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The motor neuron (MN) degenerative disease, spinal muscular
atrophy (SMA) is caused by deficiency of SMN (survival motor
neuron), a ubiquitous and indispensable protein essential for biogen-
esis of snRNPs, key components of pre-mRNA processing. However,
SMA’s hallmark MN pathology, including neuromuscular junction
(NMJ) disruption and sensory-motor circuitry impairment, remains
unexplained. Toward this end, we used deep RNA sequencing
(RNA-seq) to determine if there are any transcriptome changes in
MNs and surrounding spinal cord glial cells (white matter, WM)
microdissected from SMN-deficient SMA mouse model at presymp-
tomatic postnatal day 1 (P1), before detectableMN pathology (P4–P5).
The RNA-seq results, previously unavailable for SMA at any stage,
revealed cell-specific selective mRNA dysregulations (∼300 of 11,000
expressed genes in each, MN and WM), many of which are known to
impair neurons. Remarkably, these dysregulations include complete
skipping of agrin’s Z exons, critical for NMJ maintenance, strong up-
regulation of synapse pruning-promoting complement factor C1q,
and down-regulation of Etv1/ER81, a transcription factor required
for establishing sensory-motor circuitry. We propose that dysregula-
tion of such specific MN synaptogenesis genes, compounded bymany
additional transcriptome abnormalities in MNs and WM, link SMN
deficiency to SMA’s signature pathology.
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Spinal muscular atrophy (SMA) is an autosomal recessive
motor neuron (MN) degenerative disease and a leading ge-

netic cause of infant mortality (1, 2). SMA is caused by deletions
or point mutations in the survival of motor neurons 1 gene
(SMN1) (3), exposing a splicing defect in a duplicated gene
(SMN2), which produces predominantly exon 7-skipped mRNA
(SMNΔ7) (4). This in turn creates a degron that destabilizes the
SMNΔ7 protein, resulting in reduced SMN levels (SMN de-
ficiency) (5). SMA pathology has been extensively character-
ized in patients as well as a widely used SMA mouse model (6).
Major morphological and biochemical deficits have been found
at neuromuscular junctions (NMJs) and sensory-motor synapses.
NMJ defects are first detectable at postnatal day 5 (P5), in-
cluding presynaptic defects of terminal arborization and in-
termediate neurofilament aggregation in MNs, poor postsynaptic
organization of AChRs in muscle, as well as reduced synaptic
vesicle density and release at the NMJ (7–9). Importantly, similar
NMJ defects have been reported in type I (the most severe type)
SMA human fetuses (10). SMAMNs have also been shown to be
hyperexcitable and loss of proprioceptive synapses on the so-
mata, and proximal dendrites of SMA MNs (MN deafferentation)
occurs no later than P4 (11–13). These findings indicate that
both peripheral (NMJs) and central (sensory-motor) synapses
are affected in SMA mice at early stage of disease. Although
SMA is clinically manifested primarily in MNs, recent studies
have shown that other cell types and nonneuronal tissues are also
involved (13, 14, 15).
SMN, as part of the SMN–Gemins complex (16), functions in

the assembly of Sm protein cores on snRNAs (U1, U2, U4, U5,
U11, U12, and U4atac), a key step in snRNP biogenesis (17–20).

snRNPs are the major components of the spliceosome, the ma-
chinery that splices introns to produce mRNAs (21). In addition,
U1 snRNP protects nascent transcripts from premature termi-
nation (a function termed telescripting) and regulates mRNA
length (22, 23). Consistent with its general function, SMN is
ubiquitously expressed and essential for viability of all eukaryotic
cell types. Both snRNP assembly capacity and SMA severity
correspond directly to the degree of SMN deficiency (24, 25).
Interestingly, SMN decrease results in a nonuniform change of
individual snRNP’s level, and thus an altered snRNP repertoire
(abundance and stoichiometry), which is apparent in mouse and
Drosophila SMA models (15, 26, 27). It is likely that this alteration
contributes to the transcriptome changes observed in the spinal
cord and other tissues of the SMA mouse model at P11 (15),
a symptomatic stage for these mice that typically survive to P13 (6).
The most striking of these changes are widespread tissue-specific
differential expression and pre-mRNA splicing defects, consisting
of both alternative splicing changes and noncanonical splice site
use (15, 28). These findings indicate that mRNA perturbations are
a feature of SMA and that they are not restricted to spinal cord or
MNs, where the overt clinical phenotypes manifest (15).
Despite major advances in understanding the genetic basis of

SMA and SMN’s function, the molecular basis of SMA pathogen-
esis has remained unclear, and a direct link between specific tran-
scriptome abnormalities and SMA’s distinct synaptic pathogenesis
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in mammalian SMA models has not been established. Here, we
performed RNA sequencing (RNA-seq) of laser-capture micro-
dissected (LCM) MNs and neighboring white matter (WM) glia
from the same SMA mouse model at P1, an early presymptomatic
stage. Our studies identify expression-level changes and splicing
abnormalities of specific mRNAs critical for MN function, re-
vealing molecular events at early disease stage that could explain
key aspects of SMA pathogenesis.

Results
SMA primarily affects spinal cord MNs (1), and thus we probed
directly for transcriptome changes in MNs of SMN-deficient
mice (SMN2+/+;SMNΔ7+/+;Smn−/−) using LCM. We isolated
1,500–2,000 MN cell bodies from the lumbar level spinal cord of
each mouse at age of P1. We also microdissected adjacent WM
(including astrocytes, oligodendrocytes, and microglia) as well as
neurons and glia of the dorsal horn region (referred to as Dorsal)
from the same spinal cord sections (Fig. 1A), as nonneuronal and
non-MN cell controls, respectively. RT-PCR of cell type-specific
markers confirmed the effectiveness of the procedure, showing
specific MN expression of choline acetyltransferase (Chat), and
nerve growth factor receptor (p75NTR) preferentially expressed
in spinal MNs of embryonic and neonatal mice (29). In contrast,
Gapdh was ubiquitously expressed and glial fibrillary acidic
protein (Gfap) expression was detected predominantly in WM
and Dorsal (Fig. 1B).
For RNA-seq experiments, total RNA was isolated from MNs

and WM of two pairs of SMA and WT littermates, derived from
two unrelated litters, to control for litter-to-litter variations.
Sequencing libraries were prepared from each mouse and pro-
filed by Illumina high-throughput RNA sequencing. We obtained
∼100 million 100-bp paired-end reads from each sample, 50–
63% of which were uniquely mapped to the mouse reference
genome (University of California at Santa Cruz, UCSC, mm9)
using TopHat (30) (Dataset S1). Consistent with the RT-PCR
results (Fig. 1B) and confirming the quality of the LCM and
RNA-seq procedures, sequencing profiles demonstrated specific
expression of p75NTR in MNs, and Gfap in WM (Fig. 1C).
As expected, no reads were aligned to the Smn1 locus in SMA
MNs or WM.

We performed differential expression analysis using DESeq.
(31), with a cutoff of at least twofold and P value < 0.05 to
identify significant mRNA level changes in the replicate samples.
This process revealed 248 affected genes in MNs (138 up-regu-
lated and 110 down-regulated), and 212 affected genes in WM
(125 up-regulated and 87 down-regulated) (Fig. 2A and Dataset
S2). Although both cell populations expressed similar genes
overall [∼93% overlap between 11,771 and 12,338 expressed
genes in MNs and WM, respectively, based on reads per kilobase
per million mapped reads > 2], only seven genes were affected in
common (Fig. 2A and Dataset S2), indicating that SMN de-
ficiency causes cell type-specific mRNA level changes. Examples
of these mRNA level dysregulations are shown in Fig. S1, dem-
onstrating MN-specific up-regulation (Fos) and down-regulation
(Ociad2), and WM-specific up-regulation (Mt2) in SMA mice.
To identify alternative splicing changes in MNs and WM of

SMA mice, we applied mixture of isoforms (MISO) analysis (32),
with settings of Bayes factor > 10 and jΔΨj > 0.2. We also
established two additional analyses to identify additional splicing
changes: (i) Novel exons present only in SMA samples, including
unannotated 5′ and 3′ splice sites according to common data-
bases (RefSeq, UCSC, AceView or Ensembl), classified as “ab-
errant splicing” events; (ii) Events that skip two neighboring
cassette exons, which we referred to as “two-exon skipped”
(Materials and Methods). Overall, we identified 104 (100 genes)
and 86 (84 genes) splicing events in MNs and WM, respectively
in both replicates (Fig. 2B, and Datasets S3 and S4), most of
which did not overlap with differentially expressed genes (only
two and four genes in MNs and WM, respectively) (Dataset S5).
This finding suggests that most of the splicing events affect the
corresponding isoforms’ expression without changing the overall
transcript level. Moreover, despite that the vast majority of genes
affected by splicing are expressed in both MNs and WM, only
eight genes showed similar splicing changes in both MNs and
WM (Dataset S5), demonstrating that splicing changes caused by
SMN deficiency are also cell-type specific.
Although the amount of RNA precluded measuring all of the

snRNAs in the same samples, absolute quantitation at pre-
symptomatic P3 revealed major changes in snRNP repertoire
(Fig. S2), consistent with the findings that SMN deficiency results

Fig. 1. Isolating MNs and surrounding WM from spinal cord of P1 SMA mice by LCM. (A) Frozen cross-sections of WT mouse lumbar spinal cord were
prepared as described inMaterials and Methods. Images were taken before and after LCM. (Scale bar, 50 μm.) (B) Purity of LCM samples was confirmed by RT-
PCR detecting neuron (Chat and p75NTR) and astrocyte (Gfap) markers, using total RNA isolated from MNs, WM, and Dorsal of WT mice. (C) UCSC Genome
Browser view of p75NTR and Gfap displaying RNA-seq mapped reads profile, showing four tracks for MNs and WM samples from each of the WT or SMA
mouse, respectively. Gene structures (red boxes for exons and gray lines for introns) are depicted below the tracks. Strong p75NTR expression is observed in all
four MNs samples and barely detectable in the WM, but Gfap expression is WM-specific.
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in individual snRNA-specific perturbations of snRNP levels (15,
26). Considering a recent report showing that inefficient splicing
of the minor (U12) intron of CG8408 (Stasimon) contributes to
NMJ defects in Drosophila smn mutants (27), we searched the
U12 intron database (U12DB) (33) and found four and five
genes that contain minor introns affected by splicing in P1 SMA
MNs and WM, respectively (Dataset S6). However, none of
those splicing changes occurs in regions where U12 introns re-
side (Dataset S6), and neither expression nor splicing was af-
fected for Tmem41b (mouse homolog of Stasimon), indicating
that the minor splicing pathway is not selectively perturbed in
SMA at this early time point.
The total number of genes whose mRNAs are affected at P1 in

MNs and WM are 348 and 296, about 3% and 2.4% of expressed
genes in MNs and WM, respectively. Thus, SMN deficiency did
not cause widespread transcriptome changes at P1. Consistently,
Gene Ontology and pathway analysis by DAVID (34) did not
reveal significant enrichment of any pathways or biological pro-
cesses for genes up-regulated, down-regulated, or affected by
splicing in MNs or WM. Nevertheless, a few splicing changes in
mRNAs occurred that could explain the pathogenic features
MNs exhibit at P4–P5, including defects in maturation and
neurotransmission of NMJ and MN deafferentation.
Considering SMA’s NMJ pathology, the heparin sulfate pro-

teoglycan agrin (Agrn) is of particular interest. Agrin is an
extracellular matrix protein that is expressed in spinal cord MNs
as well as many other neuron types in the CNS, and is critical for

the postsynaptic organization of the NMJ (35). Specifically, the
neuronal agrin isoforms containing Z exons (exons 32, 33, or
both) (Fig. 3A), Z+ agrin, are 1,000-fold more active than those
lacking Z exons in inducing aggregation of AChR clusters at the
NMJ (35, 36). Z exon splicing is developmentally regulated, with
Z+ agrin mRNA expressed at its highest levels between embry-
onic day 18 and P6 (37). As expected, we observed that Z+ agrin
mRNA isoforms were clearly neuron-specific, present in MNs
but not in WM of WT mice (Fig. 3A). Strikingly, Z+ agrin mRNA
was drastically reduced in MNs of both SMA mice. Instead of
exclusively producing Z exon-containing isoforms as in WTMNs,
SMA MNs expressed agrin mRNA that skipped Z exons (Fig.
3A). The loss of Z+ agrin mRNA in SMA MNs was further
confirmed by RT-PCR with a second set of primers that specif-
ically interrogated the Z+ isoform (Fig. 3A, Lower). Importantly,
immunostaining of lumbar spinal cord cross sections using an
antibody specific to agrin’s Z peptides (38) showed a corre-
sponding loss of Z+ agrin protein in P1 SMA MNs (Fig. 3B).
Although some SMAMNs retain residual Z+ agrin staining at P1
(consistent with RT-PCR results), Z+ agrin staining was unde-
tectable at P3 (Fig. 3C).
Focusing on genes critical for MN function, we performed

additional RT-PCR and quantitative RT-PCR (RT-qPCR)
experiments to test 29 splicing events and 6 differential ex-
pressed genes identified by RNA-seq, respectively, all of which
were confirmed (Figs. 3A, 4, and 5A). These events include MN-
specific splicing events in Mark2, Camk2d, Gria4, and Dusp22
(inclusion of a previously unannotated exon 3a), WM-specific
events in Atxn2 and Uspl1, and splicing events that occurred in
both MNs and WM (Adarb1 and Mphosph9) of SMA mice (Fig.
4A). Importantly, none of these transcripts spliced abnormally in
the Dorsal region, except Mphosph9 and Uspl1 (Fig. S3), further
supporting that splicing changes in SMAMNs and WMs are cell-
type–specific.
We have characterized the alternative splicing changes in

Gria2 and Gria4, which encode core subunits of AMPA-type
glutamate receptors that are critical for glutamatergic excitatory
synapses (39). Alternative splicing via mutually exclusive exons
generates flip or flop isoforms affecting the ligand-binding do-
main, which imparts different pharmacologic and kinetic prop-
erties on currents evoked by L-glutamate or AMPA (40). We
observed that the abundance of Gria2 and Gria4 flop splice
variants increased sharply in SMA MNs (2- to 20-fold increase)
(Fig. 4A and Dataset S3). Because the flop isoform confers a faster
desensitization rate (∼5- to 10-fold) than the flip (41), over-
abundance of flop isoforms in AMPA receptors is expected to
cause a reduction of response to stimuli, consistent with the
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Fig. 2. Summary of transcriptome changes identified by RNA-seq analysis in
P1 SMA MNs and WM. (A) Venn diagrams showing up-regulated and down-
regulated genes in SMAMNs and WM. (B) Pie charts showing splicing changes
identified in SMA MNs and WM, classified by types of splicing events.

Fig. 3. Agrin Z exon skipping results in drastically decreased levels of Z+ agrin mRNA and protein in SMA MNs. (A) RT-PCR reactions confirmed agrin Z exon
skipping in P1 SMA MNs. Similar results have been obtained from at least another P1 SMA mouse littermate. Spliced isoforms are shown as boxes labeled with
the corresponding exon number. Black dots on top of the boxes indicate primer binding sites. The red arrows indicate splicing abnormalities observed in SMA
mice. (B) Immunofluorescence staining was performed to detect Z+ agrin in lumbar MNs of P1 SMA mice. Dramatic loss of Z+ agrin was detected in P1 SMA
MNs. Similar results have been obtained from at least three P1 SMA mice. Immunostaining of p75NTR was used to identify MNs in the anterior horn region of
the lumbar spinal cord. (Scale bar, 25 μm.) (C) Immunofluorescence staining was performed to detect Z+ agrin in lumbar MNs of P3 SMA mice. Z+ agrin was
completely undetectable in P3 SMA MNs. (Scale bar, 25 μm.) Similar results have been obtained from at least three P3 SMA mice.

19350 | www.pnas.org/cgi/doi/10.1073/pnas.1319280110 Zhang et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319280110/-/DCSupplemental/sd06.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319280110/-/DCSupplemental/sd06.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319280110/-/DCSupplemental/pnas.201319280SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1319280110/-/DCSupplemental/sd03.xlsx
www.pnas.org/cgi/doi/10.1073/pnas.1319280110


diminished synaptic transmission observed in SMA MNs (12).
We then tested whether the splicing abnormalities in Agrn and
Gria4 occur before P1, using MNs and WM isolated from SMA
mice at P0. Similar splicing changes were found for both Agrn
and Gria4 in P0 SMA MNs (Fig. S4), indicating that these
splicing events take place at an even earlier time point.
Examples of differentially expressed genes are shown in Fig.

4B, including the transcription factor Etv1 (down-regulated in
MNs and up-regulated in WM) and the neurotrophic factors Igf1
and Igf2 (down-regulated in MNs and up-regulated in WM, re-
spectively). Etv1 controls a late step during establishment of
functional sensory-motor circuitry in the developing spinal cord
(42). Knockout of Etv1 causes deafferentation of MNs in the
spinal cord and a diminished functional motor output in neo-
natal mice (42). The 77% decrease of Etv1 mRNA in MNs (Fig.
4B and Dataset S2) could explain impaired sensory-motor syn-
apse development and MN deafferentation in SMA (11–13).
Similarly, the down-regulation of Igf1 and one of its substrates

Irs4 (48% and 60% decrease, respectively) in MNs and up-reg-
ulation of Igf2 (120% increase) in WM (Fig. 4B and Dataset S2)
could contribute to the degeneration of SMA MNs, as both Igf1
and Igf2 neurotrophic factors are important for MN axonal
outgrowth and NMJ formation (43).
An additional surprising finding from the transcript level

analysis was the up-regulation of mRNAs for all three subunits
of the C1q complex in SMA MNs (260%, 350%, and 200% in-
crease for C1qa, C1qb, and C1qc, respectively) (Fig. 5A and
Dataset S2). C1q is the initiating protein complex of the classic
complement cascade. Besides its immune functions, C1q has
recently been shown to play an essential role in synaptic pruning
during embryonic and postnatal CNS development (44–46). We
therefore interrogated the expression of C1q protein by immunos-
taining. C1q protein levels were low and unchanged at P1 in MNs of
both WT and SMA mice (Fig. S5), but a much stronger staining is
clearly observed at P2 in SMA MNs compared with WT MNs (Fig.
5B). The C1q mRNA up-regulation at P1 (Fig. 5A) immediately
followed by its dramatic protein level increase at P2 (Fig. 5B) in
SMA MNs could likely promote overpruning of synapses and im-
pair neural connectivity, characteristic of the SMA phenotype.

Discussion
A lack of transcriptome profiles in SMA MNs, especially ante-
cedent to overt MN pathology, has hampered understanding of
the molecular basis of this degenerative disease. We have
obtained RNA-seq from pure MN and WM populations of the
lumbar sections, the spinal cord level that is particularly affected
in SMA, and found that expression of only ∼300 genes were
affected in each at P1. The lack of a significant effect on the vast
majority of genes (> 11,000) indicates that the SMAMNs are not
extensively or nonspecifically damaged at this early stage. The
diversity of transcriptome perturbations, including both splicing
changes and expression level changes, as well as of the functions
of the affected genes, makes it difficult to ascribe the MNs’
dysfunction and demise to any one gene or mechanism. How-
ever, several of them are particularly striking as they have critical
MN functions and impairment of each of them alone could ex-
plain a significant aspect of SMA’s synaptic pathology that
manifest later, at P4–P5. Both the nature of these genes (discussed
below) and the critical timing of their dysregulation suggest that
they have a role in SMA pathogenesis. The transcriptome ab-
normalities at P1 suggest that some motor unit functions could
be impaired even earlier than overt structural NMJ disruptions.
Recent observations from a related SMA mouse model have
indeed shown muscle weakness at P2 (7, 47).

Fig. 4. RT-PCR and RT-qPCR experiments validated additional transcriptome
changes occurring in genes important for MN functions. (A) RT-PCR reactions
were performed as described in Fig. 3A. The abundance of Gria4 flop splice
variant was quantitated by RT-qPCR. The unannotated exon 3a in Dusp22 is
shown in red. Alternative 5′ splice sites created two exon 7 variants in
Adarb1, indicated by 7L (long exon 7) and 7S (short exon 7). (B) RT-qPCR
reactions confirmed differential expressed genes identified by RNA-seq.
Each reaction used cDNA produced using MNs, WM, and Dorsal isolated
from twoWT or two SMAmice. Expression level of each gene was monitored
by using validated Taqman gene-expression assay and normalized by Gapdh
mRNA levels. Error bars indicate SD (*P < 0.05, Student t test).

Fig. 5. Up-regulation of C1q mRNA in P1 SMA MNs results in dramatically
increased level of C1q proteins at P2. (A) RT-qPCR reactions quantitating
C1qb mRNA levels were performed as described in Fig. 4B, confirming MN-
specific up-regulation. Error bars indicate SD (*P < 0.05, Student t test). (B)
Immunofluorescence staining was performed to detect C1q complex in
lumbar MNs of P2 SMA mice. Substantial increase of C1q was detected in P2
SMA MNs. Immunostaining of p75NTR was used as MN marker. (Scale bar, 25
μm.) Similar results have been obtained from at least three P2 SMA mice.
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Two transcriptome changes appear to be particularly relevant
to SMA pathogenesis: the skipping of agrin Z exons and the up-
regulation of C1q. Z+ agrin expression in mouse neuronal tissues
correlates with developmental stage when it is required for or-
ganization of the postsynaptic AChR clusters into the complex
pretzel-like pattern, and for stabilizing NMJ synaptic contact (35,
37). Our experiments revealed that expression of Z+ agrin
mRNA is drastically reduced, and Z+ agrin protein is severely
deficient in SMA MNs at P1 and completely absent at P3 (Fig.
3). Constitutive loss of Z+ agrin in all neurons has a much more
severe phenotype than SMA, causing perinatal death in mouse
(36). Z+ agrin is produced normally in dorsal region neurons of
P1 SMA mice (Fig. S3), indicating that the SMA mice are ca-
pable of expressing Z+ agrin. However, the skipping of Z exons
and the resulting Z+ agrin protein deficiency in SMA MNs be-
tween P1 and P3 would impair postsynaptic AChR clustering, as
observed at P5 in this SMA model (7–9).
The up-regulation of complement factor C1q was striking and

unexpected. Unlike amyotrophic lateral sclerosis (ALS), an adult
onset MN degenerative disease, where neuroinflammation is
well-documented (48), there is little evidence of inflammation
involvement in SMA (49). Both neuron and microglia-derived
C1q has an important role in the developing CNS, where it tags
synapses for elimination through classic complement cascade
(44–46). C1q-mediated synaptic pruning is essential for remod-
eling of immature synaptic circuits in the CNS of neonatal mice
(46). Importantly, C1q up-regulation has been linked to neu-
rodegeneration in the retina of a glaucoma mouse model (45).
Up-regulation has also been observed in MNs of ALS mouse
models (50, 51). We propose that aberrant C1q up-regulation
could promote excessive loss of MN synapses in SMA (e.g., MN
deafferentation observed in SMA mice) (11–13).
Additional abnormalities in several other genes, some of

which have been associated with neurodegenerative diseases,
likely contribute to the SMA phenotype and have a compound-
ing effect. For example, a strong reduction in circulating Igf1 has
also been reported in an SMA mouse model (14), as have
alterations in AMPA receptors Gria2 and Gria4 splice isoforms,
which would be expected to affect synaptic transmission at glu-
tamatergic excitatory synapses (12, 41). AMPA receptor dysre-
gulation has also been described in Alzheimer’s disease and
clinical trials for Alzheimer’s disease patients are ongoing using
AMPA receptor-positive modulators (41, 52), which we suggest
could also be beneficial for SMA.
Consistent with previous observations (15), cell-type–specific

mRNA abnormalities in P1 SMA mice are not limited to MNs
and occur also in the surrounding glia. Many of these abnor-
malities would likely be deleterious to MNs. For example,
mRNA expression of Ptgds, a key enzyme in prostaglandin D2
(PGD2) biogenesis, is up-regulated by ∼10-fold (Dataset S2).
PGD2, an immune response mediator highly elevated in ALS
glia, is toxic to MNs (53). In addition, expression of 12 genes
encoding extracellular matrix and cell adhesion components
(e.g., collagens and laminins), and 19 ion or solute transporters are
dysregulated inWM (Dataset S2). Notably, collagen abnormalities
have been described in spinal cord of ALS patients (54). These
changes would disturb the MN’s microenvironment and spinal
cord homeostasis, and likely contribute to SMA pathogenesis (13).
A clear role for toxicity derived from nonneuronal supporting
cells, such as glia, in MN dysfunction and death has been dem-
onstrated in ALS and other neurodegenerative diseases (53, 55).
The intervening steps between SMN decrease and the mRNA

abnormalities remain to be elucidated. SMN functions in snRNP
biogenesis as part of the SMN–Gemins complex (16, 20) and SMN
deficiency causes tissue-specific snRNA repertoire perturbations
(15, 26), which likely elicit the mRNA expression and splicing
abnormalities found in MNs andWM at this early presymptomatic
stage. We have not detected changes in mRNAs encoding neuron-

specific splicing factors, such as Nova1/2, which can regulate
agrin’s Z exon splicing (56), or neural polypyrimidine tract-binding
proteins (57) at P1. However, abnormalities detected in several
other transcription and splicing factors (e.g., Etv1, Fos, Trp53,
Tra2b and Celf3) (Datasets S2–S4) could potentially explain why
the transcriptome defects in SMA exacerbate over time (15, 28).
Our findings do not support a recent proposal of an especially
important role for minor spliceosome disturbance in SMA pa-
thology (27), as splicing of minor (U12) introns is not affected.
Previous investigations have left open the question of whether

SMA’s synaptic pathogenesis results from a general tran-
scriptome deterioration, specific mRNA abnormalities, or per-
haps functions unrelated to mRNA biogenesis that SMN has
been suggested to have (58). Our findings show that splicing and
other mRNA expression abnormalities affect specific genes that
are either required or would likely be deleterious to MN syn-
apses (NMJ and motor-sensory) at a critical time window. By
altering the mRNA processing machinery, SMN deficiency sets
in motion a cascade of transcriptome and proteome changes in
MNs and their supporting WM. The mRNA dysregulations ex-
plain the ensuing key features of SMA, linking SMN’s general
function in RNA metabolism with SMA pathogenesis. In addi-
tion to the insights they provide into the mechanism of SMA
pathogenesis, our findings reveal unique and potentially attrac-
tive targets for alleviating SMA severity, including correcting Z+

agrin splicing and inhibiting C1q. Importantly, our findings un-
derscore SMN’s central role in transcriptome regulation.

Materials and Methods
Mouse Tissue Harvesting, Tissue Embedding, Sectioning, and LCM. All mouse
experiments were carried out in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and were ap-
proved by the Institutional Animal Care and Use Committee (IACUC Protocol
#800714). Founders of the SMA mouse model (SMN2+/+;SMNΔ7+/+;Smn−/−)
were purchased from Jackson laboratory (stock # 005025). For LCM, the
lumbar spinal cord was dissected, embedded in NEG 50 (Richard-Allan Sci-
entific) on dry ice/ethanol mixture, and stored at −80 °C. Cross-sections of
8-μm thickness were prepared in a cryostat and transferred to PEN membrane
slides (Zeiss). Slides were stained by Mayer’s hematoxylin (Sigma), using an
LCM staining kit (Ambion). LCM was performed on a PALM microbeam UV
laser microdissection system (Zeiss). For this process, 45–50 sections from each
mouse were used to isolate MNs, WM, and Dorsal samples.

RNA Purification, Amplification, and cDNA Processing for RNA-seq Analysis.
Total RNA from LCM samples was purified by using RNeasy Plus Micro kit
(Qiagen). Average LCM dissected area for each mouse and yield of total RNA
from each sample: MNs: ∼500,000 μm2 (∼1,500 cell bodies), 5–7 ng; WM:
∼2,000,000 μm2, 5–7 ng; Dorsal: ∼2,000,000 μm2, 17–20 ng. RNA quality (RIN
8–9) and quantity were analyzed on a 2100 Bioanalyzer (Agilent), using RNA
6000 Pico chips. ds-cDNA was produced by using Ovation RNA-seq System V2
(NuGEN) and fragmented by a Covaris S-series System (Covaris). DNA frag-
ments in 150- to 300-bp size range were recovered to construct sequencing
library, using Encore NGS Library System I (NuGEN), and submitted to Next-
Generation Sequencing Core at University of Pennsylvania for 100 bp paired-
end RNA-seq, using an Illumina HiSeq2000 sequencer.

RNA-seq Data Alignment, Differential Gene-Expression Analysis, and Alternative
Splicing Events Analysis. These analyses were performed using Tophat (30),
DESEq. (31), and MISO (32), plus two custom analyses, respectively. See SI
Materials and Methods for details.

Immunofluorescence Staining of Mouse Spinal Cord Cross-Sections. Lumbar
segment spinal cords were dissected after themice were perfused with sterile
PBS, fixed overnight in 4% (vol/vol) PFA at 4 °C. The segments were cry-
oprotected in 30% sucrose in PBS at 4 °C and mounted in NEG 50 (Richard-
Allan Scientific), sectioned at 10-μm thickness in a cryostat and stored at −80
°C. Sections were postfixed in 4% PFA in PBS for 10 min, rinsed 2 × 5 min in
PBS, and permeabilized with methanol for 5 min, then blocked for 1 h in 2%
(wt/vol) BSA, 2% (vol/vol) NGS/PBST, and incubated overnight at 4 °C, using
the following antibodies: mouse antiagrin (1:250; Chemicon, MAB5204) and
rat anti-C1q (1:250; Abcam, ab11861). Sections were washed 4 × 5 min in
PBST and incubated for 1 h with Alexa Fluor 488 goat anti-mouse IgG or
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goat anti-rat secondary antibody (Invitrogen), followed by 3 h incubation of
rabbit anti-p75NTR (1:500; Abcam, ab38335) and Alexa Fluor 594 goat anti-
rabbit IgG secondary antibody (Invitrogen). Slides were rinsed 4 × 5 min in
PBST and mounted with ProLong Gold antifade mounting reagent (Invi-
trogen). Images were taken on a Zeiss LSM 510 NLO/META confocal micro-
scope or a Leica TCS SP2 confocal microscope.
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