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Abstract
Spinal muscular atrophy (SMA) is an autosomal-recessive pediatric neurodegenerative disease characterized by selective
loss of spinal motor neurons. It is caused by mutation in the survival of motor neuron 1, SMN1, gene and leads to loss of
function of the full-length SMN protein. microRNAs (miRNAs) are small RNAs that are involved in post-transcriptional
regulation of gene expression. Prior studies have implicated miRNAs in the pathogenesis of motor neuron disease. We
hypothesized that motor neuron-specific miRNA expression changes are involved in their selective vulnerability in SMA.
Therefore, we sought to determine the effect of SMN loss on miRNAs and their target mRNAs in spinal motor neurons.
We used microarray and RNAseq to profile both miRNA and mRNA expression in primary spinal motor neuron cultures
after acute SMN knockdown. By integrating the miRNA:mRNA profiles, a number of dysregulated miRNAs were identified
with enrichment in differentially expressed putative mRNA targets. miR-431 expression was highly increased, and a
number of its putative mRNA targets were significantly downregulated in motor neurons after SMN loss. Further, we
found that miR-431 regulates motor neuron neurite length by targeting several molecules previously identified to play a
role in motor neuron axon outgrowth, including chondrolectin. Together, our findings indicate that cell-type-specific
dysregulation of miR-431 plays a role in the SMA motor neuron phenotype.

Introduction
Spinal muscular atrophy (SMA) is a severe neurodegenerative
disease that results in degeneration and cell death of lower mo-
tor neurons in the spinal cord. It is the leading genetic cause of
infant mortality with an incidence of 1:11 000 births (1). SMA is
caused by homozygous deletions or mutations involving the
survival of motor neuron 1 (SMN1) gene that encodes the SMN
protein (2). SMN protein is ubiquitously expressed in all cells of

the body very early in development. In neurons, SMN has been
found to play roles in snRNP biogenesis and alternative splicing
as part of the SMN complex (3). Loss of SMN leads to aberrant
splicing (4,5) and widespread transcriptional changes in several
SMA models (6–10). In neurites, SMN is involved in trafficking
of RNA binding proteins and local translation of target mRNAs
(11–16). In vitro loss of SMN leads to significant deficits in motor
neuron viability and neurite outgrowth (17–19). While SMN is
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ubiquitously expressed, the selective vulnerability of motor
neurons to cell death in SMA remains an important and unan-
swered question. microRNAs (miRNAs) are a class of small non-
coding RNAs, which are approximately 22 nucleotides in length
and are endogenous mediators of RNA silencing. They function
by translational repression and decay of target mRNAs via com-
plementary binding to sequences in the 30UTR. miRNAs are able
to regulate a number of targets simultaneously and may work
on whole networks of genes to modify protein expression (20).
In spinal motor neurons, miRNAs are essential regulators of key
facets of development (21), differentiation (22,23), synaptic mor-
phology (24) and axon outgrowth (25). Interestingly, abolishing
proper miRNA biogenesis through deletion of Dicer in post-mi-
totic spinal motor neurons leads to an SMA-like neurodegenera-
tive phenotype causing motor neuron dysfunction and cell
death (26). This indicates that miRNAs in mature spinal motor
neurons are necessary for cell health and survival.

Dysregulation of RNA processing and miRNA expression has
been identified as a common feature of motor neuron diseases
such as SMA and amyotrophic lateral sclerosis (ALS) (27). Recent
work in ALS has shown that aberrant miRNA expression con-
tributes to disease pathophysiology and can be an important
target for intervention (28–30). To date, studies of miRNA ex-
pression in SMA have identified differentially expressed
miRNAs in primary cortical neurons (31) and increased expres-
sion of miR-9 in embryonic stem cell-derived motor neurons
from an SMA mouse model (26). We hypothesized that cell-
type-specific expression patterns of miRNAs in motor neurons,
the cell type most affected by SMN loss, play an important role
in cellular morphology and viability of motor neurons in SMA.

In this study, we report dysregulation of 17 miRNAs in primary
motor neuron cultures following acute SMN loss, in particular
miR-431. Together with transcriptome profiling of mRNA by RNA-
seq, we determined the impact of miRNA expression changes on
their putative target genes using Weighted Gene Coexpression
Network Analysis (WGCNA). This analysis identified a set of miR-
431 target genes that are significantly downregulated and are
highly correlated with acute SMN knockdown in spinal motor
neurons. Exogenous overexpression of miR-431 expression in-
hibits motor neuron neurite outgrowth in vitro. Inhibition of miR-
431 in SMN-deficient neurons is sufficient to rescue the motor
neuron neurite length phenotype. We show that chondrolectin
(Chodl), a type 1 transmembrane protein and member of the c-
type lectin domain-containing family (32), is a direct target of miR-
431. Chodl has been shown to regulate motor neuron axon out-
growth. This therefore suggests that spinal motor neuron-specific
dysregulation of Chodl expression by miR-431 overexpression is
involved in the deficits of axonal outgrowth in SMA.

Results
miRNA expression profiling in an in vitro primary motor
neuron model of SMA

We utilized an in vitro primary spinal motor neuron system to
evaluate miRNA expression. Wild-type embryonic rat spinal
motor neurons were cultured as previously described (13), and
motor neuron identity confirmed by immunostaining
(Supplementary Material, Fig S1A–C). Cultures were infected
with lentiviral-shRNA specific to SMN (shSMN) or a control
(shCtl) hairpin sequence on day 1 in vitro (1DIV). SMN knock-
down was assessed by both Western blot and quantitative
reverse transcriptase polymerase chain reaction (qRT-PCR) 6
days after viral infection (7DIV) (Fig. 1A). These studies revealed

an 80% and 75% reduction in SMN mRNA and protein levels, re-
spectively (Fig. 1B and C). At 7DIV, there was no significant
change in the motor neuron marker choline acetyltransferase
or a marker of endoplasmic reticulum stress induction, C/EBP
homologous protein (Supplementary Material, Fig. S1D and E)
and we did not observe an upregulation of cleaved caspase 3, a
marker of apoptosis, until 9DIV consistent with prior data (31).
Therefore, we chose the 7DIV time point allowing us to focus on
identification of early drivers of motor neuron phenotypes inde-
pendent of cell death.

Our previous work in cortical neurons showed significant
dysregulation of miRNA expression after SMN loss (31). We hy-
pothesized that motor neuron-specific changes in the miRNA
expression may contribute to the SMA phenotype and in part
underlie the specific vulnerability of this cell type to loss of
SMN. We used LNA-based miRNA microarray analysis (Exiqon)
to measure miRNA expression profiles in control versus SMN
knockdown primary motor neurons. After normalization, we
identified 54 miRNAs as differentially expressed using a two-
sided t-test and Benjamini–Hochberg multiple hypothesis cor-
rection (Fig. 1D; Supplementary Material, Table S1). There was
an even distribution between miRNAs that were upregulated
and downregulated, suggesting that there was no alteration in
overall miRNA biogenesis or stability in this model. We found
17 differentially expressed miRNAs that had a >1.25-fold
change and a P-value<0.02 (Fig. 1E). qRT-PCR validation in SMN
knockdown motor neurons revealed that 9 of the 10 most differ-
entially expressed miRNAs identified by sequencing were al-
tered in the expected direction with a magnitude comparable to
the microarray results (Fig. 1F). miRNA expression was normal-
ized to miR-191 due to its stability in the array samples (S1F-G).

miR-431 expression changes are motor neuron specific

Among the 17 miRNAs identified in the array, we focused on
miR-431 because it was the most highly dysregulated miRNA
(Figs 1F and 2A) and was previously reported to be expressed in
the brain and spinal cord during embryonic development (33).
To rule out off-target effects of our shRNA hairpin, we used two
additional hairpins targeting separate regions of the Smn se-
quence to knockdown SMN protein in motor neurons and found
that miR-431 is overexpressed in response to those hairpins as
well (Supplementary Material, Fig. S2A–C). To further determine
the extent of miR-431 dysregulation in SMA, we measured miR-
431 expression in several different cell types. Cultured primary
cortical neurons were infected with lentivirus expressing the
same shRNA for SMN at 1DIV. RNA and protein were collected
to confirm SMN knockdown (Supplementary Material, Fig. S2D
and E). Unlike SMN knockdown in motor neurons, SMN knock-
down in cortical neurons did not induce aberrant expression
changes in miR-431 (Fig. 2B). While we detected an increased
trend in miR-431 expression in P4 lumbar spinal cords and E13
whole spinal cords from the SMND7 mouse model, it did not
reach statistical significance (Supplementary Material, Fig. S2F
and G). This may be because expression changes observed in
miR-431 are motor neuron specific, and motor neurons only
comprise approximately 5% of the spinal cord (34).

To determine the relevance of our findings to human dis-
ease, we assayed miR-431 expression in human SMA patient
samples. Importantly, in unsorted severe type I SMA patient
iPSC-derived motor neurons, there is a significant increase in
miR-431 (Fig. 2D). These motor neurons only account for 20–30%
of the total cells in culture after differentiation. Therefore, the
smaller magnitude of change in the mixed culture could reflect
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Figure 1. miRNA expression changes in spinal motor neurons after acute SMN knockdown. (A) Schematic of experimental paradigm for SMN knockdown experiments.

shRNA-mediated knockdown significantly decreases SMN mRNA (in B) and protein (in C) after 6 days of infection with shSMN or shCtl, normalized to Gapdh expression.

N ¼ 8 from four biological replicates, ***P < 0.001, unpaired two-tailed Student’s t-test. (D) LNA-based miRNA microarray identified 56 differentially expressed

miRNAs ranked by hierarchical clustering following loss of SMN expression. (E) Table of top differentially expressed miRNA with P-value <0.02 after multiple

corrections and > 1.25-fold change. (F) qRT-PCR validation of expression changes of the top 10 miRNAs identified by microarray normalized to miR-191 and to shCtl

expression. N ¼ 6 from four different experiments. *P < 0.05, ***P < 0.001 by unpaired two-tailed Student’s t-test. Data are represented as mean 6 SEM.

2170 | Human Molecular Genetics, 2016, Vol. 25, No. 11



a larger change in the human SMA motor neurons that is di-
luted by other neuronal subtypes and glia in the cultures. In
contrast, miR-431 expression does not increase in human SMA
type I patient fibroblasts when compared with control fibro-
blasts (Fig. 2C; Supplementary Material, Fig. S2H). Together
these findings suggest that the increase in miR-431 expression
in response to SMN-deficiency is motor neuron specific.

To determine whether the increase in miR-431 was due to bio-
genesis or stability, we measured the primary miR-431 transcript
(pri-miR-431). Pri-miR-431 was significantly increased (Fig. 2E),
suggesting that the mechanism underlying the miR-431 increase
may be partially dependent on increased primary transcription.
It is not yet known whether alterations in RNA processing or sta-
bility contribute to the increased miR-431 levels.

mRNA expression profiling with RNA-Seq

We hypothesized that miRNA changes that impact motor neu-
ron phenotypes are reflected in target gene expression. While
aberrant alternative splicing is a feature of SMA, miRNAs effect
target expression by mRNA decay. Therefore, we focused on

identifying transcriptional changes by RNA-Seq in our in vitro
motor neuron model. RNA from four biological replicates each
of shCtl- and shSMN-infected primary motor neurons were se-
quenced using single-end 50 bp reads. Mapping and differential
analysis were performed using the Tuxedo suite of tools (35).
The total raw read count was between 20 and 30 million reads
per sample, and an average of 60% of reads per sample mapped
to the Rn5 rat transcriptome (Supplementary Material, Fig. S3C).
Overall mRNA expression and density of reads were not signifi-
cantly altered between the shSMN and shCtl conditions
(Supplementary Material, Fig. S3A). After filtering low expres-
sion transcripts with fewer than 10 reads, 13,943 genes were de-
tected. Differential expression analysis revealed that 748
transcripts were differentially expressed in shSMN motor neu-
rons versus controls with a corrected P-value<0.05. Of the dif-
ferentially expressed transcripts in the SMN knockdown
neurons, 391 were upregulated and 356 were downregulated
when compared with controls (Fig. 3A; Supplementary Material,
Fig. S3B and Table S2) indicating no overall direction of tran-
scriptional change.

Next, by pathway analysis, we tested whether the differen-
tially expressed transcripts are enriched in biological pathways

Figure 2. Increased miR-431 expression is specific to SMN deficient motor neurons. (A) qRT-PCR of miR-431 expression in SMN knockdown motor neurons (N ¼ 8 from

4 experiments), (B) cortical neurons (N ¼ 6 from 3 experiments), (C) SMA patient fibroblasts (N ¼ 6 from 2 control and 2 SMA patient cell lines) and (D) SMA patient iPSC-

derived motor neurons (N ¼ 4 from two separate differentiations). (E) Pri-miR-431 expression normalized to GAPDH control in SMN knockdown motor neurons (N ¼ 6

from 4 experiments). Significance was determined by unpaired Student’s test *P < 0.05, **P < 0.01, and ***P < 0.001. Data are represented as mean 6 SEM.
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that have potential implications in SMA. In particular, genes in
the KEGG (Kyoto Encyclopedia of Genes and Genomes) path-
ways of ‘Neuroactive Ligand-Receptor Interaction’, ‘Axon
Guidance’ and ‘Calcium Signaling Pathway’ may relate to the

altered excitability and neurite morphology found in SMA motor
neurons (17) (Fig. 3B and C). Moreover, Gene Ontology (GO) anal-
ysis revealed upregulation of a number of genes related to RNA
metabolism and transcription (Fig. 3D), which is consistent with

Figure 3. mRNA transcriptome profiling in SMN knockdown motor neurons. (A) Volcano plot of log2(fold change) versus –log10(P-value) of all 13,943 genes detected

above threshold shows a subset of differentially expressed genes but no change in overall gene expression. Differentially expressed transcripts are indicated in blue,

corrected P-value <0.05. The DAVID bioinformatics tool was used to complete Pathway and GO analysis of differentially expressed genes. KEGG pathway analysis

shows the most significant biological pathways enriched in the (B) upregulated and (C) downregulated genes. (D) GO analysis of enriched terms in upregulated and (E)

downregulated genes. Significance was determined using minimum number of hits ¼ 2 and Bonferroni P < 0.05.
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the role of the SMN complex in RNA processing. Conversely, GO
analysis of the downregulated genes identified a number of cel-
lular components and molecular functions related to neurite
development and synaptic transmission (Fig. 3E). Comparison
of the differentially expressed transcripts shows overlap of sev-
eral GO categories, as well as a number of specific genes found
in transcriptome profiling of other SMA models (6–10). These
data demonstrate that our model displays perturbations in
known pathways and processes related to SMN loss of function.

Integration of miRNA: mRNA expression data

We next sought to integrate the gene and miRNA expression data
to identify the potential effects of miRNA dysregulation on the
transcriptome. We utilized the PITA algorithm (36) to identify pu-
tative miRNA binding sites within transcripts detected by RNA-
seq. We then evaluated whether the putative target transcripts

were enriched among genes whose expression changed in the
opposite direction of the miRNA of interest using Gene Set
Enrichment Algorithm (GSEA) (37). GSEA analysis showed that of
the top 17 differentially expressed miRNAs, eight show signifi-
cant enrichment in putative mRNA targets after correction for
multiple comparisons (miR-376b, miR-431, miR-124, miR-219b,
miR-129, miR-540, miR-214, miR-130b) with the top three miRNAs
being miR-431, miR-376b and miR-219b (Fig. 4A). GSEA analysis of
miRNAs with targets changing in the same direction did not
show any enrichment for these eight miRNAs (Supplementary
Material, Fig. S4A) supporting the specificity of the interaction.

To evaluate gene expression from a network perspective and
gain further insight into the mechanisms by which miRNA
changes might be influencing gene expression, we performed
WGCNA (38). WGCNA identified 34 modules of co-expressed genes.
To assess the correlation of each module to the miRNA expression
profile, the PITA algorithm identified predicted targets within each

Figure 4. WGCNA of miRNA effect of co-expressed putative target genes. (A) Bar plot of P-values demonstrating the enrichment of PITA targets using GSEA. P-values

were transformed using �log10 and correction for multiple comparisons was performed using a Bonferroni correction P < 0.0025 (red line). (B) Heatmap of z-scores for

miRNA target enrichment in WGCNA. Yellow–blue Heatmap indicates correlation with SMN knockdown for each module. Interactions with modules were significant

at z-score > 3.6 corresponding to P < 0.00017. (C) Heatmap and corresponding chart of downregulated gene expression of shCtl versus shSMN RNA-Seq samples in

Module-11. (D) Bar plots of GO analysis of Module 11 genes. Significance was determined by minimum number of hits ¼ 2 and Bonferroni P < 0.05. (E) qRT-PCR of rela-

tive mRNA expression of nine putative miR-431 targets in shCtl vs. shSMN. N ¼ 4 from four experiments, *P-value < 0.05, **P < 0.01, ***P < 0.001, unpaired two-tailed

Student’s t-test. Data are represented as mean 6 SEM.
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module for the top 17 differentially expressed miRNAs. The num-
ber of targets for each module:miRNA combination was compared
with a null distribution and expressed as a z score (Fig. 4B).
Interestingly, the targets of the most highly upregulated miRNA,
miR-431, were also the most significantly enriched in modules as-
sociated with downregulation of expression, M-2, M-9, M-29 and
M-11 (Fig. 4C; Supplementary Material, Fig. S4B–D).

Module-11 was of particular interest because it contained a set
of genes with decreased expression and was most highly corre-
lated with SMN knockdown (r¼ 0.97, Fig. 4C). Disruptions in motor
neuron axon and neurite outgrowth are a hallmark of a number
of SMA models (17,18,39–41). Pathway and GO analysis of Module-
11 revealed significant enrichment in a number of genes re-
lated to morphology including Actin Cytoskeleton Organization,
Axon Guidance and Neuronal and Cell Projections (Fig. 4D;
Supplementary Material, Fig. S4E). Neuronal excitability is also
perturbed in SMA in part due to abnormal expression of axonal
calcium channels (17). GO analysis also revealed enrichment in
molecular function categories related to aberrant excitability in-
cluding ‘Ion Channel Activity’. These results indicate that the net-
work of genes co-expressed in Module-11 is highly relevant to
SMA phenotypes. Furthermore, the interaction of miR-431 with
specific target genes in Module-11 suggests that miR-431-depen-
dent regulation may underlie dysregulation of these pathways.

Expression of miR-431 target mRNAs is decreased by
SMN loss in motor neurons

To further characterize the genes within Module-11, we used
the module eigengene-based measure of connectivity (kME)(42).
We identified 833 genes with significant connectivity within
Module-11 (kME>0.75). Out of those 833 genes, we found that
450 were predicted to be the targets of miR-431. Using the re-
sults of the bioinformatic analysis of Module-11 (Fig. 4D;
Supplementary Material, Fig. S4E), we selected a number of
genes related to neurite outgrowth and neuronal excitability in-
cluding Tnfaip1 (kME¼0.97), Clcn5 (kME¼0.93), Kif3B (kME¼0.96),
Sema5A (kME¼0.93), Nsf (kME¼0.96), Nkap (kME¼0.88), Ryr2
(kME¼0.96) and Chodl (kME¼0.78). We confirmed that seven of
the eight selected genes were significantly downregulated in
SMN knockdown motor neurons by qRT-PCR (Fig. 4E).
Interestingly, chondrolectin (Chodl) mRNA was previously
shown to have roles in axon development and is reduced in
mouse models of SMA (43,44).

Aberrant Chodl expression is specific to motor neurons

Given the high connectivity in Module-11, the predicted miR-
431 interaction and the prior data suggesting a role in neurite
growth, we focused on the interaction between miR-431 and
chondrolectin. In the transcriptome profile (highlighted in red
in Fig. 3A), expression of Chodl was decreased by 2.29-fold with a
P-value of 0.003. In qRT-PCR validation studies, Chodl expression
decreased by 53% in SMN knockdown motor neurons (Fig. 5A).
Chodl mRNA was previously shown to be alternatively spliced in
a mouse model of SMA (4). Therefore, we used primers specific
to Chodl variants 1 and 2 (Chodl-001 and Chodl-002) and found
that both Chodl variants were decreased significantly (S5A-B), in-
dicating that splicing is not affected at this time point in our in
vitro model.

To determine whether the reduction in Chodl was a general
effect of SMN loss or whether it is motor neuron specific, Chodl
expression after acute shSMN infection in primary cortical

neurons was also measured (Fig. 5B). While we detected expres-
sion of both miR-431 and Chodl, neither total Chodl nor either
transcript variant was decreased in cortical neurons
(Supplementary Material, Fig. S5B). This finding indicates that
the loss of Chodl expression is not a feature of SMN knockdown
in all neuronal subtypes.

Chodl is a direct target of miR-431

We identified Chodl as a putative miR-431 target by both the
TargetScan and PITA prediction algorithms. It has a canonical
eight nucleotide miR-431 binding site in the 30UTR (Fig. 5C). To
confirm the functionality of this interaction, we transfected the
wild-type motor neurons with an anti-miR to inhibit miR-431
expression. In the presence of anti-miR-431 inhibitor, Chodl
showed increased expression when compared with control (Fig.
5D; Supplementary Material, Fig. S5C). Further, we transfected
wild-type primary motor neurons with a miR-431 mimic and
found that Chodl mRNA is significantly decreased in response to
miR-431 mimic when compared with control (Fig. 5E;
Supplementary Material, Fig. S5D). This modulation is not spe-
cific to the transcript variants as they share the 30UTR binding
site; therefore, both Chodl-001 and Chodl-002 are reduced by
miR-431 expression (Supplementary Material, Fig. S5E). We
were unable to resolve Chodl protein by western blot following
miR-431 modulation due to low total expression of Chodl and
lack of working antibodies; therefore, the impact of miR-431 on
Chodl protein expression remains a question for future studies.

We then investigated direct targeting of miR-431 to Chodl via
the predicted 30UTR site using a luciferase reporter assay. The
full-length Chodl 30UTR sequence was ligated to a Renilla lucifer-
ase reporter to measure 30UTR activity (Fig. 5F). We transfected
either control or Chodl 30UTR-containing vector into HEK293
cells with either a mimic-control or mimic-miR-431 for 24 h and
measured the luciferase activity. Overexpression of the miR-431
mimic decreased the Chodl 30UTR luciferase activity to
0.71 6 0.058 RLU of the control. This reduction was abolished
when two nucleotides in the seed region of the 30UTR miR-431
binding site were mutated (Fig. 5G). Together, these data indi-
cate that there is a direct interaction between miR-431 and the
chodl 30UTR at this site.

Phenotypic consequences of miR-431 expression
changes in motor neurons

To observe the effect of aberrant expression, miR-431 mimic or
control mimic was transfected into wild-type primary motor
neuron cultures at 1DIV for 72 h. The neurons were fixed at 4DIV
and stained with anti-tau antibody to observe neurite out-
growth and morphology (Fig. 6A). At this time point in culture,
axons have not been fully specified; therefore, we measured pri-
mary neurites longer than three times the width of the cell body
and any branches. Quantification of neurite length revealed a
significant decrease in tau-positive neurite length after trans-
fection of miR-431 mimic (Fig. 6B and C). In our previous work,
we showed that the loss of SMN achieved by transfection of an
siRNA against SMN (siSMN) inhibits the total neurite outgrowth
by 40% and the length of the longest neurite by 30% (31). Here
we see a 27% decrease in both total neurite length and in lon-
gest primary neurite length, when compared with the control
neurites. These data support that exogenously increasing miR-
431 expression inhibits neurite outgrowth. Conversely, inhibi-
tion of miR-431 expression by anti-miR-431 transfection did not
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have an effect on neurite length in wild-type motor neurons
(Supplementary Material, Fig. S6A and B).

To determine whether correcting miR-431 expression would
ameliorate the SMA-like neurite outgrowth phenotype, we
transfected the neurons with siRNA against SMN (siSMN) and
control anti-miR or anti-miR-431. Knockdown of SMN by siSMN
transfection (Supplementary Material, Fig. S6C and D) lead to a
significant decrease in both the total neurite and the longest
neurite length compared with controls (Fig. 6C and D).
Inhibition of miR-431 by anti-miR in the siSMN-transfected mo-
tor neurons fully rescued both the total and the longest neurite
length (Fig. 6D and E). This indicates that modulation of miR-
431 expression is capable of rescuing the SMA motor neuron
neurite length phenotype.

Discussion
A number of miRNAs highly expressed in the central nervous
system have been implicated in motor neuron disease (30).
Work in SMN mutant mouse embryonic stem cell-derived mo-
tor neurons (26) and SMN knockdown cortical neurons (31)
showed that miRNA expression in these cells is affected by SMN
loss. Our earlier work found that expression of a specific

miRNA, miR-183, is increased in cortical neurons, motor neu-
rons, fibroblasts and spinal cords in both cellular and animal
models of SMA. However, follow-up analysis in our motor neu-
ron model revealed cell-type-specific differences in miRNA ex-
pression following SMN knockdown. miRNAs are differentially
expressed in distinct cell types, which leads to differential tar-
get regulation. Cellular context is crucial and can affect miRNA
target interactions in several ways including differential avail-
ability of 30UTR sites, altered expression of RNA binding pro-
teins aiding or inhibiting miRNA repression and alternative
polyadenylation (45). Transcriptome profiling in SMA motor
neuron models has uncovered altered expression of a number
of genes involved in ER stress (10), synapses (6,8), ribosomal
RNA binding (9) and development (7). The aim of this study was
to identify changes in miRNA expression in spinal motor neu-
rons due to a loss of Smn and determine the functional impact
of these changes on gene expression and motor neuron
function.

We identified multiple miRNAs that were dysregulated by
acute SMN knockdown in motor neurons and focused on miR-
431. miR-431 has been reported to have high expression in the
brain and spinal cord during embryonic development (33). In
sensory neurons of the dorsal root ganglion, miR-431 was found

Figure 5. Chondrolectin is a direct target of miR-431 and is decreased in SMN deficient motor neurons. (A) qRT-PCR of Chodl confirms reduced expression in

SMN knockdown motor neurons. N ¼ 8 from 4 experiments, ***P < 0.001, unpaired two-tailed Student’s t-test. (B) qRT-PCR in cortical neurons shows Chodl is not

reduced. N ¼ 7 from 3 experiments. (C) Schematic depiction of the evolutionary conservation of the miR-431 binding site (highlighted in red) in the Chodl30UTR in

mammals. The site is predicted by both the TargetScan �0.29 and PITA �10.17 algorithms. (D) Transfection of anti-miR-431 in motor neurons increases Chodl expres-

sion. N ¼ 6 from 3 experiments, **P < 0.01, ****P < 0.0001, unpaired two-tailed Student’s t-test. (E) Transfection of a miR-431 mimic in motor neurons decreases expres-

sion of Chodl. N ¼ 8 from 4 experiments. *P < 0.05, unpaired two-tailed Student’s t-test. (F) Schematic of control and mutated (highlighted in red) luciferase constructs

of the binding site in the Chodl 30UTR. (G) Relative Renilla/firefly luciferase expression following miR-431 mimic expression in Chodl30UTR and Chodl30UTRmut

psicheck-2 transfected HEK293 cells at 24 h. Wild-type Chodl30UTR N ¼ 7 from 3 experiments. Chodl30UTRmut N ¼ 5 from two experiments. Significance was deter-

mined by two way ANOVA ***P < 0.001. Data are represented as mean 6 SEM.
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Figure 6. Inhibition of miR-431 expression after acute SMN knockdown ameliorates the motor neuron neurite outgrowth phenotype. (A) Two representative images of

Tau staining neurites in low density cultured wild-type spinal motor neurons transfected with 30 nM mimic-Ctl or mimic-431 for 72 h and fixed at 4DIV. Neurite trac-

ing of (B) the total neurite and (C) longest Tau-stained neurite with a minimum cutoff of 3� the length of the cell body. N > 148 from 3 experiments. Mann–Whitney,

****P < 0.0001. (D) Antimir inhibition of miR-431 in SMN knockdown motor neurons rescues both total neurite length and (E) the longest neurite length. N > 160 from 3

experiments. Kruskal–Wallis with Dunns Multiple Comparisons post-test, *P < 0.05, **P < 0.01, ****P < 0.0001. Data are represented as mean 6 SEM.
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to be upregulated after crush injury and to stimulate axon re-
generation (46). Outside of the nervous system, it is involved in
skeletal muscle myogenesis (47,48). Here, we demonstrate the
specificity of miR-431 dysregulation in motor neurons following
SMN loss. Further, miR-431 was differentially expressed in type
I SMA patient iPSC-derived motor neurons but not fibroblasts.
Therefore, our data indicate that aberrant miR-431 expression is
a common feature of both rodent and human models of SMA.
Consequently, miR-431 loss may be important for the progres-
sion of human disease in motor neurons.

The SMN protein forms a complex with Gemin3-7 and par-
ticipates in the assembly of snRNPs, which are crucial for RNA
processing (3). Distinct from the SMN complex, Gemin3 and
Gemin4 can interact with argonaute-2 in the RNA induced si-
lencing complex (49,50) and may control its turnover (51). This
implies that SMN loss could affect miRNA processing by alter-
ation of SMN complex components. We found a moderate in-
crease in levels of pri-miR-431 RNA, suggesting that increased
transcription or stabilization of the transcript could mediate the
upregulation after SMN knockdown, but the precise mechanism
is not yet known. Recent evidence in developing muscle shows
miR-431 expression is mediated by myostatin signaling and
found that Stat1 and interferon-stimulated response elements
(ISRE) are potential transcriptional regulators (52). Previous
work on dysregulation of miR-183 in our cortical neuron model
did not reveal a change in its transcription (31). Therefore, we
believe that dysregulation of miRNA expression in SMA may be
influenced by both primary transcription and mature miRNA
stability and is an intriguing question for future studies.

Integration of miRNA and mRNA profiles is a powerful tech-
nique to identify the impact of miRNA expression on individual
targets, as well as larger gene networks. Several algorithms exist
for integration of miRNA and mRNA profiles (53). In this study,
we used a combination of the PITA algorithm to predict targets
of specific miRNAs and WGCNA to organize gene expression
into co-expression modules. We chose to focus on Module-11
because it was most highly correlated with SMN knockdown
(0.967) and was significantly enriched for predicted targets of
miR-431. There are several other co-expression modules that
are significantly enriched for targets of dysregulated miRNAs,
and these other miRNA:mRNA interactions may also contribute
to the motor neuron SMA phenotype. Further investigation of
these miRNAs and their targets may increase understanding of
the dysregulation of these gene networks in SMA.

Several genes with high connectivity to Module-11 are in-
volved in regulating axonal morphology, signaling and cell
health including tumor necrosis factor alpha-induced protein 1
(TNFAIP1) (54,55), Semaphorin 5a (Sema5a) (56) and Chodl. Chodl
was of particular interest because it is a key regulator of motor
axon outgrowth in vivo (44). miR-431 expression was not signifi-
cantly increased in SMND7 spinal cords at E13 or P4; however,
decreased expression of Chodl has been reported in several SMA
motor neuron models (6,7,9) but not in kidney or muscle (4).
While it is expressed elsewhere in the body (57), in the spinal
cord Chodl is a specific marker for a sub-population of large fast-
spiking alpha motor neurons (58). In SMA, there is evidence of
early denervation of fast alpha motor neurons in muscle biop-
sies (59). Notably, in ALS models, these neurons are particularly
vulnerable to cell death (60), and Chodl expression is lost early
in disease progression (61). Further, the rescue of Chodl expres-
sion has been shown to ameliorate the motor axon phenotype
in a model of SMA (43). Here, we show that Chodl expression is
directly regulated by miR-431 via interaction with the Chodl
30UTR and that dysregulation of Chodl by miR-431 is specific to

SMN-deficient motor neurons. These studies identify Chodl as
an important regulator of motor neuron cell health and provide
evidence of its misregulation in motor neuron disease.

In this study, we demonstrate that miR-431 is a regulator of
motor neuron neurite outgrowth in vitro. Exogenous miR-431
overexpression significantly decreases motor neuron neurite
length by a similar magnitude previously characterized in in vi-
tro models of SMN loss (17,18,31). Importantly, inhibition of
miR-431 overexpression ameliorates the SMN-induced neurite
outgrowth deficit returning neurite length to wild-type levels.
We hypothesize that miR-431 inhibits neurite outgrowth
through downregulation of the target genes that we have identi-
fied, including Chodl. Inhibition of aberrant miR-431 expression
impacts not only Chodl but also other dysregulated putative tar-
gets including those identified in our GSEA and WGCNA analy-
ses. Therefore, manipulation of miR-431 function provides an
attractive target in SMA because it can modulate several targets
and have a profound impact on motor neuron axons and cell
health that cannot be achieved by rescue of a single gene.
Together, these studies provide evidence for the role of miR-431
in SMA pathogenesis through the downregulation of multiple
target genes involved in axon outgrowth.

Materials and Methods
Primary neuron culture

All experimental procedures were performed in compliance
with the Boston Children’s Hospital IACUC animal protocol no.
1207227R. Motor neurons were prepared as previously described
in (13). Briefly, the ventral spinal cords of wild-type E13.5 Long
Evans rat embryos (Charles River) were dissected, trypsinized at
37 �C and dissociated via mechanical trituration with DNAse
and 0.4% BSA then passed through a 100 mm filter to remove de-
bris. Cells were suspended in motor neuron media containing
NB media supplemented with B27 (Life Technologies), L-gluta-
mine and penicillin/streptomycin with additional growth fac-
tors CNTF (50 ng/ml), BDNF (50 ng/ml) and GDNF (25 ng/ml)
(Peprotech). Primary cortical neurons were isolated as previ-
ously described (62). Briefly, cortices of E17 rats are isolated in
HBSS with 10 mM Hepes, 10 mM MgCl2 and 1 mM kynurenic acid.
Cells are dissociated for 5 min at 37 �C in Papain (30 U/ml) fol-
lowed by mechanical trituration. Neurons were plated in NB/
B27. Neurons were then plated on 6 or 12-well plastic TC dishes
coated with Poly-D-Lysine (PDL) or on glass coverslips in 24-well
dishes coated with PDL and laminin. shCtl and shSMN virus (63)
were produced by the Boston Children’s Hospital virus core and
neurons were infected as previously described (31).

Exiqon LNA miRNA microarray data analysis

One microgram of total RNA isolated using the mirVANA kit
was sent to Exiqon for analysis using the seventh generation
miRCURY LNA miRNA Array no. 208500. Four shCtl and four
shSMN knockdown samples were used for the miRNA microar-
ray. RNA quality was assessed on a Bioanalyzer and the RIN
numbers of all eight samples were >8.8. miRNAs were labeled
with miRCURY LNA Hi-Power Labeling Kit (Hy3/Hy5) and hy-
bridized to the array, scanned and the data returned after qual-
ity control and filtering based on spike in controls and
background intensity levels.

Log2-transformed data were normalized across samples by a
scaling factor and the addition of a constant on median-filtered
data to remove outliers. One of the shCtl samples was found to
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have overall decreased hybridization quality and was thus re-
moved for the rest of the analysis. miRNA passenger strands
and all miRNAs with expression levels inferior to five were fil-
tered from the probe list. This left a list of 250 miRNAs detected
in the array above this threshold. Changes in miRNA expression
were identified by two-sided t-test and Benjamini–Hochberg
multiple hypothesis correction.

mRNA expression profiling by RNAseq

RNA profiling was completed at the Harvard Biopolymers Core.
For library construction, 500 ng isolated mRNA was placed into
the Wafergen Apollo, and the PrepX Complete ILMN DNA Library
Kit (Wafergen Cat 400039) was used according to the manufac-
turer’s protocol. Samples were run on the PCR machine with in-
dexed primers, and then cleaned using the ‘PCR clean’ on the
Wafergen Apollo according to the manufacturer’s instructions.
Quality control was performed on Agilent 2200 Tape Station on
a D1000 High Sensitivity Tape and qPCR analysis using the SYBR
green KAPA SYBRVR FAST Universal 2X qPCR Master Mix (Kapa
Biosystems, Cat#KK4602) and primers to the P5 and P7 regions
of the Illumina adapters. Diluted PhiX was used to generate a
standard curve to determine concentration. Samples were clus-
tered and sequenced on a single lane of an Illumina HiSeq2500
for a 50-cycle 50-bp single end run using protocols HCS
1.5.15.1—RTA 1.13.48. The RNAseq reads were assessed using
CASAVA 1.8.2 (Illumina) for demultiplexing indexed samples
and quality control with FastQC. RNAseq alignment, assembly
and differential analysis were performed on the Harvard
Orchestra high performance-computing cluster. The data were
analyzed with the Tuxedo suite of tools using the protocol de-
scribed in (35). Rat reference sequence information and annota-
tion was obtained from Illumina iGenomes using the Rattus
norvegicus assembly, Rn5.

Identification of putative miRNA target mRNA
interactions

The miRNA target prediction algorithm PITA was used to iden-
tify target genes (http://genie.weizmann.ac.il/pubs/mir07/index.
html, last accessed March 25, 2016) (36) on the entire mRNA se-
quence using a D�D G score of less than �10 as a threshold for
putative targets. Transcriptome data were filtered with a
threshold of average expression>15 across all samples and a
coefficient of variation>13, resulting in the selection of 9163
genes. Exact transcript boundaries for these genes were deter-
mined, and we obtained corresponding sequences for all of
these transcripts from the rn5 genome.

GSEA (37) was used to determine whether the predicted PITA
targets of a specific miRNA were enriched in genes that were dif-
ferentially expressed in the opposite direction to the miRNA of in-
terest. The Pearson correlation between mRNA expression and a
binary vector corresponding to knockdown was calculated, and
genes were ordered based on their correlation with knockdown
in the opposite direction to the miRNA of interest. Putative
mRNA targets of the specific miRNA were identified within this
list and assigned a positive value (step-up), while the other genes
were assigned a negative value (step-down). The step-up and
step-down values are determined so that the sum total of the
vector is zero. A running sum of the vector was determined, and
the maximum value of this vector was identified. Significance
was determined by calculating a null distribution of maximum
running sum values using 1000 randomly ordered vectors. This

distribution was fit with a skewed normal distribution, and the P-
value for the maximum value of the running sum for a specific
miRNA was calculated based on this distribution.

Weighted gene coexpression network analysis

The co-expression analysis was performed using WGCNA meth-
ods as described previously (38). Correlation analyses demon-
strated that the two sample types (shSMN and shCtl) were
separated using hierarchical clustering, but there were no clear
outlier samples. We then generated an adjacency matrix by cal-
culating the Pearson correlation between all genes, and it was
scaled using a beta value of 8 to approximate scale free topol-
ogy. A topological overlap matrix was calculated using the adja-
cency matrix (64), and genes were clustered using the average
hierarchical clustering algorithm. Modules were obtained from
these clusters using the dynamic tree-cutting algorithm (65).

Transcript boundaries for all genes within all modules were
determined and sequences for the corresponding transcripts
were obtained. The PITA algorithm was used to predict whether
these sequences were targets of the 17 differentially expressed
miRNAs, as determined previously. The number of targets for a
specific miRNA within a specific module was determined. A null
distribution was generated by determining the number of tar-
gets within a random set of mRNAs that was the same size as
the specific module. A z-score was calculated by comparing the
number of targets within a module to the null distribution. This
was repeated for all combinations of miRNAs and modules.

Pathway and GO analysis

The Database for Annotation Visualization and Integrated
Discovery (DAVID) Functional Annotation tool (http://david.
abcc.ncifcrf.gov/home.jsp, last accessed March 25, 2016) (66,67)
was used to identify biological pathways and processes that
were significantly enriched in the gene sets. The background
list was composed of all genes expressed over a threshold of 15
in the RNAseq analysis. Pathways were identified as significant
by DAVID default settings.

Exogenous modulation of miRNA expression

mirVANA miRNA mimics (Life Technologies) and mirVANA
miRNA-inhibitors (Life Technologies) were used for miR-431
modulation experiments; 30 nM mirVANA mimic or anti-miR
inhibitors for miR-431 and the corresponding negative controls
were transfected into primary spinal motor neuron cultures at
1 DIV with Lipofectamine 2000 as previously described (31).
Complexes were incubated with the cells for 90 min for efficient
transfection of small RNA complexes without induction of mo-
tor neuron cell death. Forty-eight hours after transfection, RNA
or protein was extracted. Seventy-two hours after transfection,
cells in 24-well dishes on glass coverslips were fixed with 4%
PFA and stained. Transfection with siGlo (Dharmacon) was used
to control for transfection efficiency in the primary motor neu-
ron cultures (Supplementary Material, Fig. S5F).

Chondrolectin 30UTR luciferase assays

The full-length rat chondrolectin 30UTR was amplified from
wild-type rat total RNA using the primers: Fwd 30-GTCTCG
AGGTTGTTATTCCAATTTACAGTG-50 and Rev 30-GTGCGGCCG
CAGAAACAAGAACTCTTTATTTGG-50. The vector and insert
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were cloned into the Psi-check2 vector (Promega) by digestion
with Not1 and Xho1 (New England Biolabs) in NEB buffer 3 for
2 h at 37 �C. Cut vector and insert were run on a 1% agarose gel,
purified by gel purification kit (Qiagen) and ligated at 4 �C over-
night with T4 Ligase Buffer (NEB). Bacteria were transformed
with the ligated plasmids and sent for sequencing at the Boston
Children’s Hospital IDDRC Molecular Genetics core.

Site directed mutagenesis was performed using the
Quickchange II site-directed mutagenesis kit (Agilent) according
to the manufacture’s protocol. Briefly, primers were designed
with two mismatches at the putative miR-431 30UTR site 50-
TCTAACTTCAATTGTGCAAagCATGTGCCTTACAATTA-30 Rev 50-
TAATTGTAAGGCACATGctTTGCACAATTGAAGTTAGA-30.
pfuTurbo DNA polymerase (2.5U/ml) amplification was per-
formed at 98 �C for 30 s, 55 �C for 1.5 min and 68 �C for 2 min for
18 cycles followed by DPN1 digestion for 1 h at 37 �C.

The Promega Dual Luciferase assay (E1910) was used accord-
ing to the manufacture’s protocol. HEK293T cells were plated in
24-well dishes at 80% confluency. At 1DIV, cells were trans-
fected with the chodl30UTR or chodl30UTRmut construct as well
as 30 nM miR-431 mimic or control mimic. 24 h after transfec-
tion, cells were lysed for 20 min at room temperature in passive
lysis buffer. Ten microliters of cell lysate were added per well of
a 96-well plate in triplicate, and the plate was read for Firefly
and Renilla luciferase on the Victor2 plate reader. Relative
Renilla expression was determined by normalization to firefly
activity.

Neurite length measurement

To quantify morphological phenotypes, cells were stained with
Tau and DAPI to identify neurites and healthy nuclei respec-
tively. Slides were imaged on the Zeiss Imager.Z2 with the
CoolSnap HQ2 camera and Axiovision 4.8.2 software in the
Boston Children’s Hospital IDDRC Cellular Imaging Core. Image
analysis was completed in ImageJ. The NeuronJ plugin was used
for neurite tracing and quantification. Neurites greater than
three times the cell body (100 mM) that initiated at the cell body
were designated as ‘primary’. Branches originating from the
other neurites >50 mM were measured and counted as second-
ary or tertiary neurites.

SMA patient samples

RNA was obtained from SMA patient iPSCs differentiated into
mixed cultures containing approximately 30% human spinal
motor neurons. The lines used were wild type—BG SEV, SMA
type I—1-38G and SMA type II—1-51N, which were previously
characterized by the Rubin lab (10). SMA patient fibroblasts were
obtained from the Pediatric Neuromuscular Clinical Research
Network. The human fibroblast cell lines used were from pa-
tients with SMA type I and carry two copies of the SMN2 genes
1–24 and 3–11.

Supplementary Material
Supplementary Material is available at HMG online.
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