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egulation by micro-RNA (miRNA) appears to be the most
abundant mode of posttranscriptional regulation (1). This is
because hundreds of miRNA genes, each regulating a diverse set
of downstream targets, take part in practically all cellular processes, whether in health or disease.
Genome-encoded miRNAs are transcribed as long RNA transcripts that fold back on themselves to form distinctive hairpin
structures. The long miRNA precursor is ﬁrst digested by the
Drosha microprocessor complex (2–4) and then by Dicer1 (5). The
mature miRNA is loaded onto the Argonaute silencing complex (6)
that directs posttranscriptional repression through miRNA:mRNA
pairing. The two main mechanisms for repression of gene expression by miRNA are miRNA-directed translational repression and
mRNA destabilization [reviewed in (7, 8)].
Work over the past years has documented a crucial role for
miRNA-dependent posttranscriptional gene regulation in the
development and function of neurons [e.g., (9–14); recently
reviewed in (15–17)]. For example, miR-9 is an ancient neuronal
gene involved in ﬂies in selection of neuronal precursors from the
neuroepithelium (10). The miR-9 gene is conserved to vertebrates,
wherein it speciﬁes the midbrain-hindbrain boundary (18) and,
with miR-124, plays a role in neuronal differentiation (19, 20).
Furthermore, alterations in the function of miRNA contribute
to susceptibility to neuronal disease. Although this may be associated with loss of neurons (21–27), behavioral and neuroanatomical phenotypes in the absence of neurodegeneration were also
reported (28). The expression of speciﬁc miRNA was also linked to
neurodegeneration; for example, a signiﬁcant decrease in miR-9
and miR-9* expression was noted in patients with Huntington’s
disease (20), miR-9 and miR-132 are downregulated in Alzheimer’s disease brains (29) and loss of miR-133 expression were
suggested to play a role in Parkinson’s disease (23).

www.pnas.org/cgi/doi/10.1073/pnas.1006151107

ALS is a neurodegenerative disease that speciﬁcally affects
upper and lower motor neurons (MNs), leading to progressive
paralysis and death. Recently discovered mutations in the genes
encoding the RNA-binding proteins FUS/TLS [ALS6 locus (30,
31)] and TARDBP/TDP43 [ALS10 locus (32, 33)] suggest important roles for regulatory RNA in the pathogenesis of ALS (34).
Intriguingly, these disease-related RNA-binding proteins were
identiﬁed in neuronal RNA granules (35, 36) and with miRNAassociated complexes (3, 37). Similarly, juvenile forms of motor
neuron diseases (MND) are related to posttranscriptional regulators of gene expression, namely, SETX [ALS4 locus; (38)],
IGHMBP2 (39) and SMN1 (40, 41), the latter functionally engaged in miRNA-protein complexes (42, 43). Plausibly, a considerable portion of the MND spectrum may be directly related to
RNA metabolism and posttranscriptional regulation of gene expression.
This emerging appreciation of RNA regulatory function in
neurons encouraged us to hypothesize that miRNA may be involved in the pathogenesis of MNDs. In this work, we show that
miRNA dysfunction causes spinal muscular atrophy (SMA).
Furthermore, we show that the neuroﬁlament heavy subunit
(NEFH) previously implicated in MND is speciﬁcally up-regulated in Dicer1-deﬁcient MNs.
We additionally relate the down-regulation of the miR-9 gene
to changes in neuroﬁlament stoichiometry in both the Dicer1
model and in a murine SMN1 model of SMA. These data provide direct evidence for miRNA malfunction in MNDs and
promote further evaluation of miR-9 in neurodegeneration.
Results
Loss of miRNA Activity in the MNDicermut Causes Progressive Locomotor Dysfunction. Because miRNA makes up the largest group

of regulatory RNA (1) and has previously been associated with
neurodegenerative states (22, 23, 25, 28), we sought to evaluate
its involvement in MN pathologies. To this end, we speciﬁcally
ablated Dicer1 in postmitotic postnatal MNs, crossing a Dicer1
conditional allele (44) with a Cre-recombinase transgene driven
by a cholinergic-speciﬁc promoter [vesicular acetyl-choline trans-
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Defective RNA metabolism is an emerging mechanism involved in
ALS pathogenesis and possibly in other neurodegenerative disorders. Here, we show that microRNA (miRNA) activity is essential for
long-term survival of postmitotic spinal motor neurons (SMNs) in
vivo. Thus, mice that do not process miRNA in SMNs exhibit hallmarks
of spinal muscular atrophy (SMA), including sclerosis of the spinal
cord ventral horns, aberrant end plate architecture, and myoﬁber
atrophy with signs of denervation. Furthermore, a neuroﬁlament
heavy subunit previously implicated in motor neuron degeneration
is speciﬁcally up-regulated in miRNA-deﬁcient SMNs. We demonstrate that the heavy neuroﬁlament subunit is a target of miR-9,
a miRNA that is speciﬁcally down-regulated in a genetic model of
SMA. These data provide evidence for miRNA function in SMN
diseases and emphasize the potential role of miR-9–based regulatory
mechanisms in adult neurons and neurodegenerative states.

porter (VAChT)-Cre.fast (45–47)]. This transgene is expressed
in postmitotic somatic MNs as early as postnatal day 7 but is
not expressed during development. Because Dicer1 activity is
required for miRNA processing in vivo (1, 25, 28), VAChTCre.fast;Dicerﬂx/ﬂx animals (referred to below as “MNDicermut”)
lose the ability to make functional miRNA in a subset of postmitotic SMNs, and therefore provide a compelling model for
miRNA loss of function in SMNs (details of the mouse genetic
system are shown in Fig. S1).
Whereas VAChT-Cre.fast;Dicerﬂx/+ heterozygous animals (“controls”) are apparently normal and their survival is comparable with
that of WT mice, the median life of MNDicermut mice is 29 wk, with
the last moribund animal euthanized at 50 wk of age. In addition,
MNDicermut mice gained weight slower than control littermates
(Fig. 1 A and B). To understand the pathology of these mice better, we
conducted a broad series of functional tests to evaluate their locomotor activity. From the age of 7 wk, the MNDicermut mice did not
perform as well as controls on a “vertical pole test” (Fig. 1C). Furthermore, a video-monitored “open-ﬁeld” assay revealed that
MNDicermut mice progressively travel shorter distances and rear
less than controls (Fig. 1 D and E). In addition, a home-cage study
across the circadian cycle indicated that the locomotor activity of
MNDicermut mice gradually deteriorates compared with that of
controls (Fig. 1 F and H). We hypothesized that this apparent deterioration in activity and locomotor parameters is likely the consequence of muscular atrophy.
MNDicermut Mouse Exhibits Denervation Muscular Atrophy. To

characterize the muscle phenotype directly, we performed a needle
electromyography (EMG) study on the hind-limb interosseous and
gastrocnemius muscles. EMG performed on anaesthetized animals

revealed frequent ﬁbrillation potentials in the MNDicermut mouse
relative to controls (Fig. 2 A and B). These data are consistent with
an ongoing denervation process, which probably underlies the
progressive locomotive deterioration of the MNDicermut animals
and also their observable tremor.
Histological examination of the MNDicermut tibialis anterior
muscle by myosin ATPase reaction further supports neuropathy,
because MNDicermut mice frequently exhibited ﬁber type grouping.
This ﬁnding is characteristic of a denervation/reinnervation pathology (48) and was not seen in the controls (Fig. 2C). Further,
muscle ﬁbers with a large cross-sectional area are speciﬁcally lost
in the MNDicermut mouse, and the total ﬁber diameter of the
MNDicermut mouse is reduced relative to controls, although this
failed to reach statistical signiﬁcance (Fig. S2). Finally, we depicted
angular myoﬁbers on muscle histology, a pathognomonic sign of
denervation-related muscular atrophy (Fig. 2D). Taken together, we
conclude that MNDicermut animals suffer from denervation muscular atrophy, which suggests loss of spinal motor neurons (SMNs).
MNs Are Lost in the MNDicermut Mouse. On spinal cord histology, we

studied by Nissl staining the numbers of large perikaryon numbers
(>20 μm in diameter) in the ventral horn of the lumbar (L4-L5)
level of the spinal cord. We noted a signiﬁcant decrease in large
MN numbers in multiple sections throughout the lumbar regions
of the MNDicermut mouse relative to controls (average of 7 and
10.1 MNs per section, respectively; depicted in 15 lumbar sections
per animal; n = 5 and n = 5, respectively; Fig. 3A).
Negative immunoreactivity for both TUNEL and activated
caspase-3 was consistent with a typical slow death proﬁle of
SMNs encountered in many MNDs.

Fig. 1. Inferior survival and motor activity of the MNDicermut mice. (A) Kaplan–Meier survival curve for controls and conditional Dicer1 KO mice (control,
n = 12; MNDCRmut, n = 12). The median survival of MNDicermut mice is 29 wk, and it is >60 wk for controls. (B) Weight gain of controls and MNDicermut mice.
(C) Time to complete a turn in the pole task for controls and MNDicermut mice. (D and E) Open-ﬁeld measures at 8, 16, and 31 wk of age. (D) Ratio of distance
traveled in the open-ﬁeld arena compared with the mean of controls (control, n = 12; MNDCRmut, n = 12). (E) Ratio of rearing events performed in the openﬁeld arena compared with the mean of controls (control, n = 12; MNDCRmut, n = 12). Home-cage locomotion of MNDicermut and controls at 11 (F), 21 (G), and
50 (H) wk of age (control, n = 12; MNDCRmut, n = 12). (Inset) Average of activity throughout the measured period. *P < 0.05; **P < 0.01.
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Fig. 2. MNDCRmut mice exhibit muscular atrophy with signs of denervation.
Hind-limb interosseous and gastrocnemius muscle bipolar EMG recording. (A)
Representative EMG traces of control (Upper) and MNDicermut (Lower) mice
under anesthesia. Frequent ﬁbrillation potentials are annotated by red arrows.
(B) EMG Pathology Index was evaluated for individual controls (○; n = 5) and
MNDicermut mice (●; n = 5). This scale (range: 0–7) reﬂects the intensity and
frequency of ﬁbrillation potentials in coded mice, noting that the electromyographer was blinded as to the genotype of the mouse tested. (C) Basic
ATPase staining of transverse section through control and MNDicermut tibialis
anterior muscles. Fiber grouping events were observed only in mutant muscles.
(D) H&E staining of transverse section through the tibialis anterior MNDicermut
muscle. Angular ﬁbers are marked by arrows. (Scale bar: 100 μm.) *P < 0.05;
**P < 0.01.

Reactive astrocytosis is often taken as an indication of neuronal toxicity or neuronal death (49); therefore, we immunoquantiﬁed GFAP expression levels by immunoﬂuorescence and
Western blotting. We detected enhanced GFAP immunoreactivity in sections of the lateroventral aspect of the lumbar spinal cord
of the MNDicermut mice and substantiated this by Western blot
analysis that revealed higher levels of GFAP expression in spinal
cord extracts of the MNDicermut animals relative to controls (Fig.
3B). These data support reactive astrocytosis and MN loss.
We further evaluated the discrete population of proximal
motor axons at the ventral root before they are joined by sensory
axons. MNDicermut mice exhibit a signiﬁcant decrease in MN
axon numbers when compared with controls, whereas dorsal root
sensory axons remain intact as expected (Fig. 3C).
Signs of Axonopathy in the MNDicermut Mouse. Dysfunction and/or
degeneration of the neuromuscular junction (NMJ) accompanies
or even precedes the loss of MN bodies in a few models of ALS
(50–52). We went on to evaluate potential distal axonal defects
in the MNDicermut mouse. Detailed evaluation of the pre- and
postsynaptic compartments of 350 individual NMJs in the hindlimb tibialis anterior revealed that aberrant architecture was
twice as frequent in the NMJs of MNDicermut mice relative to
controls (Fig. 3D). This is intriguing, because miRNA is known
to have distal perisynaptic functions (11, 53–55), suggesting that
miRNA-related neuropathy may exist while the axons are still
occupying the end plate.

Fig. 3. MNDicermut mice exhibit spinal cord ventral horn sclerosis and
axonopathy. (A) (Left) Representative Nissl staining of lumbar (L4-L5) sections from a MNDicermut mouse and a control littermate. (Insets) Enlargements of a ventral horn area in each section. The dashed line represents the
border under which large-diameter cells (>20 μm) were counted. (Right)
Average number of MNs counted per ventral horn section in lumbar spinal
cord of 4-mo-old MNDicermut mice and controls (average of 7 and 10.1 MNs
per section, respectively; 15 lumbar sections per animal; n = 5 and n = 5, respectively). (B) (Left) Representative lumbar section from 4-mo-old MNDicermut
mice and controls immunostained for GFAP. (Right) Quantiﬁcation of the
GFAP immunoﬂuorescence (IF) signal (arbitrary units, 3 lumbar sections per
animal; n = 5 and n = 5, respectively) and quantiﬁcation of GFAP by Western
blot analysis of lower spinal cord extracts from MNDicermut mice (“mut”) and
controls, normalized to the expression of β-tubulin (arbitrary units; n = 3 and
n = 4, respectively). A representative capture from the Western blot analysis
is provided for two mutants and two controls. (C) (Left) Representative
dorsal (sensory, Left) and ventral (motor, Right) roots used for axon number
measurements, stained with anti-NEFM antibody. (Right) Average axon
number in dorsal and ventral roots of MNDicermut mice and controls (n = 2
and n = 2, respectively). (D) (Left) Representative hind-limb tibialis anterior
NMJ, demonstrating complete overlap (Upper) or partial overlap (Lower)
between the postsynapse (red, rhodamine-labeled bungarotoxin) and presynapse (green, mixture of anti-neuroﬁlament and synaptophysin antibodies; yellow, merged channels) components. (Right) Percentage of
pathological end plates in MNDicermut mice and controls. These represent 17
aberrant NMJs of 651 NMJs that were individually screened in control mice
and 43 aberrant NMJs of 760 NMJs in MNDicermut mice (n = 2 and n = 2,
respectively). *P < 0.05; **P < 0.01.

Dysregulation of the coordinated expression of the light neuroﬁlament (NEFL), medium neuroﬁlament (NEFM), and NEFH
subunits causes axonal cytoskeletal defects (56, 57). For example,
NEFL mutations cause type 2E Charcot–Marie–Tooth motor
neuropathy (58). Furthermore, experimental perturbation of the
ﬁne neuroﬁlament balance in mouse models results in phenotypes
closely resembling human MN pathologies (59, 60) and has previously been suggested as a component of human ALS (61–63).
More speciﬁcally, posttranscriptional regulation of neuroﬁlament gene expression plays a key role in neuronal well-being
Haramati et al.

(64), and deletion of the NEFH tail was suggested as a component of ALS (61).
Previous work revealed that neuroﬁlament expression is regulated by the 3′UTR of the mRNA. Further, the 3′UTR appears to
interact with an uncharacterized trans-acting factor (65–67) that is
attenuated in ALS (68). We reasoned that this ill-characterized
trans-acting factor may, in fact, be a miRNA. Thus, we analyzed
the relative expression levels of the neuroﬁlament subunit proteins in MNDicermut mice and sibling controls. Quantiﬁcation of
PNAS | July 20, 2010 | vol. 107 | no. 29 | 13113
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MNDicermut Mouse Fails to Coordinate Neuroﬁlament Subunit Stoichiometry.

the neuroﬁlament immunoﬂuorescent signal in approximately
2,000 lumbar axons revealed that the expression levels of NEFL
and NEFM were comparable with the WT. However, the expression of the heavy subunit (NEFH) is speciﬁcally up-regulated
in the MNDicermut mouse (Fig. 4A).
Coordinated Expression of the Neuroﬁlament Subunits Is Achieved by
miR-9. The up-regulation of NEFH in the MNDicermut mouse, and

consequent loss of the coordinated expression of the three neuroﬁlament subunits could, in principle, have been attributable to
a direct or indirect requirement for miRNA to mediate the levels
of these genes. To assess the possibility of direct miRNA regulation, we searched the neuroﬁlament sequences for potential
miRNA-binding sites. We found a single miR-9–binding site on
the NEFL mRNA. In contrast, the NEFH mRNA harbors nine
miR-9–binding sites, dispersed over the 3′UTR of NEFH mRNA
and the 3′-portion of the coding region (Fig. 4B). Next, we
obtained a heterologous reporter assay to demonstrate that miR9 is able to modulate the expression of NEFH and that this is
dependent on the presence of miR-9–binding sites at the NEFH

Fig. 4. miR-9 is speciﬁcally down-regulated in a model of SMA and is located upstream of coordinated expression of the neuroﬁlament subunits. (A)
Binned distribution of neuroﬁlament subunit expression intensity. The percentage of axons at any intensity bin is mentioned on the y axis. NEFL (Left),
NEFM (Center), and NEFH (Right). Black and gray lines represent the global
mean intensity of control and MNDicermut axons, respectively. (B) Illustration
of sequences cloned into luciferase reporter constructs used for functional
evaluation of miR-9 interactions with neuroﬁlament subunit mRNAs,
wherein NEFHmut stands for seed-mutated NEFH. Gray boxes represent
miR-9–binding sites (C) Heterologous luciferase reporter assay reveals that
miR-9 may function upstream of the NF subunits. Levels of luciferase activity
in HEK293 cells transfected with either an empty vector or a vector overexpressing miR-9. Data are normalized to the activity of a cotransfected
β-galactosidase reporter and presented as the percentage of luciferase activity in the absence of miR-9. OC-2 (a fragment of the Onecut2 3′UTR) is
used as a positive control. (D and E) WT control mouse ES cells (mESCs) and
SMN1mut mESCs harboring a homozygous mSMN1 mutation and two copies
of an hSMN2 transgene were differentiated in vitro into MNs. The cells were
FACS-puriﬁed according to the expression of GFP transgene, driven by the
Hlxb9 promoter. (D) Volcano plot exemplifying the log2 ratio of SMN1mut/
WT miRNA expression on the x axis and the log10 P value obtained by a twotailed Student’s t test on the y axis. (E) Quantitative PCR analysis of miR-9
and miR-9* expression in MNs derived from SMN1mut mESCs (gray bars) and
WT mESCs (empty bars). *P < 0.05; **P < 0.01.
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mRNA (Fig. 4C). These data strongly suggest a model in which
the loss of miR-9 expression or activity may result in derepression
of NEFH and, subsequently, dysregulation of neuroﬁlament
stoichiometry.
miR-9 Is Speciﬁcally Down-Regulated in a Model of SMA. To relate
these results to the pathogenesis observed in other models of
MND, we proﬁled miRNA expression levels in MNs carrying an
SMN1mut allele, which is characteristic of the pediatric form of
SMA (69). Notably, dysregulation of neuroﬁlament expression in
the Dicer1 model is reminiscent of the SMN1 mutant phenotype
(70), and SMN1 is functionally engaged in miRNA–protein
complexes in human cells (42, 43). Thus, we have carried out in
vitro differentiation of ES cells harboring an SMN1 mutation into
MNs (71, 72). Next, we screened a miRNA microarray (LNA
oligo platform; Exiqon) with labeled RNA extracted from FACSpuriﬁed SMN1mut MNs. Direct comparison of RNA from WT and
SMN1mut MNs revealed that the expression of only a few miRNAs
is signiﬁcantly decreased in SMN1mut MNs. Intriguingly, the most
signiﬁcantly down-regulated miRNAs were miR-9 and miR-9*
(Fig. 4D). These two miRNA species are processed from the same
hairpin, and quantitative PCR assay revealed up to a 15-fold decrease in the expression of both miR-9 and miR-9* in SMN1mut
MNs relative to control (Fig. 4E).
Taken together, we present here a model for SMN disease
based on Dicer1 loss of function. In this model, SMN-speciﬁc
loss of miRNA activity results in denervation muscular atrophy.
Additionally, changes in the expression levels of the neuroﬁlament subunits likely contribute to the disease. This phenotype is
attributed to dysregulation of miR-9, an upstream regulator of
the neuroﬁlament mRNAs. The relevance of miR-9 to MNDs
originates from its neuron-speciﬁc expression and its dramatic
down-regulation in SMN1-deﬁcient MNs. It will be important
to explore how miR-9 acts as an effector gene downstream of
SMN1 and what are the speciﬁc subsets of SMA phenotypes
governed by miR-9.

Discussion
The role of miRNA in neurons and the ways by which miRNA is
involved in neurological diseases are gradually being uncovered.
Thus, the loss of miRNA activity, through recombination of
a Dicer1 conditional allele, was shown to cause progressive
neurodegeneration in several neuronal systems (21–26, 28).
Additionally, changes in the expression of speciﬁc miRNAs were
reported in neurodegenerative states such as Huntington’s chorea and Parkinson’s disease.
Consistently, the data presented in this work suggest that
miRNA dysfunction results in neurodegeneration of SMNs. As
a result of miRNA malfunction in SMNs, mice develop denervationdependent muscle atrophy. Although MNs die in all forms of ALS
and SMA, Dicer1 inactivation in neurons does not always lead to
cell death. For example, targeted deletion of Dicer1 in striatal
neurons did not result in overt neuronal loss (28).
Early changes in animal activity were noted as early as 2 mo,
and signs of the disease can be documented by EMG or histology
at 4 mo of age. This suggests relatively slow progression of the
disease, which is consistent with the slow onset of cell death in
other Dicer1 KO models (25).
The loss of MNs and their dysfunction are often related to
aggregation pathologies and to defects in their intermediate ﬁlament system (60, 64, 73). In order for the neuron to function
properly, neuroﬁlament gene expression must be tightly coordinated. We demonstrated that the coordinated expression of
the neuroﬁlament subunits is perturbed by Dicer1 loss of function,
because there is speciﬁc up-regulation of just the NEFH. We were
further able to link this observation to dysregulation of miR-9.
The unequal afﬁnity of miR-9 to the three neuroﬁlament subunit
mRNAs is apparently attributable to the differing number of
Haramati et al.
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pression of a subset of miRNAs, including expression of the
neuronal miR-9 gene. Taken together with SMN1 physical engagement in miRNA–protein complexes (7, 71), it is plausible
that SMN1 functions in miRNA bioprocessing in neurons.
The proteins TDP43 and FUS/TLS have recently revolutionized the way in which ALS is viewed, implying a pivotal role for
defects in RNA regulation (30–34). Strikingly, these two proteins
appear to interact physically with Drosha (3). Therefore, one
possibility is that either FUS/TLS, TDP-43, or both are involved
in microprocessing. This is further supported by a recent report
suggesting direct role for TDP-43 in the processing of at a few
miRNA (37). However, these proteins were reported to be associated with RNA transport in neurons (35, 36), suggesting that
they may have RNA-related regulatory roles in the cytoplasm.
Finally, TDP-43 binds and regulates expression of the NEFL
subunit through its 3′UTR (75), providing an intriguing hypothesis that TDP-43 may work as a cofactor of the Argonaute
silencing complex.
In summary, the data presented in this work provide direct evidence for the role of miRNA in MND and substantiate our understanding of miRNA-related neurodegenerative states in general. Initial support for a functional relationship of miRNA with
proteins, such as TDP-43, FUS/TLS, and SMN1, should encourage
revision of MN pathologies and further exploration of miRNAbased mechanisms in ALS pathogenesis and related diseases.
Materials and Methods
Animals. We crossed a Dicer1 conditional allele (43) with a Cre-recombinase
transgene driven by a cholinergic-speciﬁc promoter (VAChT-Cre) (45) (Fig. S1).
Protocols for the behavioral examinations are described in SI Text. Needle
EMG was performed with a bipolar electrode inserted into the hind-limb
interosseous and gastrocnemius muscles. A scale (range: 1–7) designated the
“EMG Pathology Index,” which reﬂects the intensity and frequency of ﬁbrillation potentials, is described in SI Text. Spinal cord, ventral root, and
muscle tissue preparation; staining protocols; and the antibodies used are
described in SI Text.
Differentiation of MNs in Culture. Mouse ES cells from a Tg(Hlxb9-GFP)1Tmj Tg
(SMN2)89Ahmb Smn1tm1Msd/J mouse (stock no. 006570; Jackson Laboratory) (69) were differentiated into MNs as previously described (71, 72).
Labeled RNA was hybridized onto a miRCURY LNA microarray (Exiqon).
quantitative PCR assays for miR-9 and miR-9* were performed with Taqman
(Applied Biosystems). Constructs for the neuroﬁlament luciferase assays are
described in SI Text.
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miRNA-binding sites (seed matches) on these mRNAs. Thus, the
NEFH mRNA harbors nine miR-9–binding sites, whereas only
a single seed match is positioned within the NEFL mRNA.
Consequentially, loss of miRNA activity affects these target genes
differentially, as is revealed by direct axon immunostaining in the
Dicer1 model and by a reporter assay, wherein miR-9 overexpression affects NEFH expression only in the presence of miR-9
seed-match sequences on NEFH 3′UTR. Together, these data
imply a unique role for miRNA in parallel ﬁne-tuning of related
genes, whose coordinated expression should be tightly controlled.
Our data on miR-9 may explain previous observations describing
the probable presence of a trans-acting factor, acting at a posttranscriptional level in the regulation of proper neuroﬁlament
stoichiometry (61, 65–68).
miR-9 is a highly conserved neuronal-speciﬁc miRNA that has
been shown to be involved in many facets of neurobiology. In ﬂies,
miR-9 was shown to be important for proper selection of neuronal
precursors from the neuroepithelium (10), and in zebraﬁsh, it was
shown to be involved in the setting of the midbrain-hindbrain
boundary (18). In mammals, the miR-9 gene is involved in a feedback loop with the repressor element-1 silencing transcription
factor and its co-factor complex (REST/Co-REST) complex and
acts alongside miR-124 in switching of BAF chromatin-remodeling
complexes in neural development (19, 20).
The potential role of miR-9 in coordinated regulation of the
neuroﬁlament subunits corresponds to previous observations.
Speciﬁcally, the neuroﬁlament 3′UTR is essential for regulation
of their expression (64). Further, we have shown that miR-9 is
located downstream of SMN1, and may therefore mediate intermediate ﬁlament defects reported in SMA (70).
In the future, gain- and loss-of-function studies may help to
clarify whether the neuroﬁlament defects that are observed in
many MN diseases may be modiﬁed by manipulations of miR-9
expression and what additional facets of SMN1-dependent SMA
are attributed to miR-9 function.
A functional role for miRNA in speciﬁc neurological processes
emerges when our observations of miR-9 action upstream of
neuroﬁlament expression are considered together with reports
suggesting roles for other miRNAs, such as miR-132, miR-134,
miR-124 and miR-138 (9, 11, 13, 14), in mature neurons. Importantly, Williams et al. (74) recently showed that deleting the
gene encoding miR-206 in G93A-Sod1 mice accelerated the
progression of ALS symptoms and shortened survival, suggesting
that miR-206 has a neuroprotective role in the postsynaptic
compartment after nerve damage. This is likely, because miR206 normally represses histone deacetylase 4, an established inhibitor of muscle reinnervation. Thus, miRNA dysfunction has
direct relevance for our understanding of neurodegenerative
disorders perturbing the regulation of speciﬁc target genes at the
neuron or in the innervated myoﬁber.
The RNA-binding capability of proteins involved in MN pathologies (i.e., TDP-43 and FUS/TLS as well as SETX, SMN1,
and IGHMBP2) implies that a considerable number of diseases
within the MN spectrum may be directly related to RNA metabolism and posttranscriptional regulation of gene expression.
Indeed, in our study, we were able to show that loss of SMN1
activity in cultured ES cell-derived MNs affects the speciﬁc ex-
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SI Materials and Methods
Animals. Dicer1 conditional allele was knocked out speciﬁcally in
postmitotic MNs by crossing a mouse carrying a Dicer1 conditional allele (1) with a Cre-recombinase transgene, driven by
a cholinergic-speciﬁc promoter (VAChT-Cre) (2) (Fig. S1). Mice
were kept on a 12-h light/12-h dark cycle, with food and water
provided ad libitum. Mice were monitored for viability daily and
weighed regularly. Animals were handled according to approved
protocols and animal welfare regulations of the Weizmann Institute of Science Ethics Committee. PCR genotyping was performed on genomic DNA obtained from tail biopsies. Dicer1
forward 5′-cctgacagtgacggtccaaag-3′ and reverse 5′-catgactcttcaactcaaact-3′ primers yield a 380-bp product from the WT gene
and a 410-bp product from the ﬂoxed Dicer1 allele. Cre forward
5′-tgccacgaccaagtgacagc-3′ and reverse 5′-ccaggttacggatatagttcatg-3′ primers enable the synthesis of a 600-bp product that is
speciﬁc to the transgene allele.
Behavioral Examinations. Open ﬁeld. The total distance traveled on
an open-ﬁeld apparatus consists of a white 120lux illuminated
Plexiglas box (50 × 50 × 22 cm), and the number of rearing
events was quantiﬁed along a 5-min test for each individual
mouse on three independent test sessions during the dark phase
of the light/dark cycle by an automated video-tracking system
(VideoMot2; TSE Systems, GmbH). For simplicity, data are
normalized to the average of WT performance per time point.
However, statistical analysis was performed on data before
normalization.
Vertical pole test. Mice were placed on a vertical rough-surfaced
pole (diameter = 2 cm, height = 40 cm) facing the upper edge.
The time taken to turn downward and the time taken to descend
the pole were measured. Data were averaged across three trials
per mouse per time point.
Home-cage locomotion. Mice were single-housed, and locomotive
activity was examined automatically over a 48-h period using the
InfraMot system (TSE Systems, GmbH).
EMG. Mice were anesthetized with ketamine/xylazine administered i.p., and needle EMG was performed with a bipolar EMG
needle electrode inserted in multiple sites into the hind-limb
interosseous and gastrocnemius muscles. Recording was done
with a conventional EMG apparatus (Medelec, GB). For each
mouse, EMG ﬁndings were graded on a scale (range: 1–7) designated the “EMG Pathology Index,” which reﬂects the intensity
and frequency of ﬁbrillation potentials. Thus, a score of 0/1 indicates no spontaneous activity and normal insertional activity,
a score of 2 indicates no spontaneous activity and slightly increased insertional activity, a score of 3 indicates sparse ﬁbrillation potentials (one to two per screen at no more than two sites
within the muscle), a score of 4 indicates ﬁbrillation potentials
(up to three per screen in two to ﬁve sites) or deﬁnitely increased
insertional activity, a score of 5 indicates ﬁbrillation potentials
(three to four per screen) in up to 50% of sites, a score of 6
indicates abundant ﬁbrillation potentials (more than four per
screen) in most sites or clearly prolonged insertional activity and
continuous repetitive discharges, and a score of 7 indicates
abundant ﬁbrillation potentials (more than four per screen) in
most sites and clearly prolonged insertional activity and continuous repetitive discharges. Representative screen captures of
EMG traces were processed using Photoshop (Adobe).
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Tissue Preparation and Staining. Mice were deeply anesthetized with
chloral hydrate (1.4 μg/g of body weight, administered i.p.) or
ketamine/xylazine (0.25 mL, 10% (vol/ vol), administered i.p.) and
transcardially perfused with 10 mL of PBS, followed by 100 mL of
2.5% (wt/ vol) paraformaldehyde (PFA). Tissues were then equilibrated in 1.25% (wt/ vol) PFA and 15% sucrose for 24 h. A total of
90 “ﬂoating” spinal cord transverse sections (20 μm) were collected from the lumbar L4-L5 level. Every sixth section was taken
for cresyl violet staining, making a total of 15 sections. Large Nisslpositive cells (20 μm in diameter or larger) were counted and
presented as the mean number of MNs per ventral horn.
For GFAP immunodetection, free-ﬂoating sections were preincubated in PBS solution containing 20% (vol/vol) normal horse
serum and 0.3% Triton X-100 for 1 h and then incubated overnight with polyclonal rabbit anti-GFAP (1:200; Dako) at room
temperature. Highly cross-absorbed cyanine2 (Cy2)-conjugated
antibody against rabbit IgG (1:300; Jackson ImmunoResearch)
was used for secondary detection. Image-Pro Plus 4.1 software
(Media Cybernetics) was used to quantify GFAP intensity in an
oval region encompassing the lateral part of each ventral horn in
three lumbar (L4) sections per mouse.
Western blot analysis. Five milligrams of a fresh sample of lower
spinal cord protein was loaded and run on a 10% (vol/vol) polyacrylamide gel. After blotting and blocking, the nitrocellulose
membrane (Pall Corp.) was incubated overnight at 4 °C with
polyclonal rabbit anti-GFAP (1:10,000; Dako). For a loading
control, monoclonal antibody against β-tubulin was used (1:1,000;
Sigma). Secondary detection was obtained with HRP-conjugated
antibody against the appropriate IgG (1:10,000; Jackson ImmunoResearch) and EZ-ECL (Biological Industries). Densitometry analysis was performed using ImageJ software (rsbweb.
nih.gov/ij/).
Ventral and dorsal root processing and analysis. Ventral and dorsal
roots were dissected at the level of L5 together with the dorsal root
ganglion, ﬁxed, and embedded in parafﬁn. By means of antigen
retrieval, rehydrated 3-μm sections were submerged in citric acid
and microwaved for 3 min. Tissues were blocked with 20% normal
horse serum containing 0.2% Triton X-100 for 1.5 h and incubated
overnight with polyclonal rabbit anti-NEFH, anti-NEFM, or antiNEFL subunits (1:200; Novus Biologicals). Sections were then
washed with PBS and incubated for 45 min with Cy3-conjugated
anti-rabbit secondary antibody and Cy2-conjugated anti-rat secondary antibody (1:200; Jackson ImmunoResearch). Digital ﬂorescent images (0.08 and 0.5 mm2) of the roots were collected on an
E600 Nikon microscope (Nikon) equipped with Plan Fluor objectives and connected to a CCD camera (DMX1200F; Nikon).
The mean density of individual axon staining and the number of
axons in the roots were analyzed using Image-Pro Plus 4.1 software.
Muscle histology. ATPase staining. Mice were deeply anesthetized
with a lethal dose of pental. Multiple 10- to 20-μm-thick slices of
snap-frozen hind-limb gastrocnemius muscle were collected onto
glass slides and further processed by incubation in a solution containing ATP at pH 9.8, following the method of Round et al. (3).
Muscle and NMJ analysis. Medial gastrocnemius and tibialis anterior muscles were gently agitated, submerged in rhodaminelabeled bungarotoxin for 5 min (1:200 in PBS; Molecular Probes)
and then dissected, rinsed in PBS, ﬁxed in 1% PFA-PBS (pH 7.3)
for 1 h, and equilibrated in 30% (wt/vol) sucrose. Frozen sections
(40 μm thick) were incubated overnight in rabbit-raised polyclonal antibodies against neuroﬁlament (Novus) and synaptophysin
(Dako). Cy2-conjugated anti-rabbit antibody (1:200; Jackson
ImmunoResearch) was used for secondary detection.
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Differentiation of MNs and miRNA Microarray. Mouse ES cells from
a Tg(Hlxb9-GFP)1Tmj Tg(SMN2)89Ahmb Smn1tm1Msd/J mouse
(stock no. 006570; Jackson Laboratory) (4) were differentiated
into MNs, as previously described (5). Following dissociation of
embryoid bodies, GFP+ MNs were puriﬁed via a MoFlo (Beckman Coulter) high-speed cell sorter using a 100-μm nozzle at 30
psi. MNs were plated on poly-D-lysine and laminin-coated slides
(BioCoat Cellware) and placed into wells facing a monolayer of
primary mouse astroglial cells to provide trophic support (6).
Total RNA from MNs was extracted using TRI-Reagent
(Ambion) according to the manufacturer’s instructions. RNA
integrity was evaluated using the Agilent 2100 Bioanalyzer
(Agilent Technologies). Independent SMN1mut RNA samples
and controls were labeled with a miRCURY Hy3/Hy5 labeling
kit (Exiqon) according to the manufacturer’s instructions. To
avoid dye-associated bias, the experimental design involved reciprocation of the dye label in half of the samples. Hybridization
onto a miRCURY LNA microarray slide (Exiqon) was followed
by scanning on an Agilent DNA microarray scanner (Agilent
Technologies). Following scanning of the microarrays, raw intensity data were extracted using SpotReader (Niles Scientiﬁc).
miRNA Quantitative RT-PCR Expression Analysis. Quantitative miRNA
expression in derived MNs was acquired and analyzed using a Roche
LightCycler 480 Real-Time PCR System (Roche Applied Science).
Taqman miRNA assays for miR-9 and miR-9* (Applied Biosystems) were performed, as previously described (7). The small
RNA sno234 was used as an internal control.
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Luciferase Assay. Cloning of 3′ UTRs of neuroﬁlament subunits and
Onecut2. 3′UTR sequences were PCR-ampliﬁed from mouse ge-

nomic DNA. A mutated NEFH 3′UTR sequence, lacking all miR9 seed sequences, was synthesized with XbaI overhangs and inserted into PBluscript plasmid (Epoch Biolabs). 3′UTR fragments
were ligated into pGem-T easy vector (Promega) according to the
manufacturer’s guidelines and further subcloned into the XbaI site
at the 3′-end of luciferase in the pGL3-control destination vector
(Promega). Cloning orientation was veriﬁed by diagnostic cuts and
by sequencing.
Transfections and luciferase assay. HEK 293T cells were grown on polyL-lysine in a 24-well format to a 70–85% conﬂuency and transfected
using polyethylenimine with the following plasmids: 20 ng of βgalactosidase plasmid, 10 ng of pGL3-control-3′UTR plasmid, and
430 ng of miR-9 or empty-miR-vec overexpression plasmids (gift of
Reuven Agami, Amsterdam, The Netherlands) (8). Data from the
Fireﬂy luciferase assay conducted 48 h after transfection were
normalized to β-galactosidase levels and averaged across six repetitions per condition.
Statistical Analysis. Results are expressed as the mean ± SE. The
Student’s t test was used for the comparison of two groups. Statistics
were performed using SPSS software (SPSS, Inc.). For miRNA
array data, analysis was performed using the Limma package from
the Bioconductor Project. Arrays were subjected to locally weighted
scatterplot smoothing (Loess) and Aquantile normalization was
applied between arrays. Standard quality control was performed
using the plot functions of Limma.
5. Wichterle H, Lieberam I, Porter JA, Jessell TM (2002) Directed differentiation of
embryonic stem cells into motor neurons. Cell 110:385–397.
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effect of glia on motor neurons in an embryonic stem cell-based ALS model. Nat
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Fig. S1. Schematic representation exemplifying the experimental setup and the mouse breeding scheme. Dicer1 depletion in MNs of the spinal cord is gained
by breeding a conditional Dicer1 allele (1) with a VAChT-Cre.fast transgene (2). Cre recombinase expression, under the control of the VAChT promoter, is
gained speciﬁcally in postmitotic somatic MNs. Thus, Cre-mediated recombination of loxP sites leads to the ablation of the Dicer1 gene in a subset of the SMNs.
Because Dicer1 is an RNase III-like enzyme that is essential for miRNA processing from the pre-miRNA precursor, loss of Dicer1 activity results in cessation of
miRNA production. The resultant VAChT-Cre.fast;Dicerﬂx/ﬂx animals are referred to in the main text as “MNDicermut” whereas heterozygous VAChT-Cre.fast;
Dicerﬂx/+ littermates, which obtain one functional allele of Dicer and therefore generate mature miRNA species, are dubbed “controls” in the main text.
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Fig. S2. Quantiﬁcation of average MNDicermut muscle ﬁber area. Ten-micrometer parafﬁn transverse sections of the tibialis anterior at midbelly level stained
with Sirius Red (F3B, C.I. 35782) are shown. (A) Representative MNDicermut mice and control tibialis anterior micrograph. (B) Binned histogram representing the
frequency distribution of the tibialis anterior myoﬁber area (in μm2) from MNDicermut and controls (gray and white bars, respectively; n = 3 and n = 3, respectively; 100 myoﬁbers measured for each mouse). The percentage of myoﬁbers at any given transactional area bin is annotated on the y axis. Data were
obtained using Image-Pro Plus 4.1 software.
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