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Abstract

How is protein synthesis initiated locally in neurons? We found that mTOR was activated and then
upregulated in injured axons, owing to local translation of MTOR mRNA. This mRNA was
transported into axons by the cell size regulating RNA-binding protein nucleolin. Furthermore,
mTOR controlled local translation in injured axons. This included regulation of its own translation
and that of retrograde injury signaling molecules such as importin p1 and STAT3. Deletion of the
mTOR 3"UTR in mice reduced mTOR in axons and decreased local translation after nerve injury.
Both pharmacological inhibition of mTOR in axons and mTOR 3"UTR deletion decreased
proprioceptive neuronal survival after nerve injury. Thus, mRNA localization enables
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spatiotemporal control of mTOR pathways regulating local translation and long range intracellular
signaling.

Local translation enables spatiotemporal specificity in cell functions (1, 2) such as the
neuronal response to axon injury (3, 4) or regrowth of injured axons (5, 6). However apart
from a requirement for intraxonal calcium (7), the mechanisms that regulate local protein
synthesis in axons are largely unknown. mTOR, the mechanistic Target of Rapamycin, is a
central regulator of translation (8), neuronal regeneration (9-12), and protein synthesis in
neurons (13-16). We examined mTOR signaling in sciatic nerve (SN) versus dorsal root
ganglia (DRG) after axonal injury, and found differential phosphorylation of both mTOR
and associated signaling components (Fig. 1A, B, Table S1). This suggested a specific role
for mTOR in the early injury response in axons. We verified mTOR S2448 phosphorylation
(17) in axons by immunostaining, observing significant elevation within axons at 3 hr after
injury with a return to baseline at 12 hr (Fig. 1C, D). We also observed that phosphorylation
levels of EiF4b (S406), Akt (S473), S6 kinase (S6K, T389), and ribosomal protein S6
(S240/244), all well-known effectors and regulators of mTOR signaling, increased rapidly
after injury (Fig. 1E). Typically, Eif4b is activated in response to mTORCL1, while Akt plays
arole in both mTORC1 and mTORC2 signaling (8, 18), hence both mTOR complexes are
activated locally by axonal injury.

We used the mTOR inhibitor torin-1 (Fig. SLA-C) to examine functions of local mMTOR
activation in nerve injury. Injection of torin-1 at the injury site prior to a conditioning SN
lesion (19) reduced the subsequent lesion-induced axon outgrowth in culture (Fig. S1D, E).
Neuron numbers recovered from torin-1 treated animals were also reduced (Fig. S1F), so we
examined the effects of SN torin-1 injection on proprioceptive neuron survival in DRG in
vivo. Injecting torin-1 in the nerve concomitantly with injury reduced proprioceptive neuron
numbers in the corresponding DRG (Fig. 1F, G), supporting a role for axonal mTOR
activation in neuronal injury response and survival. Examination of SN mTOR expression
revealed surprisingly low levels of mTOR protein in axons prior to injury. There was a
marked elevation of axonal mMTOR in the vicinity of the lesion site up to 9 hr post-injury,
followed by a decline back to baseline levels (Figs 2A and S2A). Upregulation of mTOR in
injured axons was further confirmed by immuno-electron microscopy (EM) on SN sections
(Fig. S2B).

The time frame of MTOR elevation in axons suggested it might be synthesized locally. We
examined this possibility by biotinylation of nascent synthesized proteins tagged with the
puromycin derivative O-propargyl-puromycin (OPP) (20). We performed OPP incubation
and biotinylation in rat nerve segments ex vivo followed by axoplasm extraction (21) and
precipitation with streptavidin (SA). Immunoblots of SA precipitates revealed robust de
novo synthesis of mTOR, similar to that of importin 1, a well-established locally
synthesized protein (22) (Fig. 2B). Immunostaining on mouse SN segments incubated ex
vivo with the translation inhibitor cycloheximide revealed inhibition of axonal mMTOR
upregulation (Fig. S2C, D), and fluorescent in situ hybridization (FISH) showed robust
granular signals for mTOR mRNA in axons (Fig. S2E). Direct visualization of de novo
synthesized mTOR by puromycin labeling combined with a proximity ligation assay
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revealed robust signal for de novo synthesis of mTOR in sensory axons in culture (Fig.
S3A-C). mTOR axonal upregulation in nerve segments ex vivo and in culture was torin-1
sensitive (Fig. 2C, D and Fig. S3A-C), indicating that it is controlled by mTOR itself.
Finally, mTOR upregulation after injury was mirrored by a decrease in axonal PTEN (Fig.
S3D, E), a functional mTOR antagonist.

A complex comprising the RNA-binding protein (RBP) nucleolin and the kinesin motor
Kif5A traffics importin B1 mRNA to axons (23). We tested for mTOR mRNA association
with this complex by quantitative RT-PCR on immunoprecipitates of nucleolin or Kif5A
from SN axoplasm. Indeed, mMTOR mRNA was robustly co-precipitated with both nucleolin
and Kif5A (Figs 2E and S4A, B). Furthermore, we observed significant colocalization of
mTOR mRNA with nucleolin protein by combining FISH with immunostaining on sensory
axons (Fig. 2F, G). Finally, restriction of nucleolin to neuronal somata by pre-treatment of
neuronal cultures with the DNA aptamer AS1411 (23) reduced MTOR mRNA in axons
while increasing it in cell bodies (Figs 2H and S4C, D), confirming that nMTOR mRNA is
transported to axons by the RBP nucleolin.

To assess the overall impact of mTOR on local translation in axons, we carried out
puromycin labeling on SN segments preincubated with anisomycin, a general protein
synthesis inhibitor, or with torin-1. We quantified puromycin incorporation into axonal
proteins by immunostaining (Fig. 3A, B), and by capillary immuno-electrophoresis of
axoplasm (Fig. 3C, D). Torin-1 effectively inhibited axonal protein synthesis to a similar
degree as anisomycin (Fig. 3B, D). We then used OPP to characterize the ensemble of de
novo synthesized proteins in axon injury by mass spectrometry (MS). SN segments were
pre-incubated ex vivo with vehicle, anisomycin or torin-1, and then pulsed with OPP before
axoplasm extraction and biotinylation (Fig. S5A). Efficiency of the reactions was assessed
by immunoblotting with SA-HRP (Fig. 3E). A cohort of approximately 550 proteins was
identified after affinity purification and MS, of which 234 were impacted equivalently by
anisomycin or torin-1 pretreatments (Figs 3F and S5B, Table S2). Almost 80% of the torin-1
sensitive candidates were shared with the largest known translatome dataset of mTOR-
regulated survival-promoting mRNAs (24, 25) (Fig. S5C). The mTOR-dependent axonally
synthesized proteins included many known axonal injury response proteins (26) (Table S2),
leading us to test the effect of torin-1 on injury-induced axonal upregulation of STAT3 (Fig.
3G, H), importin p1 (Fig. S5D, E), and vimentin (Fig. S5F, G). Locally translated STAT3 is
phosphorylated in sensory axons as a retrograde survival signal (27), so we also tested the
effect of torin-1 on phospho-STAT3 (Fig. 3G, H). Indeed, torin-1 effectively inhibited the
localized axonal elevation of all the tested injury-signaling proteins, indicating that local
translation for retrograde injury signaling is controlled by mTOR in sensory axons.

The findings above suggest that axonal localization of mMTOR mRNA enables subcellular
regulation of axonal protein synthesis. Localization motifs are often located in the 3’
untranslated regions (3" UTR) of axonal mRNAs (28) and axonal localization was previously
reported for the mTOR 3’UTR (15). We sequenced 3" RACE PCR products and identified a
single major mTOR 3’UTR sequence as expected from genome annotation. The mTOR
3’UTR indeed effectively localized GFP mRNA to axons in transfected neurons (Fig. S6A,
B). We then removed most of the 3"UTR sequence from the mTOR locus using CRISPR/
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Cas9 gene editing (Fig. S6C, Table S3) without affecting the open reading frame or other
elements of the gene. We verified that the segment targeted for deletion (MTOR 3'UTR 54—
789) contained axon-localizing capacity, while segments predicted to be retained in the
mutant mouse lacked axon-localizing capacity (mMTOR 3"UTR 1-69, 774-825, Fig. S6A, B).
mTOR 3"UTR null mice were viable, and 3’'RACE analyses on homozygous null DRG
neurons confirmed the deletion (Fig. S6D).

FISH analyses on SN sections revealed a significant reduction in axonal mMTOR mRNA
levels in vivo in the SN of mTOR 3"UTR null mice (Figs 4A, B and S6E), with no
significant changes in stability or half-life of mMTOR mRNA or protein (Fig. S7). Ex vivo
incubation of mMTOR 3"UTR null SN segments revealed a large reduction in injury-induced
mTOR protein upregulation as compared to wild-type (Fig. 4C, D). Cultures of 3’UTR null
neurons revealed little or no change in mTOR protein levels in the soma, while mMTOR
protein levels in the growth cones and axon tips were significantly reduced (Fig. S8A, B).
These subcellular effects on mTOR protein upregulation were mirrored in mTOR
downstream signaling, with no change in phospho-S6 levels in somata of 3'UTR null
neurons, in contrast to a marked deficit in phospho-S6 upregulation in injured axons from
the mutant mice (Fig. S8C, D).

We then examined effects of the mTOR 3"UTR deletion on axonal protein synthesis and on
the mTOR-dependent injury response in lesioned DRG neurons. Puromycinylation
experiments in SN segments ex vivo showed a clear reduction in puromycin incorporation in
mTOR 3 UTR null axons (Figs 4E, F and SOA-D). SN injury in mutant mice lead to
reductions in L4 DRG proprioceptive neuron numbers seven days later to a similar degree as
we previously observed for torin-1 injection concomitantly with injury (Figs 41 and S9E).
We tested whether the observed effects were indeed due to loss of mTOR upregulation in
injured axons by injecting recombinant mTOR protein to the nerve concomitantly with
injury. Exogenously supplied mTOR protein indeed rescued both local axonal translation
(Fig. 4G, H) and neuronal survival (Figs 41 and S9E) in the mutant mice. Thus, removal of
the mTOR 3"UTR reduces axonal localization of mTOR mRNA and attenuates local
elevation of MTOR protein in injured axons. Subcellular reduction in axonal mTOR affects
overall local protein synthesis in injured axons, and reduces the survival of lesioned neurons.

Maintenance of a latent and silent pool of mTOR in mRNA form in axons enables rapid and
local upregulation of protein synthesis upon need. The linkage of mMTOR mRNA transport to
nucleolin likely explains nucleolin regulation of subcellular protein synthesis in cell size
regulation (23). Regulation of mTOR pathways via mMRNA localization may impact on many
aspects of neuronal physiology apart from injury, because localized changes in mTOR
activity affect diverse processes, including viral latency (29), autophagy (30), and synaptic
plasticity (31). Intracellular localization of mTOR at the protein level is well established in
non-neuronal cells (32-34). mTOR localization at the RNA level provides an additional
mode of spatiotemporal regulation of its pathways, with potentially broad physiological
implications.
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Fig. 1. mTOR activation after nerveinjury

(A) mTOR pathway phosphorylations significantly regulated by SN injury. n=3, * p < 0.05,
*** n < 0.005, t-test. (B) As in A for L4/L5 DRG. n=3, * p < 0.05, t-test. (C) SN sections
stained for the axonal marker NFH (green) and mTORS2448 (magenta), naive versus 3 and
6 hr after injury. Scale bar 5 um. (D) Axonal mMTORS2448 over time after injury, normalized
to naive (n = 3, *** p < 0.005, one way ANOVA with Bonferroni’s post-test). (E)
Immunoblots of phospho-EIF4b, Akt, S6K, and S6 and the corresponding total proteins in
SN axoplasm over time after injury. Quantifications on the right (n =4, * p <0.05, ** p <
0.001, one way ANOVA with Bonferroni’s post-test). (F, G) SNs were injected with vehicle
or Torin-1 prior to injury and L4 DRG were harvested 7 days later, serially sectioned at 20
pm intervals, and stained for NFH (green) to allow counting of proprioceptive neurons.
Quantifications of NFH-positive neuron numbers per DRG are shown in F (n =7, * p < 0.05,
t-test), representative images are in G (scale bar 50 um).
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Fig. 2. mTOR islocally translated after SN injury
(A) mTOR regulation over time after injury at the SN lesion site (n = 5, * p< 0.05, ***

p<0.005, one way ANOVA with Bonferroni’s post-test). (B) Immunoblots reveal newly
synthesized mTOR and Impp1 from OPP treated rat SNs, confirming their local translation
after injury. (C) Torin-1 (4 uM) effects on mTOR upregulation in sections from SN 4 hr ex
vivo, stained for NFH (green) and mTOR (magenta). Scale bar 5 um. (D) Quantification of
axonal mTOR from C (n = 6, *** p < 0.005, one way ANOVA with Bonferroni’s post-test).
(E) Quantification of mTOR transcript levels after pull down for Kif5A or nucleolin in
axoplasm (n = 6), % from input, Mean + SEM, ** denotes p < 0.01 (ratio paired t-test). (F)
Representative epifluorescent images for co-localization of endogenous mTOR or B actin
transcripts visualized by in situ hybridization (red) and nucleolin protein visualized by
immunostaining (green). Axons were visualized by neurofilament immunostaining (blue).
Scale bar 10 um. (G) Pearsons correlation coefficient for mMTOR mRNA colocalization with
nucleolin (0.33 £ 0.04, n = 24) differs significantly from that of g actin mRNA
colocalization with nucleolin (0.19 £ 0.04, n = 20). * denotes p < 0.05 (t-test). (H)
Quantification of relative mTOR transcript levels in cell bodies and axons of neurons treated
with AS1411 versus control aptamer, plotted as a fold change over control aptamer. 18S
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RNA served as an internal control. Mean + SEM, n=3, * denotes p < 0.05 (unpaired two
sample t-test).
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Fig. 3. mTOR regulates axonal local translation after SN injury
(A) SN segments 2 hr ex vivo with anisomycin (200 pg/ml), torin-1 (4 uM) or vehicle,

followed by 1 hr puromycin (100 ug/ml), sectioned and stained for NFH (green) and
puromycin (magenta). Scale bar 5 um. (B) Quantification of axonal puromycin in
experiment described in A (n =5, *** p < 0.001, one way ANOVA with Bonferroni’s post-
test). (C) Representative runs of puromycinylated proteins in SN axoplasm from experiment
described in A analysed by capillary immunoelectrophoresis. (D) Quantification of C (n=4,
*p< 0.05, ** p<0.01, ANOVA with Bonferroni post-test). (E) SA-HRP immunoblots of
OPP-biotin labeled axoplasm samples prior to MS. (F) Heat map of OPP-biotin labeled
protein candidates identified by MS. (G) SN segments 4 hr ex vivo with Torin-1 (4 uM) or
vehicle (DMSOQ), sectioned and stained for NFH (green) and STAT3 or phosphorylated
STAT3 (pSTAT3, both magenta). Scale bars 5 um. (H) Quantification of axonal STAT3 and
p-STAT3 for the experiment described in G (n =4, ** p < 0.01, *** p < 0.005, one way
ANOVA with Bonferroni’s post-test).
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Fig. 4. Effects of mTOR 3’UTR déeletion
(A) Representative, exposure-matched confocal images of Stellaris FISH for mTOR mRNA

and neurofilament (NF) immunostaining from SN sections of wild type and mTOR 3'UTR
~/~ mice. Upper panels show single optical planes for merged NFH and mTOR channels.
Lower panels show single optical planes of mMTOR mRNA pixels that overlap with NFH and
were projected to a separate channel as ‘axon only’ mTOR signals. Scale bar 10 um. (B)
Quantification of A reveals approximately 50% reduction in axonal mTOR in the 3'UTR™/~
mice (n =4, ** p < 0.01, unpaired t-test). (C) SN segments from the indicated genotypes 4
hr ex vivo, sectioned and stained for NFH (green) and mTOR (magenta). Scale bar 5 um.
(D) Quantification of C (n = 3, * p < 0.05, one way ANOVA with Bonferroni’s post-test).
(E) SN segments from the indicated genotypes 2 hr ex vivo with anisomycin (200 pg/ml) or
vehicle, followed by 1 hr puromycin (100 pg/ml), then sectioned and stained as indicated.
Scale bar 5 um. (F) Quantification of E (n = 3, ** p < 0.01, one way ANOVA with
Bonferroni’s post-test). (G) SN segments from wild type and mTOR 3’UTR™/~ mice not
injected, injected with vehicle and injected with 350 ng mTOR protein were incubated in
DMEM 2 hr ex vivo, followed by 1 hr puromycin (100 ug/ml) treatment. A representative
pseudo-blot of puromycinylated proteins in SN axoplasm analysed by capillary
immunoelectrophoresis is shown. (H) Quantification of G (n=4, *** p< 0.005, one way
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ANOVA with Bonferroni’s post-test). (1) SNs from wild type and mTOR 3"UTR™~ mice
were injected with either vehicle or 350 ng of MTOR protein concomitant with crush injury.
L4 DRGs connected to the injured sciatic were harvested 7 days after injury, serially
sectioned at 20 pm intervals and stained for the proprioceptive marker NFH. Naive L4 DRG
were also processed as a reference. Number of NFH positive neurons per DRG (n=4, *p <
0.05, ** p < 0.01, one way ANOVA with Tukey’s post-test).
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