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Axonal precursor miRNAs hitchhike on
endosomes and locally regulate the development of
neural circuits
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Abstract

Various species of non-coding RNAs (ncRNAs) are enriched in speci-
fic subcellular compartments, but the mechanisms orchestrating
their localization and their local functions remain largely
unknown. We investigated both aspects using the elongating reti-
nal ganglion cell axon and its tip, the growth cone, as models. We
reveal that specific endogenous precursor microRNAs (pre-miRNAs)
are actively trafficked to distal axons by hitchhiking primarily on
late endosomes/lysosomes. Upon exposure to the axon guidance
cue semaphorin 3A (Sema3A), pre-miRNAs are processed specifi-
cally within axons into newly generated miRNAs, one of which, in
turn, silences the basal translation of tubulin beta 3 class III
(TUBB3), but not amyloid beta precursor protein (APP). At the
organismal level, these mature miRNAs are required for growth
cone steering and a fully functional visual system. Overall, our
results uncover a novel mode of ncRNA transport from one cytoso-
lic compartment to another within polarized cells. They also reveal
that newly generated miRNAs are critical components of a ncRNA-
based signaling pathway that transduces environmental signals
into the structural remodeling of subcellular compartments.
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Introduction

Most cells are polarized, with an intracellular milieu partitioned into

various organelles, cytosolic and membrane microdomains that

accomplish specialized biological and regulatory functions. Neurons

are highly polarized, and their axons constitute a unique cellular

outpost with distinctive autonomous functions. During develop-

ment, axons grow and generate a complex network of intercon-

nected neurons. To establish these connections, the tip of the

growing axon, the growth cone, is guided with exquisite precision

by attractant and repellent chemotropic cues en route to its target.

Axons must sometimes navigate a significant distance before reach-

ing their final destination. In large mammals, axons can even reach

targets located meters away. The distance between growth cone and

cell body poses a particular challenge to developing neurons, as

growth cones must be able to rapidly and accurately transduce envi-

ronmental information to ensure highly precise directional steering,

without the immediate intervention from the soma. To overcome

this challenge, growth cones store, locally produce, and fine-tune

the levels of their own proteins through local protein synthesis

(LPS), from a rich repertoire of mRNAs that are selectively trafficked

there (Cioni et al, 2018).

Overall, mRNA localization and its corollary, local translation,

are key mechanisms to create and sustain polarity by conferring

functional autonomy to a variety of subcellular compartments

including axons (Chin & Lécuyer, 2017). Recent evidence suggests

that not only mRNAs but also various additional RNA species such

as the small non-coding RNAs (ncRNAs) miRNAs (Kye et al, 2007;

Lugli et al, 2008; Natera-Naranjo et al, 2010), linear long ncRNAs

(Cabili et al, 2015), and circular RNAs (You et al, 2015) are local-

ized to and enriched within subcellular outposts. The mechanisms

of ncRNA transport to these compartments and the biological func-

tions of local ncRNAs have, however, remained elusive. Gaining

such fundamental insight on axons is crucial, as derailed axonal

transport is a common factor in several incurable neurodegenerative

disorders (Liu et al, 2012).

Dicer is essential for the production of most ~22nt active, mature

miRNAs from short hairpin precursor miRNAs (pre-miRNAs)
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(Grishok et al, 2001; Hutvagner et al, 2001). Remarkably, several

reports have revealed the presence of Dicer within growth cones

(Hengst, 2006; Aschrafi et al, 2008; Zhang et al, 2013; Hancock

et al, 2014; Kim et al, 2015; Vargas et al, 2016; Gershoni-Emek

et al, 2018). These findings raise the intriguing possibility that inac-

tive pre-miRNAs are trafficked along axons to the growth cone and

locally activated to exert their function. Here, we thus explore the

transport mechanisms of pre-miRNAs within axons using a novel

molecular beacon-based approach. We discover that pre-miRNAs

exploit a vesicle-based transport system to reach the axon tip, where

they are subsequently stored. We then investigate the local function

of pre-miRNAs within growth cones. We uncover that upon repel-

lent cue exposure, specific pre-miRNAs are locally processed into

active miRNAs that rapidly inhibit the basal translation of a selected

transcript. This, in turn, induces directional steering ex vivo and

in vivo, and promotes the development of a fully functional

neuronal circuit. Collectively, these results reveal that miRNAs

hitchhike on vesicles to distal axons in an inactive form. At the

growth cone, they are activated, on demand, to acutely inhibit basal

translation of specific transcripts ultimately promoting growth cone

steering and the highly accurate assembly of neuronal circuits.

Results

Molecular beacons are new, specific tools to detect endogenous
pre-miRNAs in cells

To investigate pre-miRNA transport mechanisms, we first estab-

lished that these precursors are indeed located to axons. Analysis of

our previously published dataset of small RNAs (Bellon et al, 2017)

revealed the existence of sequences corresponding to the loop

region of 42 pre-miRNAs in axons and growth cones of Xenopus

laevis retinal ganglion cells (RGCs), our model system

(Appendix Fig S1A). We validated, by RT–PCR, the presence of the

abundant pre-miR-182, pre-miR-181a-1, and pre-miR-181a-2 in eyes,

and pure axonal RNA that we collected by laser capture microdis-

section (LCM; Fig 1A–C and Appendix Fig S1A). We also examined

the relative expression levels of the two miR-181a precursors by

RT–qPCR, and found that a-1 was 5.9× significantly less abundant

than a-2 in eyes (Appendix Fig S1B), yet 2.5× more abundant in

isolated axons (Appendix Fig S1C). This indicates that pre-miR-

181a-1 may be preferentially targeted to axons and growth cones.

We next explored how pre-miRNAs reach the growth cone. We

specifically examined the transport dynamics of endogenous pre-

miR-181a-1, more abundant than pre-miR-181-a2 in axons

(Appendix Fig S1C), by adapting molecular beacon (MB) technol-

ogy. MBs are single-stranded oligonucleotide probes which fluoresce

only when hybridized to their target (Santangelo et al, 2006)

(Fig 1D). The MB backbone and sequence was carefully designed to

maximize the probe’s stability, signal-to-noise ratio, and specificity

within the cell (see Methods for details). Thermal denaturation

assay (Fig 1E) revealed increased fluorescence levels at low temper-

atures in the presence of in vitro transcribed pre-miR-181a-1

(Fig 1F) but not in the presence of (i) pre-miR-187 which is absent

from RGCs (this study and Ref. (Bellon et al, 2017)), (ii) a modified

pre-miR-181a-1 lacking the loop region, and (iii) short double-stranded

miR-181 mimic (see Methods; Appendix Fig S1D–F). This confirms

that our MB is able to specifically hybridize with and detect pre-

miR-181a-1 in vitro.

To test MB specificity ex vivo, we first examined change in MB

signal when endogenous pre-miR-181a-1 is knocked down (Fig 1G).

Blocking Drosha cleavage with morpholino (pri-miR-MO) led to a

significant decrease in pre-miR-181a-1 levels by 56.3% in the eye

(Fig 1H) and of MB puncta by 58.4% (Fig 1I and J). We did not

observe significant differences between WT and co-MO (Fig 1H–J).

Second, we examined whether cy3-labeled MB colocalized with

exogenous cy5-labeled pre-miR-181a-1 (Fig 1L) or pre-miR-187

(Appendix Fig S1G) that we serially electroporated into eye primor-

dia (Fig 1K and N, and Appendix Fig S1H–L). Within axons, 70.1–

77.2 and 2.9% of MB puncta colocalized with pre-miR-181a-1 and

pre-miR-187 puncta, respectively (Fig 1M and Appendix Fig S1L).

This suggests that the MB can specifically recognize pre-miR-181a-1

ex vivo.

Endogenous and exogenous pre-miRNAs are actively trafficked
along axons

We then characterized endogenous pre-miR-181a-1 trafficking

dynamics in RGC axons by single axon live imaging and kymograph

analysis following targeted electroporation of MBs into retinal cells

(Fig 2A–C). MB-labeled pre-miR-181a-1 puncta were detected

throughout the entire length of growing RGC axons and within the

central domain of growth cones (Fig 2B). Equal frequencies of

anterogradely and retrogradely moving puncta were detected

(Fig 2D). Upon subdivision of the puncta population based on speed

[stationary (< 0.2 lm/s), moving (0.2–0.5 lm/s), and fast-moving

puncta (> 0.5 lm/s) (Maday et al, 2014; Leung et al, 2018)], we

observed that the fast anterogradely moving puncta were signifi-

cantly faster on average than their retrograde counterpart (Fig 2E).

These observations likely reflect the properties of molecular motors:

Anterograde kinesins are highly processive motors, while retrograde

dyneins make frequent back and side steps (Maday et al, 2014). No

significant differences in puncta directionality (Fig 2D) and veloci-

ties (Fig 2E) between endogenous and exogenous pre-miR-181a-1

were observed (Movies EV1 and EV2).

To address whether moving (≥ 0.2 lm/s) endogenous pre-

miRNAs are driven by active transport or passive diffusion, we

performed mean square displacement (MSD) analysis (see Methods

for details). The MSD data were fitted with an anomalous diffusion

model: MSD = Asa + B (Eq1) (Otero et al, 2014). Trajectories were

conservatively classified as actively driven (a > 1.5), diffusive

(0.9 < a < 1.1), or confined (a < 0.5) (Otero et al, 2014). We

obtained a = 1.78 (endogenous) for the combined trajectories of all

particles (Fig 2F), suggesting that moving pre-miRNAs were overall

actively trafficked along axons. By analyzing the a distribution of

individual moving particles, we detected that the majority assumed

an active motion (Fig 2G and H). As above, exogenous and endoge-

nous pre-miRNAs appeared to behave similarly, since the computed

a (Fig 2F) and a distribution (Fig 2G and H) were not significantly

different. As expected, particle trajectory of each type of motion

appeared to differ and most displayed a perfect or near perfect fitting

reflecting a single-mode behavior (Fig EV1A–C). Collectively, these

data suggest that the majority of anterogradely displaced pre-

miRNAs are actively transported along the axon to reach the

growth cone.
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Pre-miRNAs are trafficked along microtubules, associated
primarily with late endosomes/lysosomes

Next, we dissected the mechanisms mediating pre-miRNA axonal

transport. As axonal-directed trafficking relies on microtubules

(MTs) (Maday et al, 2014), we explored whether pre-miR-181a-1 is

also transported via this cytoskeletal component using the MT-

destabilizing drug nocodazole (Noco; Fig 2I). Kymograph analysis

of time-lapse movies before (�) or after (+) a 30-min Noco incuba-

tion revealed a strong and significant increase in the proportion of

stationary (< 0.2 lm/s) puncta (Fig 2J and K) and an overall 91.5%

decrease in puncta’s average velocities (from 0.2357 to 0.0199 lm/

s; Fig 2L) after drug application. Bath application of vincristine,

another MT-destabilizing agent (Jordan et al, 1985), led to similar

results (Fig EV1D and E). This indicates that pre-miRNA transport

along the axon shaft is mediated via microtubules.

In neurons, mRNAs are trafficked along axons packaged within

ribonucleoparticles (RNPs) (Bauer et al, 2017). Pre-miRNAs may

also be dynamically trafficked within RNPs, as recent data on

dendrites suggest (Bicker et al, 2013). However, mature miRNAs,

miRNA-repressible mRNAs, and components of the miRNA process-

ing machinery associate with late endosomes/multivesicular bodies

and lysosomes (LE/Ly) in non-neuronal cells (Gibbings et al, 2009;

Lee et al, 2009) and LE/Ly are detected in axons and growth cones

(Falk et al, 2014; Konopacki et al, 2016). It is thus possible that pre-

miRNAs adopt a non-canonical transport mode associated with LE/

Ly within the axon shaft. Using CD63, a transmembrane protein

enriched in a LE/Ly (Pols & Klumperman, 2009), as a marker, we

examined whether CD63-eGFP-labeled vesicles and MB-labeled pre-

miR-181a-1 puncta were co-trafficked within axons (Fig 3A). 71.4%

of MB-positive moving puncta were co-transported with CD63-

eGFP-labeled vesicle-like focal puncta, and an equal percentage of

these moved anterogradely and retrogradely (Fig 3B–D, F and G,

and Movies EV3 and EV4). This bidirectional transport is consistent

with previously published studies on LE/Ly trafficking in embryonic

neurons (Farı́as et al, 2017). Similar results were obtained when

growth cones were cultured from older embryos (Appendix Fig

S2A–G and Movie EV5). These percentages are likely an underesti-

mation, as endogenous unlabeled vesicle present in these axons

may mask the extent of this co-traffic. These results indicate that

CD63-positive vesicles contribute, to a large extent, to pre-miRNA

axonal transport. Furthermore, numerous co-trafficked puncta

reached the growth cones and appeared to stall and accumulate

within the organelle-rich central domain (Dent & Gertler, 2003)

(star, Figs 2B and 3E and H–L, and Appendix Fig S2E and H–I), and

in the perinuclear region (Fig 3H–L). Taken together, these results

suggest that pre-miRNAs hitchhike on vesicles to reach the growth

cone central domain where they are stored.

To further characterize the vesicles on which pre-miR-181a-1

hitchhikes, we use a panel of exogenous markers, linked to fluores-

cent reporters, enriched in early (Rab5a) and late (Rab7a) endo-

somes and lysosomes (Lamp1; Fig 4A and B) (Saftig &

Klumperman, 2009; Langemeyer et al, 2018). We detected that

CD63 colocalized with Rab7a (81%) and Lamp1 (81%) but much

less with Rab5a (39%) (Fig 4C and D and Appendix Fig S3A and B).

We then examined whether these vesicles have degradative proper-

ties and found that CD63 colocalized with LysoTracker (73%), a

marker of acidic organelles (Fig 4D and Appendix Fig S3C–F). This

suggests that the CD63-eGFP that we have used to study pre-miRNA

co-traffic is primarily expressed in acidic late endosomes/lysosomes

in Xenopus RGC axons in culture. Subsequently, we investigated

whether pre-miR-181a-1 similarly associates with these markers and

detected a high colocalization with Rab7a (90%), Lamp1 (91%),

and LysoTracker (90%), similar to that found with CD63 (80%), but

a significantly lower colocalization with Rab5a (50%) (Fig 4E and

F). Furthermore, pre-miRNAs colocalized with CD63/LysoTracker

◀ Figure 1. Molecular beacons are new, specific tools to detect endogenous pre-miRNAs in cells.

A Schematic representation of the experimental protocol. LCM, laser capture microdissection.
B, C RT–PCR performed on RNA extracted from axons collected by LCM (Ax) or from eyes. (B) b-Actin mRNA is present both in eyes and in axons, while MAP2 and H4 are

present only in the eye sample, suggesting the absence of contamination from cell bodies or other cells in LCM axonal samples (Bellon et al, 2017). Ax, axonal
sample; Eye, stage 37/38 eye; LCM, laser capture microdissection; –, PCR no template control; NT, RT no template control.

D Schematic of MB, pre-miR-181a-1, and their hybridization complex. MB, molecular beacon.
E Schematic of thermal denaturation profile of the MB. MB, molecular beacon.
F Thermal denaturation profiles of MB, in the absence (solid line) and presence (dashed line) of increasing target concentration. Each melting curve represents the

average of three separate replicates. Yellow boxes indicate the range of working temperatures for ex vivo trafficking experiments. MB, molecular beacon; Tm, MB
melting temperature.

G Schematic representation of the experimental protocol. Concentrations used are as follows: 5 lM MB; 250 lM co-MO; 250 lM pri-miR-MO. MB, molecular beacon;
co-MO, control morpholino; pri-miR-MO, morpholino blocking pre-miR-181a-1 processing by targeting the Drosha cleavage site.

H Quantification of the expression levels of pre-mir-181a-1 using the 2�DCt method and U6 as normalizer from small total RNA fraction (< ~150 nt). Each data point
corresponds to one independent experiment. n = 3 independent experiments. Values are mean � SEM. ns, not significant.

I Total number of MB puncta normalized to axon length (lm). Each data point corresponds to one axon. Total number of puncta and axons analyzed is as follows:
928 puncta and 61 axons (WT); 226 puncta and 15 axons (co-MO); 208 puncta and 35 axons (MO). n = 4 independent experiments. Values are mean � SEM. ns, not
significant; co-MO, control morpholino; pri-miR-MO, morpholino blocking pre-miR-181a-1 processing by targeting the Drosha cleavage site.

J Representative axons. MB puncta are indicated (white arrows). Dashed white lines delineate axons. MB, molecular beacon. Scale bars: 5 lm.
K Schematic representation of the experimental protocol. Concentrations used are as follows: 5 lM MB; 200–250 ng/ll cy3-pre-miR-181a-1. MB, molecular beacon.
L Schematic representation of cy5-labeled pre-miR-181a-1.
M Frequency (in percentage) of puncta colocalization between MB and cy5-pre-miR-181a-1 (#MB+/pre-miR+). Each data point corresponds to one axon. Total

number of puncta and axons analyzed is as follows: 354 puncta and 32 axons (MB); 337 puncta and 32 axons (cy5-pre-miR-181a-1). n = 5 independent
experiments. Values are mean � SEM. MB, molecular beacon.

N Representative image of RGC axons. White, red, and blue arrows indicate, respectively, colocalized, single MB, and single pre-miR-181a-1 puncta. Scale bars: 5 lm.

Data information: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data were normally distributed (Shapiro–Wilk test), one-way ANOVA followed by Tukey’s multiple
comparison post hoc test (H). Data were not normally distributed (Shapiro–Wilk test), and Kruskal–Wallis test followed by Dunn’s multiple comparison post hoc test (I).
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(80%) and CD63/Rab7a (68.5%) double-marked vesicles (Fig 4G

and H). The distribution of the colocalization frequency of pre-miR-

181-a1 with LysoTracker or CD63/LysoTracker (Fig 4F–H) indicates

that this RNA does not always associate with degradative, acidic

vesicles. Collectively, these data suggest that pre-miRNAs are

primarily transported by late endosomes/lysosomes.

Finally, using 3D-STED super-resolution imaging analysis, we

detected that pre-miR-181a-1 molecules were associated with the

outer surface of CD63-eGFP-marked vesicles in both axons and

growth cones (Fig 4I, Movies EV6 and EV7). Occasionally, we

noticed that two pre-miRNAs were carried in polar opposite orienta-

tion (Appendix Fig S3G). Collectively, our data suggest that pre-

miRNAs are not incorporated inside intraluminal vesicles of late

endosomes/lysosomes for degradation or exocytosis. Rather, they

are docked to endosomes for transport, readily available for cyto-

plasmic function.

Pre-miRNAs are processed locally in response to cues

Our data thus far indicate that pre-miRNAs are actively delivered to

growth cones in their inactive precursor form. We next wondered

whether they are locally processed into active mature miRNAs in

this compartment. To address this, we first examined in Xenopus

the distribution of Dicer, an endoribonuclease that cleaves pre-

miRNA. We observed a clear punctate immunoreactive signal in

growth cones not only for Dicer but also for Ago2, a component of

the miRNA-induced silencing complex miRISC (Fig 5A and B). To

confirm the bona fide axonal localization of Dicer, we used an

endogenous epitope-tagged (FLAG-HA2)-Dicer knock-in mouse

allele (Much et al, 2016) (Fig EV2A and B) and anti-HA immunoflu-

orescence (Fig EV2C). At E13.5, when RGC axons reach the chiasm

(Bovolenta & Mason, 1987), Dicer was not detected in RGC axons

marked with anti-neurofilament antibody but instead appeared in

cells of the optic nerve (Fig 5C, arrowheads). However, by P0, when

axons start innervating their target centers (Godement et al, 1984),

Dicer was detected within RGC axons where HA-associated and

axonal neurofilament-associated signals clearly overlapped (Figs 5D

and EV2D). This strongly suggests that Dicer may process pre-

miRNA into miRNAs within RGC axons during the developmental

time window of axon targeting. It further points to the possibility

that such processing might be triggered by cues expressed by the

target region itself.

We therefore next asked whether axonal pre-miRNAs are locally

processed into active mature miRNAs upon exposure to cues regu-

lating axon targeting. To address this, we used isolated axons,

which yield pure axons and growth cones responsive to cues

(Appendix Fig S4A and B). We exposed isolated axons to the well-

described repellent cues, Sema3A and Slit2, at concentrations that

generate protein synthesis-dependent growth cone responses (Bel-

lon et al, 2017) (Appendix Fig S4C). These cues are expressed

within the optic tectum, a midbrain structure targeted by Xenopus

RGC axons, and act as chemorepellent for these axons (Campbell

et al, 2001; Piper et al, 2006). We then assessed by RT–PCR

whether any of these cues triggered pre-miRNA processing (Fig 6A).

Pre-miR-181a-1 and pre-miR-181a-2 are derived from two distinct

primary transcripts and both give rise to miR-181a-5p and, respec-

tively, to miR-181a-1-3p and miR-181a-2-3p (Appendix Fig S5A and

B). Upon Sema3A bath application of isolated axons, we detected a

◀ Figure 2. Endogenous and exogenous pre-miRNAs are actively trafficked along axon microtubules.

A Schematic representation of the experimental paradigm. Concentrations used are as follows: 5 lM MB; 200–250 ng/ll cy3-pre-miR-181a-1. MB, molecular beacon.
B Representative image of a single distal RGC axon from MB-electroporated retina. Growth cone wrist and central domain are indicated with white arrow and star,

respectively. Dashed white line delineates the axon. MB, molecular beacon. Scale bars: 5 lm.
C Illustrative kymograph. Scale bars: 5 lm.
D Frequency distribution (in percentage) of MB (endo) and cy3-pre-miR-181a-1 (exo) puncta along the RGC axon shaft. Each data point corresponds to one

independent experiment. Total number of puncta and axons analyzed is as follows: 353 puncta and 20 axons (endo); 484 puncta and 29 axons (exo). n = 3 (endo) and
n = 4 (exo) independent experiments. Values are mean � SEM. MB, molecular beacon; ns, not significant.

E Average velocity of MB (endo) and cy3-pre-miR-181a-1 (exo) puncta. Each data point corresponds to one punctum. Total number of puncta and axons analyzed is as
follows: 353 puncta and 20 axons (endo); 484 puncta and 29 axons (exo). n = 3 (endo) and n = 4 (exo) independent experiments. Values are median with interquartile
range. MB, molecular beacon; ns, not significant; antero, anterograde movement; retro, retrograde movement.

F MSD data for MB (endo) and cy3-pre-miR-181a-1 (exo) tracked particles were fitted with an anomalous diffusion model and a thus calculated (red). Total number of
particles and axons analyzed is as follows: 67 particles and 20 axons (endo); 82 particles and 29 axons (exo). n = 3 (endo) and n = 4 (exo) independent experiment.
Values are mean � SEM. MB, molecular beacon.

G MSD alpha-coefficient distribution for each single MB (endo) and cy3-pre-miR-181a-1 (exo) tracked particle. Each data point corresponds to one particle. Total
number of particles and axons analyzed is as followed: 67 particles and 20 axons (endo); 82 particles and 29 axons (exo). n = 3 (endo) and n = 4 (exo) independent
experiments. Values are median with interquartile range. MB, molecular beacon; ns, not significant.

H Relative frequency distribution (percentage) of MB (endo) and cy3-pre-miR-181a-1 (exo) tracked particles. Each data point corresponds to one independent
experiment. Total number of particles and axons analyzed is as follows: 67 particles and 20 axons (endo); 82 particles and 29 axons (exo). n = 3 (endo) and n = 4
(exo) independent experiments. Values are mean � SEM. MB, molecular beacon; ns, not significant.

I Schematic representation of the experimental paradigm. Five micromolar MB was electroporated. MB, molecular beacon.
J Representative kymographs before nocodazole (top panel; �Noco) and 30 min after 2.4 lM Noco bath application (bottom panel; +Noco). Stationary puncta in both

panels are indicated with black arrows. Scale bars: 5 lm.
K Frequency distribution (in percentage) of MB punctum speed. Each data point corresponds to one independent experiment. Total number of puncta and axons

analyzed is as follows: 358 puncta and 25 axons (�Noco); 503 puncta and 34 axons (+Noco). n = 3 independent experiments. Values are mean � SEM. MB, molecular
beacon; ns, not significant; Noco, nocodazole.

L Frequency distribution of MB punctum speed. Each data point corresponds to one punctum. Total number of puncta and axons analyzed is as follows: 358 puncta
and 25 axons (�Noco); 503 puncta and 34 axons (+Noco). n = 3 independent experiments. Values are median with interquartile range. MB, molecular beacon; ns, not
significant; Noco, nocodazole.

Data information: **P < 0.01, ****P < 0.0001. Two-way ANOVA followed by Sidak’s multiple comparison post hoc test (D, K). Two-way ANOVA followed by Tukey’s
multiple comparison post hoc test (E, H). Data were not normally distributed (Shapiro–Wilk test). Two-tailed Mann–Whitney test (G, L).
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significant increase in mature miR-181a-5p, miR-181a-1-3p, and

miR-181a-2-3p concomitant with a significant decrease in pre-miR-

181a-1 and pre-miR-181a-2, but unchanged pre-miR-182, miR-182-

5p, and miR-182-3p levels (Fig 6B and Appendix Fig S4D and E).

Additionally, Slit2 exposure did not significantly alter the levels of

any of the tested miRNAs (Fig 6C) or pre-miRNAs. Interestingly,

miR-181a-5p levels were far higher than miR-181a-1-3p and miR-

181a-2-3p following Sema3A exposure (Appendix Fig S5C), suggest-

ing that the 3p forms are rapidly degraded and unlikely to be func-

tional. Taken together, these results suggest that Sema3A but not

Slit2 triggers the processing of pre-miR-181a-1 and to some extent of

pre-miR-181a-2 into mature miR-181a-5p, miR-181a-1-3p, and miR-

181a-2-3p. Since pre-miR-182 expression levels are unaltered, our

results further indicate that specific cues induce the maturation of

specific axonal pre-miRNAs.

We examined whether Sema3A alters the trafficking dynamics of

pre-miR-181a-1 (Fig EV3A). We found that Sema3A but not Netrin-1

nor Slit2 elicited an increase in the proportion of static puncta and a

decrease in the proportion of fast-moving puncta 7 min following

cue exposure (Fig EV3B–D), suggesting that fewer puncta would

reach and leave the growth cone. Puncta speed and directionality

were unaffected (Fig EV3E and F). These data indicate that

Sema3A-induced processing and trafficking might be coupled.

Newly generated miRNAs are important for growth cone
steering ex vivo

We next explored whether newly generated miRNAs (NGmiRNAs)

are important players in modulating growth cone behavior using a

loss-of-function approach. We blocked miRNA biogenesis by

preventing Dicer-mediated cleavage using two separate mixes of

MOs (MOs-5p and MOs-3p; Fig EV4A and Appendix Fig S5D and E).

As expected, MOs-5p and MOs-3p both led to the strong reduction

in mature miR-181a isoforms (Fig EV4B and C), confirming

that these MOs block miRNA biogenesis. Next, we assessed

whether these MOs prevent Sema3A-induced pre-miR-181a-1 and

pre-miR-181a-2 processing from pure isolated axons ex vivo

(Fig EV4D). While Sema3A induced the expected increase in axonal

miR-181a levels, MO-transfected axons did not show such changes

(Fig EV4E and F). This indicates that these MOs block Dicer-induced

pre-miRNA cleavage in axons and also confirms the specificity of

Sema3A-induced pre-miR-181a-1 and pre-miR-181a-2 processing,

described above (Fig 6B).

We then examined whether blocking pre-miRNA processing, as

above, impairs growth cone responsiveness to Sema3A (Fig 6D).

We observed a significant reduction in Sema3A-induced collapse in

axons transfected with either MO mixes compared with co-MO

(Fig 6E and F). No such effect was observed when Slit2 was used

instead (Fig EV4G). These results reveal that pre-miR-181a-1 and

pre-miR-181a-2 processing is required for growth cone responsive-

ness to Sema3A. They further suggest that NGmiRNAs impinge on

the Sema3A signaling pathway by targeting transcripts important for

Sema3A-mediated growth cone turning.

Mature miRNAs are important for axon targeting in vivo and for
a fully functional visual system

As NGmiRNAs are essential for growth cone behavior ex vivo, we

assessed whether they are also important for growth cone turning

in vivo using a loss-of-function approach. For this, we electropo-

rated a miR-181-MO cocktail blocking mature miRNA formation and

function directly into stage 26 developing eyes, bypassing all earlier

developmental stages, and examined axon projections at stage 40,

when pioneer axons have reached the optic tectum (Holt & Harris,

1983) (Fig 7A). While long-range guidance was unaffected, a signifi-

cant subset of axons strayed within the optic tectum following aber-

rant trajectories (Fig 7B, arrows and C). Serial electroporation of

miR-181-MO and of miRNA mimics into stage 26 embryos rescued

the phenotype (Fig 7D and E, and Appendix Fig S6A–C), confirming

the specificity of the miR-181-MO. Taken together, these results

suggest that mature miRNAs are important for axon targeting

in vivo. Since the onset of Dicer temporal expression occurs when

◀ Figure 3. Pre-miRNAs are trafficked along microtubules associated with vesicles.

A Schematic of the experimental paradigm. Concentrations used are as follows: 5 lM MB; 0.5 lg/ll pCS2-CD63-eGFP. CD63, CD63-eGFP; MB, molecular beacon.
B Representative axon where MB-labeled pre-miR-181a-1 (red) and CD63-eGFP-labeled vesicles (green) are co-trafficked (white arrows). MB, molecular beacon. Scale

bars: 5 lm.
C Representative kymographs. CD63, CD63-eGFP; MB, molecular beacon. Scale bars: 5 lm.
D Composite kymograph shown in (C) where the individual traces were drawn and color-coded. Yellow trajectories represent co-trafficking MB-labeled pre-miRNA

(red) and CD63-eGFP-labeled vesicle (green). MB, molecular beacon. Scale bars: 5 lm.
E Representative time-lapse depicting MB-labeled pre-miR-181a-1 (red arrow) and CD63-eGFP-positive vesicle (green arrow) co-trafficked along the axon shaft to the

growth cone (delineated with dashed white lines) wrist (white arrowhead) and central domain (white star). Scale bars: 5 lm.
F Frequency (in percentage) of MB-labeled pre-miR-181a-1 co-trafficked with CD63-eGFP-positive vesicles. Each data point corresponds to one axon. Total number of

puncta and axons analyzed is as follows: 253 puncta and 22 axons (MB+); 306 puncta and 22 axons (CD63+). n = 5 independent experiments. Values are
mean � SEM. CD63, CD63-eGFP; MB, molecular beacon.

G Frequency distribution (in percentage) of MB-labeled pre-miR-181a-1 co-trafficked with CD63-eGFP-positive vesicles. Each data point corresponds to one axon.
Total number of puncta and axons analyzed is as follows: 92 puncta and 22 axons (anterograde); 78 puncta and 22 axons (retrograde). n = 5 independent
experiments. Values are mean � SEM. CD63, CD63-eGFP; MB, molecular beacon.

H Schematic of the experimental paradigm. Concentrations used are as follows: 250 ng/ll cy3-pre-miR-181a-1; 0.5 lg/ll pCS2-CD63-eGFP. CD63, CD63-eGFP.
I Representative image of an electroporated and dissociated RGC. CD63, CD63-eGFP. Scale bars: 5 lm.
J Schematic of the analysis. Pre-miRNA, pre-miRNA-181a-1.
K, L Fluorescence intensity of MB (K) or CD63-eGFP (L) measured in axons and growth cone central domains. Each data point corresponds to one axon or a growth cone

central domain. Total number of axons analyzed is as follows: 16. n = 5 independent experiments. Values are mean � SEM. (K) and median ± interquartile range (L).
CD63, CD63-eGFP; MB, molecular beacon; GC, growth cone.

Data information: ***P < 0.001, ****P < 0.0001. Data were normally distributed (Shapiro–Wilk test) (G, K). Unpaired t-test (G). Paired t-test (K). Data were not normally
distributed (Shapiro–Wilk test). Wilcoxon-matched pair test (L).
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axons are reaching their target (Fig 5D), these results overall

suggest a restricted role of NGmiRNAs during this critical decision

period.

By stage 44/45, a similar subset of miR-181-MO electroporated

axons projected aberrantly within the tectum (Fig 7F, arrows and G)

suggesting that this phenotype is not transient. Finally, we evalu-

ated whether these straying axons impact vision by performing a

behavioral assay which measures visual discrimination between

white and black backgrounds (Viczian & Zuber, 2014) (Fig 7H).

Contrary to blind embryos, WT embryos normally seek a light-

colored environment, therefore lingering little on a dark background

(Appendix Fig S6D). Following serial miR-181-MO electroporation

into right and left retinas at stage 26, stage 44/45 embryos displayed

a significant decrease in the preference for the white background

compared with co-MO controls (Fig 7I). The miR-181 family is

therefore important to ensure accurate targeting of RGC axons

within the tectum and subsequently for fully functional vision.

NGmiRNAs silence the locally translated transcript TUBB3

To explore the molecular mechanisms through which NGmiRNAs

act, we reasoned that NGmiRNAs could either (i) silence translation-

ally active transcripts acting as a switch, or (ii) prevent translational

onset of axonal mRNAs as a fail-safe mechanism to avoid spurious

translation. We thus investigated the effect of NGmiRNAs on local

translation.

We first identified putative direct targets of NGmiRNA miR-181a-

5p, the most abundant miR-181a variants in axon (Appendix Fig

S5C), among axonal transcripts profiled by total RNA-seq (see Meth-

ods for details, Table EV1). Since blocking NGmiRNA biogenesis

impaired Sema3A-induced collapse (Fig 6D and E), we inferred that

under normal conditions, the NGmiRNA-induced silencing of candi-

date mRNAs would assist the collapse response. It could do so by

supporting mechanisms involved in repulsive turning such as by

impairing cytoskeleton polymerization, impairing cell adhesion to

laminin, and/or enabling Sema3A signaling. We selected one repre-

sentative miR-181 target candidate reflecting each of these three

possibilities: tubulin beta 3 class III (TUBB3), a microtubule beta

isotype needed for proper axon targeting (Poirier et al, 2010; Tisch-

field et al, 2010), thrombospondin 1 (THBS1), an adhesive glycopro-

tein mediating the interaction between cells and the extracellular

matrix (Resovi et al, 2014), and amyloid beta precursor protein

(APP) known to prevent Sema3A-induced collapse (Magdesian et al,

2011).

We assessed whether local translation of these three candidate

mRNAs could be regulated by NGmiRNAs using fluorescence

recovery after photobleaching (FRAP) of a fast-folding and fast-

bleaching translational reporter, Venus, carrying the 30UTR of

genes of interest (Ströhl et al, 2017; Wong et al, 2017) (Figs 8A

and EV5A). After confirming that FRAP can be successfully used

to measure LPS of a well-established axonal mRNA, b-actin
(ACTB; Fig EV5B and C), we examined the de novo synthesis of

TUBB3. Venus-TUBB3-30UTR expressing growth cones exhibited

rapid fluorescence recovery which was suppressed upon Sema3A

exposure to recovery levels similar to Venus alone (Fig 8B and

H). These data suggest that TUBB3 is rapidly synthesized in

◀ Figure 4. pre-miR-181a-1 is trafficked docked to late endosomes/lysosomes.

A Schematic representation of the experimental paradigm. Plasmid concentrations used are as follows: 0.5 lg/ll pCS2-CD63-eGFP, pCS2-CD63-mRFP, pCS2-Rab7a-
mRFP, or pCS2-Lamp1-eGFP; 0.4 lg/ll pCS2-Rab7a-eGFP or pCS2-Rab5a-mRFP; 0.3 lg/ll pCS2-Rab5a-eGFP; 50 nM LysoTracker; 200 ng/ll cy3-pre-miR-181a-1 or
cy5-pre-miR-181a-1.

B Overview of the markers used. Figure adapted from Ref. (Yap et al, 2018). EE, early endosome; LE, late endosome; Ly, lysosome.
C Representative images of co-electroporated axons. Dashed white lines delineate axons. White arrows indicate colocalized puncta. Colored arrows represent non-

colocalized signal as follows: magenta for CD63 and yellow for Lamp1 or Rab5a. CD63, CD63-eGFP or CD63-mRFP; Lamp1, Lamp1-eGFP; Rab5a, Rab5a-eGFP or Rab5a-
mRFP. Scale bars: 5 lm.

D Frequency (in percentage) of CD63 colocalization with specific organelle markers. Each data point corresponds to one axon. Total number of puncta, axons, and
independent experiments analyzed is as follows: 540 puncta, 23 axons, and n = 4 (CD63/Rab7a); 416 puncta, 18 axons, and n = 3 (CD63/LysoTracker); 584 puncta, 17
axons, and n = 2 (CD63/Lamp1); 649 puncta, 19 axons, and n = 3 (CD63/Rab5a). Values are mean � SEM. CD63, CD63-eGFP or CD63-mRFP; Lamp1, Lamp1-eGFP;
Rab5a, Rab5a-eGFP or Rab5a-mRFP; Rab7a, Rab7a-eGFP or Rab7a-mRFP.

E Representative images of co-electroporated axons. Dashed white lines delineate axons. White arrows indicate colocalized puncta. Colored arrows represent non-
colocalized signal as follows: cyan for pre-miR-181a-1 and yellow for Lamp1 or Rab5a. Lamp1, Lamp1-eGFP; Rab5a, Rab5a-eGFP or Rab5a-mRFP; pre-miR-181a-1,
cy3-pre-miR-181a-1 or cy5-pre-miR-181a-1. Scale bars: 5 lm.

F Frequency (in percentage) of pre-miR-181a-1 colocalization with specific organelle markers. Each data point corresponds to one axon. Total number of puncta, axons,
and independent experiments analyzed is as follows: 825 puncta, 41 axons, and n = 8 (pre-miR-181a-1/CD63); 732 puncta, 33 axons, and n = 7 (pre-miR-181a-1/
Rab7a); 681 puncta, 29 axons, and n = 5 (pre-miR-181a-1/LysoTracker); 501 puncta, 17 axons, and n = 2 (pre-miR-181a-1/Lamp1); 791 puncta, 25 axons, and n = 3
(pre-miR-181a-1/Rab5a). Values are median with interquartile range. CD63, CD63-eGFP or CD63-mRFP; Rab7a, Rab7a-eGFP or Rab7a-mRFP; Lamp1, Lamp1-eGFP;
Rab5a, Rab5a-eGFP or Rab5a-mRFP; pre-miR-181a-1, cy3-pre-miR-181a-1 or cy5-pre-miR-181a-1.

G Representative images of co-electroporated axons. Dashed white lines delineate axons. White arrows indicate colocalized puncta. Colored arrows represent non-
colocalized signal as follows: magenta for CD63, cyan for pre-miR-181a-1, yellow for Rab7a, and blue for LysoTracker. CD63, CD63-eGFP or CD63-mRFP; Rab7a, Rab7a-
eGFP or Rab7a-mRFP; pre-miR-181a-1, cy3-pre-miR-181a-1 or cy5-pre-miR-181a-1. Scale bar: 5 lm.

H Frequency (in percentage) of pre-miR-181a-1 colocalization with vesicles double-positive for organelle markers. Each data point corresponds to one axon. Total
number of puncta, axons, and independent experiments analyzed is as follows: 745 puncta, 23 axons, and n = 5 (CD63/pre-miR-181a-1/Rab7a); and 577 puncta, 18
axons, and n = 3 (CD63/pre-miR-181a-1/LysoTracker). Values are median with interquartile range. ns, not significant; CD63, CD63-eGFP or CD63-mRFP; Rab7a, Rab7a-
eGFP or Rab7a-mRFP; pre-miR-181a-1, cy3-pre-miR-181a-1 or cy5-pre-miR-181a-1.

I Representative 3D-STED super-resolution image. Total number of puncta, axons, and growth cones analyzed is as follows : 99 puncta, 16 axons, and 10 growth cones
(MB); 291 puncta, 36 axons, and 15 growth cones (cy3-pre-miR-181a-1). n = 2 (MB) and n = 3 (cy3-pre-miR-181a-1) independent experiments. CD63, CD63-eGFP; pre-
miR-181a-1, cy3-pre-miR-181a-1; MB; molecular beacon. Scale bars: 200 nm.

Data information: ****P < 0.0001. Values were normally distributed (Shapiro–Wilk test). One-way ANOVA with Tukey’s multiple comparison post hoc test (D). Values were
not normally distributed (Shapiro–Wilk test) (F, H). Kruskal–Wallis test with Dunn’s multiple comparison post hoc test (F). Two-tailed Mann–Whitney test (H).
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Figure 5. Dicer and Ago2 are present within axons.

A Schematic representation of the experimental protocol.
B Representative Xenopus growth cones stained with anti-Dicer and anti-Ago2. White dashed lines delineate growth cones. Scale bars: 5 lm.
C Representative E13.5 mice brain cross-section (dashed red line in the schematic) comprising the optic nerve (ON) stained with anti-neurofilament and anti-HA

antibodies to detect RGC axons and (FLAG-HA2)-Dicer, respectively. Note the absence of HA signal in wild-type (WT) mice. The white dashed line delineates the ON.
Zoom of the triple-stained ON (right panel): Dicer signal is detected inside ON cells surrounding axon bundles but not in axons per se (arrowheads). n = 3
independent experiments. WT, wild type; HA, (FLAG-HA2)-Dicer; E13.5, embryonic day 13.5; ONH, optic nerve head; ON, optic nerve. Scale bars: 30 lm.

D Representative P0 superior colliculus stratum griseum superficiale (SGS; sagittal sectioning of P0 brains along the dashed red line in the schematic, maximal
projection of 5 lm depth). Note the presence of Dicer within the SGS marked with neurofilament. n = 3 independent experiments. WT, wild type; P0, postnatal day 0.
Scale bars: 30 lm.
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growth cones and that Sema3A prevents local translation of

TUBB3. To test the role of mature miRNAs in mediating Sema3A-

induced repression of TUBB3, we mutated the two miR-181a-5p

miRNA responsive elements (MREs) within the TUBB3 30UTR to

decouple Sema3A-induced miRNA maturation from mRNA bind-

ing and silencing (Fig EV5A). Upon Sema3A exposure, fluores-

cence recovery of Venus-TUBB3-30UTR(mut) was significantly

higher than Venus-TUBB3-30UTR(WT), similar to Venus-TUBB3-

30UTR(mut) without Sema3A, and abolished by CHX (Fig 8B and

H). This indicates that Sema3A elicits mature miRNA activity,

which in turn represses TUBB3 translation. Similar results were

obtained when isolated axons were used (Fig 8C and I) or when

pre-miRNA processing was blocked with MOs-3p prior to FRAP

(Figs 8D and EV5D). Taken together, these results reveal that

repression of TUBB3 translation is mediated by Sema3A-activated

NGmiRNAs locally within axons.

We next performed in vivo FRAP on somaless RGC distal axons

within the tectum in the vicinity of Sema3A expressing territories

(Figs 8E and EV5E). Venus-TUBB3-30UTR(WT) displayed a rapid

fluorescence recovery, significantly higher than Venus alone, but

lower than Venus-TUBB3-30UTR(mut). This indicates that mature

miR-181a-5p normally represses and fine-tunes TUBB3 local transla-

tion within RGC growth cones near sources of tectal Sema3A

in vivo.

Finally, we assessed whether Sema3A-induced NGmiRNAs

modulate the translation of APP and THBS1 (Fig EV5A). Fluores-

cence from Venus-APP-30UTR expressing axons recovered follow-

ing photobleaching, and this recovery was significantly impaired

when growth cones were exposed to Sema3A (Fig 8F). Recovery

of Venus-APP-30UTR(mut) and (WT) constructs did not, however,

differ. This indicates that APP is locally translated in growth

cones and that APP LPS is repressed by Sema3A independently

from NGmiRNAs (Figs 8F and EV5A). Since APP interferes with

Sema3A-induced growth cone collapse (Magdesian et al, 2011),

Sema3A may increase growth cone sensitivity to itself by control-

ling APP expression level. Furthermore, Venus-THBS1-30UTR(WT)

constructs showed similar recovery irrespective of Sema3A expo-

sure and/or MRE mutation status, indicating that THBS1 is not

locally translated in axons (Fig 8G). Collectively, this indicates

that not all predicted miR-181 targets are regulated by mature

miRNAs within RGC axons.

Taken together, these results demonstrate that Sema3A inhibits

basal translation of key molecules. They further reveal that

NGmiRNAs are a major component of the Sema3A signaling path-

way that is required for the repression of specific, translationally

active transcripts within growth cones.

Endogenous TUBB3 is a critical target of NGmiRNAs in growth
cone steering

Since the results obtained above employed a reporter system as an

indirect readout of translational regulation of specific transcripts, we

further investigated whether endogenous TUBB3 is similarly regu-

lated. To address this, we used puro-PLA, a technique that enables

the detection of newly synthesized proteins in situ (tom Dieck et al,

2015) (Fig 9A). We detected that Sema3A exposure induced a

decrease in TUBB3-associated signal in growth cones of isolated

axon culture compared with PBS control (Fig 9B–E) but not when

pre-miR-181a-1 processing was blocked with MOs-3p (Fig 9D and

E). Together, these data suggest that endogenous TUBB3 is silenced

by the Sema3A-NGmiRNA axis ex vivo specifically in axons.

Finally, we assessed whether endogenous TUBB3 is responsible

for NGmiRNA-mediated growth cone responsiveness to Sema3A.

For this, we knocked down TUBB3 in axons transfected with MOs-

3p prior to Sema3A stimulation (Fig 9F). This double knockdown

restored the responsiveness of growth cones to Sema3A (Fig 9G),

suggesting that endogenous TUBB3 is a key mediator of NGmiRNAs

in the Sema3A signaling pathway.

Discussion

In this study, we show that pre-miR-181a-1 is actively transported,

tethered to CD63-positive vesicles along axonal microtubules to the

growth cone central domain using a novel approach based on MB.

Sema3A bath application of isolated axons leads to the processing of

pre-miR-181a-1 and pre-miR-181a-2 into mature miRNAs in a cue

and pre-miRNA-specific manner. These mature miRNAs are impor-

tant for growth cone collapse ex vivo, axon guidance in vivo and

necessary for a normally functioning visual system. Mechanistically,

cue-generated NGmiRNAs silence the basal translation of a specific

transcript, TUBB3, at the growth cone ex vivo and in vivo. Collec-

tively, our findings are consistent with a model in which pre-

miRNAs are delocalized to and stored within growth cones in an

inactive form. Upon cue exposure, they are rapidly processed into

active miRNAs to inhibit the basal local translation of transcripts,

thereby ensuring accurate axon trajectories.

miRNAs are transported to the growth cone as inactive
precursors via vesicles

Transport of mRNA as a means to delocalize genetic material is

well-described. While emerging evidence strongly suggests that

◀ Figure 6. Pre-miRNAs are processed locally in response to cues and newly generated miRNAs are important for growth cone steering ex vivo.

A Schematic representation of the experimental paradigm. Concentrations used are as follows: 200 ng/ml Sema3A and Slit2.
B, C Quantification of miRNA and pre-miRNA expression levels using the 2�DCt method and U6 as normalizer, upon Sema3A (B) or Slit2 (C) stimulation. Data are

normalized to PBS control. Each data point represents a single RT–qPCR. n = 3 (B) and n = 4 (C) independent experiments. Values are mean � SEM. ns, not
significant.

C Schematic representation of the experimental paradigm. co-MO, control morpholino.
E, F Frequency (in percentage) of collapsed growth cones from stage 37/38 embryos, following a 10 min Sema3A bath application. Concentration used is as follows:

200 ng/ml (Sema3A), 2 lM (MOs-5p), (E) or 2 lM (MOs-3p) (F). Total number of counted growth cones is reported in the column. Each data point represents one
independent experiment. n = 3 independent experiments. Values are mean � SEM. ns, not significant; co-MO, control morpholino.

Data Information: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data were not normally distributed (Shapiro–Wilk test) (B, C). Two-tailed Mann–Whitney test (B,
C). Two-way ANOVA followed by Tukey’s multiple comparison post hoc test (E, F).
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ncRNAs and in particular miRNAs are differentially distributed in

compartments (Kye et al, 2007; Lugli et al, 2008; Natera-Naranjo

et al, 2010; Iyer et al, 2014), mechanisms leading to the compart-

mentalization of ncRNAs are largely unexplored. It is technically

very challenging to study transport of endogenous miRNAs due to

their short length, making classic tools such as the long MS2 tagging

ineffective. To investigate mechanisms of miRNA dynamics, we

have adapted MB, a technique already employed by others to track

miRNA localization, although not their transport dynamics [e.g.,

(Földes-Papp et al, 2009)], and mRNA trafficking in living cells

including in Xenopus RGC axons (Turner-Bridger et al, 2018). The

series of data we provide here collectively suggest that the MB we

designed specifically detects pre-miRNAs in axons. First, in RGC

axons the MB is complementary only to pre-miR-181a-1 as shown

through combined Xenopus genome blast and axonal RNA-seq anal-

ysis (see Methods and Table EV2). Second, the MB recognizes and

binds to exogenous pre-miRNA in vitro as revealed by the thermal

denaturation assay and not to RNA lacking the MB target sequence.

Third, at least 71% of MB colocalizes with its exogenous pre-miRNA

target within axons ex vivo and only very little (3%) to an unrelated

pre-miRNA. This level of colocalization appears particularly high

considering that MB and pre-miRNA may not be delivered to axons

with similar copy numbers when using serial electroporation and

that the MB likely also detects endogenous pre-miRNAs besides the

exogenous ones. Fourth, pre-miRNA abundance detected by qPCR

and number of MB-positive puncta in axons change to a virtually

equal extent (56 and 58% decrease, respectively) in response to

impairment of primary miRNA processing (Fig 1H and I). Fifth, MB

and pre-miRNA trafficking dynamics are highly similar. MBs are

thus a powerful new tool to specifically track pre-miRNA transport.

Recent studies have provided great insight into axonal mRNA

trafficking (Alami et al, 2014; Leung et al, 2018; Turner-Bridger

et al, 2018). Many components of pre-miRNA dynamics that we

report here resemble those of mRNA in axons. We document similar

bidirectional trafficking (Leung et al, 2018; Turner-Bridger et al,

2018) and faster anterograde than retrograde transport (Turner-

Bridger et al, 2018). Maximal velocities and average speed of active

puncta are also comparable (Leung et al, 2018; Turner-Bridger et al,

2018). In contrast to our study, the dominant mRNA trajectories

previously measured (Turner-Bridger et al, 2018) were confined and

diffusive, with only a small proportion being directed, while the

majority of puncta we detected adopted an overall active and

directed trajectory. This disparity in motion type frequencies may be

due to technical disparities, or reflect actual biological differences.

In axons, mRNA can be reused for multiple rounds of translation,

while pre-miRNA cannot be reutilized after they have been

processed. It is thus tempting to speculate that a constant supply of

fresh pre-miRNAs may be required to replenish the growth cone

pre-miRNA storage. We calculated (see Methods for details) that

pre-miRNA diffusion to the growth cone would take 20 days on

average, while it takes merely 2 days for X. laevis RGC axons to

navigate to their main target (Holt & Harris, 1983). Thus, rapid

active transport would be required to match the ever-changing

demands of fast-elongating axons.

We show that Sema3A increases the proportion of static pre-miR-

181a-1 puncta in axons at the expense of fast-moving ones. As a

consequence, Sema3A would reduce the number of pre-miRNA

molecules reaching and leaving the growth cones. This effect

appears to be specific to Sema3A as neither Netrin-1 nor Slit2

perturbs the axonal trafficking of this miRNA. Since Slit2 does not

lead to pre-miR-181a-1 processing, it is tempting to speculate that

Sema3A regulation of miRNA precursor processing and trafficking is

coupled. Sema3A-induced NGmiRNA production would cease when

the local supply of precursor runs out and is not replenished due to

decreased trafficking. This would result in a discrete, self-limiting

burst of miRNA production, ensuring that only a specific number of

NGmiRNAs are generated in response to cue to induce appropriate

mRNA silencing.

◀ Figure 7. Mature miRNAs are important for axon targeting in vivo and for a fully functional visual system.

A Schematic representation of the experimental paradigm. Concentrations used are as follows: 0.5 lg/ll pCS2-mCherry plasmid; 250 lM miR-181-MO or control MO
cocktail. co-MO, control morpholino.

B Representative images of RGC axons within the optic tectum. A subset of aberrantly projecting axons are indicated (red arrows). Note that a few straying axons are
always observed within the wild-type tectum. co-MO, control morpholino. Scale bars: 20 lm.

C Quantification of misprojecting axons. Each data point corresponds to one brain. Total number of brains analyzed is as follows: 45 brains (co-MO) and 52 brains
(miR-181-MO). n = 4 independent experiments. Values are mean � SEM. co-MO, control morpholino.

D Schematic representation of the experimental paradigm. Concentrations used are as follows: 0.5 lg/ll pCS2-mCherry or pCS2-eGFP plasmids; 250 lM miR-181-MO or
control MO cocktail; 50 lM miR-181 or control mimics (top). Representative images of RGC axons within the optic tectum. White arrows indicate axons targeted
both by MO (green) and by miRNA mimics (red; bottom). co-MO, control morpholino. Scale bars: 20 lm.

E Quantification of misprojecting axons. The number reported on the bars is the total number of co-electroporated axons. Note how miR-181 mimics rescued aberrant
misprojection of morphant axons in vivo. Each data point corresponds to one independent experiment. Total number of axons and brains analyzed is as follows: 96
axons and 4 brains (co-MO + ctrl mimics); 101 axons and 4 brains (miR-181-MO + ctrl mimics), 134 axons and 4 brains (miR-181-MO + miR-181 mimics). n = 4
independent experiments. Values are mean � SEM. co-MO, control morpholino; ns, not significant.

F Representative images of RGC axons within the optic tectum. A subset of aberrantly projecting axons are indicated (red arrows). Note that a few straying axons are
always observed within the wild-type tectum. co-MO, control morpholino. Scale bars: 20 lm.

G Quantification of misprojecting axons. Each data point corresponds to one brain. Total number of brains analyzed is as follows: 21 brains (co-MO) and 31 brains
(miR-181-MO). n = 3 independent experiments. Values are mean � SEM. co-MO, control morpholino.

H Schematic representation of the experimental paradigm. Concentrations used are as follows: 0.5 lg/ll pCS2-eGFP plasmid; 250 lM miR-181-MO or control MO
cocktail. co-MO, control morpholino.

I Frequency (in percentage) of the amount of time embryos spent on black background. Each data point corresponds to one embryo. Total number of embryos
analyzed is as follows: 43 embryos (co-MO) and 45 embryos (miR-181-MO). n = 4 independent experiments. Values are mean � SEM. co-MO, control morpholino.

Data Information: *P < 0.05, **P < 0.01, ****P < 0.001. Data were not normally distributed (Shapiro–Wilk test). Two-tailed Mann–Whitney test (C, G, I). Data were
normally distributed (Shapiro–Wilk test). One-way ANOVA followed by Tukey’s multiple comparison post hoc test (E).
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Intriguingly, we find that pre-miRNAs are retrogradely trans-

ported. We speculate that the retrograde transport of a pool of

pre-miRNAs could support various physiological mechanisms.

Similarly to the sushi-belt model of mRNA localization proposed

in dendrites (Doyle & Kiebler, 2011), pre-miRNAs may be scan-

ning the axons until they are required for mRNA silencing at the

growth cone. It is thus interesting that we observe an increase in

static pre-miRNA puncta upon Sema3A stimulation. Retrograde

transport could also be a means to preserve the required copy

number of pre-miRNAs within the growth cone and ship back

any extra molecules, thereby ensuring that miRNA:mRNA pair

stoichiometry is maintained for adequate silencing. Finally, retro-

gradely transported pre-miRNAs could act as a long-range intra-

cellular messenger and inform the soma of events occurring at

the periphery. Such mechanisms have been documented for

locally synthesized proteins to promote neuron survival and

regeneration responses (Panayotis et al, 2015).

We reveal that axonal pre-miRNAs hitchhike onto LE/Ly.

Although we do not know how pre-miRNA docks to LE/Ly, it is

possible that it employs a similar lysosome molecular tether as

that recently described for RNA granules (Liao et al, 2019).

Remarkably, such non-canonical hitchhiking onto membrane-

bound vesicles to achieve subcellular motility has been described

for a small subset of cargoes (Salogiannis & Reck-Peterson, 2017).

In particular, mRNAs in fungi were found to translocate docked

to cytoplasmic surface of early endosomes (Baumann et al, 2012,

2014). This suggests that the pre-miRNA trafficking mode belongs

to an ancient and evolutionary conserved transport system that

spans across species and subcellular compartments. Intriguingly,

mRNAs were recently shown to associate with early and late

endosomes in developing Xenopus RGC axons (Cioni et al, 2019).

Contrary to pre-miRNAs, mRNAs appear to utilize these orga-

nelles as a docking platform for translation rather than for axonal

trafficking per se. Why are pre-miRNAs transported by vesicles in

vertebrate axons while mRNAs employ a canonical ribonucleopro-

tein particle-based transport? It is possible that vesicles are linked

to inactive regulators, such as pre-miRNAs, so that translation

can be modulated rapidly, locally, and on demand once these

regulatory molecules are activated. Future work will be required

to unravel whether NGmiRNAs indeed silence vesicle-associated

mRNAs.

Basal local protein translation of TUBB3 is silenced by Sema3A-
induced NGmiRNAs

A widely accepted view posits that local translation in axons is trig-

gered by stimuli, by either chemotropic and maturation cues during

development or under injury conditions in adults (Cioni et al,

2018). For instance, Sema3A induces the synthesis of proteins that

elicit cytoskeletal remodeling and steering (Campbell et al, 2001;

Wu et al, 2005). Here, however, we report the basal translation of

APP, TUBB3, and b-actin in individual axons elongating ex vivo on

laminin substrate in the absence of chemotropic and trophic cues.

This is in agreement with a few studies that have documented the

basal translation of specific transcripts (Eng et al, 1999; Taylor et al,

2013; Preitner et al, 2014; Batista et al, 2017). A recent report

furthermore revealed wide-scale protein synthesis occurring in

isolated unstimulated X. laevis axons within minutes (Cagnetta

et al, 2018). These newly synthesized proteins represent one-third

of the total axonal proteome, suggesting the existence of an unsus-

pected rich and complex basal translatome.

While the induction of global translation by chemotrophic cues is

well-established, very little is known about the fate of the basal

translatome upon cue exposure. Here, using single axon FRAP of

Venus translational reporter constructs, we reveal that Sema3A

rapidly suppresses the basal translation of TUBB3 and APP ex vivo.

This is in line with two other studies which also measured cue-

induced decreases in the translation of specific molecules in distal

axons (Yao et al, 2006; Cagnetta et al, 2018). Overall, it is conceiv-

able that two cue-activated pathways may co-exist in parallel to

regulate the expression of two separate sets of proteins: a dominant

pathway eliciting a burst of LPS and a secondary pathway inducing

a trough of LPS or “LPS inhibition” (LPS-I). Both cue-induced LPS

and LPS-I may ultimately lead to cytoskeleton remodeling and

changes in growth cone behavior. LPS-I may be used as an alterna-

tive to proteasome degradation, which is not systematically

employed for cue-mediated growth cone response (Campbell et al,

2001).

One key unresolved question is how cues inhibit basal LPS in

axons. Here, we provide a series of evidence demonstrating that

cue-induced LPS-I can be mediated by NGmiRNAs. Using single

axon FRAP of Venus-TUBB3-30UTR constructs, we show that a cue-

induced miRNA silences TUBB3 translation locally and that this

◀ Figure 8. Newly generated miRNAs silence the locally translated transcript TUBB3.

A Schematic representation of the experimental paradigm. Plasmid concentrations used are as follows: 1 lg/ll pCS2-mRFP; 0.7 lg/ll pCS2 + Venus-no 30UTR or
pCS2 + Venus-30UTR of interest. wt, wild type; mut, miR-181-5p responsive elements mutated.

B–G Quantification (in percentage) of the axonal fluorescence recovery after photobleaching (FRAP) of different Venus-30UTR constructs ex vivo and in vivo.
Concentrations used are as follows: 200 ng/ml Sema3A; 100 lM cycloheximide; 2 lM co-MO or MOs-3p. Growth cones expressing Venus alone (no 30UTR)
displayed a minimal amount of recovery after photobleaching corresponding to Venus diffusion from adjacent, non-bleached regions to the bleached growth cone
(Wong et al, 2017). Ex vivo, whole explants (B, F, G), isolated axons (C), or isolated transfected axons (D) were used for FRAP analysis. In vivo (E), whole embryos
with exposed brain were used. The electroporated eye was removed prior to mounting the embryo to eliminate somatic contribution. (B) 200 ng/ml Sema3A was
bath applied with or without 100 lM cycloheximide (CHX, a translational blocker). Mutating TUBB3 30UTR did not affect fluorescence recovery in basal conditions
compared with WT indicating that mature miRNAs do not regulate the constitutive TUBB3 expression in distal axons. (E) The red area on the brain schematic
indicates Sema3A expressing territories. Numbers of axons analyzed are reported between brackets. n = 5 (B), n = 4 (F), and n = 3 (C, D, E, G) independent
experiments. Values are mean � SEM. ns, not significant; wt, wild type; mut, miR-181-5p responsive elements mutated; CHX, cycloheximide; TUBB3, tubulin beta 3
class III; APP, amyloid beta precursor protein; THBS1, thrombospondin 1; co-MO, control morpholino.

H, I Representative growth cones depicting Venus fluorescence intensity as a heatmap. Dashed white lines delineate the growth cones. wt, wild type; mut, miR-181-5p
responsive elements mutated; CHX, cycloheximide; TUBB3, tubulin beta 3 class III. Scale bars: 10 lm.

Data information: Statistics: **P < 0.01, ****P < 0.0001. Dashed black lines represent least-square fits to a single-exponential decay equation (B–G). Extra sum-of-
squares F-test. Exact P-value of all FRAP experiments and row statistics are reported in Table EV3.
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effect is not due to a generic activation of miRNAs but to the cue-

induced local biogenesis of specific miRNAs. Overall, our data

suggest that an RNA-based signaling pathway exists, composed of

mRNA and NGmiRNAs as two serially connected components of the

same regulatory circuit. In response to cue, NGmiRNAs impinge on

basal LPS of mRNAs to induce LPS-I. LPS and LPS-I are thereby

coupled and coordinately regulated by NGmiRNAs acting on 30UTR
regulatory motifs. This coupling may generate a crucial leverage

point for repellent cues to quickly and accurately adjust the desired

level of individual proteins, including tubulin isotypes, within

growth cones. Since Sema3A-induced growth cone turning does not

depend on proteome degradation, contrary to other cues such as

Netrin-1 (Campbell et al, 2001), this RNA-based mechanism may be

crucial to regulate rapid changes in protein expression in response

to proteasome-independent cues. To a large extent, this type of

RNA-based signaling would allow to tightly control the rate and type

of protein production for cytoskeletal remodeling, and thereby

confer a higher order of regulatory potential to ensure the exquisite

precision required for brain wiring.

We speculate that Sema3A-induced ERK1/2 signaling, involved

in triggering LPS (Campbell & Holt, 2003), may also elicit LPS-I. It

may do so by generating specific NGmiRNAs via two mechanisms.

First, NGmiR-181 might be produced following the phosphoryla-

tion/activation of a Dicer cofactor. Indeed, activation of given cofac-

tors, such as TRBP, bestows specificity to the Dicer complex

(Pullagura et al, 2018) (Venigalla & Turner, 2012; Darnell, 2013).

Furthermore, in neuronal progenitor cells, TRBP becomes phospho-

rylated upon ERK activation and promotes miR-181a maturation

(Xu et al, 2015). It is therefore possible that Sema3A activates ERK

pathway leading in turn to the phosphorylation/activation of TRBP

and pre-miR-181a-1 processing. Second, NGmiR-181 might be gener-

ated following the phosphorylation/release of a different, as yet

unknown RNA-binding protein (RBP). The binding affinity of

specific RBPs for their target RNAs can change depending on their

phosphorylation status (Venigalla & Turner, 2012; Darnell, 2013).

Furthermore, RBPs can compete with Dicer to hinder pre-miRNA

processing (Bicker et al, 2013). It is thus conceivable that pre-miR-

181a-1 is bound by a specific RBP, preventing Dicer from accessing

its cleavage site. Upon activation of the Sema3A-induced ERK

signaling, such hypothetical RBP would be phosphorylated and

release its target. Pre-miRNA would thereby be freely accessible for

Dicer cleavage. Further investigation will be necessary to help

uncover the signaling pathway that confers specificity to the pre-

miRNA processing.

What is the biological implication of the NGmiRNA-triggered

LPS-to-LPS-I switch for axon development? We uncover that this

switch mediates cue-induced growth cone steering. More specifi-

cally, we reveal that Sema3A triggers growth cone collapse response

ex vivo and axon targeting in vivo through NGmiRNAs. NGmiRNAs,

in turn, silence TUBB3 mRNA translation upon Sema3A exposure

ex vivo and in the vicinity of Sema3A expressing territories in vivo.

Taken together, these data suggest that Sema3A-induced

NGmiRNAs lead to the silencing of MT tubulin isotype TUBB3, MT

depolymerization, and ultimately, growth cone steering. Collec-

tively, our data thus support a model whereby Sema3A-produced

NGmiRNAs elicit a rapid shift in axon behavior from axon elonga-

tion supported by basal TUBB3 LPS, to growth cone collapse

prompted by TUBB3 LPS-I (Fig 9H). According to this model, block-

ing NGmiRNA production prevents Sema3A-induced LPS-I of TUBB3

leading to the persistent production of TUBB3 and the maintenance

of MT throughout the growth cone. As a consequence, growth cones

fail to collapse ex vivo and aberrantly continue to grow and meander

in vivo, consistently with the observed phenotype.

In conclusion, our results reveal that inactive pre-miRNAs are

actively transported to local sites for miRNA biogenesis and func-

tion, similarly to the subcellular translocation and subsequent local

◀ Figure 9. Endogenous TUBB3 is a key mediator of NGmiRNA-mediated Sema3A signaling.

A Schematic representation of puromycin-proximity ligation assay. Concentration used is as follows: 2 ng/ll (puromycin). TUBB3, tubulin beta 3 class III; PLA probes,
proximity ligation assay probes.

B Schematic representation of the experimental paradigm. Representative images of local translation events of TUBB3 in the growth cone. Dashed white line delineates
the growth cone. Each white arrow points to a puro-PLA puncta. TUBB3, tubulin beta 3 class III; Puro, puromycin. Scale bars: 5 lm.

C Quantification of number of puncta per growth cone. Each data point corresponds to one growth cone. Total number of growth cones analyzed is as follows: 30 (PBS)
and 36 (Sema3A). n = 2 independent experiments. Values are median with interquartile range.

D Schematic representation of the experimental paradigm. Concentrations used are as follows: 2 lM co-MO; 2 lM MOs-3p; 200 ng/ml Sema3A. Representative images
of local translation events of TUBB3 in the growth cone of transfected axons. Dashed white line delineates the growth cone. White arrows represent number of puro-
PLA puncta per growth cone. co-MO, control morpholino. Scale bars: 5 lm.

E Quantification of number of puncta per growth cone. Each data point corresponds to one growth cone. Total number of growth cones analyzed is as follows: 32
(co-MO + PBS), 45 (co-MO + Sema3A), 27 (MOs-3p + Sema3A). n = 2 independent experiments. Values are median with interquartile range. co-MO, control
morpholino; ns, not significant.

F Schematic representation of the experimental paradigm. Concentrations used are as follows: 4 lM co-MO; 2 lM MOs-3p + 2 lM co-MO; 2 lM MOs-3p + 2 lM
MOs-TUBB3; 200 ng/ml Sema3A. co-MO, control morpholino; TUBB3, tubulin beta 3 class III.

G Percentage of collapsed growth cones in axons transfected with co-MO, MOs-3p + co-MO, and MOs-3p + MOs-TUBB3. Each data point corresponds to one
independent experiment. Total number of growth cones counted is as follows: 152 (co-MO), 155 (MOs-3p + co-MO), 179 (MOs-3p + MOs-TUBB3). n = 3 independent
experiments. Values are mean � SEM. ns, not significant; co-MO, control morpholino; TUBB3, tubulin beta 3 class III.

H Working model: Pre-miR-181a-1 is transported along RGC axons tethered to CD63-positive late endosomes/lysosomes. Under non-stimulated conditions, TUBB3
undergoes basal translation in the axonal compartment. Upon Sema3A exposure, pre-miR-181a-1 is locally processed and the expression level of the concomitant
newly generated miRNAs increases locally within the growth cone. miR-181a-5p, the predominant mature miRNA generated from pre-miR-181a-1, targets TUBB3,
thereby silencing protein synthesis through LPS inhibition (LPS-I). ns, not significant; LE/Ly, late endosomes/lysosomes; LPS, local protein synthesis; LPS-I, LPS
inhibition; TUBB3, tubulin beta 3 class III.

Data information: *P < 0.05, **P < 0.01. Data were not normally distributed (Shapiro–Wilk test) (C, E). Two-tailed Mann–Whitney test (C). Kruskal–Wallis test followed
by Dunn’s multiple comparison post hoc test (E). Data were normally distributed (Shapiro–Wilk test). One-way ANOVA followed by Tukey’s multiple comparison post hoc
test (G).
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translation of silent mRNAs into functional proteins. At the growth

cone, cue-induced NGmiRNAs impinge on local protein production

by inhibiting basal LPS of their target mRNAs, thereby contributing

to changing growth cone direction. This type of ncRNA-based

signaling pathway constitutes an additional regulatory layer in brain

wiring. Many drug targets are detected within specific subcellular

compartments. However, drug design does not often incorporate

strategies for subcellular delivery (Rajendran et al, 2010). Since

miRNA-based therapy using miRNA mimics and anti-miRs is emerg-

ing as promising new therapeutics (Rupaimoole & Slack, 2017), our

results lay important ground for the design of new clinical tools

based on the targeted delivery and local activation of miRNAs.

Methods

Xenopus laevis

Xenopus laevis embryos were obtained by in vitro fertilization,

raised in 0.1× MMR, pH 7.5, at 14–22°C, and staged according to

Nieuwkoop and Faber (1994). All animal experiments were

approved by the Italian “Ministero della Salute” with the authoriza-

tion no. 1159/2016-PR and no. 546/2017-PR according to art.31 of

D.lgs. 26/2014.

Mus musculus

Flag-HA2-Dicer C57BL6 mice (Comazzetto et al, 2014) were kindly

donated by Dónal O’Carroll. Mice were housed and maintained, in

accordance with the Decreto Legislativo 4 marzo 2014, no. 26. All

animal experiments were approved by the Italian “Ministero della

Salute” with the authorization no. 1159/2016-PR according to art.31

of D.lgs. 26/2014.

Xenopus retinal organoculture

Glass coverslips (Bellco) or glass-bottom dishes (MatTek) were

subsequently coated with poly-L-lysine (Sigma, 10 lg/ml) and with

laminin (Sigma, 10 lg/ml). Eyes were dissected from anesthetized

embryos and cultured at 20°C for 20–24 h in 60% L-15 and 1%

antibiotic-antimycotic (Thermo Fisher).

Electroporation

Stage 26 embryos (or stage 28 for the in vivo FRAP experiment,

Figs 8E and EV5E) were anesthetized in 0.3 mg/ml MS222 (Sigma)

in 1× MBS. The nucleic acid mixture was injected in retinal primor-

dium using a 1.0 mm outer diameter (OD) × 0.5 mm or 0.78 mm

internal diameter (ID) glass capillary (Harvard Apparatus). After

injection, the mixture was delivered at 18V, by applying eight elec-

tric pulses of 50-ms duration at 1000-ms intervals, except for in vivo

FRAP experiment, where two pulses were applied instead of eight.

Collapse assay

Explant cultures were bathed in 200 ng/ml human recombinant

Sema3A-FC (R&D System), 200 ng/ml Slit2 (R&D System), or 1×

PBS (for control) for 10 min and then fixed. Postfixation, coverslips

were washed three times with 1 ml 1× PBS (Gibco), mounted in

ImmunoHistoMount (Sigma), and collapsed growth cones (central

part of the growth cone shrunk and less than two filopodia present)

were counted blind. For isolated axon preparations, axons closer

than 100 lm to the cut were excluded from the count, and collapsed

axons counted in PBS wash without mounting it.

Drug bath application

Two hundred nanogram per milliliter human recombinant Sema3A-

FC (R&D System), 200 ng/ml Slit2 (R&D System), and 100 ng/ml

Netrin-1 or PBS (for control) were bathed to explant culture for

10 min and then fixed. 0.1 lM vincristine (Alexis Biochemicals,

kind gift from HTS facility, CIBIO) or 2.4 lM of nocodazole diluted

in 60% L-15 and 1% antibiotic–antimycotic (Thermo Fisher) was

added to stage 26/27 cultured explants at a concentration sufficient

to rapidly disrupt MT in Xenopus RGC axons (Leung et al, 2018).

Live imaging was performed before and 30 min after nocodazole or

vincristine treatment.

Isolated axon

Axons were severed from the explants at the stereomicroscope by

manually cut them with 0.20-mm pins and gently removing the

dislodged entire eye explant from the plate with a p10 pipette. The

complete experimental procedure was concluded within 1.5 h after

the first cut.

Axonal transfection

NeuroMag Transfection Reagent (OZ Biosciences) was mixed and

incubated for 20 min with MOs in a 1:100 proportion, added to the

culture, and incubated for 15 min on the magnetic base (OZ Bios-

ciences). After transfection, the plates were incubated for 30 min at

20°C, followed by three consecutive washes of 200 ll culture

medium.

RT–qPCR

Pre-miRNA expression levels were investigated using Power SYBR

Green PCR Master Mix (×2) (Applied Biosystem) and 0.25 ll of each
10 lM primer, while TaqManTM Universal Master Mix II (Thermo

Fisher) was used for miRNA amplification with the following

TaqManTM MicroRNA Assay (Table EV4). For RT–qPCR quantitative

analysis, cycle threshold (Ct) was defined with CFX96 Bio-Rad soft-

ware v3.1, as mean of three technical replicates per sample. All

technical replicates have a standard deviation smaller than 0.35. All

Ct values are smaller than 35. Amplification efficiency of the new

designed primers (pre-miR-181a-1, pre-miR-181a-2, and pre-miR-

182) was investigated with standard curves independently from the

actual experiments. To calculate miRNA or pre-miRNA differential

expression, DCt method (Schmittgen et al, 2008) was applied as

follows: 1=ð2½ðCtmiRX�CtU6Þ�Þ.

miR-181 target prediction and candidate selection

Xenopus laevis miR-181a targets were predicted using custom

scripts and Perl scripts downloaded from the TargetScan
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website (TargetScan 6 (Garcia et al, 2011)), with the X. laevis

30UTR sequences. All predicted human and mouse miR-181a

targets, including those with poorly conserved target sites but

removing non-canonical ones, were downloaded from TargetS-

canHuman 7.1 and TargetScanMouse 7.1 (Garcia et al, 2011),

respectively.

Axonally present predicted miR-181a-5p X. laevis targets with

an annotated 30UTR of at least 50 bp length were selected, and,

using their human ortholog’s NCBI Entrez ID, screened against the

following Reactome (Fabregat et al, 2016) pathways of interest:

axon guidance (R-HSA-422475) and integrin cell surface interac-

tions (R-HSA-216083). In addition, we filtered the obtained

predicted miR-181a-5p targets for those that are within the top

20% of predicted targets, according to TargetScan ContextScore,

and are also predicted to be targeted by miR-181-5p in human or

mouse (Table EV1). This filtering resulted in 526 predicted targets

(Table EV1).

Pre-miRNA candidate selection

Axonal pre-miRNA candidates were selected from the published

data [GEO: GSE86883 (Bellon et al, 2017)]. The two libraries yielded

7.8 and 10.8 million reads. Candidate pre-miRNAs were identified

by reads spanning at least the entire loop sequence of the pre-

miRNA. The sequencing data were mapped to the available Xenopus

tropicalis, X. laevis, and Danio rerio pre-miRNA sequences present

in miRBase v21 (Bellon et al, 2017). For the pre-miRNA candidate

selection, all sequences were required to perfectly match to

X. laevis, to check these sequences were blasted against the J-strain

9.2 Genome in Xenbase (using the default settings E value 0.1,

BLOSUM62 matrix).

Vesicles characterization and pre-miRNA colocalization

Xenopus laevis electroporated eyes were dissected at stage 26/27

and cultured for 40 h at 20°C. Images were acquired after fixation

(Fig 4C, E, and G) or after a 30-min incubation with 50 nM Lyso-

Tracker Red (Thermo Fisher, kind gift from Paola Bellosta) with

subsequent phenol red-free 60% L15 (Gibco) washes (Fig 4G and

Appendix Fig S3E and F). Images were performed with an inverted

Nikon Ti2 microscope equipped with a Plan Apochromatic 60x/1.4

Oil PH3 objective and a Andor Zyla 4.2 PLUS camera (4.2 Mega-

pixel). The acquisition mode was set at 12 bit with gain 4 and

540 MHz. Fluorescent images were taken using Lumencor Spectra X

LED light source with excitation spectra 470/24 nm, 550/15 nm,

and 640/30 nm for eGFP, mRFP/Cy3, and Cy5, respectively. The

concentration and mixture used in each experiment are specified in

the figure legends.

Colocalization analysis was performed using ImageJ. An

axon length of 50–100 lm measured from the growth cone

wrist was analyzed. Within this area, the number of positive

vesicles for each fluorophore and for multiple fluorophores

(colocalized vesicles) was counted. The percentage of colocal-

ization was measured for each axon. Isolated electroporated

axons were selected strictly avoiding bundles, and the ones

containing < 5 puncta in any fluorophore were excluded to

avoid biasing the data. Colocalization percentages were calcu-

lated for each axon.

Single axon analysis

Axons were defined as single when their distal end was not fascicu-

lated with other axons and were not touching any neighboring cell

body, axons, or growth cones.

Live imaging of pre-miR trafficking

Time lapses for pre-miR-181a-1 trafficking analysis consisted of

150–300 consecutive frames recorded continuously, for a total time

of 17–44 s, respectively, with a 0.144-s delay between two consecu-

tive frames, while it consisted of 130 frames per channel for co-traf-

ficking with CD63. The distal end of single axons was chosen by the

phase for imaging, strictly avoiding bundles, and had to comprise a

stereotypical growth cone.

The axon segment was selected strictly avoiding bundles, 50–

100 lm to the growth cone and at least 100 lm far from the soma.

Movies were mapped back onto kymographs of the live pre-miR-

181a-1, MB, or CD63 movement using ImageJ. The “KymoRes-

licedWide” FIJI/ImageJ plugin was used to generate kymographs

from time-lapse movies, and when necessary, a “Bleach Correction”

FIJI/ImageJ plugin was used (author: Kota Miura + Jens Rietdorf

EMBL Heidelberg). For pre-miR-181a-1 trafficking studies, the speci-

fic macro-tsp050706.txt for FIJI/ImageJ software (author: J. Rietdorf

FMI Basel + A. Seitz EMBL Heidelberg) was used to extrapolate

from the tracked trace information about velocity and spatial direc-

tionality of the puncta. The plugin was custom-modified to also

obtain puncta directionality. Puncta’s velocity was calculated by

considering the average speed of its segmental components.

For co-trafficking analysis, the two kymographs (MB and CD63-

eGFP puncta) were merged and artificial color assigned using FIJI.

Overlapping trace was considered as co-transported puncta when

CD63 trace overlapped over the entire trajectory of the MB trace.

Puncta were considered moving when the spatial displacement was

greater than zero. The two kymographs (MB and CD63-eGFP

puncta) were used to extrapolate puncta directionality.

For live imaging upon treatment (Fig EV3), movies were 16.5 s

long (115 frames in total). Movies were acquired on the same axon

before treatment (0 min) or at 3, 5, or 7 min after treatment with a

given cue at 100-ms exposure using LasX software (Leica). Movies

were subsequently mapped back onto kymographs of the live pre-

miR-181a-1 movement using ImageJ. Static puncta were not

included in directionality analysis. Only single axons were

analyzed.

FRAP analysis

The mean intensity of the Venus signal normalized per growth cone

area was measured with Volocity 64× software (Figs 8B, C and E-G,

and EV5B) or ImageJ (Fig 8D), by manually tracing the terminal of

RGC axons on the sum of the z-stack for that specific time point

using mRFP signal. From the background-corrected fluorescence

intensity at each time point (F), the fluorescence signal after photo-

bleaching (F0) was subtracted and normalized to the fluorescence

signal pre-photobleaching: FRAP = (F �F0)/Fp.

Fluorescence recovery after photobleaching data were reported

as curves of the recovered fluorescence signal in a 10-min time-

frame. The different curves were described by fitting the data with a
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non-linear model (“one-phase decay” option in Prism), and dif-

ferences between conditions were analyzed for statistical signifi-

cance with an extra sum-of-square F-test. Each axon acquired

belonged to a different eye explant. To avoid technical biases, the

order of processing of the stimulation conditions with Sema3A, MO

and co-MO samples, or WT and mutated was randomized both in

terms of organoculture and acquisition. Only single axons were

analyzed.

Statistic analysis

All data were analyzed with Prism (GraphPad 6 or GraphPad 7). For

all tests, the significance level was a = 0.05. Exact number of repli-

cates, tests used, qPCR fold changes, and statistics are reported in

Table EV3.

Data and software availability

The GEO entry for the RNA sequencing data reported in this paper

for the miR-181a-5p target candidate selection (Table EV1) is

GSE124168.

Expanded View for this article is available online.
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