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Spinal muscular atrophy (SMA) is a severe neuromuscular
disease affecting infants caused by alterations of the survival
motor neuron gene, which results in progressive degenera-
tion of motor neurons (MNs). Although an effective treat-
ment for SMA patients has been recently developed, the
molecular pathway involved in selective MN degeneration
has not been yet elucidated. In particular, miR-206 has
been demonstrated to play a relevant role in the regeneration
of neuromuscular junction in several MN diseases, and
particularly it is upregulated in the quadriceps, tibialis
anterior, spinal cord, and serum of SMA mice. In the present
paper, we demonstrated that miR-206 was transiently upre-
gulated also in the brainstem of the mouse model of SMA,
SMAA?7, in the early phase of the disease paralleling MN
degeneration and was down-regulated in the late symptom-
atic phase. To prevent this downregulation, we intracerebro-
ventricularly injected miR-206 in SMA pups, demonstrating
that miR-206 reduced the severity of SMA pathology, slow-
ing down disease progression, increasing survival rate, and
improving behavioral performance of mice. Interestingly,
exogenous miRNA-206-induced upregulation caused a
reduction of the predicted target sodium calcium exchanger
isoform 2, NCX2, one of the main regulators of intracellular
[Ca®*] and [Na*]. Therefore, we hypothesized that miR-206
might exert part of its neuroprotective effect modulating
NCX2 expression in SMA disease.

INTRODUCTION
Spinal muscular atrophy (SMA) is
neuromuscular disease, most frequent in infants, characterized by selec-

an autosomal recessive
tive degeneration of lower motor neurons (MNs), resulting in progres-
sive muscle weakness, atrophy, paralysis and death, due to respiratory
failure." The disease is caused by homozygous deletions or mutations
in the survival motor neuron gene 1, SMNI, leading to the deficiency
of the ubiquitous SMN protein.” The human genome contains the
SMN2 gene, that is an SMNI paralog, and it differs only in few nucleo-
tides. However, a C-to-T transition occurring 6 bp inside SMN2 exon 7
profoundly influences mRNA splicing, leading to an unstable, rapidly
degradable protein, lacking exon 7, SMNA7."” Almost 10% of
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SMN2-encoded protein is a full-length functional SMN (fl-SMN) pro-
tein; indeed, the severity of the disease is inversely proportionate to
SMN2 copy number.>* Clinical features range from the most severe
form SMAI to the mildest SMAIV, according to the age of onset and
motor milestones achieved by patients.” Although several therapeutic
options have been recently available for SMA patients, the molecular
pathway involved in selective MN degeneration has not been yet eluci-
dated. It is known that SMN1 encodes a 38-kDa protein® that forms a
large multiprotein complex containing SMN, Gemin2,” Gemin5,®
Gemin6,” and Gemin7.'” This multiprotein complex has its primary
and most prominent role in spliceosomal assembly, pre-mRNA matu-
ration, and assembly of microRNA (miRNA)-ribonucleoprotein com-
plexes (miRNPs) and transcriptosomes.'' In addition, the importance
of some miRNA families in SMA pathophysiology has been recently
recognized. In fact, miRNAs are evolutionarily conserved non-coding
RNA of 18-22 nucleotides that post-transcriptionally regulate the
expression of most mammalian genes and play a major role in a variety
of biological processes such as differentiation, proliferation, apoptosis,
and development. miRNA dysregulation has been related to several dis-
orders, including muscular dystrophy,'” diabetes,* and cancer.*"” In
particular, several pieces of evidence showed a close relationship be-
tween miRNA alteration and SMA. In fact, it has been reported that
mice that specifically lack the miRNA-processing enzyme Dicer in
MNs display hallmarks of SMA,'® and that SMN protein is able to alter
miRNA expression and distribution in neurons.'”'® In particular, miR-
206, a miRNA highly conserved in Homo sapiens, Rattus norvegicus,
and Mus musculus, is involved in the proper formation and
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regeneration of the mature neuromuscular junction (NMJ)."” In fact,
miR-206 acts as a key regulator of the interplay between MNs and mus-
cle fibers, sensing MN damage and promoting the regeneration of
functional synapses in the muscle.'” In particular, Williams and
colleagues,”® demonstrated that healthy mice that are genetically defi-
cient in miR-206 form normal neuromuscular synapses during devel-
opment, but knocking out of miR-206 in the amyotrophic lateral scle-
rosis (ALS) mouse model SOD1-G93A accelerates disease progression,
thus demonstrating that miR-206 is required for efficient regeneration
of neuromuscular synapses. On the other hand, it has been previously
demonstrated that miR-206 is upregulated in the quadriceps of
SMAA?7, a mouse model of SMA,*' and in the spinal cord of SMAL?*
only at post-natal day 10 (P10), a few days before animal death, suggest-
ing that this miRNA upregulation occurs too late to revert disease
progression.

In addition, with the help of in silico analysis, we found that
among the numerous putative targets of miR-206, there is the
SLC8A2 gene coding for the plasma membrane protein sodium
calcium exchanger isoform 2, NCX2. This protein belongs to the
Na*/Ca** exchanger (NCX) family, a group of three NCXI,
NCX2, and NCX3 transmembrane proteins that play a relevant
role in the maintenance of Ca®" and Na' homeostasis in the
central nervous system (CNS) cells, and it is involved in several
pathophysiological conditions such as brain ischemia,”” *° multi-
ple sclerosis (MS),%” Alzheimer’s disease (AD),*® and ALS.*"*° In
this regard, it should be underlined that Ca®* homeostasis dereg-
ulation seems to be a key factor in triggering SMA toxicity of
MNs, motor nerve terminals, and astrocy‘tes.’”’33

brain regions of CNS, (2) the administration

of exogenous miR-206 in a very early phase

might represent a strategy to attenuate MN
degeneration, and (3) miR-206 modulates NCX2 expression, thus
interfering with Ca** homeostasis.

RESULTS

miR-206 Is Upregulated in the Brainstem of Early Symptomatic
SMA Mice

To investigate whether miR-206 may play a role in SMA disease, we
measured miR-206 levels in the brainstem and in the spinal cord of
early (P5) and late (P12) symptomatic smn'~; SMN2*;
SMNA7** (SMA) mice and compared these values to those of age-
matched healthy controls (smn™*; SMIN2*/*; SMNA7*; wild-type
[WT]) (Figures 1A and 1B). This mouse model, SMNA7, is one of
the most common used to study SMA at the preclinical level. Mice
at birth are smaller than normal littermates and have a lifespan of
about 13 days and impairment of motor behavior clearly detectable
4-5 days after birth (P4-P5).”* In particular, our data revealed that
a statistically significant 2.5-fold increase in miR-206 expression level
was observed in the brainstem of early symptomatic SMA mice
compared to WT littermate animals. This effect was completely abol-
ished in the late phase of the disease (Figure 1A). Indeed, a 60% reduc-
tion in miR-206 levels in the brainstem of SMA pups at P12,
compared to age-matched WT animals, was observed (Figure 1A).
Interestingly, in WT animals, a physiological increase in miR-206
expression during growth occurred, while in SMA mice this upregu-
lation did not take place. In contrast, in the spinal cord of SMA mice, a
significant increase (2.2-fold) in miR-206 level was observed in SMA
pups compared to WT only in the late phase of the disease (P12) (Fig-
ure 1B). On the other hand, miR-206 levels in the spinal cord of SMA
animals at P5 were not statistically different from WT mice, while the
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Figure 2. miR-206 Reduced MN Loss in the Facial Nucleus and in the Spinal Cord and Extended Survival of SMA Mice
(A and C) Nissl-stained sections (20 um) of the brainstem (A) and the spinal cord (C) of WT (g, b, e, and f) and SMA (c, d, g, and h) mice at P12, i.c.v. treated with 1 pL (10 uM) of a
non-targeting microRNA (NT-miR; a, ¢, e, and g) or with miR-206 (b, d, f, and h) showing MNs loss in the facial nuclei (ellipse area) and in the spinal cord of miR-206 treated SMA

(legend continued on next page)
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latter did not show a statistically significant increase of miR-206 levels
during growth (Figure 1B). Moreover, the number of MNs in the
facial nuclei of SMA mice at different ages was evaluated by Nissl
staining and compared to age-matched WT pups (Figures 1C and
1D). Interestingly, a significant 25% reduction in the amount of
MNs was already detected at P5 (WT, 164 + 14 MNs/mm?; versus
SMA, 119 + 8 MNs/mm?); this phenomenon was more evident at
P12 (WT, 149 + 15 MNs/mm?; versus SMA, 30 + 5 MNs/mm?) (Fig-
ure 1D). In fact, in the facial nuclei of SMA mice, an 80% loss of MNs
compared to WT pups of the same age was detected (Figure 1D).

Intracerebroventricular Administration of miR-206 Reduced MN
Loss in the Facial Nuclei of the Brainstem and Extended Survival
of SMA Mice

In order to assess the protective effect of miR-206, it was
intracerebroventricularly ~ (ic.v.) administered to WT and
SMA pups three times at P3, P6, and P10 (10 pmol/1 pL per mouse),
randomly dividing them into four experimental groups: WT+NT-
miR, WT+miR-206, SMA+NT-miR, and SMA+miR-206. To evaluate
whether miR-206 could effectively reach the brainstem and the spinal
cord regions, its levels were measured at P12 in WT animals i.c.v. in-
jected at P3, P6, and P10 with NT-miR or miR-206 molecules (Fig-
ure S1). Interestingly, a 50% and 85% increase in miR-206 levels
was detected in the brainstem (Figure S1A) and in the spinal cord
(Figure S1B) of WT pups treated with miR-206 (Figure S1).

The brainstem (Figures 2A and 2B) and spinal cord sections (Figures
2C and 2D) of WT and SMA pups at P12, treated three times with
miR-206 or with NT-miR, were stained with Nissl, and MNs were
counted. miR-206 i.c.v. administration preserved large MNs in the
facial nuclei of SMA mice (Figures 2A and 2B). In fact, a 65% reduc-
tion of MNs was observed in this region of SMA mice treated with
NT-miR (WT+NT-miR, 120 + 3 MNs/mm?; versus SMA+NT-miR,
40 + 3 MNs/mm?), while in SMA mice treated with miR-206, MN
loss was limited to 40% (WT+ miR-206, 111 = 5 MNs/mm?; versus
SMA+miR-206, 71 + 3 MNs/mm?) (Figure 2B). More importantly,
miR-206 i.c.v. administration reduced MN loss of approximatively
25% in the facial nuclei of SMA animals. Notably, miR-206 adminis-
tration did not alter the number of MNs in the facial nuclei of WT
mice (Figure 2B). Furthermore, miR-206 i.c.v. administration
reduced MN death also in the spinal cord of SMA mice (Figures 2C
and 2D). In particular, a 50% reduction in MN number was observed
in SMA mice treated with NT-miR, compared to age-matched
WT+HNT-miR pups (WT+NT-miR, 50.7 + 0.7 MNs/mm?; versus
SMA+NT-miR, 26 + 2 MNs/mm?) (Figure 2D). Interestingly, MN
loss in the spinal cord of SMA animals treated with miR-206
was limited to 35% (WT+miR-206, 51.7 = 0.4 MNs/mm?; versus
SMA+miR-206, 33.0 + 1.3 MNs/mm?) (Figure 2D).

Finally, miR-206 extended the lifespan of SMA pups (Figure 2E). In
fact, the average lifespan of SMA mice treated with NT-miR was
13.6 + 0.4 days, while that of SMA mice treated with miR-206 was
significantly longer, being 15.4 + 0.4 days (Figure 2F).

i.c.v. Administration of miR-206 Reduced the Severity of Motor
Deficits in SMA Mice

To investigate whether the reduced loss of MNs observed in miR-206-
treated SMA pups could ameliorate the motor performance of these
mice, a battery of behavioral tests was daily performed on SMA
pups for 10 days (P3-P12), starting from the third day after birth
(P3), when symptoms and i.c.v. injection of miR-206 began. The an-
imals, randomly divided in four experimental groups, WT+NT-miR,
WT+miR-206, SMA+NT-miR, and SMA+miR-206, were weighed
and subjected to righting, negative geotaxis, tailing, and hind limb
suspension tests, the most adequate behavioral tests for SMA mice
of this age® (Figure 3).

Body Weight

miR-206-treated SMA mice showed higher weight than NT-miR-
treated ones from P9 (Figures 3A and 3B). Indeed, at P9, a statisti-
cally significant higher value of approximately 22% was reached,
compared to NT-miR-treated mice (Figures 3A and 3B). 10 and
11 days after birth, the weight of SMA+miR-206 mice was 42%
and 28% higher compared to age-matched SMA+NT-miR, respec-
tively (Figures 3A). No differences were observed between WT
pups treated with miR-206 and WT mice treated with the non-tar-
geting miRNA.

Righting Test

Motor coordination of WT and SMA pups treated with miR-206
or with NT-miR was evaluated measuring the time the pups
required, positioned upside down, to reposition themselves dorsal
side up (30 s was considered the cutoff time). WT animals could
complete the test in 20 s at P3 and within a few seconds from P8
(Figure 3C). Also in this case, differences between WT pups
treated with miR-206 or WT mice treated with NT-miR
were not detected. On the other hand, approximately 25% of
SMA+NT-miR pups completed the test with an average time of
29.1, 27.8, and 28.2 s at P4, P8, and P11, respectively (Figures
3C and 3D). Interestingly, the 75% of SMA mice (P8) treated
with miR-206 was able to pass the test in an average time of
19.8 s, with a significant improvement in behavioral performance
also at P9 (SMA+miR-206, 17.0 = 39 s; versus SMA+NT-
miR, 29.0 + 1.0 s), P10 (SMA+miR-206, 20.4 + 4.3 s; versus
SMA+NT-miR, 29.3 + 0.5 s), and P11 (SMA+miR-206, 14.2 +
2.7 s; versus SMA+NT-miR, 28.2 + 1.8 s) when the 80% of mice
were able to complete the test (Figure 3D).

mice (MNs are indicated by arrows). Scale bars, 50 um. (B and D) Quantification of MN number normalized for the photographic field in the facial nuclei (B) and in the spinal cord (D)
of WT+NT-miR (white columns); WT+miR-206 (light gray); SMA+NT-miR (black); SMA+miR-206 (dark gray) mice at P12. *p < 0.05; **p < 0.005; **p < 0.001; ***p < 0.0001 by
one-way ANOVA analysis followed by Bonferroni test. Each column represents the mean + SEM (n = 3). (E and F) Kaplan-Meier survival analysis, expressed as a percentage (E) or
in days (F), of SMA+NT-miR (continuous line and black column; n = 17) and SMA+miR-206 (dashed line and dark gray column, n = 11) indicating that i.c.v. miR-206 administration
can significantly extend SMA lifespan. *p < 0.05 by log rank statistical test for (E) and **p < 0.005 by Student’s t test for (F).
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(A) Growth curves of WT+NT-miR (white squares, continuous line); WT+miR-206 (light gray squares, dashed line); SMA+NT-miR (black triangles, continuous line); SMA+miR-

206 (dark gray triangles, dashed line) mice. (B) A representative picture of P9 littermates: SMA+NT-miR; SMA+miR-2

06; WT+NT-miR. (C, E, and G-J) Righting (C), negative

geotaxis (E), tailing suspension (G and H), and hind limb suspension (score; | and J) tests of WT+NT-miR; WT+miR-206; SMA+NT-miR; SMA+miR-206 pups. (D and F)

Contingency table for righting (D) and negative geotaxis (F) tests for SMA+NT-miR (black column) and SMA+miR-206
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Negative Geotaxis Test

To evaluate both motor coordination and vestibular sensitivity, the
mice were positioned on an inclined grid (approximately 35°) with
the head facing down, and the time the mice spent to turn around
with the head facing up was measured (the cutoff time was 60 s) (Fig-
ure 3E). At P4, only 16.7% of SMA+NT-miR pups were able to perform
the test with no significant differences with miR-206-treated mice, tak-
ing a time of 58.7 and 59.4 s, respectively (Figures 3E and 3F). Interest-
ingly, at P9, the 60% of SMA+miR-206 pups were able to complete the
test with an average time of 40.1 s, compared with the 9.1% of age-
matched SMA+NT-miR mice that completed the test in 57.0 s
(Figures 3E and 3F). Significant improvements upon miR-206 i.c.v.
injection were measured also at P10 (SMA+miR-206, 37.4 + 5.5 s;
versus SMA+NT-miR, 60.0 = 0.0 s), P11 (SMA+miR-206, 35.6 +
5.4 s; versus SMA+NT-miR, 58.0 + 2.0 s), and P12 (SMA+miR-206,
34.3 £ 6.2 s; versus SMA+NT-miR, 60.0 = 0.0 s), when the time neces-
sary for SMA+miR-206 mice to complete the test was significantly
shorter compared to pups treated with the non-targeting miRNA
(Figure 3E). The contingency table analysis also confirmed a significant
increase in the number of SMA mice treated with miR-206 that
successfully completed the test at P9 and P11 (Figure 3F).

Tailing-Suspension Test

This test assigns a score based on hindlimb posture when mice are sus-
pended by the tail for 15 s. The highest value, 4, indicates a normal
spreading of hind paws that decreases with self-clasping events that
are usually observed in SMA animals. In fact, WT mice showed a score
between 3.3 and 4 at all ages considered, with no differences between
NT-miR or miR-206 treated groups (Figure 3G). On the other hand,
SMA+NT-miR pups showed a score ranging from 2.6 at P3 to 1.8 at
P12, indicating hindlimbs often close together. Interestingly,
SMA-+miR-206 mice showed a significant increase in hindlimb posture
at P6 with a score of 2.8 + 0.1, compared with age-matched SMA+NT-
miR pups (1.8 + 0.1) and reached the highest values at P10 (SMA+miR-
206, 3.3 = 0.2; versus SMA+NT-miR, 2.3 + 0.1). At P11 and P12, the
SMA-+miR-206 mice score was still significantly higher compared to
SMA+NT-miR, but it started to decline (Figure 3G). The scattered
graph plot of each SMA+NT-miR and SMA+miR-206 animal evalu-
ated at P4, P9, and P11 were also reported in Figure 3H.

Hindlimb-Suspension Test

This test evaluates hindlimb muscle strength in rodent neonates. In
particular, the position of legs and tail was evaluated by assigning a
score ranging from 4 (normal hindlimb separation with tail raised)
to 0 (constant clasping and tail lowered). Interestingly, WT animals
treated with miR-206 or with the non-targeting molecule showed
an improvement in hindlimb score during growth (Figure 3I). By
contrast, SMA+NT-miR animals showed a score level of 1.8 at P3
that decreased day by day to a score level close to zero at P12

(Figure 3I). Furthermore, miR-206-treated pups showed a slower
decrease in hindlimb score level that was approximately 2 from P3
to P11, then it declined to values close to 1. In particular, a signifi-
cantly higher score for SMA+miR-206 pups was observed at P8
(SMA+miR-206, 2.3 = 0.4; versus SMA+NT-miR, 0.9 + 0.2), P9
(SMA+miR-206, 2.0 + 0.3; versus SMA+NT-miR, 0.73 + 0.17), P10
(SMA+miR-206, 2.00 = 0.16; versus SMA+NT-miR, 0.7 = 0.2), and
P11 (SMA+miR-206, 1.9 + 0.2; versus SMA+NT-miR, 0.90 + 0.19),
compared to age-matched SMA+NT-miR mice. The scattered graph
plot of each SMA+NT-miR and SMA+miR-206 animal evaluated at
P4, P9, and P11 were also reported in Figure 3J.

SLC8A2 Gene Is a Novel Target of miR-206

In order to shed light on the neuroprotective pathway activated by
miR-206, we investigated among the list of 637 predictable targets
generated by McCarthy®
considering that Ca®* deregulation is a key factor in triggering SMA
toxicity in several cellular compartments.’'** Interestingly, a miR-
206 putative consensus sequence highly conserved among H. sapiens,
R. norvegicus, and M. musculus were identified on the 3’ UTR of the
SLC8A2 gene that codes for the plasma membrane transporter NCX2
(Figure 4A). Therefore, in order to investigate whether the SLC8A2
gene can be a novel target gene for miR-206, rat pheochromocytoma
cells (PC12) were transfected with 50 nM of NT-miR, miR-206, and
anti-miR-206, an antagonist molecule for miR-206. Forty-eight hours
after transfection, NCX2 mRNA and protein levels were measured. A
significant reduction in NCX2 transcript (~50%) and protein
(~64%) was observed in cells transfected with miR-206 (Figures 4B
and 4C). A significant 65% reduction of NCX2 protein was also
observed in primary rat cortical neurons 48 h after transfection with
50 nM miR-206 (Figure 4D).

those involved in calcium homeostasis,

Furthermore, to confirm that the SLC8A2 gene is a target of miR-206,
an 840-bp region of the 3’ UTR of this gene, starting from the end of
the open reading frame (ORF; indicated as +1) that includes a miR-
206 putative binding site at +707/714 bp (Figure 4A), was
cloned downstream of the firefly luciferase gene in the pmiR-GLO re-
porter vector. PC12 cells were then co-transfected with the pmiR-
GLO+3'UTR-NCX2(1-840) construct and with NT-miR, miR-206,
or anti-miR-206 molecules. Interestingly, when cells were co-trans-
fected with miR-206, the luciferase assay showed a significant 60%
reduction compared to NT-miR-transfected cells (Figure 4E). On
the other hand, the co-transfection of miR-206 and a new mutated
construct pmiR-GLO-3'UTR-NCX2(1-840AmiR-206), in which the
core sequence of miR-206 seed was mutated by site-directed muta-
genesis (as shown in Figure 4A), did not show any reduction in lucif-
erase assay, thus demonstrating that miR-206 was able (1) to bind a
specific sequence on the 3 UTR of NCX2 gene and (2) to modulate
its expression.

and hind limb (J) scores of each SMA+NT-miR (black triangle) and SMA+miR-206 (gray) animal at P4, P9, and P11. *p < 0.05; **p < 0.005; “**p < 0.001; ***p < 0.0001
SMA+miR-206 versus SMA+NT-mIR by 2-ways ANOVA analysis (A, C, E, G, and l), by one-way ANOVA analysis (H and J) followed by Bonferroni test and by Fisher exact test

for (D) and (F).
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Figure 4. SLC8A2 Gene Is a New Target of miR-206
(A) Schematic representation of human SLC8A2 gene
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NCX2 Transcript and Protein Levels Are Inversely Correlated to
miR-206 Expression in the Brainstem of SMA Mice

NCX2 expression was measured in the brainstem of WT and SMA
mice at different ages with the aim to investigate whether miR-206
expression evaluated in SMA mice correlates with that of the putative
target NCX2. Interestingly, a significant downregulation of both NCX2
mRNA and protein expression of approximately 50% was observed in
the early phase of the disease (Figures 5A and 5B). On the contrary,
NCX2 mRNA and protein levels were upregulated by 2- and 2.5-
fold, respectively, in P12 SMA mice (Figures 5A and 5B). This pattern
of expression inversely correlated with the expression of miR-206
observed in SMA mice at P5 and P12 (Figure 1A). Furthermore, while
NCX2, both at transcript and protein levels, showed a physiological
downregulation during growth in WT animals, SMA mice showed
an upregulation of NCX2 during disease progression. On the other
hand, in the spinal cord of SMA mice, NCX2 expression did not change
at P5, while it showed a slightly significant increase at P12 compared to
WT (data not shown), even though we observed an upregulation in
miR-206 levels in this region in a late phase of the disease (Figure 1B).
Interestingly, NCX2 protein expression was downregulated both in the
brainstem and in the spinal cord of WT mice i.c.v. injected with miR-
206 compared to WT mice treated with NT-miR by 45% and 30%,
respectively (Figures S1C and S1D). miR-206 i.c.v. did not affect the
other two NCX gene products expressed in the CNS, NCX1, and
NCX3. Indeed, their expression did not change in animals i.c.v. injected
with miR-206 (Figure S2).

NCX2 Protein Is Downregulated in Brainstem Neurons of
miR-206-Injected SMA Mice

Finally, NCX2 cellular localization was evaluated by confocal micro-
scopy experiments in the facial nuclei of WT and SMA mice injected
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with miR-206. Brainstem sections of WT+NT-miR, WT+miR-206,
SMA+NT-miR, and SMA+miR-206 animals at P12 were double-
labeled with anti-NCX2 antibody in combination with the neuronal
marker anti-NeuN antibody (Figure 5C). In particular, in the facial
nuclei of WT+NT-miR and WT+miR-206 mice, NCX2 immunostain-
ing was mainly localized to neurons, as indicated by arrows in the
merge panels (Figures 5Cd and 5Ch). Interestingly, in the whole brain-
stem of SMA+NT-miR mice at P12, a 30% increase in the immunoflu-
orescence signal of NCX2 was observed in NeuN-positive cells,
compared to the other experimental groups (Figure 5D), in agreement
with the increase of NCX2 mRNA and protein measured by real-time
PCR and WB analysis (Figures 5A and 5B). Moreover, SMA+miR-206
animals showed a reduced immunolabelling of NCX2 in neurons
within the facial nucleus (Figure 5Cp) that was comparable to
WT+NT-miR and WT+miR-206 groups (Figure 5D).

DISCUSSION

In the present paper, taking advantage of a SMNA7 mouse model, we
demonstrated for the first time that (1) MN degeneration occurs in
the facial nuclei of SMA mice in an early phase of the disease; (2) a
parallel upregulation of miR-206 levels takes place in the brainstem;
(3) the i.c.v. administration of miR-206 in SMA mice reduces MN
loss in the facial nucleus of the brainstem by 25% and in the spinal
cord by 15%, ameliorates behavioral performance, and improves
SMA mouse survival; and (4) miR-206 might exert its protective effect
in SMA, also modulating the expression of the newly identified target
gene NCX2, particularly in neurons of the facial nuclei.

An important finding of our work is represented by the demonstra-
tion that MN degeneration in the facial nuclei occurs at an early stage
of the disease (P5) and may represent an early sign of SMA. On the
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Figure 5. In Brainstem Facial Nucleus NCX2 Transcript and Protein Levels Were Downregulated in the Early Phase of SMA Pathology, While They Were
Upregulated in the Late Phase of the Disease, Particularly in NeuN-Positive Cells

(A and B) Real-time PCR (A) and western blot analysis (B) for NCX2 mRNA and protein in the brainstem of WT (white columns) and SMA (black) mice, five (P5) and 12 (P12)
days after birth showing that NCX2 expression is inversely correlated to miR-206 modulation. (C) Confocal images showing the double labeling of NCX2 (red) and NeuN
(green) in the facial nuclei of brainstem slices (40 um) of WT+NT-miR (a—d); WT+miR-206 (e-h); SMA+NT-miR (i-I), and SMA+miR-206 (m-p) animals at P12. Nuclei were
labeled with Hoechst (blue). The merge panels (d, h, I, and p) showed the co-localization of NCX2 in neurons as indicated by arrows. Scale bar, 50 um. (D) Quantification
of NCX2 fluorescence in neurons of WT+NT-miR (white column), WT+miR-206 (light gray), SMA+NT-miR (black), and SMA+miR-206 (dark gray) animals at P12. *p < 0.05;
**p < 0.005; **p < 0.001 by one-way ANOVA analysis followed by Bonferroni test. Each column represents the mean + SEM (n = 3/5).

other hand, MN loss in a late phase of the disease has been described
in the spinal cord and in cortical layer V of SMAA7 mice,”” thus sug-
gesting that MN degeneration occurs mainly in the facial nuclei of the
brainstem in an early phase of the disease and then it proceeds to
spinal cord and cerebral cortex in a subsequent, most severe, stage
of the disease.

Interestingly, we observed that in an early phase of the disease,
MN loss in the facial nuclei of SMA mice was paralleled by the
upregulation of miR-206, a member of the myomiR family, linked
to SMA pathophysiology,3 8 which also includes miR-1, miR-133,
and miR-208a/b, among few others.”” Therefore, we hypothesized
that miR-206 could represent a sensor of MN death, early activated
in the brainstem of SMA mice. Indeed, an upregulation of miR-206
levels was also observed in the spinal cord of SMA mice in a late
phase of the disease, in agreement with previous studies carried
out in two other transgenic mice modeling SMA, SMAI, and

SMAIIL? By contrast, in a late phase of the disease, when MN
loss in the facial nucleus was approximatively 80% compared to
age-matched WT animals, miR-206 levels were strongly reduced
in the brainstem. Therefore, we hypothesize that miR-206 early
overexpressed in the brainstem could be widespread to other
tissues, thus explaining its downregulation in a later phase of the dis-
ease. This hypothesis is supported by Catapano and colleague’s*
findings, that reported an early altered levels of miR-206 in the
serum of SMAI mice at P7, followed by a late change in miR-206
expression in the spinal cord of SMAI mice at P10. Moreover, the
mRNA precursor of the mature miRNA, the pri-miR-206 molecule,
decreased in the spinal cord of SMA mice at P12 (data not shown),
suggesting a distant origin of the mature miRNA in this region.
Another possible explanation could be represented by the possibility
that other mechanisms intervene in the neurodegenerative process
during disease progression that could specifically counteract miR-
206 upregulation in the brainstem at P12.
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Notably, we demonstrated for the first time that miR-206 may represent
a new therapeutic option for SMA disease, in agreement with previous
reports demonstrating an important role for miR-206 in other CNS dis-
04! Interestingly, miR-206 i.c.v. injection in SMA mice amelio-
rated behavioral performance and improved survival rate. In particular,
the increased animal growth induced by the treatment of SMA mice
with miR-206 can be attributed to the preservation of approximatively
the 25% of MNss in the facial nuclei. Indeed, the facial nucleus is the
main nucleus of the facial nerve, which projects MNs to upper and
lower facial muscles, mainly the auricular, orbicularis oculi, buccinator,
and the nasolabialis muscle groups,42 all of them involved in the action
of chewing. Hence, miR-206, by preserving MNs in the facial nuclei,
may be responsible for the greater weight observed in SMA animals.
On the other hand, improvement in motor performance could be
ascribed to the higher number of surviving spinal cord MNs (approxi-
matively the 15%) that project directly to muscles or, alternatively, to
greater muscle strength due to easier nutrition. Furthermore, miR-
206 administration increased the mouse lifespan by 2 days, thus
increasing the life expectancy by almost 15%. It should be underlined
that although an increase in lifespan of only 2 days might appear short,
this time interval should be evaluated considering the short lifespan of
approximately 13 days of SMA pups. On the other hand, other prom-
ising therapeutic strategies such as autophagosome inhibition,
increasing agrin function and JNK inhibition described in this genetic
model of SMA showed similar effects on lifespan increase.””**

orders.

In order to improve the translatability of our results, the pharmaco-
logical treatment was started 3 days after birth. Indeed, several reports
demonstrated that the therapeutic window for SMA therapy is quite
narrow. In particular, Foust and colleagues*® demonstrated that intra-
venous injection of self-complementary adeno-associated virus 9 to
delivery SMN (scAAV9-SMN) in SMAII mice rescues motor function
and extends lifespan up to 250 days only when given at P1 or P2. On
the contrary, the therapeutic effects were more modest when the
treatment started at P5 and totally ineffective when started at P10.*°
Analogously, trichostatin A (TSA) administration, by increasing
SMN and SMNAY proteins, is able to exert its protective effect only
when administered at P5, but not at P10.*” Moreover, clinical trials
on SMA patients with nusinersen, the first treatment approved for
SMA by the US Food and Drug Administration (FDA) in 2016 and
by the European Medicines Agency (EMA) in 2017, demonstrated
that early initiation of treatment within 13 weeks after the onset of
the disease may maximize its efficacy in SMAI children.*®*’

Finally, among the list of 637 predictable targets of miR-206 generated
by McCarthy compiling data from TargetScan (http://www.targetscan.
org), PicTar (https://pictar.mdc-berlin.de), and Miranda (https:/
microrna.sanger.ac.uk) databases,*® we investigated the putative miR-
206 seed sequence on the 3’ UTR of the SLC8A2 gene, which codes
for the plasma membrane transporter NCX2. Notably, we demon-
strated that miR-206 can directly downregulate NCX2 expression in
cellular cultures and in the brainstem of SMA mice. NCX2 is a “low-af-
finity high-capacity” transporter, belonging to the Na*/Ca®" exchanger
family, that can rapidly respond to transient changes in [Ca**];*>*" and
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hence represent one of the master regulators of Na* and Ca®" homeo-
stasis.”"** Therefore, the modulation of NCX2 expression represents
a reasonable mechanism to preserve MN function and survival. In
particular, our data revealed that in the brainstem, NCX2 expression de-
creases physiologically during the first weeks of age in WT animals,
while in SMA mice, NCX2 levels increased during development, thus
suggesting that NCX2 upregulation may be linked to disease progres-
sion. In agreement with this hypothesis, i.c.v. injection of miR-206 pre-
vented NCX2 upregulation, particularly in the neuronal compartment
of the facial nuclei of SMA mice, inducing a neuroprotective effect on
MN degeneration. In particular, as indicated by double immunofluores-
cence experiments. in the facial nucleus of WT mice, NCX2 expression
was mainly localized in the neuronal compartment. Interestingly, SMA
mice neurons of the facial nucleus showed a 30% upregulation of NCX2
levels that was prevented by miR-206 administration. However, besides
neurons, we cannot exclude NCX2 modulation in other cell types, i.e.,
glial cells, that could promote MN survival. On the other hand, in a
late phase of the disease, we reported an upregulation of miR-206 in
the spinal cord of SMA mice, but in this anatomical region, NCX2 pro-
tein levels were not reduced (data not shown). This discrepancy could be
due to a late activation of miR-206 in this region and/or to the concom-
itant activation of alternative biochemical pathways that counteracted
miR-206 action.

Concerning the protective effect exerted by NCX2 downregulation
induced by miR-206, a possible explanation is that during the first
2 weeks of mouse life, y-aminobutyric acid (GABA) switches from an
excitatory to an inhibitory function (GABA switch).53 Indeed, at birth,
it has been reported that there is an increased activity of Na*-K*-2Cl™
co-transporter (NKCC1) that causes an intracellular increase of Cl,
Na*, and K" ions. Regarding Cl™~ ion accumulation, GABA, by acti-
vating its GABA, receptor, differently from what occurs in mature
CNS cells, promotes Cl~ exit. Concerning the increased levels of
[Na']; and the mechanism involved in its reduction, we can suggest
that NCX2, working in the Na" efflux manner, takes part in this pro-
cess.”> However, the activation of NCX2 in the reverse mode causes
an overload of intracellular Ca** ions that has been already observed
in SMN-knocked-down neurons™ and that can trigger MN
degeneration.

Overall, in the present paper, we contributed to shedding light on
SMA pathology, indicating the facial nucleus in the brainstem as
one of the first areas in which MN degeneration occurs. We supported
the hypothesis that miR-206 could represent an effective strategy in
SMA since, by modulating NCX2 gene expression and hence Na*
and Ca®" homeostasis, it could act in a synergistic way with the
currently available therapies. Indeed, the concomitant targeting of
different pathological mechanisms could be more effective than indi-
vidual treatment in this multifactorial non-autonomous disease.

MATERIALS AND METHODS

Animal Model

The original breeding smn*’"; hSMN2""*; hSMNA7'* mice, hetero-
zygous and healthy carriers for smn gene mutation, were purchased
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from Jackson Laboratory (stock number 005025; Jackson Labora-
tories) and were bred to obtain smn""; hSMN2"*; hSMNA7"*
(WT) animals and smn~""; KSMN2"*; hSMNA7"* (SMA) animals.
The colony was maintained by interbreeding carrier mice, and the
offspring were genotyped by PCR assays on tail DNA according to
the protocols provided by Jackson Laboratory, as previously re-
ported.”> Mice were sacrificed at P5 and P12, considering PO as the
day of birth. Overall, 80 WT mice and 74 SMA mice, housed under
diurnal lighting conditions (12 h darkness/light) were used. Experi-
ments were performed according to the international guidelines for
animal research and approved by the Animal Care Committee of
“Federico II” University of Naples, Italy, and Ministry of Health, Italy.
All efforts were made to minimize animal suffering and to reduce the
number of animals used.

Real-Time PCR Analysis

Mice were deeply anaesthetized with 3% isoflurane vaporized in
0,/N,0 50:50 and sacrificed. Brainstem and spinal cord were rapidly
removed and immediately frozen on dry ice and stored at —80°C until
use. Total RNA was extracted following supplier’s instructions (Life
Technologies), and cDNA was synthesized using 0.5 or 2 pg of
total RNA to obtain miRNA-specific cDNA or total cDNA, respec-
tively, with the high-capacity transcription kit following supplier’s
instruction (Life Technologies, Monza, Italy). Quantitative real-
time PCR was performed with TagMan assays in a 7500 real-time
PCR system (Life Technologies). Changes in mRNA levels were deter-
mined as the difference in threshold cycle (2A—AACt) between
the target gene (SLC8A2 TagMan ID, Mm00455836_m1) and the
reference gene: beta-glucuronidase (Gusb) for mouse tissues (ID:
Mm00446953_m1) and glyceraldehyde-3-phosphate dehydrogenase
(Gapdh) for cell tissues (ID: Mm99999915_g1). Changes in miRNA
levels were determined as the difference in threshold cycle between
miR-206 (ID: 00510) and Gusb as previously reported.”">> U6 small
nuclear RNA (snRNA) (ID: 001973) was also used as endogenous
control for miR-206, giving results fully overlapping to the one
obtained using Gusb as housekeeping gene.

Western Blot

Total extracts were obtained as previously described.”®”” To detect
the proteins of interest, specific antibodies were used: anti-NCX1
(rabbit polyclonal antibody, 1:1,000; Swant), anti-NCX2 (rabbit poly-
clonal antibody, 1:1,000; Alpha Diagnostic Intl, TX, USA), and
mouse monoclonals (Sigma-Aldrich, Milan, Italy) anti B-actin
(1:1,000) and anti-tubulin (1:5,000). Immunoreaction was revealed
using anti-mouse and anti-rabbit immunoglobulin G conjugated to
peroxidase 1:10,000 (GE Healthcare, Norwalk, CT, USA) by the
enhanced chemiluminescence (ECL) reagent (GE Healthcare). The
optical density of the bands was determined by Chemi Doc Imaging
System (Bio-Rad, Milan, Italy) and normalized to the optical density
of B-actin or tubulin, used as internal controls.

Stereotaxic Surgery and Administration of miRNAs
i.c.v. administration of 1 uL of locked lucleic acid-modified miR-206
(miRCURY LNA microRNA mimic, Exiqon, Denmark) or of a non-

targeting miRNA (NT-miR negative control miRCURY LNA miRNA
mimic, Exiqon) at the concentration of 10 uM at P3, P6, and P10 was
performed as previously described.”® In brief, neonatal mice were
anesthetized by hypothermia (total duration 2'), and their heads
were immobilized on a custom neonatal stereotaxic apparatus at
4°C during surgery. miR-206 or NT-miR molecules were injected at
stereotaxic coordinates of 0 mm from bregma, 0.8 mm lateral to
sagittal sinus, and 1.5 mm deep with a Hamilton microsyringe. The
pups were then placed on a heat pad, quickly revitalized, and subse-
quently returned to their mother.

Behavioral Assessment

In order to analyze the progression of motor symptoms in WT and
SMA mice treated with miR-206 or with NT-miR, the animals were
divided into four experimental groups, WT+NT-miR (n = 25), WT+
miR-206 (n = 26), SMA+NT-miR (n = 14), and SMA+miR-206
(n = 13), body weight was checked daily, and behavioral tests were
performed, starting at P3 as previously reported.”

For the righting reflex test, pups were placed on their backs on a flat
surface. The time employed to right themselves was recorded (cutoff
30 s). For the tail-suspension test (self-clasping test), pups were sus-
pended by the tail for 15 s, and their hindlimb posture was scored.
The scores were as follows: 4, hindlimbs spread open; 3, hindlimbs
not completely spread; 2, hindlimbs often close together; 1, hindlimbs
always close together; 0, hindlimbs always close together with addi-
tional postural abnormalities (clasping). For the hindlimb-suspension
test (tube test), the mouse was placed head down, hanging by its
hindlimbs, in a plastic 50-mL tube with a cotton ball cushion at the
bottom to protect the animal in case of fall. We considered two
parameters: the latency to fall (time) from the edge of the tube and
the hindlimb score. The score was divided into four criteria: 4, normal
hindlimb separation with tail raised; 3, apparent weakness and
hindlimbs close together without touching each other; 2, closer
hindlimbs, almost touching; 1, hindlimbs always clasping with the
tail raised; and 0, constant clasping of the hindlimbs with the tail low-
ered. This test, developed at PsychoGenics, evaluated the proximal
hindlimb fatigue, weakness, and muscle strength in pups. For the
negative geotaxis from P4 text, the animals were placed on an inclined
grid (at approximately 35° inclination) with the mouse head facing
down. We measured the time needed for mice to orient themselves
(cutoff 60 s). This test is useful to evaluate both motor coordination
and vestibular sensitivity.

Immunofluorescence

Immunostaining and confocal immunofluorescence procedures were
performed as previously described.” In brief, animals were anaesthe-
tized and transcardially perfused with a saline solution containing
0.01 mL heparin, followed by 4% paraformaldehyde in 0.1 mol/L
PBS saline solution. Brains were rapidly removed on ice and post-
fixed overnight at +4°C and cryoprotected in 30% sucrose in 0.1 M
phosphate buffer (PB) with sodium azide 0.02% for 24 h at 4°C.
Next, brains were sectioned frozen on a sliding cryostat at 40 pm
thickness, in rostrum-caudal direction. Afterward, free-floating serial
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sections were incubated with PB Triton X 0.3% and blocking solution
(0.5% milk, 10% fetal bovine serum [FBS], 1% BSA) for 1 h and
30 min. The sections were incubated overnight at +4°C with the
following primary antibodies: anti-NeuN (mouse monoclonal anti-
body; 1:1,000; Millipore, Milan, Italy), anti-NCX2 (1:500; Alpha Diag-
nostic). The sections were then incubated with the corresponding
florescent-labeled secondary antibodies, Alexa 488/Alexa 594 conju-
gated anti-mouse/anti-rabbit immunoglobulin Gs (Molecular Probes,
Invitrogen, Milan, Italy). Nuclei were counterstained with Hoechst
(Sigma-Aldrich). Images were observed using a Zeiss LSM700
META/laser scanning confocal microscope (Zeiss, Oberkochen, Ger-
many). Single images were taken with an optical thickness of 0.7 m
and a resolution of 1,024 x 1,024. In double-labeled sections, the
pattern of immune reactivity for both antigens was identical to that
seen in single-stained material. Standard Nissl staining was employed
on coronal step serial sections from the brainstem and spinal cord.

Fluorescence Intensity and MN Counting Analysis

NCX2 fluorescence intensity in neurons was quantified in terms of
pixel intensity value by using the NIH image software, as described
previously.” In brief, digital images were taken with x40 or x 10 ob-
jectives, and identical laser power settings and exposure times were
applied to all the photographs from each experimental set. Images
from the same areas of each brain region were compared.

To obtain an indirect measure of the amount of NCX2 in neurons,
image analysis of NeuN was performed by NIH image software by
measuring the intensity of fluorescent NCX2 immunolabeling in 20
NeuN-positive neurons for each group. Results were expressed in
arbitrary units. Three sections from each mouse were analyzed,
with n = 3 mice per treatment group.

MNs were counted in the facial nucleus in the brainstem. Sections of
each area were analyzed as previously described.’® Frozen brain tis-
sues were sectioned on a sliding cryostat at 20 pm in rostrum-caudal
direction. Three mice for each group and three slides from every
mouse were analyzed. Analyses were performed using ImageJ soft-
ware in polygonal-shaped neurons larger than 20 pm with a well-
defined cytoplasm, nucleus, and nucleolus.

Cloning of the Human SLC8A2 3' UTR

PCR amplification was performed using PrimeSTAR GLX DNA
polymerase (Takara, Kusatsu, Japan) on human cDNA, priming
from NCX2 stop codon at +3,042 bp to +3,930 bp (GenBank:
NM_015063.2), inserting an Nhel and a Xhol restriction site within
the forward and the reverse primers, respectively. The PCR product
was purified using StrataPrep DNA gel extraction kits (Agilent, Mi-
lan, Ttaly) and cloned into multiple cloning sites of pmirGLO dual-
luciferase miRNA target expression vector (Promega, Milan, Italy)
downstream of the firefly luciferase gene (luc2). The primer sequences
flanked by Nhel and Xhol sites used for the amplification were as fol-
lows: NCX2-3' UTR fwd, 5'-atagctagctagggectcgegeagagacteg-3/, and
NCX2-3' UTRrev, 5'-tatctcgageccttttcccaagacatgcaccee-3'. The fidelity
of the constructs was confirmed by DNA sequencing. Site-directed
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mutations were carried out in the miR-206-3p binding seed sequence
using the quick change site-directed mutagenesis kit (Agilent) accord-
ing to the manufacturer’s instructions as previously reported.”’
Desired mutations were confirmed by sequencing. The primers
used for site-directed mutagenesis were 5'-gaacctgcaacttcagctgea
geagcteecccactcge-3' and NCX2-3' UTR mut rev 5'-gcgagtggg

ggagctgcetgeagetgaagttgeaggttc-3'.

Cell Cultures, Transient Transfection, and Reporter Assay

Primary cortical neurons were obtained as previously reported® ac-
cording to the experimental protocols approved by the Ethics Com-
mittee of “Federico II” University of Naples. They were prepared
from 17-day-old Wistar rat embryos (Charles River, Milan, Italy)
and used after 7 days. In brief, dissection and dissociation were per-
formed in Ca®>*/Mg>*-free PBS containing glucose (30 mM). Tissues
were incubated with papain for 10 min at 37°C and dissociated by trit-
uration in Earl’s Balanced Salt Solution containing DNase (0.16 U/
mL), BSA (10 mg/mL), and ovomucoid (10 mg/mL). Neurons, plated
in plastic Petri dishes (Falcon Becton Dickinson) precoated with poly-
D-lysine (20 pg/mL), were grown in MEM/F12 containing glucose,
5% deactivated FBS, 5% HS, 2 mM glutamine, and 1% penicillin-
streptomycin (5 U/mL) (Invitrogen). Cytosine arabinoside (2.5 pM)
was added on the second day to reduce glial contamination.

PC12 cells were maintained in culture in complete RPMI 1640 me-
dium containing 10% heat-inactivated HS, 5% FBS, 1% L-glutamine,
1% penicillin-streptomycin and were plated 24 h before transfection.

PC12 cells and cortical neurons were transfected with 50 nM of miR-
206-3p mimic (Mimic; Ambion, Milan, Italy) or the negative control
(NT-miR; Ambion) or specific miRNA inhibitor (anti-miR-206;
Ambion) with Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s protocol. Forty-eight hours after transfection, cells
were harvested.

For dual luciferase assays, PC12 cells were transfected with 200 ng of
each plasmid in combination with 50 nM of miR-206-3p mimic or the
NT-miR or anti-miR-206. Forty-eight hours after transfection, cells
were harvested following the supplier’s instructions (Promega), and
the light emitted was measured with a manual luminometer (Glomax
20/20, Promega). The effect of 3 UTR activity on the reporter gene
was calculated as firefly-to-renilla ratio and normalized for the
luciferase of the empty vector.

Statistical Analysis

Data were evaluated as means + SEM. Statistically significant differ-
ences among means were determined by one-way ANOVA followed
by Bonferroni post hoc test for western blotting, cell counting, real-
time PCR and luciferase analysis. Two-way ANOVA followed by
Bonferroni post hoc was used for motor performances test and
body weight analysis. The Kaplan-Meier plot was used to evaluate
survival. Student’s t test was used for two-group comparison. Statisti-
cal significance was accepted at the 95% confidence level (*p < 0.05;
**p < 0.005; ***p < 0.001; ***p < 0.0001). Statistical analyses were
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performed using GraphPad Prism 5.0 (La Jolla, CA, USA). All exper-
iments were carried out in a blinded manner.
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