18 RNA Binding 
2 (Orb2) also forms amyloid-like fibers. Orb2 oligomeri-
zation temporally correlates with memory formation, and 
neurons with Orb2 oligomers are thought to be the storage 
sites of long-lasting memories [103, 104]. Recent work 
with transgenic flies highlights the complexity of Orb2 reg-
ulation by QN-mediated oligomerization. The Orb2 gene 
generates two isoforms, a less abundant variant termed 
Orb2A and the more abundant Orb2B, which differentially 
contribute to memory formation. Persistent learning strictly 
requires the Orb2A QN domain and the Orb2B RNA bind-
ing domain (RBD), whereas the Orb2B QN domain and 
the Orb2A RBD are dispensable. Genetic and biochemi-
cal approaches indicate that the Orb2A QN domain dic-
tates the formation of an oligomer that is highly resistant 
to physicochemical treatments including boiling, high salt, 
detergents, and denaturing agents, thus providing a molec-
ular mechanism for enduring effects at the synapse [104]. 
CPeB oligomerization also occurs in vertebrates. Mamma-
lian CPeB forms dendritic granules through the N-terminal 
polyQ region and this domain functionally substitutes for 
the Drosophila Orb2A QN domain in fly-training models 
[104]. NMDAR stimulation triggers the phosphorylation 

and monoubiquitination of CPeB3, resulting in the poly-
adenylation and translation of GluA1 and GluA2 mRNAs, 
which has important consequences for synaptic plasticity 

Table 2  Protein domains that mediate the self-aggregation of neu-
ronal RNA regulators

a Low-complexity regions rich in QN, Q, or QP are present at the 
N-terminal of Aplysia, Drosophila, and mammalian CPeB molecules, 
respectively. Forty-eight percent of the 160 N-terminal aa in the Aply-
sia molecule are Q or N. A region spanning aa 1–88 in Orb2A and aa 
170–240 in Orb2B contain 35 % Q residues and a region spanning aa 
10–190 in mammalian CPeB3 contains 39 % Q or P
b Both Drosophila Pumilio and mammalian Pumilio 2 contain a QN-
rich motif in the N-terminal region. The QN domain spans aa 261-
550 in mammalian Pumilio 2, and aa 191–286 in the Drosophila mol-
ecule
c The122 aa-long region with 36 % QN at the C-terminal of Dros-
ophila FMRP is absent from the mammalian molecule
d The QGSY-rich region spans aa 277–414 and is partially conserved 
in mammals, C. elegans, and Drosophila. Repeats containing aa 331–
369 from human TDP43 aggregate in cultured cells
e The QGSY-rich region spanning aa 1–239 of mammalian FUS/TLS 
is apparently absent from the invertebrate molecule
f Five dsRBDs are conserved in mammalian, fly, and nematode 
Staufen molecules. The dsRBD5 and dsRBD2 are respectively major 
and minor determinants of protein–protein self-association
g Three short sequences in the third RRM mediate homotypic inter-
actions. These sequences are conserved in Drosophila eLAv, Rbp9, 
and Fne proteins and in the four human members HuR, HuB, HuC, 
and HuD
h In addition to the RGG-rich domain spanning aa 577–605, a coiled-
coil region at the RNG105 C-terminus is required for granule forma-
tion
i Homodimer formation mediated by the GRP33–Sam68–GLD-1 
(GSG) domain was shown by biochemical approaches
j A GYN-rich region spanning residues 261–303 in hnRNPA2 and 
233–272 in hnRNPA1 mediates aggregation in vitro and shows pri-
onic properties in yeast cells. Point mutations in these motifs lead to 
pathogenic inclusions

Protein Aggregation domain References

Aplysia CPeBa QN-rich [102, 106, 112]

Drosophila Orb2a Q-rich [103]

Mammalian CPeB3a Q-rich [104]

Drosophila Pumiliob QN-rich [43]

Mammalian Pum2b QN-rich [42, 180]

Drosophila FMRPc Q-rich [110]

Mammalian FMRPc NDF [105, 181]

TDP43d QGNY-rich [159, 182, 183]

Mammalian FUS/TLSe QGSY-rich [156, 159]

Mammalian Staufen 1f dsRBD5 [162]

Drosophila eLAvg RRM3 [163]

Mammalian HuDg RRM3 [184]

Caprin1/RNG105h RGG box [155, 185]

Mammalian Quaking 1i GSG-domain [186]

hnRNPA1/A2j GYN-rich [160]
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and memory formation [48, 98, 101]. It is an open possibil-
ity that the integrity or composition of CPeB granules is 
affected by these post-translational modifications.

Following a related mechanism, Pumilio molecules 
aggregate in several species via a conserved QN-rich region 
(Table 2). Mammalian Pumilio 2 forms dendritic gran-
ules and assembles into particles when transfected into 
non-neuronal cells, and the QN-domain mediates Pumilio 
2 recruitment to SGs [42]. Similarly, Drosophila Pumilio 
forms microscopically visible aggregates when expressed 
in yeast cells, and the QN domain regulates the synaptic 
function of fly Pumilio [43]. whether Pumilio aggregation 
responds to synaptic activity remains to be investigated. 
Recent work in vertebrate oocytes demonstrated the rele-
vance of the reversible Pumilio 1 aggregation via the QN 
domain. Oocyte maturation triggers the translational activa-
tion of dormant mRNAs stored in Pumilio 1 granules. This 
translational activation requires granule disassembly and is 
impaired when the granules are stabilized by overexpres-
sion of the QN domain [150].

FMRP granules reversibly dissolve upon AMPAR or 
mGluR stimulation [5, 14, 107], and different domains 
determine FMRP aggregation in vertebrates and inverte-
brates. Like CPeB and Pumilio, Drosophila FMRP pro-
vides an example of a functionally relevant QN domain, 
which is present at the C-terminus of the most abundant 
FMRP isoform. This QN domain mediates protein–pro-
tein interactions and is required for short-term memory in 
flies [110]. The mammalian molecule lacks QN regions 
and oligomerizes through a specific domain termed NDF 
(N-terminal domain of FMRP) with yet unknown rel-
evance for translational regulation [105] (Table 2). The 
mRNA repressor Caprin1/RNG105/GPIAP1 forms den-
dritic RNA granules that respond to BDNF by dissolving 
and enabling for the interaction of released mRNAs with 
the translational apparatus. Caprin1/RNG105/GPIAP1 
aggregates through specific domains, including an RGG 
box and a coiled-coil region that are also required for 
translational repression [155]. TDP-43 is another impor-
tant RBP forming dendritic granules that remodel upon 
neuron depolarization. TDP-43 contains a conserved 
C-terminal region rich in glycine and uncharged polar 
amino-acids, mostly asparagine, glutamine, and tyros-
ine, which facilitates protein aggregation in normal and 
pathological conditions (Table 2) [113, 148]. Fused in 
sarcoma/translocated in liposarcoma (FUS/TLS) also 
forms dendritic RNA granules and joins the growing list 
of RBPs linked to neurodegeneration [62, 158, 159]. In 
the FUS/TLS N-terminus, there are 27 imperfect repeats 
of G/S-Y-G/S surrounded by a high percentage of Q resi-
dues. This region defines a protein domain that allows oli-
gomerization in vitro and the recruitment of FUS/TLS to 
SGs in several cell types [148, 156, 159] (Table 2). The 

dynamics of FUS/TLS granules upon neuron activity has 
not been investigated.

Heterogeneous nuclear ribonucleoprotein A2 
(hnRNPA2) is involved in mRNA transport and transla-
tion in dendrites and forms dendritic granules. A conserved 
short prion-like region rich in GYN mediates hnRNPA2 
aggregation in vitro, and point mutations that exacerbate 
aggregation lead to pathogenic inclusions [148, 160]. In 
addition, a protein termed tumor overexpressed gene (TOG) 
contains multiple hnRNPA2 binding sites that facilitate 
hnRNPA2 granule formation [161]. Finally, the RBDs of 
a number of neuronal RBPs, including Staufen, HuD, and 
the Drosophila orthologue elav, contribute to oligomeriza-
tion. Speculatively, interaction with the target mRNA may 
modulate aggregation [162–164] (Table 2). The molecular 
determinants of S-foci formation are unknown. The SAM 
domain is not required and it is expected that novel motifs 
enabling regulatory diversity will be discovered [14]. In 
an innovative approach in vitro, McKnight and coworkers 
found that low-complexity regions present in RBPs govern 
the spontaneous formation of RNA granules. FUS/TLS, 
FMR1, TDP-43, and several other RBPs reversibly aggre-
gate into fibers with hydrogel properties that are able to 
capture native RNPs containing localized transcripts [156, 
165]. A preference for homotypic protein interactions and 
selectivity in heterotypic interactions are observed, thus 
providing a molecular mechanism for granule diversity in 
neurons.

In addition to the self-aggregation of translational repres-
sors, RNA–RNA interactions and additional factors such 
as eJC components and the scaffold protein TOG contrib-
ute to mRNA packaging and granule assembly [161, 166, 
167]. whether the aggregation of mRNA-silencing foci 
directly contributes to mRNA repression is debated. Cur-
rent evidence favors the notion that SG and PB aggregation 
follows translation inhibition. The assembly of the various 
types of mRNA silencing foci that populate dendrites and 
synapses open important questions and a working model 
is that translation repression triggers mRNP aggregation, 
which may facilitate a long-lasting response. RNA granules 
then facilitate the transport from the cell soma and mRNA 
storage in the synaptic surroundings. when required, regu-
lated granule dissolution precedes translation activation 
[63, 150]. It is expected that aggregation is regulated by 
post-translational modifications triggered by synaptic stim-
ulation, and increasing phosphorylation of the FUS/TLS 
aggregation domain impairs fiber formation in vitro [165]. 
An emerging concept is that RNA granules behave as liq-
uid droplets, and their dissolution can be conceptualized 
as a phase transition event [147, 168]. Thus, in addition to 
eventual post-translational modifications that directly gov-
ern protein–protein interactions, physicochemical factors 
that influence SGs, as for example calcium levels, pH, or 
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molecular crowding [147], may affect SyAS-foci dynamics 
and integrity with consequences for mRNA translation.

Resetting the stage for the next scene: how to achieve 
translational specificity

The overall translational capacity at the post-synapse is 
modulated by multiple networks, which in concert with the 
control of RNA granule motility and integrity, help non-
coding regulatory RNAs and RBPs to fine-tune translation. 
Relevantly, the dendritic translational apparatus subtly dif-
fers from that at the cell body, providing a basis for specific 
regulation. A number of ribosomal proteins are encoded by 
multiple genes, and the mRNAs for specific variants con-
centrate up to tenfold in the dendrites of Aplysia neurons 
[169]. Ribosome heterogeneity is common in several cell 
types of vertebrates and invertebrates and is a source of 
translation specificity [170]. Additional mechanisms for 
spatial control include the interaction of the translational 
apparatus with membrane receptors. The cytoplasmic tail 
of the netrin receptor DCC associates with eIF4e and ribo-
some subunits, which locally blocks their activity eventu-
ally releasing them upon ligand binding. This mechanism 
limits the activation of the translational apparatus and 
allows for synapse-specific responses [18]. Furthermore, 

initiation and elongation factors as well as ribosomal pro-
teins are locally regulated by post-translational modifica-
tions and additional mechanisms dictated by multiple sign-
aling pathways. All these processes have different effects 
on different transcripts, which commonly display different 
initiation and elongation rates and form polysomes of var-
ied sizes [16].

The mTOR kinase is a major regulator activated upon 
multiple synaptic stimuli and differentially affects the trans-
lation, repression or stability of several transcripts [12, 29, 
81, 171–174]; reviewed in [175, 176]. mTOR modulates  
translation initiation and elongation through various parallel 
mechanisms that involve the eIF4e binding protein (4eBP) 
and S6 kinase (S6K) (Fig. 5). mTOR phosphorylates  
and inactivates 4eBP, thus releasing eIF4e and facilitat-
ing the translation of transcripts with 5′ terminal oligopy-
rimidine tracts (TOP mRNAs) or related motifs [171, 175] 
(Fig. 5). Several translation factors are encoded by TOP 
mRNAs, and multiple studies have demonstrated that the 
translation of eukaryotic elongation factor 1A (eeF1A) 
mRNA is stimulated in dendrites upon activation of the 
mTOR pathway by synaptic activity [172, 173]. Simulta-
neously, mTOR activates S6K, which in turn differentially  
affects the activity of three important translation factors: 
eukaryotic initiation factor 4B (eIF4B), eukaryotic elon-
gation factor 2 (eeF2) kinase (eeF2 K) and the ribosomal 

Fig. 5  The mTOR pathway is a major regulator of multiple cellular 
networks and responds to synaptic stimulation. The activation of the 
translation regulatory complex mTORC1 is directed by the upstream 
kinases PI3K and AKT. mTOR activation in non-neuronal cells 
depends on its localization to the lysosome membrane and a com-
plex mechanism that involves several regulatory proteins (not shown) 
[176]. The role of lysosomes or functionally related membrane 
organelles in the regulation of mTOR upon synaptic stimulation is 
unknown. The inactivation of 4eBP by mTOR facilitates the transla-
tion of TOP and TOP-like mRNAs, and eeF1A and several other mol-
ecules functionally linked to translation are regulated by this pathway. 
The phosphorylation of eIF4B by mTOR-activated S6K enhances the 

helicase activity of the eIF4A subunit, thereby facilitating translation 
initiation. S6K inactivates eeF2K, thus limiting the phosphorylation 
and inactivation of eeF2 and stimulating elongation. The translation 
of transcripts carrying eJCs is stimulated by S6K through SKAR. 
This pathway may affect the pioneer translation round and transcripts 
with eJCs at the 3′UTR, which are abundant in neurons [50]. Upon 
NMDAR activation, mTOR stabilizes the HuD targets CaMKII alpha, 
Homer, and GAP43 mRNAs [29] by unknown mechanisms; as a 
result, HuD availability is reduced and this facilitates Kv.v1 mRNA 
repression by miR-129. The mTOR pathway inhibits autophagy, 
which in turn affects miRNA-mediated silencing and further connects 
mTOR with mRNA regulation
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protein S6 (reviewed in [175]) (Fig. 5). The phosphoryla-
tion of eIF4B and eeF2K results in stimulated initiation 
and elongation with different effects on different transcripts 
[12, 81, 171] (Fig. 5). Although the effect of S6 phospho-
rylation is poorly understood, it is clear that BDNF stimu-
lation triggers S6 phosphorylation and increases dendritic 
protein synthesis [12, 175]. It is also known that the mTOR/
S6K pathway preferentially stimulates the translation of 
newly processed transcripts through the direct recruit-
ment of activated S6K to the eJC by an S6K target pro-
tein termed S6K1 Aly/ReF-like target (SKAR) (reviewed 
in [175]). ARC/Arg3.1 mRNA and other transcripts carry-
ing eJCs in the 3′UTR and messengers before the pioneer 
translation round associated with CBP80 are expected to be 
translationally activated upon local mTOR activation [38, 
50] (Fig. 5). Finally, mTOR positively affects the stabil-
ity of specific transcripts, namely, CaMKII alpha, Homer, 
and GAP43 mRNAs, by yet unknown mechanisms [29]. 
In addition to its significance for mRNA translation and 
turnover, mTOR is a central regulator of major cellular net-
works connecting autophagy, lipid biogenesis, cytoskeleton 
remodeling, energy, and growth balance. All these networks 
undoubtedly contribute to the serious neurological defects 
associated with the dysregulation of the mTOR pathway in 
human diseases and animal models [171, 175].

Synaptic activity governs the translational activation or 
repression of specific mRNAs through the coordination of 
multiple pathways that affect translation factors, regulatory 
molecules and SyAS integrity. Pioneer studies using bio-
chemical manipulations of synaptoneurosomes and more 
recent analyses by in situ visualization of protein synthe-
sis using the FUNCAT (fluorescent non-canonical amino 
acid tagging) strategy have demonstrated that NMDAR 
stimulation rapidly reduces the local production of pro-
teins [13–15, 27, 177]. This massive translational silenc-
ing involves the activation of eeF2K upon calcium entry, 
followed by eeF2 inactivation and impaired elongation 
[26]. This mechanism allows poorly initiated transcripts to 
compete for initiation factors more successfully; as a result, 
the translation of CaMKII alpha and ARC/Arg3.1 mRNAs 
increases [2, 19, 20, 27]. The translation of CaMKII alpha 
mRNA upon NMDAR stimulation is additionally facili-
tated by the dissolution of the S-foci, which is triggered by 
calcium entry and PI3K and likely involves mTOR sign-
aling [14]. Calcium entry upon NMDAR stimulation also 
activates calpain, a protease that degrades the PABP inhibi-
tor PABP interacting protein 2A (PAIP2). Together with the 
elongation of the polyA tail of specific transcripts, PAIP2 
degradation enhances PABP recruitment, thereby facilitat-
ing translation [178]. NMDA-specific translation is further 
assisted by the inhibition of the miRNA-mediated repres-
sion of specific transcripts. NMDAR stimulation dictates 
the degradation of MOv10, a protein linked to the miRNA 

pathway, which facilitates the translation of CaMKII alpha 
mRNA and other miRNA targets [81]. At the same time, 
the mRNA encoding the voltage-gated potassium channel 
Kv1.1 is translationally repressed upon NMDAR stimula-
tion through a novel network that involves miR-129, the 
RBP HuD and the mTOR pathway. In this mechanism, 
Kv1.1 mRNA repression by miR-129 is antagonized by 
HuD, which is titrated by a number of HuD target tran-
scripts upon mTOR activation [17, 22, 29] (Fig. 5).

In contrast to the global inhibitory effect of NMDAR 
stimulation, the activation of group I mGluR globally 
induces protein synthesis at the post-synapse. Two impor-
tant pathways, the mitogen-activated protein kinase 
(MeK)/extracellular signal-regulated kinase (eRK) and 
PI3K/Akt/mTOR, converge to stimulate Cap-dependent 
initiation upon group I mGluR stimulation. In addition, 
eeF2K is activated via calcium-calmodulin, thereby slow-
ing elongation. This facilitates ARC/Arg3.1 translation and 
promotes a relative increase in monosome-associated trans-
lation [16, 20, 24, 25, 97, 173]. The translational activation 
by group I mGluRs is limited below deleterious levels by 
FMRP. This pathway involves FMRP autoregulation and 
reversible changes in FMRP granule motility and integ-
rity. The regulation of additional networks contributes to 
DHPG-specific translation [19, 20, 83, 107, 158].

BDNF strongly stimulates local protein synthesis 
through the activation of the mTOR pathway, and transla-
tion specificity upon BDNFR stimulation is assisted by a 
dual effect on miRNA-mediated silencing [12, 22]. Com-
pelling evidence was recently presented in which BDNF 
induces the maturation and the decay of distinct pools of 
miRNAs. MicroRNA regulation by BDNFR stimulation 
involves the simultaneous activation of DICeR and a pro-
tein factor termed Lin28a, which mediates pre-miRNA 
decay. BDNF activates the MAPK/eRK pathway, which 
conveys the signal to the HIv-1 TAR RBP (TRBP), a subu-
nit of the DICeR complex that enhances its activity [22]. 
As a consequence, pre-miRNA processing is globally 
enhanced, a large proportion of the 195 miRNAs present 
in hippocampal dendrites increase their levels and active 
miRNA repression correlates with PB assembly [22]. 
Simultaneously, BDNF post-transcriptionally induces the 
expression of Lin28a, which facilitates the 3′ polyuridyla-
tion of the Let-7 family of pre-miRNAs. This modification 
triggers the rapid turnover of Let-7 pre-miRNAs by the 3′–
5′ exoribonuclease DIS3l2 [179]. As a result, BDNF stim-
ulation dramatically changes the miRNA repertoire and a 
number of localized transcripts show enhanced translation, 
whereas many others are repressed. Among other targets, 
the messengers for CaMKII alpha, Homer 2, and GluA1 are 
repressed by miRNAs of the Let-7 family and translation-
ally stimulated by BDNF in a Lin28a-dependent manner 
[22]. It is a common theme that the signaling downstream 
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of neuron stimulation affects a combination of translation 
factors, regulatory ncRNAs and RBPs as well as RNA 
granule dynamics, all of which contribute to translational 
specificity at the post-synapse.

Concluding remarks

Regulated translation at the synapse contributes to the vast 
computational capacity of the neuronal network by locally 
affecting the strength of synaptic transmission. A compre-
hensive analysis of the local transcriptome now seems pos-
sible by the almost unlimited power of deep-sequencing 
techniques and is only restricted by the feasibility of sam-
pling the appropriate tissues or subcellular fractions [53]. 
The study of non-coding regulatory RNAs has the same 
possibilities and limitations. The analysis of RBPs and 
RBP binding elements will be facilitated by high-through-
put strategies recently developed to investigate the mRNA 
interactomes of non-neuronal cells, in which hundreds of 
novel RBPs were found [111, 114, 115]. Once all these 
components are mapped, mechanistic insights will require 
substantial effort to be placed on functional studies.

The dysregulation of localized mRNAs is linked to neu-
rodegeneration. Several RBPs and regulatory RNAs, as 
well as several pathways that affect their expression, are 
causative of a number of pathologies and disorders [32, 53, 
68, 79, 108, 159, 174]. FMRP, Smaug1/Samd4A, Pumilio, 
CPeB, Staufen, and Caprin1/RNG105 affect spine mor-
phology and excitability in cultured neurons and model 
organisms and provoke serious defects paralleling those 
observed in several human conditions. Several of these 
important RBPs form dendritic mRNA-silencing foci, col-
lectively termed SyAS-foci, and future studies are pend-
ing on how synaptic activity controls their aggregation by 
modifying specific protein domains or the physicochemical 
milieu. Multiple mechanisms involving mRNA-silencing 
foci, RBPs, non-coding RNAs, and the modulation of the 
translational apparatus concertedly regulate the transla-
tional activation or repression of thousands of localized 
messengers with high spatial and temporal precision. 
Future work will contribute to understanding the rel-
evance of these multiple pathways in neuron activity and 
homeostasis.
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