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Abstract

Growing axons encounter numerous developmental signals to which they must promptly respond
in order to properly form complex neural circuitry. In the axons, these signals are often transduced
into a local increase or decrease in protein levels. Contrary to the traditional view that the cell
bodies are the exclusive source of axonal proteins, it is becoming increasingly clear not only that
de novo protein synthesis takes place in axons, but also that it is required for the axons to respond
to certain signals. Here we review the current knowledge of local mMRNA translation in developing
neurons with a special focus on protein synthesis occurring in axons and growth cones.

INTRODUCTION

Localizing a gene product to a precise subcellular domain at a given time is an incredible
feat every cell within developing organisms must perform. This is even more challenging to
highly polarized cells like neurons. Developing neurons extend long processes such as axons
and dendrites, which receive numerous signals as they grow. The signals received at the
distal ends of the neurites are locally processed, and can result in subtle changes in protein
localization, which are used as a mode of signal transduction. Accumulating evidence
suggests that local MRNA translation is one of the key mechanisms by which precise
temporal and spatial control of protein localization is achieved in neurons. Indeed, local
mRNA translation appears to play essential roles in many aspects of neuronal development
including cell survival, axon guidance, and synaptogenesis.

Based on the early electron microscopy (EM) studies of mature axons® in which no clear
evidence of protein synthesis machinery was found, it had been traditionally believed that
the cell body is the exclusive source of axonal proteins. However, a simple calculation
reveals an apparent paradox in this model. The rate of the microtubule-based slow axonal
transport, which accounts for the transport of cytoskeletal proteins, does not exceed 3 mm/
day,? and an axon of a mammal can be very long—in the case of blue whales, as long as 50
m! In this case, non-stop travel to the end of an axon would take almost 40 years and not
many proteins would survive this long trip.3 This extreme example argues for the need of
local protein synthesis in axons. In fact, there have been a number of overlooked EM studies
in which mRNA translational machinery was found in axons of mature as well as
developing neurons.-8 Furthermore, recent studies have revealed that axonal protein
synthesis is upregulated upon nerve injury and may be required for the regeneration of
injured axons.”+ In fact, several studies have shown that active protein synthesis occurs in
the axons which were previously shown by EM to possess no translational machinery
including mature dorsal root ganglion neurons® and mature olfactory sensory neurons, 0
suggesting that negative EM data should be interpreted with caution.11:12 However, axonal
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mRNA translation seems to be a more prevalent phenomenon in developing neurons than in
mature neurons. Many groups have reported that local protein synthesis is required for axons
to properly respond to many developmental signals they receive.13 Here we review the
current understanding on the functions and mechanisms of local MRNA translation in
developing neurons. Local mRNA translation in dendrites has been covered by many
excellent reviews,14 and we focus on the local protein synthesis in growing axons of the
developing nervous system.

FUNCTIONS OF LOCAL mRNA TRANSLATION

Several studies using invertebrates and vertebrates have identified a number of axonally
localized mMRNAs. Considering cellular needs of growing axons, the components of
cytoskeleton would be the most likely proteins to be locally synthesized. Indeed, mMRNAs
encoding cytoskeletal proteins were among the first to be identified.1®17 Likewise MRNAs
encoding proteins associated with presynaptic differentiation and lipid biogenesis are also
found in growing axons (K. Zivraj and C.E. Holt, personal communication).18 However,
these classes of MRNAs are not the only RNAs found in axons. Interestingly, quantitative
analyses of mMRNAs isolated from cell bodies and axons suggest that they are not even
among the most abundant RNAs present in axons.1® mRNAs encoding proteins with diverse
functions exist in axons and these include proteins unlikely to be of local use in axons such
as transcription factors.1® Here we review some of the axonally localized mRNAs identified
so far (Tables 1 and 2).

Cytoskeletal Protein-Encoding mRNAs

mRNAs encoding the components of all three major classes of cytoskeleton—actin
microfilament, microtubule, and intermediate filament—as well as their associated proteins
are found in axons of diverse animals. Many of these mRNAs are locally translated in
response to extracellular signals. Molecular mechanisms underlying axonal mMRNA
translation of cytoskeletal proteins as well as the functional significance are best understood
in the context of responses of growing axon tips (i.e., growth cones) to guidance cues.

The components of actin filaments have been found to be particularly important in steering
responses of growth cones to guidance cues. Bassell et al. first reported that g-actin mMRNA
was selectively localized to axons of cultured neurons in contrast to y-actin mRNA which
was restricted to the cell body.22 They later found the cis-element in the 3 -untranslated
region (UTR) of B-actin mRNA was responsible for the axonal transport of B-actin
mRNA,23 and named it the ‘zipcode’.52 Zipcode binding protein (ZBP) mediates axonal
transport of S-actin mRNA by directly binding to the zipcode. Inhibiting ZBP-zipcode
interactions impairs growth cone motility.52 In this way, an external signal may regulate
growth cone dynamics by sequence-specific axonal transport and local translation of its
target mMRNAs. Indeed, NT-3 induces axonal transport and local translation of SB-actin
mRNA in cultured hippocampal neurons, a process which is critical for axon branching.%®
Asymmetric translation of g-actin mRNA within a growth cone is required for the correct
steering responses to guidance cues such as Netrin-1 and BDNF in Xenopus retinal ganglion
cells (RGCs) and spinal neurons /n vitro.2*25 Likewise, a neuropeptide pituitary adenylate
cyclase-activating polypeptide requires axonal protein synthesis to induce attractive turning
responses to growth cones.83 Thus, is local synthesis of cytoskeletal proteins a general
mechanism for growth cones to respond to guidance cues? The answer seems to be both yes
and no, depending on the guidance cues and the circumstances in which they are applied.
For example, repellent cues such as Sema3A and Slit2, which cause the collapse of growth
cones when uniformly applied in culture, also require axonal protein synthesis to exert their
effects.26:27 Unlike in the case of attractive guidance cues, repulsive cues induce local
synthesis of actin-depolymerizing molecules, such as RhoA and Cofilin, to mediate the
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collapse of growth cones. Similarly, actin depolymerizing factor mRNA is localized to
axons and locally translated in chick sympathetic neurons, although the functional
significance of this phenomenon was not shown.28 In addition, the actin monomer-
sequestering protein S-thymosin mRNA is enriched in the turning points of the axons and
decreasing its translation results in an uncontrolled outgrowth of snail axons,2? suggesting
that axonal synthesis of actin and actin binding proteins may be a general mechanism
neurons use to regulate axon dynamics. However, it does not seem to apply to all guidance
cues because some, e.g., lysophosphatidic acid, EphrinB, and sphingosine-1-phosphate, do
not require local protein synthesis.54-66

Components of microtubules and intermediate filaments are also locally synthesized in
axons. Campenot et al., using a pioneering compartmentalized culture system, found that 5
tubulin mMRNA as well as B-actin mMRNAs were abundant and actively translated in axons.3!
They estimated that less than 1% of B-tubulin and B-actin are made in axons compared to
the cell bodies and found that blocking around 80% of axonal protein synthesis did not
inhibit axonal elongation. They speculated that axonal protein synthesis may be required for
axonal maintenance rather than for elongation. This idea has been supported by a later study
in which it was shown that blocking protein synthesis or g-actin mMRNA translation in axons
did not affect axon elongation although it did inhibit steering responses of growth cones to
guidance cues.?*%4 Interestingly, it has recently been found that axon elongation induced by
nerve growth factor (NGF) or Netrin-1 signaling, but not the basal rate of axon elongation,
require axonal protein synthesis.6” Jaffrey et al. have shown that stimulated, but not basal,
axon elongation requires local synthesis of Par3, a component of the Par complex which is a
regulator of cytoskeleton dynamics and enriched in growth cones.%” Microtubule binding
protein tau MRNA has also been found in axons.33:34.68 Ginzburg et al. found that the 3'-
UTR of tau mRNA contains an axon-localization signal, analogous to the zipcode of S-actin
mRNAs, and that the RNA-binding protein HuD mediates kinesin-based anterograde
transport of tau MRNA along the axons.3*8 Interestingly, mMRNAs encoding kinesin itself,
as well as other microtubule-associated proteins, are also found in squid giant axons,20:32
mRNAs encoding neurofilaments have also been found in adult goldfish Mauthner axons
and the rat sciatic nerve,36:37 suggesting that axonal synthesis of the components of
cytoskeleton may be a conserved mechanism by which axons are maintained.

Protein-Encoding mRNAs

Synapse formation is a dynamic process that occurs in both developing and mature nervous
systems, and it is established that local protein synthesis in dendrites plays an essential role
for synaptic plasticity of adult rodents.14 There is now evidence indicating that local mMRNA
translation may also play important roles in the opposite side of the synapse—the axonal
presynaptic terminal.5® For example, inhibiting local protein synthesis decreases the
releasable pool of synaptic vesicles in hippocampal neurons. This is likely to result from the
decreased local synthesis of calmodulin-dependent kinase 11 (CamKI]I) in the presynaptic
terminal considering the very short half-life of this protein, although the localization of
CamKIl mRNA in the presynaptic terminal has yet to be demonstrated.®’ It has also been
noted for long that the posterior pituitary gland of adult rodents, which are the axon
terminals of hypothalamic neurons of the supraoptic and paraventricular nuclei, contains
mMRNAs encoding oxytocin and vasopressin, the neuropeptides which are locally synthesized
and secreted.46:49:50 Other neuropeptides or hormones of invertebrates such as caudodorsal
cell hormone, egg-laying hormone, and sensorin A are also locally synthesized at the
presynaptic nerve terminals39-41:55.70 syggesting that local mRNA translation may be used
as a mechanism for forming and maintaining presynaptic terminal /in vivo.

Sensory neurons also synthesize proteins in axons. The axons of olfactory sensory neurons
contain MRNAs encoding olfactory receptors, olfactory marker proteins, and calcitonin
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gene-related peptide,*>47:48 and the evidence showing these mMRNAs are locally translated
in nerve terminal was recently provided by Trembleau et al.10 Peripheral nociceptive (pain-
sensing) neurons, whose cell bodies reside in dorsal root ganglia, send out the peripheral
branch of their long axons to the receptive fields. These peripheral nerve endings contain
multiple receptors that sense noxious stimuli. The mRNA encoding transient receptor
potential channel V1 (TRPV1), a receptor responsible for thermal pain, is found in the axons
of these neurons.>! Furthermore, the local inflammation induced by a tissue injury promotes
the axonal transport of TRPV1 mRNAS to the injury site, suggesting the increased local
synthesis of TRPV1 may be involved in pain hypersensitivity during the inflammatory
response.>!

The in vitro studies in which local protein synthesis was shown to regulate growth cone
steering responses suggest that axonal mMRNA translation may be used as a regulatory
mechanism to control axon guidance /n vivo.18:24-26 Evidence supporting this idea was
provided by Flanagan et al.>2 Pathfinding axons receive multiple guidance cues
simultaneously and therefore must quickly integrate these signals in order to properly
respond to their changing environments. The surface expression of the receptors for these
signals is therefore tightly controlled. For example, a subset of chick commissural axons
begin to express EphA2 receptors after they cross the midline and the expression of these
receptors remains restricted in the distal segments of the axons. Flanagan et al. showed that
EphA mRNA:s are localized to the axons of these neurons and translated only in the distal
segments of the axons. Furthermore, they found a cis-element in the 3’-UTR of EphA2
MRNA responsible for this spatiotemporally controlled translation. Although it was not
examined what signals and RNA binding proteins (RBPs) regulate this specific translation
of EphA2 mRNA, this study showed that the local protein synthesis might be used as a
mechanism to control axon guidance /n vivo, just as many /n vitro studies have suggested.
The presence of MRNASs encoding diverse receptors and neuropeptides for the specialized
function of presynaptic terminals together with the evidence of axonal translation of some of
these mMRNAs strongly suggests that regulated axonal protein synthesis plays important roles
in the formation and maintenance of presynaptic axon terminals.

Nuclear Protein-Encoding mRNAs

Jaffrey et al. have constructed a cDNA library using mRNAs isolated from the axons of
cultured embryonic DRG neurons in a compartmentalized culture system.19 Among the
axonal cDNAs, they found an unexpected cDNA-CRE-binding protein (CREB), a
transcription factor mediating NGF-induced survival of these neurons. They went further to
show that NGF treated to the axons, but not to the cell bodies, stimulated local translation of
CREB mRNAs in the axons, and the axonal synthesis of CREB is required for NGF-
mediated cell survival effects. Surprisingly, the axonally synthesized CREB was transported
retrogradely to the nucleus to exert its survival role. Nuclear CREB could not support the
cell survival, suggesting that the CREB synthesized in axons has different characteristics to
nuclear CREB although the nature of this difference is unclear. Local synthesis of a nuclear
protein in axons had already been observed in the axons of mature DRG neurons. Using a rat
model of sciatic nerve injury, Fainzilber et al. found that importin—g, a protein regulating
nuclear import of other proteins, was locally synthesized in the injured axons and the new
importin— proteins were transported retrogradely to the cell bodies in DRG.? Using the
same injury model in mice, Fainzilber et al. further showed that Vimentin, an intermediate
filament, is also locally synthesized in injured axons and that newly synthesized Vimentin
directly associates with phosphorylated Erk1/2 (pErks). The direct binding of Vimentin to
Importin—g then mediates retrograde transport of pErks by the dynein motor, resulting in
Elk1 activation in cell bodies and neuronal regeneration.’* In line with these studies, Jin et
al. have recently shown that mMRNA encoding the transcription factor CAAT enhancer
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binding protein-1 (CEBP-1) is present in axons of Caenorhabditis e/egans and the stability
of CEBP-1 mRNA in axons is regulated by signals known to influence synaptogenesis and
axon growth.5® Moreover, blocking signaling pathways that regulated local translation of
CEBP-1 inhibited synapse formation and maintenance as well as regeneration of mature
axons, suggesting that local mRNA translation of nuclear proteins may be a conserved
mechanism that an axon terminal employs to inform its distant cell body of its synaptic
environments. It should be noted that Riccio et al. failed to detect CREB mRNAs in the
axons of sympathetic neurons. In this study, they isolated axonal MRNAs from superior
cervical ganglion (SCG) neurons cultured in a compartmentalized chamber. They performed
a comparative analysis of axonal and soma RNAs and made an intriguing observation that
the most abundant axonal RNA is IMPA-1 mRNA, an enzyme responsible for biogenesis of
myo-inositol, which is widely used as a precursor for important signaling molecules. This
study showed that NGF stimulates anterograde transport of IMPA-1 mRNA which is then
translated locally in the axons. Blocking axonal transport or translation of IMPA-1 mRNA
results in degeneration of the axons. These studies suggest that different cell types have
different repertoires of axonally localized mRNAs.18

Riccio et al. have shown in their recent study that the composition of axonal RNAS is
distinct from that of somal RNAs, suggesting that a selective pool of RNAs is actively
transported to the axons.18 Unexpectedly, mMRNAs encoding cytoskeletal proteins are not the
most abundant in axons. Surprisingly, the most abundant classes of RNAs found in the
axons of SCG neurons encode proteins involved in the functions of mitochondria and
ribosomes. In particular, mRNAs encoding most ribosomal proteins as well as ribosomal
RNAs are found in axons, suggesting an intriguing possibility of axonal ribogenesis or
ribosome repair.18:75.76 Indeed, Twiss et al. had reported that translation of preexisting
mRNAs encoding L4, a ribosomal protein, is required for the rapid neurite regeneration of
PC12 cells.”” Although the subcellular localization of 14 mRNA translation was not
examined, this study demonstrated that de novo synthesis of ribosomal proteins is required
for neurite regeneration which indicates that a transcription-independent control of gene
expression is required for rapid responses to changing environments and that the same
mechanism may be used to maintain the translational machinery itself. Indeed, mMRNAs
encoding proteins of the translational machinery are also enriched in axons of Aplysia,
suggesting that local genesis and/or repair of ribosomes may occur across species to support
axonal mMRNA translation during development.30

MECHANISMS OF LOCAL mRNA TRANSLATION

An increasing body of evidence has suggested that the controlled translation of axonally
localized mMRNAs takes part in diverse cellular functions. The repertoires of axonal mMRNAS
seem to be distinct in different neurons (e.g., DRG neurons, SCG neurons, and RGCs),18:26
and the same neurons seem to have developmental stage-specific changes in axonally
translated mRNAs. Furthermore, translation of many axonal mRNAs is triggered by external
cues, making it very difficult to propose a general model using current knowledge to
describe how axonal mRNA translation is regulated in developing axons.

Previous work has demonstrated that translational machinery exists in growth cones and
axons of developing neurons as well as of mature neurons in certain circumstances.®64 For
example, mature ribosomes as well as ribosomal proteins are found in growth cones.
Eukaryotic initiation factor-4E (elF-4E), which binds the 5” cap structure of an mRNA and
regulates the rate-limiting step of cap-dependent mRNA translation, as well as its regulator
elF-4E binding protein (4E-BP) are found in growth cones. Under basal conditions, 4E-BP
exists in a hypophosphorylated form, which binds and sequesters elF-4E from the translation
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initiation complex. Signaling cascades that activate phosphorylation of 4EBP relieve this
repression and thus activate cap-dependent translational initiation and general translation.”8
Different guidance cues such as Netrin-1 and Sema3A have been shown to increase
phosphorylation of 4EBP via mammalian target of rapamycin (nTOR), MAP kinases, and/
or Mnk-1.2779 Interestingly, EphrinA, which acts through EphA receptor and in general
does not require local protein synthesis to signal, was recently found to decrease mTOR
activity.”> mTOR activity is positively regulated by the small GTPase Ras homolog
enriched in brain (Rheb). Tuberous sclerosis protein 2 (Tsc2), the GTPase activating protein
of Rheb, is negatively regulated by Erk1/2 MAP kinase, and thus Erk1/2 is a positive
regulator of mTOR pathway. Sahin et al. have shown that EphrinA increases Tsc2-mediated
mTOR inhibition by decreasing Erk1/2 activity.”! These studies suggest an interesting
model in which developing axons regulate spatiotemporal translational activity within axons
by integrating diverse signals from their environments that increase or decrease local MRNA
translation and this mechanism may play an important role in axon guidance and/or
topographic mapping (Figure 1). Recently, Flanagan et al. reported a new link between
Netrin-1 and translation initiation. Under basal condition, DCC, a transmembrane receptor
of Netrin-1, forms a complex with multiple components of translational machinery
inhibiting translation. Netrin-1 binding then releases translational machinery from DCC and
promotes active local translation.80 This study suggests an interesting model that external
signals may regulate local translation by directly associating with translational machinery,
and it will be interesting to see if signals known to decrease translation (e.g., EphA) also
directly associate with translational machinery.

Studies in cultured cells have revealed a novel role of the cytoskeleton in regulating mRNA
translation. Actin filaments, microtubules, and intermediate filaments not only bind to the
components of translational machinery including elFs, eukaryotic elongation factors, cap-
binding protein, and aminoacyl-tRNA synthase, by serving as a scaffold, but also actively
participate in signaling pathways that regulate protein synthesis.8! For example, when
epithelial cells increase protein synthesis during the repair in response to tissue injury,
Keratin 17, an intermediate filament protein, signals by directly binding to the adaptor
protein 14-3-3oto increase mTOR activity and global protein synthesis.82 Considering
dynamic changes in the cytoskeletal structure of pathfinding axons, it is conceivable that
local protein synthesis is being constantly regulated by the changes in cytoskeleton of axons
and growth cones as protein synthesis of cytoskeletal proteins regulates cytoskeletal
dynamics.

One remaining questing is how mRNAs to be translated are selected? One way to control
mRNA-specific translation would be to control the local MRNA repertoire by transporting
specific mMRNAs to axons. Several cis-elements residing in the 5'- and/or 3’-UTR have been
implicated in axonal transport of mMRNAs. These include the ‘zipcode’ of S-actin mMRNA as
well as the cis-elements found in the 3’-UTRs of RhoA, EphA2, and IMPA-1 mRNAs
which can even induce axonal transport of otherwise soma restricted mRNAs.18:2252 Trans-
elements recognize these motifs, form ribonucleoprotein (RNP) complexes, and transport
the MRNAs to axons while repressing translation during the transport. Some evidence
suggests that the movement of these complexes can be regulated by external signals. For
example, a gradient of guidance cues such as brain-derived neurotrophic factor (BDNF) and
Netrin-1 applied to a growth cone induces asymmetric accumulation of Vg1RBP, the
Xenopus of homolog of ZBP, in the near side of the gradient, and also results in an increased
local synthesis of g-Actin protein.2425 The release from translationally silent RNP
complexes can also be the step of translational regulation.83 For example, Netrin-1 increases
axonal translation of kappa opioid receptor mMRNA by releasing growth factor receptor-
bound protein 7, an RBP that inhibits translation, from the 5’-UTR by activation of focal
adhesion kinase-mediated phosphorylation of this protein.84 Fragile X mental retardation
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protein, an RBP known to be a regulator of local translation in dendrites, is also localized to
developing axons suggesting a possible role in controlling axonal mMRNA translation (H.
Svoboda and C. E. Holt, personal communication).26 Another candidate regulator is
cytoplasmic polyadenylation element binding protein (CPEB), an RBP that regulates the
length of the poly A tails of target mMRNAs thereby controlling translation.85 CPEB binds to
the cytoplasmic polyadenylation element (CPE) in the 3" UTRs of several mRNAs including
EphAZ2 receptors, which localize to developing axons,? and the expression of dominant
negative CPEBL inhibits translation-dependent chemotropic responses /n vitro and axon
outgrowth /n vivo.88

Finally, microRNAs may participate in mRNA-specific regulation of local translation. In
dendrites, for example, the microRNA miR-134 keeps its target lim kinase 1 mRNA from
being translated until signals such as BDNF release this inhibition.8 Jaffrey et al. have
shown that small interfering RNA specifically delivered to axons could degrade target
mRNAs locally in the axons indicating that functional RNA interference machinery is
present in axons.28 Because axons and growth cones have diverse miRNAs (M. L. Baudet
and C. E. Holt, personal communication), it is plausible that similar mechanisms may take
part in regulating mMRNA-specific axonal translation in axons.

CONCLUSION

The progress made in recent years increased our understanding of local mMRNA translation in
developing neurons. A selective pool of mRNAS is actively transported to axons and
dendrites to make cell type- and developmental stage-specific repertoires of local mMRNAs.
These mRNAs encode proteins of diverse functions including cytoskeleton, cell signaling,
and even transcription and translation. RBPs recognizing axon- or dendrite-localizing
elements in the 5'- and 3"-UTR of the target mMRNAs are involved in transporting mRNAs
to axons and dendrites. Developmental signals such as guidance cues and morphogens
modulate global translational activity in axons and dendrites and mRNA-specific regulation
may be mediated by specificity of RNB-mRNA interactions. Local protein synthesis
regulates various cellular processes such as axon guidance and cell survival. With such
understanding of local MRNA translation, we can now ask new questions. Firstly, most
studies used neurons cultured /n vitro and it should be noted that Letourneau et al. have
reported that neither axon outgrowth nor growth cone turning required axonal protein
synthesis in some circumstances.88:8% They showed, using a novel ex vivo preparation of the
chick brainstem spinal cord projection, that protein synthesis at distal axons is not required
for axon elongation®® in good accordance with previous i vitro studies which reported that
growth cone chemotropic responses but not axon extension require axonal protein
synthesis.831.64 However, in a separate study, they observed no difference even in growth
cone responses to guidance cues in cultured chick neurons.89 Differences in the conditions
of /n vitro culture protocols may be responsible for this apparent discrepancy. Therefore,
developing methods to inactivate axonal protein synthesis /7 vivowould be required to test
the relevance of the results obtained by /n vitro studies. In this sense, examining the /n vivo
repertoire of axonal mMRNAs is of equal importance and results will shed light on the
functions played by local protein synthesis. Secondly, most locally synthesized proteins are
already present and it is not clear how it is advantageous to use local protein synthesis as a
signaling mechanism. One may speculate that a more rapid control of protein levels can be
achieved by regulating local protein synthesis independent of the soma control. Furthermore,
MRNA localization may provide a mechanism for highly precise control over where a
protein is made and localized because multiple localization signals can be added to a protein
without altering its function by using different UTRSs, whereas adding localization signals to
a protein may change its structure and function.%% Also newly synthesized proteins may have
novel properties distinct from the same preexisting proteins, which may serve as a useful
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signaling mechanism. Thirdly, the mechanisms responsible for transport of certain mMRNAs
are far from clear. Several studies have identified many mRNAs localized in the same
subcellular compartments, but there were no clear similarities in the 5'- and 3’-UTRs at
least at the primary sequence level. Fourthly, it is not clear how only a certain mMRNAs are
translated at a given time from a pool of diverse mRNAs. MicroRNAs may participate in
MRNA selection, and in this sense the dicer knockout mouse will be a very useful tool to
test if local translation is controled by microRNAs. Fifthly, many mRNAs encoding the
components of protein synthesis machinery are found in the axons of different neurons.18 It
will be very interesting to see if these MRNAs are locally translated, and if so, if this is a
mechanism to support the ongoing needs of translational machinery by making or repairing
ribosomes within axons. Finally, some guidance cues are known to signal by activating
protein degradation by ubiquitin-proteasome system (UPS) and/or local protein synthesis.54
For example, Netrin-1 requires both protein synthesis and degradation to induce
chemotropic turning responses of growth cones suggesting that protein synthesis and protein
degradation work in serial rather than in parallel. The proteins whose UPS-mediated
degradation is activated by Netrin-1 include the regulators of protein synthesis, such as the
tumor suppressor phosphatase and tensin homolog (PTEN). Since PTEN is a negative
regulator of the P13 kinase pathway which activates mTOR and mRNA translation, it will be
intriguing to see whether protein synthesis and protein degradation are functionally linked.
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Silencing complex
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FIGURE 1.

Regulation of local MRNA translation in growth cones. Growth cones integrate multiple
external signals that increase or decrease mRNA translation activity. In general, mMRNA
translation is regulated at the level of elF-4E, which activates cap-dependent translation
initiation. Activation of mammalian target of rapamycin (MTOR) induces phosphorylation
of 4E-BP, an inhibitor of elF-4E, and subsequently relieves repression of translation
initiation. mTOR is regulated by the small GTPase Rheb, and can be inhibited by signals
that activate Tsc2, the Rheb GTPase activating protein (GAP). Tsc2 is negatively regulated
by Erk1/2 MAP kinase and therefore activation of Erk1/2 results in activation of mTOR.
Erk1/2 can also directly phosphorylate 4E-BP. For example, Netrin-1 increases mRNA
translation by activating Erk1/2, whereas EphrinA decreases mRNA translation by inhibiting
Erk1/2. Alternatively, binding of Netrin-1 to DCC may directly activate translation by
regulating the direct association between DCC and translation machinery. It remains to be
seen whether any external signals negatively regulate translation also by directly associating
with translational machinery (e.g., EphA). Translation machinery is in physical contact with
cytoskeletal networks where translation occurs. Local translation of cytoskeletal proteins
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regulates cytoskeletal dynamics, and the changes in cytoskeleton can also regulate the
degree of local translation. Local translation of ribosomal proteins may occur to replenish or
repair ribosomes. A subset of mMRNAs are transported along cytoskeleton to growth cones by
associating with RNA binding proteins (RBPs), which then bind to motor proteins. Specific
cis-elements in the 5”- or 3"-untranslated regions (UTRs) are recognized by RBPs. Most
mMRNAs in growth cones are translationally repressed and signals may regulate release of
certain mRNAs from repression. MicroRNAs may participate sequence-specific repression
and derepression of MRNA translation.
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TABLE 2

Signals regulating axonal mRNA translation

Signals References
Netrin-1 induces PS of  pBactin, par3 24,25
via  PI3K, Erk1/2, p38, mTOR 64
requires PS for  GC turning and collapse; axon outgrowth 64, 67
Sema3A induces PS of RhoA 26
requires PS for  GC collapse 26, 64
Slit2 induces PS of  Cofilin 27
via MAPK
requires PS for  GC collapse
LPA does not induce PS 64
S1P does not induce PS 66
EphrinB/EphB  does not induce PS 65
PACAP requires PS for  GC turning 63
via PKA, Rho GTPases
EphA inhibits PS via  Tsc2 71
En2 induces PS of  components of EphrinA5 signaling 72
requires PS for  GC turning 73
NGF induces PS of CREB 19
requires PS for  survival of DRG neurons
induces PS of  par3 67
requires PS for induced axon outgrowth
does not induce PS  of  B-actin 23
BDNF induces PS of  pBactin 25
via ZBP
requires PS for  GC turning
NT3 induces PS of  pactin 23
via PKA

LPA, lysophosphatidic acid; PACAP, pituitary adenylate cyclase-activating polypeptide; NGF, nerve growth factor; BDNF, brain-derived
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neurotrophic factor; mTOR, mammalian target of rapamycin; CREB, CRE-binding protein; ZBP, zipcode binding protein; S1P, sphingosine-1-
phosphate;MAPK, mitogen-activated protein kinase; PKA, protein kinase A.
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