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Reduced expression of SMN protein causes spinal muscular atrophy (SMA), a neurodegenerative disorder lead-
ing to motor neuron dysfunction and loss. However, the molecular mechanisms by which SMN regulates neur-
onal dysfunction are not fully understood. Here, we report that reduced SMN protein level alters miRNA
expression and distribution in neurons. In particular, miR-183 levels are increased in neurites of SMN-deficient
neurons. We demonstrate that miR-183 regulates translation of mTor via direct binding to its 3' UTR.
Interestingly, local axonal translation of mToris reduced in SMN-deficient neurons, and this can be recovered
by miR-183 inhibition. Finally, inhibition of miR-183 expression in the spinal cord of an SMA mouse model pro-
longs survival and improves motor function of Smn-mutant mice. Together, these observations suggest that
axonal miRNAs and the mTOR pathway are previously unidentified molecular mechanisms contributing to
SMA pathology.

INTRODUCTION

MicroRNAs are molecular regulators of protein expression that
act by repressing translation or destabilizing mRNAs. Numerous
miRNAs have been described in many organisms and are
reported to play significant roles in a broad range of cellular
and developmental processes, including cell cycle (1), neuronal
development (2) and learning and memory (3,4). RISC (RNA-
induced silencing complex) is a ribonucleoprotein complex
comprised of targeting miRNAs and a number of associated pro-
teins including Argonautes and GW182 proteins (5). Proteins
involved in miRNA function have been detected in axons of
primary hippocampal and sympathetic neurons (6—8). Further-
more, Mov10, a component of the RISC complex, is also
present at mammalian synaptic sites, where it regulates protein
translation in response to neuronal activity (9). These findings

strongly suggest that miRNAs act as important regulators of
local axonal protein translation in neurons (10).

Deficiency of SMN leads to spinal muscular atrophy (SMA),
an autosomal recessive disease characterized by spinal motor
neuron degeneration (11,12). Spinal muscular atrophy is
caused by homozygous deletion or mutation of SMNI (survival
motorneuron 1). SMN2, which is >99% identical to SMN1, con-
tains a single nucleotide change that produces aberrant splicing
lacking exon 7. Therefore, only ~10% of SMN2 transcripts are
properly spliced and synthesize functional full-length SMN pro-
teins. SMN2 can vary from 1 to 6 copies per genome and is the
main modifier of SMA to influence SMA severity (11). SMN
protein is ubiquitously expressed in all neuronal compartments
including the nucleus, soma, axon and dendrites (13,14).
Within the nucleus, SMN is localized in subcellular structures
called gems, where it interacts with a number of proteins essential
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to RNA processing and splicing including the Gemin3 and
Gemin4 proteins, which can also be found in the RISC
complex (15—18). In the axons and dendrites of neurons, SMN
interacts with RNA-binding proteins, such as HuD, and plays
arole in ribonucleoprotein (RNP) trafficking required to accom-
plish local protein translation in these compartments (14,19,20).
SMN also binds FMRP (21) and KSRP (22), which are important
for miRNA biogenesis and function (23). Recently, it was reported
that mice lacking the miRNA-processing enzyme Dicer selectively
in motor neurons display SMA-like phenotype, arguing for a
potential role for miRNAs in neuromuscular disorders (24).

Local axonal protein translation has also been implicated in
SMA pathology (25,26). Interestingly, when full-length SMN
level is reduced, axons are shorter and growth cones are
smaller (27). The most extensively investigated mRNA that
undergoes local translation in axonal growth cones is B-actin,
which may contribute to the observed deficits in axonal actin
cytoskeleton organization found in SMA animal models (27).
Recently, we reported cpgl5 (neuritin) mRNA found in axons
is regulated locally by SMN and HuD (14). These results indi-
cated that SMN could regulate the expression/trafficking of a
number of mRNAs locally translated in neurites. Given that
SMN binds to KSRP (22) and FMRP (21), we hypothesized
that SMN complex plays a role in the regulation of miRNA
expression and within neurons to regulate local translation.

Here, we demonstrate that reduced SMN levels triggered dif-
ferential expression and distribution of specific miRNAs in
neurons. Among the miRNAs up-regulated in SMN-deficient
neurons, miR-183 can suppress axon growth. We show that
miR-183 regulated translation of mTor mRNA via direct
binding to its 3’ UTR, providing a novel link between SMN de-
ficiency and a miRNA-mediated regulation of a key growth and
survival pathway. Furthermore, we are able to demonstrate
modest prolongation of survival and improved motor function
in vivo, in the setting of an animal model for SMA by inhibiting
the elevated miR-183 expression selectively in spinal motor
neurons. These findings shed light on previously unidentified
mechanisms implicated in SMA pathology and provide new
insight into the contribution of miRNA dysregulation to the path-
ology of neurological disorders.

RESULTS

Reduced SMN level alters miRNA expression
and distribution in neurons

To examine levels of miRNA expression in neurites, we cultured
embryonic rat cortical neurons in modified Boyden chambers
(14,28). These chambers allow separation of neurites (axons
and dendrites) from cell bodies and produce a substantial quan-
tity of RNAs for consistent profiling of miRNA expression (Sup-
plementary Material, Fig. S1A). After 10 days in vitro (DIV),
total protein and RNA were extracted from the upper chamber,
which contains mainly the cell body compartment and from
the lower chamber, which contains the distal neurites. We con-
firmed the separation of the cellular compartments by measuring
Tau protein, which is enriched in distal axons, and Lamin A, a
marker of the nuclear envelope (Supplementary Material,
Fig. S1B). Integrity of RNA samples was confirmed by measur-
ing known mRNA expression (29). The best-characterized
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mRNA in the axon, B-actin, was expressed at similar levels in
the cell body and neurite samples. In contrast, y-actin mRNA
and snoRNA U6B were detected at a much lower level in the
neurites, as compared with the cell body compartment (Supple-
mentary Material, Fig. S1C and D), as previously described (29).

To test whether SMN plays a role in miRNA expression and
distribution in neurons, we knocked down SMN expression
using lentivirus expressing shRNA against rat Smn. Nine days
after infection, Smn mRNA is reduced to ~45% of control in
the cell body compartment and to <25% of control in the
neurite compartment (Supplementary Material, Fig. S1E). We
also confirmed that SMN protein is reduced to ~40% of
control (Supplementary Material, Fig. S1F). Using these RNA
samples, we measured the expression of 187 miRNAs with
Tagman-based multiplexed real-time PCR. Most miRNAs mea-
sured could be detected in the neurite compartment and showed
differential distributions between cell bodies and neurites (Sup-
plementary Material, Fig. S1G and Table S1). This finding is
consistent with previous reports that used laser capture micro-
dissection of neurites from hippocampal neurons (7) and
axonal miRNA profiling in sympathetic neurons (8). We then
compared the expression and distribution of miRNAs in
control and Smn-knockdown neurons (Supplementary Material,
Fig. S1G and Tables S2—-S5). While the overall distribution of
miRNAs was not significantly affected (Supplementary Mater-
ial, Fig. SIH), there were differences in the distribution of indi-
vidual miRNAs (Supplementary Material, Tables S2-S5).
Because complete SMN depletion in neuronal cells can cause
cell death (30), we measured levels of caspase activity in
Smn-knockdown neurons and confirmed that the apoptosis path-
ways were not yet active in our samples at the time of RNA col-
lection (Supplementary Material, Fig. S1I). Furthermore, there
was no increase in RIP1 expression as a marker of necrosis
(31) after Smn-knockdown (Supplementary Material, Fig. S1J).
Thus, alterations in miRNA expression observed in SMN-deficient
neurons are not due to cell death.

Because we are particularly interested in miRNA function in
the neurites, we focused on miRNAs whose expression is primar-
ily changed in the neurite samples but not in cell body samples of
Smn-knockdown neurons. Thus, miRNAs such as miR-30a-5p
and miR-196b, whose expressions were altered in both cell
body and neurites samples of Smn-knockdown neurons, were
excluded from further investigation. In control neurons,
miR-183 is expressed at higher levels in the cell body than in
the neurites. Upon Smn-knockdown, its expression increases
two-fold in the neurite compartment without a significant
change in the cell body compartment (Fig. 1A, Supplementary
Material, Tables S2 and S4). Thus, we selected miR-183 to char-
acterize further. Overall expression of miR-183 in the whole cell
was increased in both spinal motor and cortical neuron cultures
following Smn-knockdown (Fig. 1B, Supplementary Material,
Fig. S2A and B). We also found that miR-183 expression was
elevated in SMA type 1 patient-derived fibroblast cell lines, as
well as spinal cord and sciatic nerve from 4-day-old SMA
model mice (FVB, Smn ™'~ ;SMN2'®"8,SMNA 7€) (Fig. 1C—E,
Supplementary Material, Table S6). The sciatic nerve is made
up of axons from sensory and motor neurons; therefore, these
data support our finding that miR-183 expression is increased
in the neurite compartment. As a control, we measured the
expression of other miRNAs in our samples such as miR-124a,
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Figure 1. Expression and distribution of miR-183 is altered in SMN-deficient cells. (A) Real-time PCR of miR-183 expression in subcellular compartment of control
and Smn-knockdown cortical neurons. n = 8 from four different biological samples. (B) Real-time PCR showing miR-183 expression in Smn-knockdown spinal motor
neurons. Spinal motor neurons were isolated from E15 rat embryos and cultured 7 days. » = 6 from three biological samples. (C) Real-time PCR showing miR-183



miR-19a and miR-26a, and these did not change with SMN loss
(Fig. 1B—E). Another SMA mouse model, which contains two
copies of SMN2 per integrate in their genome [FVB, Smn ™"~ ;
SMN2"¢" (32)], also displayed higher level of miR-183 expres-
sion in the spinal cord (Fig. 1F). Together, these data indicate
that reduced neuronal SMN level increases miR-183 expression.

To explore the cellular mechanism of elevated miR-183 ex-
pression, we measured the primary transcript of miR-183 in P4
spinal cord of the SMA mouse model containing two copies of
human SMN2 (FVB, Smn~’~ ;SMN2'¢"’). Because miR-183 is
transcribed as a single transcript together with miR-96 and
miR-182, we also measured expression of the other two
miRNAs in the same gene cluster (Fig. 1F). Interestingly, the
amount of primary transcript was not increased in the spinal
cord of SMA mouse model, whereas expression of the mature
forms of miR-183 and miR-96 was increased. In contrast,
another miRNA in the cluster, miR-182, was unchanged.
These data suggest that there is differential regulation of biogen-
esis among miRNAs in the miR-183~96~182 cluster and that
reduced SMN level causes dysregulation in the miRNA biogen-
esis pathway, rather than in overall transcription.

To confirm the up-regulation of miR-183 in the neurites, we per-
formed in situ hybridization in rat hippocampal and spinal motor
neurons. Smn-knockdown neurons displayed higher expression of
miR-183 throughout their neurites. miR-183 levels in the neurite,
normalized to those in the cell body of individual neurons, con-
firmed our real-time PCR data that miR-183 expression is elevated
two-fold in the neurites of SMN-deficient neurons (Fig. 1G
and Supplementary Material, Fig. S2C). Using real-time PCR,
miR-183 was detectable in hippocampal, cortical and spinal
motor neuron cultures, but it was detected at lower levels in the
spinal motor neurons (Supplementary Material, Fig. S2D). Taken
together, these results indicate that SMN deficiency elevates
expression of miR-183 in several types of cells and tissues.

Inhibition of miR-183 rescues the Smn-knockdown
axonal phenotype in neurons

As miR-183 expression is up-regulated in SMN-deficient
neurons, we asked whether reducing miR-183 levels could
rescue the impaired axonal growth seen in rat Smn-knockdown
neurons (Fig. 2A—G). We adapted siRNA technology to knock-
down Smn expression more rapidly than lentiviral shRNA
because axonal morphology must be measured when axons are
shorter, at 5 DIV. Forty-eight hours after siRNA transfection, ex-
pression of Smn mRNA was reduced to ~50% of initial levels
and protein to <10% of the control, using two different
siRNAs against Smn (Fig. 2B and Supplementary Material,
Fig. S3A). We simultaneously reduced the expression of
miR-183 to <10% using locked nucleic acid (LNA) inhibitor,
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a DNA oligonucleotide with reverse complementary sequence
of miR-183 (Fig. 2C). After 48 h of transfection, we visualized
transfected LNA oligonucleotide with FITC-conjugated strepta-
vidin and found that >90% of neurons were transfected with
LNA inhibitor (Supplementary Material, Fig. S3B). Inhibition
of miR-183 lasts about 10 days whereas miR-183 expression
increases gradually as the neurons mature in culture (Supple-
mentary Material, Fig. S3C and D). Interestingly, miR-183
knockdown rescued the impairment of axonal growth in
Smn-knockdown neurons. Both the longest and total axon
lengths were comparable with controls in Smn-knockdown
neurons transfected with miR-183 LNA inhibitor (Fig. 2A, D
and E). The miR-183 LNA inhibitor, however, increased the
number of branches and percentage of neurons with multiple
axons to above the control levels (Fig. 2F and G). Taken together,
these findings suggest that reduction of miR-183 partially com-
pensates for SMN deficiency in neurons.

miR-183 regulates mTOR activity by directly binding
to the 3’ UTR of mTor

To understand how miR-183 knockdown affects neurons, we
firstused a computational approach using miRanda to find down-
stream target genes of miR-183. A previous study indicates that
miR-183 cluster regulates the PI3K/AKT/mTOR pathway in
medulloblastoma cell lines (33). As we had previously demon-
strated that mTOR hyperactivity results in aberrant neuronal
growth and multiple axons (34), similar to what we observe
with miR-183 knockdown, we specifically searched for genes
in this pathway among putative target genes (387 genes for rat
and 717 genes for mouse are predicted targets of miR-183). As
mTor mRNA itself contains putative binding sequence for
miR-183 (Fig. 3A), we asked whether mTor is bona fide target
of miR-183. We over-expressed miR-183 using pre-miR-183
and inhibited miR-183 using LNA inhibitor in neurons and
then measured protein and mRNA levels of putative target
genes. Up- or down-regulating miR-183 expression significantly
changed the protein levels of mTor without altering its mRNA
level (Fig. 3B, C and Supplementary Material, Fig. S4). These
findings indicate that miR-183 regulates protein expression of
mTor at the post-transcriptional level.

To determine whether miR-183 regulates the mRNA translation
of mTor directly, we constructed a reporter system expressing
firefly luciferase fused to the 3’ UTR of this gene (Fig. 3D). We
measured the firefly luciferase activity with gain- or loss- of
miR-183 function in HEK293T cells. Inhibition of miR-183
increased firefly luciferase activity of the reporter construct
whereas overexpression of miR-183 reduced its expression.
mTor 3’ UTR has only one putative binding site for miR-183,
and mutation of six nucleotides in seed region of this site abolished

expression in type 1 SMA patient-derived fibroblast cell lines. A control and two type I SMA cell lines were analyzed, and each cell line was examined at two different
passages except for the control cell line. Genetic and clinical information about the cell lines are in Supplementary Material, Table S6. (D, E) miR-183 expression in
spinal cord (D) and sciatic nerve (E) of postnatal day 4 (P4) SMA mice. n = 5 for control (Smn ™ ;SMN2'¢"¢,SMNA7"¢"¢) and n = 7 for SMA animals (Smn ™"~ ;
SMN2'¢"8; SMNA7'® ). (F) Schematic representation of miR-183~96~182 cluster in the mouse genome. Real-time PCR of primary transcript and mature form

of miRNAs from this cluster were measured in the spinal cord of P4 SMA mice. n = 9 for control (Smn™*’~ ;:SMN2'¢" % and n = 11 for SMA animals (Smn~

/=

SMN2'¢%); SMN2'€ = two copies of SMN2. (G) In situ hybridization of miR-183 using LNA probes on 7 DIV spinal motor neurons with SMN-knockdown. Intensities
of miR-183 signals were measured with ImageJ. The signals from neurites were normalized to the signal from cell body of individual neuron. N = 25 for control and
n = 20 for Smn-knockdown neurons. Data are represented as mean + SEM. Scale bar: 50 wm. Mature miRNA expression was normalized to snoRNA, U6B. Primary
miRNA expressions were normalized to Gapdh expression. For neurites samples and sciatic nerve, 3 ng of total RNA was used to measure mRNA expression. Stat-
istical significances were determined by student’s 7-test, *P < 0.05, **P < 0.01 and ***P < 0.0001.
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the effect of miR-183 on the expression of luciferase reporter. mTOR kinase exists in two distinct functional complexes,
From these data, we conclude that miR-183 can regulate transla- mTOR Complex 1 (mTORCI1) and mTOR Complex 2
tion of mTor by directly binding to its 3 UTR (Fig. 3D and E). (mTORC?2), defined by two groups of binding partners (35).
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Because mTOR is a core component of the two complexes, we
asked how the activities of mTORC1 and mTORC2 were
affected by loss of miR-183. It is well established that
mTORCI1 phosphorylates S6K1 at Thr389, and mTORC?2 phos-
phorylates PKCa at Ser657 (36). Therefore, we measured phos-
phorylation of these two proteins as markers of mTORCI1/2
activity. Interestingly, levels of S6K1 protein increased by
~50% and the phosphorylated S6K1 (P-S6K1) increased
~25% in miR-183 knockdown neurons. Moreover, phosphory-
lated PKCa (P-PKCa) increased ~25%, whereas the total
amount of PKCa protein was unchanged (Fig. 3F and G).
These results indicate that both mTORC1 and mTORC2 are
modulated by miR-183 expression in neurons.

Smn-knockdown neurons exhibit dysregulated mTOR
activity and reduced protein synthesis

Having demonstrated an effect of miR-183 on the mTOR
pathway, we examined whether SMN expression also modulates
the expression and activity of the mTOR pathway in neurons.
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To investigate this question, we knocked down Smn and mea-
sured the expression of proteins in the mTOR pathway in cortical
and spinal motor neurons. Protein levels of many genes in the
mTOR pathway such as S6K1 and SGK were down-regulated
in Smn-knockdown cells compared with controls in both cortical
and spinal motor neurons (Fig. 4A—C). Based on the expression
and phosphorylation of S6K1, S6 ribosomal subunit, SGK
and PKC-a, we conclude that the activity of the mTOR
pathway is reduced in cortical and spinal motor neurons with
Smn-knockdown. As mTORCI regulates protein synthesis, we
asked whether SMN deficiency might cause impairment in
protein synthesis. We used surface sensing of translation tech-
nology (SUnSET) to measure protein synthesis efficiency in
cells (37). Interestingly, both Smn-knockdown neurons and
neurons from the SMA mouse model showed reduced puro-
mycin incorporation during 1 h of incubation, suggesting that
SMN deficiency causes impairment in de novo protein synthesis
efficiency (Fig. 4D, Supplementary Material, Fig. S5A). To test
whether this is a neuron-specific phenomenon, we performed the
same experiments with SMA patient-derived fibroblast cell
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Figure 4. SMN deficiency impairs protein synthesis by dysregulation of mTOR activity in neurons. (A) Western blot of proteins in mTOR pathway. Neurons were
infected by lentivirus expressing ShRNA against Smn on 1 DIV. After 9 days (cortical neurons) and 6 days (spinal motor neurons) of infection, proteins were collected
and analyzed by western blot. Bar graphs represent quantification of the expression of proteins involved in mTOR pathway in (B) cortical neurons and (C) spinal motor
neurons. n = 3—5 for cortical neurons; n = —9 for spinal motor neurons, student’s -test, * P << 0.05, compared with control lentivirus-infected neurons. Data are repre-
sented as mean + SEM. (D) SUnSET experiments independently support that protein synthesis efficiency is reduced in SMN-deficient neurons. Experiments were
performed either Smn-knockdown cortical neurons (shCon and shSMN) or cortical neurons from a SMA mouse model (Con and SMA). (E) miR-183 inhibition
increased S6K 1 phosphorylation in SMN-deficient neurons. 50 nm siRNA and 50 nm LNA inhibitors are transfected to cortical neurons. Western blots were repeated

twice with two different biological samples. Data represent mean + SEM.
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lines. We measured P-S6K1 protein as a marker of mTORC1
activity. Surprisingly, even though these cell lines do not
exhibit significant differences in cell growth and apoptosis com-
pared with those from healthy controls, fibroblast cell lines
derived from type 1 SMA patients showed reduced mTOR activ-
ity (Supplementary Material, Fig. S5B and C). These data indicate
that reduced SMN protein expression leads to down-regulation of
mTOR activity and impaired protein synthesis. To test whether
reduced mTOR activity can be restored by inhibition of miR-
183 in SMN-deficient neurons, we knocked down SMN and
miR-183 simultaneously in cortical neurons and measured phos-
phorylation of S6K1. Indeed, inhibition of miR-183 in SMN-
deficient neurons increased phosphorylation of S6K1 (Fig. 4E).
These data support our hypothesis that down-regulated mTOR
activity can be recovered by inhibition of miR-183.

mTOR is locally translated in the axon

As miR-183 levels are increased in neurites of Smn-knockdown
neurons and miR-183 regulates mTOR activity via direct binding
tothe 3’ UTR of mTor, we asked whether mToris locally translated
in axons by performing fluorescence recovery after photobleach-
ing (FRAP). We expressed plasmids with myristoylated photo-
destructible GFP fused to the 3’ UTR of mTor in hippocampal
neurons. After 24 h, the GFP signals of the mTor reporter
constructs could be detected in growth cones and axons. Two
to three days after transfection, FRAP was performed using a
laser confocal microscope with live cell imaging (Fig. SA and
Supplementary Material, Fig. S6A). The GFP signal was ~50%
recovered within 5 min after photobleaching, and anisomycin, a
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protein synthesis inhibitor, blocked this recovery (Fig. 5B).
These data suggest that recovery of GFP signal in the axons is
due to local protein synthesis (Fig. SB).

To test whether SMN-deficient neurons also exhibit impaired
local translation, we performed FRAP experiments with m7Tor
reporter constructs in Smn-knockdown neurons. SMN-deficient
neurons displayed impaired local translation for mTor (Fig. 5C).
We then asked whether knocking down miR-183 could regulate
local protein synthesis of mTOR in SMN-deficient neurons.
Inhibition of miR-183 with LNA improved fluorescence recov-
ery of mTor reporter constructs in SMN-deficient neurons
(Fig. 5C), indicating an increase in the rate of local protein syn-
thesis formTOR following miR-183 inhibition. To independent-
ly test our finding that mRNAs of mTor is locally translated, we
asked whether mTor mRNA is present in neurites. We measured
endogenous mRNA levels for mTor in the neurite compartment
isolated from Boyden chambers. We found that the levels of
mTor mRNA is similar to those of the well-established axonal
mRNA B-actin (Supplementary Material, Fig. S6B). From
these results, we conclude that expression of mTOR is regulated
at the translational level in distal neurites.

Inhibition of miR-183 in spinal motor neurons improves
SMA mouse model

Finally, we asked whether suppression of miR-183 could alter
the phenotype of an SMA mouse model. To test this, we pro-
duced an adeno-associated virus serotype-9 (AAV9) vector car-
rying a sponge sequence that would bind to and inhibit miR-183
expression following CNS injections of SMA mice. This vector
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Figure 5. mTor is locally translated in the axon and growth cones. (A) Representative images demonstrate FRAP in distal axons of hippocampal neurons transfected
with dGFPmyr-mTor 3’ UTR over a period of 6 min. (B) Quantification of GFP intensity of dGFPmyr-mTor-3' UTR in the distal axons and growth cones before and
after photobleaching (PB). Anisomycin (50 uMm, red) blocked recovery of GFP signal after PB compared with vehicle-treated neurons (DMSO, black). For each time
point, the data represent a relative ratio of prebleach intensity (mean + SEM). DMSO: n = 33 regions from 11 neurons, anisomycin: n = 17 regions from 5 neurons.
Statistical significance was determined by two-way ANOVA followed by Bonferroni’s post hoc test. DMSO versus anisomycin: *P < 0.05 from 3.99 to 8.06 min
(C) Smn-knockdown neurons showed significantly reduced recovery of GFP signal, and inhibition of miR-183 in Smn-deficient neurons restored it. Control
(black): n =52 from 19 neurons, Smn-knockdown (red): » = 52 from 17 neurons and Smn and miR-183 double knockdown (blue): n = 44 from 12 neurons.
Control versus siSMN + LNA-Scr; *P < 0.05 from 5.35 to 8.06 min, siSMN + LNA-Scr versus siSMN + LNA-183; *P < 0.05 from 2.86 to 8.06 min. Red bars

represent times of photobleaching.
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has a beta-glucuronidase (GUSB) promoter that expresses pri-
marily in neurons (38), thus allowing us to restrict the inhibition
of miR-183 expression in spinal motor neurons and interneurons.
AAV9-sponge-183 reduced miR-183 expression to <40% of
wild-type levels (from 1.3 to 0.5, compared with wild-type
control) (Fig. 6A). As miR-182 has very similar sequence with
miR-183, we also measured miR-182 expression as a control.
miR-183 sponge sequence did not change miR-182 expression
significantly. Remarkably, reduction of miR-183 in the spinal
cord extended the survival of SMA mice from an average of
16.5—19.5 days (Fig. 6B). Additionally, inhibition of miR-183
partially improved body weight and motor function, as measured
by grip test (Fig. 6C and D). However, there was no significant

increase inrighting reflex (Fig. 6E). Immunofluorescent staining
confirmed that AAV9-sponge-183 virus infected motor neurons
in spinal cord (Fig. 6F). Despite the physiological improvement
in miR-183 inhibited SMA animals, we did not detect significant
differences in NMJ morphology or survival of motor neurons
(Supplementary Material, Fig. STA-D).

DISCUSSION

Local mRNA translation plays an important role in neuronal
development and synaptic plasticity, and its dysregulation can
contribute to neurological disorders such as Fragile X Syndrome
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Figure 6. AAV-sponge-mediated inhibition of miR-183 in spinal motor neurons improved survival, body weight and motor function in a mouse model of SMA.
AAV9-Sponge-183, AAV9-GFP or saline was injected into the CNS of SMA mice on the day of birth. One cohort of mice was sacrificed on postnatal day 14 for
age-matched expression analysis (A, F), and a second cohort of mice was analyzed for behavior and survival (B—E). (A) AAV9-Sponge-183 restored miR-183
expression in the spinal cord of SMA mice. Expression of miR-182, a miRNA from the same cluster and with a similar sequence did not show significant reduction.
(B) Survival and behavior of animals. n = 10 for saline-injected animals with median survival 16.5 days, n = 12 for AAV9-GFP control with median survival of 17
days,and n = 12 for AAV9-Sponge-183-injected animals with median survival 19.5 days. Statistical significance was determined by log-rank (Mantel—Cox) test and
**P < 0.01.(C)Body weight, (D) grip strength and (E) righting reflex were measured at postnatal day 14. Statistical significance was determined by one-way ANOVA
followed by Bonferroni’s Multiple Comparison test, ***P < 0.001, *P < 0.05. (F) Fluorescent microscopy of the lumbar spinal cord of SMA mouse shows that AAV9

(GFP) was successfully delivered to motor neurons (ChAT).
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and SMA (25). Dysfunction of translational machinery has been
shown to contribute to neurological diseases. For example,
hyperactivation of mTOR plays an important role in the neuro-
pathology of tuberous sclerosis and PTEN hamartoma syn-
dromes (25,39). Moreover, dysregulation of miRNA-mediated
translational repression has been implicated in many neurode-
generative diseases, including Alzheimer’s and Huntington’s
diseases (40,41). However, the interplay between miRNA ex-
pression and the mTOR pathway has not been studied in motor
neuron diseases, especially with respect to the axonal local trans-
lation. Here, we report a previously unappreciated relationship
between SMN, miRNA expression and mTOR signaling.

In vivo experiments show that modulating mTOR levels via
miR-183 knockdown is a potential target for adjunctive treat-
ment in a severe mouse model of SMA. Although reducing
miR-183 resulted in a significant increase in grip strength and
median survival, we were not able to detect differences in
gross NMJ morphology compared with control SMA mice.
Future studies are needed to investigate the possibility that
subtle changes in the NMIJ structure and/or function might
have contributed to the observed improvement in motor function
and longevity.

The mechanisms by which SMN deficiency leads to dysregu-
lation of miRNA expression/localization and mTOR activity are
unclear. The predominant mechanism for miR-183 dysregula-
tion appears to be post-transcriptional because the transcription
of miR-183~96~182 cluster is unchanged, and miR-182 from
the same gene cluster is not affected by SMN loss. There are
several possible explanations for this observation. First, as
SMN plays a major role in splicing, incorrect splicing of genes
important for miRNA biogenesis could lead to aberrant
miRNA expression/distribution. Second, the SMN complex
is involved in the formation of ribonucleoproteins (RNPs)
(42,43). Recently, our lab and others showed that SMN
complex binds to the RNA-binding protein HuD and delivers
mRNAs to the axonal compartment to be translated locally
(14,19). The SMN complex may play a role in the formation or
trafficking of miRNA—-RISC complexes and/or translational
machinery. Third, loss of SMN may potentiate cellular stress
mechanisms. The SMN complex is necessary for stress
granule formation and function in neurons (44). As stress gran-
ules may regulate miRNA function by sequestering Argonaute,
RNA-binding proteins and RNA editing enzymes (45), their dys-
function could also affect miRNA expression and distribution.
Regardless of the mechanism, there appears to be specificity
for certain miRNAs, suggesting that the distribution of different
miRNAs may depend on distinct processing and transport
mechanisms. Identification of RNP complexes involved in trans-
port and processing of different miRNAs could help elucidate
these mechanisms.

Another important consideration is that the role of mTOR-
related protein synthesis in growing neurons, including mRNA
translation of mTOR pathway components, is regulated locally
in developing axons. There have been numerous studies report-
ing that the mTOR pathway plays a role in axonal outgrowth
(25,28). In this study, we demonstrated that mTor itself is
locally translated in the developing axon. Local synthesis of
the mTOR protein that is the master regulator of protein synthe-
sis has important implications. One would predict that down-
regulated mTOR signaling in SMN-deficient cells would
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markedly repress protein synthesis machinery, leading to neur-
onal dysfunction and aberrant neuronal connectivity.

Several recent studies demonstrated roles for miRNAs in
axonal growth, which are consistent with our findings. For
example, the miR-17~92 cluster increased axonal outgrowth
by repressing PTEN expression in embryonic cortical neurons,
and miR-16 regulates protein synthesis at the sympathetic neur-
onal axons by inhibiting translation of elF2B2 and elF4G2
(46,47). At the neuromuscular junction, miR-124 and miR-142
modulate acetylcholine release via Rab3a, which is involved
in synaptic vesicle delivery in response to elevated NO signals
from postsynaptic skeletal muscle (48). Motor neurons differen-
tiated from murine embryonic stem cells harboring a mutation
causing SMA showed dysregulation in miR-9 expression (24).
Interestingly, miR-9 regulates axonal growth via regulation of
MAP1b expression in neurons (49). Dysregulated miR-9 expres-
sion in SMA neurons might also contribute to pathological
axonal morphology in SMA. These findings, together with our
data, strongly suggest that axon growth and axonal local transla-
tion are regulated by miRNAs and are dysregulated in SMA.

We demonstrate that inhibition of miR-183 rescues much of
the neuronal phenotype associated with Smn-knockdown, par-
ticularly axon outgrowth. miR-183 increases mTOR pathway
activity, which contributes to this effect, but miR-183 may
have additional targets that also augment this result. Our findings
are consistent with previous reports demonstrating that PTEN
deletion in SMA neurons improved neuronal growth (50) and
that IGF-1 enhanced survival of SMA mice (51,52). Our study
provides a potential link between the SMN/miR-183/mTOR
interaction and the SMA neuronal phenotype. Most of the thera-
peutic strategies in SMA have focused on increasing SMN levels
(38,53). Although our AAV9-sponge-183 modestly decreased
miR-183 expression to 50% of wild type, we nonetheless
observed an improvement in a mouse model of SMA. Inhibition
of miR-183 alone unlikely provides a cure for SMA, but it may
work in concert with other therapeutic modalities that are
aimed to increase SMN protein levels in cells. Whether similar
mechanisms are in play in human SMA disease requires future
investigations. Ifthey are, then more efficient, cell-type-specific
modulation of the mTOR pathway via small molecules or RNAi
could potentially provide a new mechanism-based adjunctive
therapy for this devastating disease.

MATERIALS AND METHODS

Primary neuron cultures

All experimental procedures were performed in compliance with
animal protocols approved by the IACUC at Boston Children’s
Hospital and University of Cologne. Hippocampi and cortices
were dissected from EI18 Sprague—Dawley rat embryos
(Charles River). Neurons were dissociated with papain, tritu-
rated and plated on poly-D-lysine/Laminin-coated plates. Cells
were plated at 1 M ~ 250 K cells/6-well plates for biochemistry
and 30 000 cells/24 well plates for immunostaining experiments.
Neurons were cultured in Neurobasal medium with B27 supple-
ment, 2 mMm L-glutamine, 1 x pen-strep (Invitrogen) at 37°C in a
humidified incubator with 5% CO,. For the motor neuron
culture, we used embryonic spinal motor neuron from EI15
Sprague—Dawley rat embryos (Charles River). Primary motor
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neurons were cultured with same media with 50 ng/l BDNF,
50 ng/pl GDNF and 25 ng/pl CNTF (PeproTech) as described
before (14).

Boyden chamber and collection of samples from neurite
compartment

Cortical neurons were cultured on modified Boyden chambers as
described previously (28). In brief, neurons were seeded on the
Boyden membrane with 3-pum pores with Neurobasal media
with B27 supplement, 2 mML-glutamine and 1 x pen-strep (Invi-
trogen). We added this culture media with BDNF (50 ng/p.l),
CNTF (50 ng/pl) and GDNF (25 ng/pl) to the lower compart-
ment of the culture dishes. One day after seeding, cells were
infected with lentivirus containing either the shRNA against
Smn or the scramble control (14). Samples were collected 9
days after infection from both the lower membrane surface,
which contained mainly the neurite compartment and growth
cones, and the upper membrane surface, which contained cell
bodies.

RNA extraction and measuring expression of mRNAs

Total RNA was extracted using miR Vana total RNA isolation kit
(Ambion) according to manufacturer’s instruction. RNA
amount was measured using Nanodrop (Thermo Scientific).
To measure the expression of mRNAs, we used a previously
described protocol (54). In brief, 120 ng of total RNA was
reversed-transcribed using cDNA Archiving Kit with random
primers (Life Tech). Power SyBr Green PCR Master Mix (Life
Tech) was used to amplify and detect signals with 10 ng of
c¢DNA and 1 mm of each gene-specific primer. Sequences of indi-
vidual primers for mRNA detection are in Supplementary Mater-
ial, Table S7. Amplified signals were collected by 7300HT fast
real-time System (ABI) and normalized with Gapdh intensity.

Multiplexed real-time PCR for miRNA analysis and single
miRNA analysis

miRNA expression was also measured using multiplexed real-
time PCR as described before (7). In brief, 187-plexed real-time
PCR was used to measure the expression of individual miRNAs.
Twenty nanograms of total RNA was reverse-transcribed using
cDNA Archiving Kit (Life Tech) and 2.5 nm miRNA-specific
reverse primers. cDNA was pre-amplified using a common
reverse primer (UR) and miRNA-specific forward primers
using Universal Master Mix with no UNG (Life Tech). PCR
product was diluted 4 times, and 0.1 w1 was used for real-time
PCR. Real-time PCR was performed in 7500HT fast real-time
System (ABI). To measure individual miRNA expression, we
used Tagman microRNA assays (Lite Tech). Data were col-
lected and analyzed as previously described (54). Threshold
cycles (Ct) were normalized by a single proportionality constant
as we did not observe any Ct-dependent bias.

Western blotting

Protein expression was quantified by western blotting. Anti-
bodies used for this study were purchased from phospho-
PKCa (Ser657, Millipore), phospho-S6K1 (Ser389, Millipore),

phospho-SGK (Ser255/Thr256, Millipore), Aktl (Santa Cruz),
SMN (Santa Cruz), mTOR (Cell Signaling), phospho-Aktl
(Serd73, Cell Signaling), PKCa (Cell Signaling), S6 (Cell Sig-
naling), phospho-S6 (Ser240/244, Cell Signaling), S6K1 (Cell
Signaling), SGK (Abcam), Tau (Millopore), RIP1 (Cell Signal-
ing), Caspase 3 (Cell Signaling), Lamin B1 (Abcam) and
GAPDH (Ambion).

3’ UTR reporter system, site directed mutagenesis
and luciferase assay

We amplified 3’ UTR of mTOR from the rat genomic DNA and
cloned into pmiR-report vector (Ambion). Three hundred nano-
grams of reporter vectors were transiently transfected to
HEK293T cells together with 50 ng of control vector expressing
Renilla luciferase and 50 nm of pre-miRNA (AB) or LNA inhi-
bitors (Exigon) using Lipofectamine2000 (Life Tech). In 24 h
after transfection, cells were harvested and luciferase activity
was measured with Dual luciferase system (Promega). To con-
struct reported vector containing mutations in miRNA seed
region, we used QuickChange II XL Site Directed Mutagenesis
Kit (Agilent). In brief, we designed primers containing inverted
sequences of 6 base pairs in seed region (IDT) and followed
manufacturer’s instruction for detailed procedures. Primer seq-
uences used to make point mutation are for mTOR 3’ UTR,
forward primer: 5% GTATCTGAGTAATTTTTACCGTGA-
TAAATGACATCAG 3'; reverse primer: 5 CTGATGTCATT-
TATCACGGTAAAAATTACTCAGATAC 3.

In situ hybridization of miR-183 using LNA probe
and image analysis

We performed in situ hybridization of miR-183 with LNA
probes as previously described (7). We used 57°C as a hybridiza-
tion temperature, which is 20°C below Tm of our LNA probes.
Images were taken with Zeiss Axio ImagerM2, and miR-183
signals from neurites were measured with ImageJ. We measured
signals from neurites at least 25 wm away from cell body.

Lentiviral production and infection

Lentiviral particles were produced in HEK293T cells as
described before (55). In brief, lentiviral plasmids were transi-
ently transfected with packaging vectors using Lipofecta-
mine2000 and OptiMEM (Life Tech). Lentiviral particles were
collected 48 h after transfection.

Immunostaining and axon length measurement

Neurons were fixed and stained with Tau antibody (Millipore)
to measure axonal morphology. Tau-positive neurites were
measured using ImagelJ.

miRNA inhibition in cultured neuron using transient
transfection

We designed inhibitors of miRNA using Locked Nucleic Acid
technology (LNA, Exiqon). LNA sequence to inhibit expression
of miR-183 was +A +G +T +G +AATTCTACCAGTG +C
+C +A +T +A. For the negative control, we used +C +A +T
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+T +AATGTCGGACAAC +T 4+C +A +A +T (‘+’ =
locked base). We transiently transfected LNA oligonucleotides
using Lipofectamine2000 reagent and OptiMEM (Invitrogen)
on 1 DIV. For transfection protocol, we followed the manufac-
turer’s instructions.

Protein synthesis efficiency (SUnSET experiment)

Primary cultured neurons were incubated with 50 wm puro-
mycin, 1 h in their culture medium and protein was extracted.
Incorporated puromycin was quantified with anti-puromycin
antibody (KeraFest) by western blot. Twenty micrograms of pro-
teins were used for western analysis (37). Western blot images
were quantified with ImageJ.

Sponge-183 AAYV production and injection

The sponge-183 sequence was cloned into a shuttle plasmid that
contained the eGFP cDNA, the 0.4-kb human GUSB promoter
and the self-complementary AAV2 inverted terminal repeats.
The sponge-183 sequence consisted of seven bulged binding
sites for miR-183 and four nucleotide spacer sequences (CCGG)
between them [5 CAGTGAATTCTTATGTGCCATACCGG
CAGTGAATTCTTATGTGCCATACCGGCAGTGAATTCTT
ATGTGCCATACCGGCAGTGAATTCTTATGTGCCATACCGG
CAGTGAATTCTTATGTGCCATACCGGCAGTGAATTCT
TATGTGCCATACCGGCAGTGAATTCTTATGTGCCATA ¥
(56)]. The recombinant plasmid was packaged into AAV serotype-9
capsid by triple-plasmid co-transfection of HEK293 cells to gen-
erate AAV9-sponge-183 (scAAV2/9-GUSB-GFP-sponge-183).
The negative control vector, AAV9-GFP (scAAV2/9-GUSB-
GFP), was identical except that it did not contain the sponge-
183 sequence. All animal procedures were performed under a
protocol approved by the Institutional Animal Care and Use
Committee. On the day of birth (P0), pups received 2 pl into
each the right and left cerebral lateral ventricles and into the
lumbar spinal cord for a total volume of 6 wl and a total dose
of 2.5¢10 genome copies per pup. All the injections were per-
formed with a finely drawn glass micropipette needle as
described earlier (57). A subset of the litters was treated with
saline to control for the injection procedure. Following the injec-
tions, the pups were toe-clipped and genotyped to identify SMA
(Smn~"", hSMN2™*, SMND7"'™), heterozygote (Smn™,
hSMN2V'*, SMND7+'*) and wild-type (Smn™"", hSMN2™'+,
SMND7*")mice. Behavioral tests and tissue analyses were per-
formed as reported (57).

Fluorescence recovery after photobleaching

3’ UTR of mTor was cloned into myristoylated GFP vectors to
measure local translation in neurons (gift from Dr Jeffery
Twiss), as described previously (28). In brief, 3’ UTR:myrGFP
vectors were transfected into neurons using Amaxa nucleofec-
tion (Lonza). We followed the manufacturer’s instruction for
experimental procedures. Two days after transfection, images
were collected using Zeiss LSM5 confocal microscopy with a
37°C platform and analyzed with Zen (Zeiss). For anisomycin
treatment, neurons were incubated with vehicle (DMSO) or
anisomycin (50 ng/ml) for 30 min before imaging. Statistical
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significance was determined with two-way ANOVA followed
by Bonferroni’s post hoc test.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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