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During neuronal circuit formation, axons progressively develop into a presynaptic compartment aided by

extracellular signals. Axons display a remarkably high degree of autonomy supported in part by a local translation

machinery that permits the subcellular production of proteins required for their development. MicroRNAs (miRNAs)

are critical regulators of this machinery, orchestrating the spatiotemporal regulation of local translation in response

to cues. On one hand, a cue-induced relief of miRNA-mediated inhibition leads to bursts of protein translation, on

the other hand, a cue-induced miRNA activation, results in reduced protein production. Overall, miRNAs are key

elements of the local translation regulatory network controlling axon development.
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1.Introduction

During neuronal circuit assembly, the distal tip of the growing axon navigates a complex environment and

ultimately reaches its target where it branches and establishes connections with the synaptic partners. Each of

these phases of axon development is largely controlled by extracellular signals that induce local cytoskeletal

remodeling. As the axon elongates, its tip becomes distant from the cell body and can no longer rely on the soma

to promptly supply the proteins that it needs for its development. To overcome this challenge, the axon

progressively acquires a high degree of autonomy that enables it to independently manufacture its building blocks.

Part of this autonomy is conferred by the delocalization of the translational machinery to the axon to fuel their

development through the localized production of proteins.

The molecular mechanisms of mRNA translation in axon development have been clarified through decades of

investigation . Initial studies have documented that selected guidance cues trigger the translation of specific

axonal mRNAs within minutes, providing insight into the temporal regulation of mRNA translation and leading to the

concept of local translation on demand . The advent of large-scale transcriptomics, translatomics, and

proteomics analyses have revealed a hitherto unsuspected rich, complex and stage-specific population of axonal

transcripts . It was confirmed that specific transcripts are selected for translation and that unique protein

signatures are synthesized within axons in response to extracellular cues and, unsuspectedly, under basal

conditions . Moreover, intra-axonal translational events have been observed in adult neurons . Thus,

beyond the initial evidence of the important role of local translation during neuronal development, such a

mechanism appears to be important throughout the neuron’s lifespan, including adulthood . Additionally,
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aspects of the mechanisms underlying the spatial restriction of mRNA translation are starting to be clarified. While

it was known that mRNA translation is triggered asymmetrically within the growth cone in relation to the side of cue

exposure , recent studies revealed additional focal hotspots of de novo protein synthesis appear at sites of

branch emergence, on RAB7A endosomes, and in association with mitochondria . Studies from the past 30

years concur to show that the axonal translation machinery triggers the production of the right protein, at the right

time, and at the right place to promote axon development. This begs the question of how this process is so

exquisitely regulated.

The molecular nature of regulators of axonal mRNA translation and their mechanisms of action are beginning to be

elucidated. In general,  trans  regulators of mRNA translation fall within the two broad categories of RNA binding

proteins (RBPs) and non-coding RNAs (ncRNAs), the latter category being overwhelmingly constituted by miRNAs.

MiRNAs constitute a large category of short, non-coding RNAs that play widespread regulatory roles in post-

transcriptional steps of gene expression, mainly affecting mRNA stability and translation . They act essentially as

specificity determinants for effector proteins, which are represented by Argonautes (AGOs) in eukaryotes. MiRNAs

act through imperfect matches to their target sequences , and thereby constitute in vertebrates a vast level of

gene expression regulation. In principle, miRNAs are capable of affecting virtually all transcripts within the cell. The

scope of miRNA-mediated post-transcriptional gene regulation makes them particularly suited for the

spatiotemporal and selective regulation of mRNA translation within axons.

The hunt for regulators of axonal translation has been increasingly zeroing in on the role of miRNAs. Research

performed mostly in the last decade has produced a seizable body of evidence showing that miRNAs significantly

contribute to support the functional autonomy of the developing axons by exquisitely regulating mRNA translation

locally into newly synthesized proteins.

2. Role of miRNAs in Developing Axons

A developing axon displays a large degree of autonomy and relies in part on local mRNA translation to promote its

growth, steering, targeting, branching, and synaptogenesis, which are all critical steps in neuronal circuit

development. Local translation is a process that is highly regulated in space and time, and axonal miRNAs are

emerging as critical components of the mRNA regulatory network. The miRNA repertoire in axons is complex 

, and initial studies point to an endosome-based mechanism of transport underlying the proper

translocation of these small RNAs to the axonal domains where they exert their function  . Our current

understanding of miRNA-mediated mechanisms in neural circuit assembly points to two key regulatory pathways

likely to work in parallel. On the one hand, a cue-induced mRNA de-repression via miRNA inactivation triggers a

burst of translation of specific transcripts . On the other hand, a cue-induced mRNA repression via

NG-miRNA activation induces translation inhibition . Together, the two mechanisms would contribute to regulate

growth cone behavior in response to external signals by fine tuning in space and time the translation of mRNAs to

ultimately remodel the cytoskeleton (Figure 6). This RNA-based pathway may act alongside the classic protein-

based regulatory pathway to confer a higher degree of regulatory potential that supports the precision required in

neural circuit development.
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Figure 6. Proposed model of miRNA-mediated regulation of basal and cue-induced translation. (1) Specific

miRNAs keep a subset of mRNAs in an untranslated state, but upon stimulation, the miRNA-mediated silencing is

relieved, and this induces a burst of mRNA translation. (2) Inactive pre-miRNAs are transported and stored within

the axonal compartment (left), and upon cue exposure (right), distinct pre-miRNAs are locally processed and the

associated newly generated miRNAs (NG-miRNAs) inhibit the basal translation of given transcripts. Regardless of

the stimulus status, (3) specific transcripts undergo basal translation and (4) others are maintained in an

untranslated silent state.

Research on the local roles of miRNAs in axons has been intense in the last 10 years, yet many areas remain

unexplored. It is still largely unclear how miRNAs are specifically targeted to the axonal compartment and within

the axon subregions. Does a zip code exist on such short molecules similar to mRNAs, as shown for miR-29b for

nuclear import ? Are miRNAs mostly transported as pre-miRNA and processed locally? How widespread is

endosome-mediated transport as a mode of transport for miRNAs and RNAs in general? Since the endosome acts

as local translational hubs in axons , is this organelle crucial in miRNA-regulated translational events in response

to external stimuli? Could it spatially restrict the access of newly generated miRNAs to a few targets? Numerous

studies have revealed that miRNAs activity is modulated by extrinsic signals. Yet, it is unclear how miRNAs are

activated or inactivated upon cue exposure. miRNA inactivation may occur through target-mediated degradation in

neurons . However two studies have shown that this is not the case, since miRNA levels are not altered .

MiRNA inactivation could be triggered by miRNA modification  or displacement by a molecule competing for the

same motif such as an RBP. Circular RNAs (circRNAs) could also be involved, as they can act as miRNA

sponges , and it is possible to envision that their levels are increased upon stimulation, leading to the

sponging/inactivation of miRNAs. We have uncovered a novel mechanism whereby miRNA activation relies on the

local processing of the miRNA precursor . However, other mechanisms may exist.
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Clearly, our understanding of miRNA-mediated mechanisms in axon development during circuit assembly remains

partial, and further investigations are needed to attain a comprehensive description of how these small non-coding

RNAs specifically exert their function. Research in this area will not only help dissecting important molecular

mechanisms occurring in neuronal development, but it is assured to also impact research in axon regeneration and

in neurological pathologies. Indeed, axon regeneration can be considered a recapitulation of developmental

growth. Axonal translation is a crucial mechanism to promote regeneration , and not surprisingly, miRNAs act

as regulators in the regenerative response of injured axons both in the peripheral and central nervous system . In

addition, miRNA dysregulation has been linked with neurodevelopmental and neurodegenerative diseases .

However, local roles of miRNA in axons in these contexts are largely unexplored. All in all, axonal miRNAs appear

to be key regulators throughout the brain lifespan, with potential implication in regenerative processes and in

pathological conditions. This characteristic makes them prime targets for therapeutic intervention, and improving

our understanding of miRNA-mediated mechanisms might potentially help with treating neuronal trauma and nerve

injury in addition to neurodevelopmental and neurodegenerative disorders.
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