For reprint orders, please contact: reprints@futuremedicine.com

The many faces of SMN:
deciphering the function crifical to
spinal muscular atrophy

pathogenesis

Justin G Boyer'?*, Mélissa Bowerman'?* & Rashmi Kotharyt23
Oftawa Hospital Research Institute, Regenerative Medicine Program, ON, Canada

2 Department of Cellular and Molecular Medicine, University of Otfawa, ON, Canada
‘Department of Medicine, University of Offawa, ON, Canada

TAuthor for correspondence: Tel.: +1 613 737 8/07 m Fax: +1 613 737 8803 = rkothary@ohri.ca

*These authors contributed equally to the work

Spinal muscular afrophy (SMA) is the leading genetic cause of infant death,
affecting 1 in 6000-10,000 live births. SMA is an autosomal recessive disorder
characterized by the degeneration of a-motfor neurons, and lower limb and
proximal muscle weakness and wasting. SMA is the result of the deletion of or
mutationsin the survival motor neuron (SMN) 1 gene. Currently, our understanding
of how loss of the widely expressed SMN leads to the selective pathogenesis
observed in SMA is limited. Here, we discuss the known nuclear and cytoplasmic
functions of the SMN protein and how they relate to the SMA pathology reported
in motor neurons, striated muscle and at neuromuscular junctions. While a vast
amount of work in various cell and animal models has increased our knowledge
of the many functions of the SMN protein, we have yet fo come fo a full
understanding of which role(s) are central to SMA pathogenesis.

Spinal muscular atrophy (SMA) is the most com-
mon genetic disease resulting in infant death,
affecting approximately 1 in 6000-10,000
births [1,2]. This autosomal recessive disease is
characterized by a loss of a-motor neurons in
the spinal cord and brain stem, accompanied
by atrophy of the limbs and trunk musculature,
which eventually lead to paralysis and in severe
cases, death [1].

Spinal muscular atrophy is a heterogeneous
disease and its clinical manifestations are classi-
fied based on age of onset and severity of symp-
toms (Tasee 1). Type 0 SMA has a prenatal onset
and is typified by reduced fetal movements
in utero and early neonatal death [3.4]. Types I,
IT and 111 all have an infant/childhood onset of
disease; however, type I SMA (also known as
Werdnig—Hoffman disease) is the most severe
form and afflicts patients with symptoms before
6 months of age. These patients are never able
to sit up and usually die before 2 years of age
due to respiratory distress. Type IT and III SMA
(also known as Kugelberg—Welander disease)
are milder forms where patients exhibit symp-
toms between 6 months and 17 years of age.
Type II children are generally able to stand and
sit but not walk, while type IIT adults have the
ability to walk if aided [s.6]. Finally, individu-
als with type IV SMA, an adult-onset form of
the disease, develop symptoms over the age of
30 years [2].
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At the genetic level, SMA is the result of homo-
zygous mutations or deletions of the survival
motor neuron (SMN)I gene located on human
chromosome 5q13 [7]. SMN has been highly
conserved throughout evolution with almost all
eukaryotic organisms studied to date having one
single copy of the gene. In humans, however,
there is a duplication of the SMN gene resulting
in two near-identical copies known as SMNI
and SMN2 [7.8]. The critical difference between
SMNI and SMNZ2isa C to T substitution in the
SMN2 gene at position 6 of exon 7 [9]. SMNI
expresses a full-length protein while SMN2 pre-
dominantly expresses a truncated and unstable
isoform of the protein, termed A7SMN, char-
acterized by a deletion of exon 7 [7]. Recently,
it was shown that the instability of the A7SMN
protein is due to a degradation signal (degron)
created by the exclusion of exon 7 in the SMN2
transcript [10]. While deletions or mutations in
SMNI but not SMN2 cause SMA, the latter can
modulate the severity of the disease through
its copy number owing to its production of a
small amount of full-length protein [7]. Indeed,
patients affected by the milder forms of SMA
generally have a higher copy number of the
SMN2 gene [11]. Thus, SMA is considered to be
a dosage-sensitive disorder.

The full-length SMN protein (38 kDa) is
expressed in all cells of the developing embryo,
albeit with a developmental and tissue-specific
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SMA type Age at onset Physical characteristics that

typify the disease

Type O Prenatal Fetus displays reduced movement
Type | (Werdnig—Hoffman disease) <6 months Affected children are never able to sit
Type lI <18 months Affected children cannot stand or sit
without aid
Type lll (Kugelberg—Welander disease) >18 months Affected children can walk
without help
Type IV Adulthood Mild weakness of the

SMA: Spinal muscular atrophy.

modulation in levels [12]. The protein is localized
in the cytoplasm, in punctate nuclear structures
known as Gemini of coiled bodies (Gems), as
well as in axons and growth cones [13-16]. It
remains unclear which of these different local-
izations of the SMN protein is relevant to
SMA pathogenesis. Indeed the tissue-specific
requirement for SMN is also unclear, and
although SMA is predominantly considered to
be a motor neuron disease, the involvement of
muscle in the pathophysiology has recently been
highlighted (17-19]. Thus, whether SMA is due
to the loss of a housekeeping or a cell-specific
function of the SMN protein is a question that
remains unanswered.

To better understand how deletions or muta-
tions in SMNI lead to SMA pathogenesis, vari-
ous mouse models have been developed [20].
Interestingly, the complete absence of the SMN
protein in mice (Smn”) proved to be lethal to
embryos, emphasizing the necessity of the Smn
gene for survival [21,22]. In an innovative approach,
the human SMN2 gene was used to rescue the
embryonic lethality in Smn” mice [22.23]. This
approach was useful in demonstrating that a
high copy number of SMN2 leads to a milder
phenotype, while mice having only two copies of
the SMN2 gene display a severe phenotype remi-
niscent of type I SMA [23.24]. Importantly, the
subsequent cross of the severe SMA mouse model
(Smn’;SMN2) with transgenic mice expressing
the SMNA7 protein has generated a SMA mouse
model that survives longer (~14 days instead of
6 days) and thus, is the most commonly used for
molecular, morphological and therapeutic stud-
ies [25]. Recently, our laboratory has generated an
intermediate SMA mouse model (Sm#n??”) that
does not contain a SMN2 transgene but instead
harbors a substitution of three nucleotides within
the exon splicing enhancer of exon 7 of the mouse
Smn gene 26). The Smn?®” mouse model displays

a milder SMA phenotype than the Smn’;SMN2

Future Neurol. (2010) 5(6)

proximal muscles

model due to slightly higher SMN protein levels.
All models have been extremely useful in making
progress towards identifying pathways important
for SMA pathogenesis.

However, despite numerous studies investigat-
ing the various functions of the SMN protein,
a direct explanation for the specific motor neu-
ron degeneration in SMA is presently lacking.
In this article, we will present an overview of
the known interactions and functions of SMN
and the relevance to SMA pathogenesis. We will
also highlight how these findings are bringing
us closer to a better understanding of how loss
of a multifunctional and omnipresent protein
results in the selective loss of a specific cell type.

SMN function in the nucleus

Small nuclear

ribonucleoprotein assembly

The full-length SMN protein is expressed in
all cells studied to date, localizing in both the
cytoplasm and in nuclear Gems [13,14]. While
Gems physically and functionally resemble Cajal
bodies, they do not contain the protein coilin,
a specific marker of Cajal bodies [27]. The SMN
protein is part of a multiprotein nuclear com-
plex that is comprised of SMN, Gemin2-8,
upstream of N-ras (UNR)-interacting protein
(Unrip) and Sm proteins, which together are
essential for small nuclear ribonucleoprotein
(snRNP) biogenesis [28-30]. In turn, snRNDPs
are the building blocks for the spliceosome.
Following transcription, the pre-mRNA of
protein-encoding genes is spliced to remove
the introns, an RNA-processing step mediated
by the spliceosome [31]. The collective data to
date suggest that the SMN complex is crucial
for snRNP assembly. Whether the disruption
of this complex and reduced snRNP assembly
is responsible for SMA pathogenesis remains
the focus of ongoing studies. Over recent years,
progress has been made regarding the sequential
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steps involved in pre-mRNA splicing, specifi-
cally snRNP assembly. Here, we describe our
current understanding of this process in a step
by step fashion.

During the initial steps of snRNP assembly,
chloride conductance regulatory protein (pICLn)
binds Sm proteins, thus acting as a chaperone to
prevent unwanted association of RNA to Sm pro-
teins or self Sm protein binding [32]. In addition,
pICLn also associates and influences the activity
of protein arginine methyltransferase (PRMT)5,
which together with methylosome protein
(MEP)50 forms a methyltransferase complex
termed the methylosome [33-36]. PRMTS5 is a
type II methyltransferase that specifically meth-
ylates multiple arginine—glycine (RG) residues of
Sm proteins [35,37.38]. It is well established that
the SMN Tudor domain is vital for Sm protein
binding [39]. The direct interaction between the
SMN Tudor domain and Sm proteins is medi-
ated through the PRMT-induced symmetrical
dimethylated arginines of Sm proteins, a critical
step for snRNDP assembly [38.40]. Furthermore,
Sm protein methylation regulates the nuclear
localization of snRNPs [40]. The key function
of the SMN complex in snRNP assembly is to
serve as a catalyst in arranging the Sm proteins
in a heptameric open-ring configuration and
assist in the association of the Sm core to the
Sm site of uridine-rich snRNAs, thus forming
a spliceosomal complex [32.41-43]. Indeed, Palfi
et al. demonstrated in a SMN-depleted one-cell
protozoan model (trypanosome), that SMN is
important in assuring the accurate binding of
Sm proteins to the Sm-binding sites of specific
snRNAs [44]. In this process, the methylosome
bound to the Sm proteins also associates with the
SMN complex [45-47]. The pICLn chaperone dis-
sociates from the methylosome, while PRMT5
and MEP50 appear to associate with the SMN
complex given that both proteins were recovered
in recent SMN interaction screens [32,48,49]. In
the final step of cytoplasmic snRNP assembly,
hypermethylation of the snRNA by the trimeth-
ylguanosine synthetase 1 (TGS1) occurs, thus
producing a 2,2,7-trimethylguanosine (TMG)
cap [50]. A role for SMN has previously been
proposed as a recruiter and docking station
for TGSI [51]. The hypermethylation by TGS1
allows the SMN complex and associated snRNDPs
to interact with importin-f3 and snurportin, and
to be imported into the nucleus [52-55]. Once in
the nucleus, snRNPs and the SMN complex
localize to Cajal bodies through their interac-
tion with coilin [56-58]. The recruitment of SMN
to Cajal bodies appears to be methyl-dependent
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possibly through the methylation of the coilin
C-terminal RG motif [47.57]. At present, the func-
tion of the SMN complex upon nuclear entry is
not well defined and warrants investigation to
further our understanding of pre-mRNA splic-
ing. SMN depletion could thus affect any and/or
all of the aforeementioned interactions necessary
for precise snRNP biogenesis.

Although protozoa, yeast and even models
such as Drosophila, can be advantageous in
studying biological processes such as snRNT
assembly [44,59.60], results obtained with such
model organisms should be interpreted with
caution in regards to SMA pathogenesis. In
these models, snRNP assembly may function by
different mechanisms owing to ortholog diver-
gence of proteins, which can be quite significant
in certain models [44]. This caveat needs to be
accounted for when comparing snRNP assembly
across different organisms.

Based on the involvement of SMN in mRNA
maturation via its role in snRNP assembly, many
research groups have focused on identifying the
relevance and importance of snRNP assembly in
SMA pathogenesis. Aberrant snRNP biosynthe-
sis has been reported in cells from SMA patients
as well as in vertebrate models of SMA [61-64].
Recently, a correlation has been demonstrated
between general snRNP assembly activity in the
spinal cord of SMA mice and disease severity [62].
Further analyses revealed that snRNPs com-
prised of the Sm class of snRNAs are preferen-
tially reduced in the spinal cord of a severe mouse
model of SMA (Smn’;SMN2) [621. However,
only one study, performed in a SMA zebrafish
model, has reported a correlation between defects
in snRNP assembly and motor axon degeneration
(61]. In this study, injection of purified snRNPs
prevented the axon outgrowth and pathfinding
defects observed in SMN-depleted zebrafish.
However, a contrasting study has subsequently
demonstrated that various SMN protein mutants
associated with motor axon pathology in zebraf-
ish had no effect on snRNP assembly [6s]. Thus,
these contrasting results do not fully establish
whether or not reduced snRNP biogenesis is
directly responsible for the motor axon defects
and degeneration in SMA.

Pre-mRNA splicing

Pre-mRNA splicing involves the excision of
introns, and in the context of SMA, defects in
this molecular process were first reported over a
decade ago when a mutated form of SMN pro-
duced robust splicing inhibition in pre-mRNA
in vitro assays [66]. More recently, splicing defects
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have been at the forefront of various studies to
determine if defects in RNA metabolism are
responsible for SMA pathology. Zhang and
colleagues have observed that SMN reduction
produces cell-type-specific changes in snRNA
expression and profiles [67]. To address the
possible consequence of this aberrant snRNP
assembly, the authors studied pre-mRNA splic-
ing patterns in the brain, spinal cord and kid-
ney of SMA mice. They demonstrated that,
at the peak of disease progression, large-scale
tissue-specific defects in intron—exon splicing
are apparent when SMN levels are reduced to
pathogenic levels [67]. In another study, fibro-
blasts from SMA patients revealed an increased
error rate in pre-mRNA splice-site pairing in
comparison with controls [68]. These results
suggest that in SMA, the pre-mRNA splicing
accuracy is compromised and that the pathology
of the disease is caused by widespread aberrant
splicing. However, as these analyses were only
performed in the later stages of disease progres-
sion, and none of the aberrantly spliced genes
were linked to SMA pathology, the relevance of
these findings still requires further investigation.

In another study, Biumer and colleagues per-
formed exon-array analyses to assess whether
splicing defects preceded the onset of the SMA
phenotype. In agreement with other studies,
the authors conclude that the splicing changes
observed in SMA mice (Smn";SMN2; SMINA7
and Smn;SMN2 mice) are a late feature of the
disease and thus may be secondary to the SMA
pathology [12,69].

The aforementioned studies on pre-mRNA
splicing employed exon-arrays to assess splicing
defects. A caveat of this method is that it can-
not detect intron-specific splicing defects [60].
This has prompted others to study splicing in
SMA using a different approach to overcome
this limitation. Using fission yeast cells express-
ing a temperature-sensitive degron of the SMN
gene, Campion ez al. observed perturbed snRNTP
assembly and altered intron splicing at the
degron-inducing temperature [60]. Of note, the
authors also observed snRNP assembly defects
ata temperature lower than that required to acti-
vate the temperature degron, suggesting that the
fusion protein itself had deleterious effects [60].
Furthermore, it remains to be seen if the changes
in intron splicing occur prephenotype and if
these splicing alterations are part of the primary
mechanism affected in SMA pathogenesis.

With regards to snRNP assembly and
RNA splicing, several questions remain to be
answered to convincingly link the housekeeping
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functions of SMN to SMA pathogenesis.
Perhaps the most important realization is that
no causal link has yet been established between
the identified aberrantly spliced mRNA tar-
gets and the specificity of SMA pathogenesis.
Indeed, considering that proper transcript pro-
cessing is necessary and that SMN levels are
reduced in all cell types of SMA mouse mod-
els and patients studied, the question of motor
neuron-specific death in SMA remains unre-
solved. It is thus possible that the observed aber-
rant splicing is in fact due to secondary and/or
cellular stress effects resulting from the cellu-
lar loss of the SMN protein. Collectively, these
concerns have pushed forward the search for
roles of SMN in motor neuron processes where
its function is much less understood, leaving
open the possibility that the role of SMN in
snRNDP assembly is not the primary pathogenic
origin of SMA.

SMN function & SMA pathology in

motor neurons

In addition to the role of SMN in snRNP bio-
genesis, interactions with numerous cytoplas-
mic proteins unrelated to snRNPs or splicing,
suggests that SMN has additional functions.
Furthermore, defects in the general housekeeping
role of SMN in the regulation of RNA metabo-
lism do not explain how deletions or mutations
in SMNI specifically affect the o-motor neu-
rons in SMA patients. Thus, various groups have
focused their efforts on assessing the effects of
SMN depletion in neuronal models and how this
might result in SMA pathogenesis. Collectively,
these studies suggest a role for SMN in neurite
outgrowth, neuronal differentiation and axonal
pathfinding, as well as in the regulation of actin
dynamics (70-73].

A first step to identifying a neuronal-specific
role for SMN was determining if and when it
was expressed in neurons. Interestingly, SMN
expression increases in both murine neuro-
sphere-derived neural stem cells and PC12 cells
during neuronal differentiation (72,74]. Fan and
Simard reported that SMN localizes in growth
cones of mouse embryonal teratocarcinoma P19
cells during neuronal differentiation [70]. In cul-
tured mouse neurons, SMN is found in granules
within neurites and at growth cones [70,75]. The
expression and distribution profiles of SMN
in these cells therefore suggest a role for SMN
in neurons.

The distribution of SMN in motor neuron
processes appears to be regulated by a sequence in
exon 7 of the gene and deletion of this sequence
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leads to the absence of SMN outside the nucleus
and was consequently coupled with a decrease in
neurite outgrowth [7475]. Additional work per-
formed in PC12 cells and in primary cultures of
mouse motor neurons supports a role for SMN in
neuronal outgrowth [76]. Similarly, knockdown
of the SMN protein in zebrafish resulted in aber-
rant motor axon outgrowth and pathfinding [71].
In the same study, assessment of different neu-
ronal populations revealed that knockdown of
SMN was restricted to motor neurons, suggest-
ing cell-autonomous defects. These findings in
various cell culture and animal models thus sug-
gest a neuronal-specific role for SMN in motor
neuron outgrowth. Surprisingly, morphological
analyses of severe SMA mice at various presymp-
tomatic stages show normal axonal formation
and outgrowth [7778]. Thus, it remains unclear
whether SMA pathology is due to defects in the
outgrowth of the motor neurons or simply to
their subsequent degeneration. Identifying how
SMN modulates axonal outgrowth and the bio-
chemical pathways involved would therefore pro-
vide us with a better understanding of SMN’s
neuronal-specific function.

SMN function in motor neuron

actin dynamics

The actin cytoskeleton and its dynamics play a
crucial role in neuritogenesis as well as in neu-
rite elongation and branching (79-81]. Actin is
the most abundant presynaptic protein, playing
roles in synaptic vesicle organization, mobili-
zation and trafficking [82-86]. Considering the
phenotypic defects observed in SMN-depleted
neuronal cells, a role for SMN in the regulation
of actin dynamics, whether direct or indirect,
has been investigated.

B-actin mRNA axonal transport
An additional role explored for SMN in motor
neurons is in axonal transport. Indeed, SMN has
been localized within actively transported gran-
ules in neurites of cultured motor neurons, where
it associates specifically with Gemin proteins but
not the Sm proteins [29.87-89]. This suggests that
the role of these transport ribonucleoprotein
granules is independent of snRNP assembly. In
fact, they could be responsible for the shuttling
of components from the cell body to the growth
cone to ensure proper neuronal development.
In neurons, subcellular mRNA trafficking
and localization are important in modulating
local protein translation. This process is criti-
cal for the generation of neuronal cell polarity
and for the proper functioning of a neuron. It
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is thus of interest to note that the transport of
B-actin mRNA to axons and growth cones is
perturbed in primary motor neurons isolated
from the Smn’;SMN2 mouse [76]. In this
respect, SMN has been shown to interact with
the RNA-binding heterogeneous nuclear ribonu-
cleoprotein R (hnRNP-R), previously described
as functioning in mRNA transport to the nerve
terminus [76,90-92]. Indeed, the SMN—hnRNP-R
interaction is necessary for hnRNP-R to bind to
B-actin mRNA (76]. This interaction is required
for correct B-actin mRNA translocation along
the axon to the growth cone and thus essential
for neuronal outgrowth and presynaptic dif-
ferentiation [76,91]. Recently, the analysis of the
SHSY5Y neuroblastoma cell line showed the co-
localization of B-actin and cytoplasmic SMN-
containing granules [89], thus supporting a role
for SMN in B-actin mRNA transport. In fact,
SMN-depleted motor neurons display reduced
localization of both hnRNP and B-actin along
the axons and at the growth cones [76]. A role
for SMN in the localization of B-actin is further
supported by its interaction with another -actin
binding partner, K homology-type splicing regu-
latory protein (KSRP) [93]. Interestingly, defects
in actin organization have also been observed
in SMN-depleted PC12 cells. While one study
demonstrated an accumulation of F-actin at the
cell periphery [94], another showed a change in
G-/F-actin ratio due to an increase in the F-actin
component [74]. Whether the above-described
defects in actin organization are directly or indi-
rectly due to the regulation of actin mRNA still
needs to be established. Nevertheless, together,
these findings suggest that SMN plays an impor-
tant functional role in the regulation of actin
mRNA localization.

The disruption in PB-actin mRNA and pro-
tein localization could therefore be an impor-
tant initiating event in the eventual degenera-
tion of the neuron. The large a-motor neurons
could be more sensitive to SMN depletion as
it has been hypothesized that the weight and
importance of the various functions of the actin
cytoskeleton may depend on the properties of a
particular neuronal cell and its synapse [79.85.95].
Recently, it was shown that motor neurons of
SMA mice depleted of phosphatase and tensin
homolog showed an increase in axon growth and
survival, which were interestingly accompanied
by a restoration of B-actin levels in their growth
cones (96]. Strategies to restore f-actin in dis-
tal axons and growth cones of motor neurons
might thus represent a viable therapeutic option

for SMA.
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SMN & Profilin lla in motor neurons

In light of the observed defects in actin local-
ization and organization in SMN-depleted neu-
ronal cells, research groups have explored the
impact of SMN depletion on the expression and
regulation of proteins involved in the modula-
tion of actin dynamics. One of these proteins is
profilin Ila, a small actin-binding protein and
regulator of actin dynamics. Profilin Ila is a
neuronal-specific splice variant of the profilin II
gene [97.98]. Through its polyproline motif, SMN
interacts with profilin Ila in the cytoplasm,
neurite-like extensions and in growth cones of
PC12 cells [99,100]. /n vitro experiments show that
SMN can modulate actin dynamics by binding
to profilin ITa and inhibiting its negative regula-
tion of neurite sprouting and elongation [100,101].
Interestingly, SMN-depleted PC12 cells show
defects in neuronal outgrowth and an increase
in profilin ITa mRNA and protein [94]. Moreover,
a reduction of differentiation of PC12 cells was
reported upon SMN depletion suggesting that
SMN may play a role in neuritogenesis. These
defects were rescued when SMN-depleted PC12
cells were transfected with a SMN construct
specifically containing the profilin-binding
domain [74]. Immunofluorescence analysis of
the spinal cord of the Smn??"
an increase in profilin Ila staining intensity [26].

mice also shows

However, the genetic reduction of profilin II
levels did not rescue the lifespan or SMA phe-
notype of these mice [26]. This particular finding
does not negate the functional importance of the
SMN-profilin IIa interaction on the modula-
tion of actin dynamics and/or SMA pathology.
This is particularly true when considering that
the depletion of profilin IIa in a SMA mouse
model may entirely abolish the formation of the
SMN-profilin IIa complex and subsequently
interfere with its normal function. Nevertheless,
there is also the possibility that other actin regu-
lators may be affected upon the reduction of the
SMN protein and that their misregulation has a
greater influence on SMA pathogenesis.

Plastin 3 as a SMA modifier

Another recently identified actin regulator and
potential modifier of SMA pathology is plas-
tin 3 [102). Plastin 3 (also known as T-plastin
or T-fimbrin) is involved in bundling, turno-
ver and assembly of actin [103,104]. Analysis of
SMA-discordant families identified plastin 3
as a positive modifier of SMA pathology, with
asymptomatic females carrying the exact SMNI
mutations as affected siblings displaying a sig-
nificant increase in plastin 3 mRNA and protein

Future Neurol. (2010) 5(6)

levels [102]. The authors also show that SMIN,
plastin 3 and actin form a complex in mouse
spinal cord and overexpression of plastin 3 in
SMN-depleted PC12 cells and SMA mouse
motor neurons lead to significant rescue of the
defects in neurite length [102]. Interestingly, spi-
nal cord and brain tissue from the Sm#”? mice
have reduced levels of plastin 3 protein, although
an increase in plastin 3 levels following a genetic
manipulation of this SMA mouse model did not
improve its lifespan or pathology [26]. This latter
observation does not necessarily exclude plas-
tin 3 as a positive modifier of SMA pathology.
It is possible that the upregulation of plastin 3 in
the Smn?®" mice did not occur at the appropri-
ate developmental time point or at the correct
biological and thus, functional level to result in
any beneficial effect. Alternatively, it is possible
that, as with profilin Ila, the misregulation of
plastin 3 reflects a defect in upstream modulators
of actin cytoskeletal dynamics.

Rho GTPases in SMA pathogenesis

Members of the Rho GTPase family function
as major upstream regulators of actin dynam-
ics [105]. The most studied and understood
members of this family are RhoA, Cdc42 and
Racl. These small GTPases cycle between active
(GTP-bound) and inactive (GDP-bound) states.
Recently, it was shown that SMN-depleted
PC12 cells displayed an increase in RhoA-GTP
as well as a decrease in Cdc42—GTP [94]. This is
of importance owing to the concurrent require-
ment of Cdc42 activation and RhoA inactivation
for proper neuronal outgrowth and differentia-
tion [106]. An increase in RhoA—GTP levels have
also been observed in the spinal cords of Smn?®"
mice at prephenotype and phenotype stages [107].
Furthermore, administration of the Y-27632
synthetic compound, an inhibitor of Rho-kinase
(ROCK), which is a direct downstream effec-
tor of RhoA—GTP increased lifespan in the

SngB/-

mouse model of SMA and improved
neuromuscular junction (NM]J) maturity and
muscle fiber size [107-109). This work suggests that
the manipulation of actin cytoskeletal dynamics
could be a valuable therapeutic approach for the
treatment of SMA.

The findings described above strongly support
the hypothesis that misregulation of actin and
its regulators are central to SMA pathogenesis.
However, several key experiments are essential
for a better understanding of how misregula-
tion of actin cytoskeletal dynamics leads to the
specific degeneration and loss of motor neurons
observed in SMA patients. Indeed, it would be
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valuable to determine if restoring the proper
localization of B-actin in axons and growth cones
of SMN-depleted motor neurons rescues the
neuronal outgrowth and differentiation defects.
Furthermore, increasing plastin 3 levels in SMA
mouse models would help determine the protect-
ive mechanism of this actin-bundling protein.
Finally, although the rescue with Y-27632 is
promising, this synthetic compound, as well as
its US FDA-approved equivalent fasudil, should
be tested in more SMA mouse models varying
in disease severity. Whatever the outcome, these
proposed experiments could provide us with a
better clarity on the bearing of actin dynamics
in SMA pathogenesis.

Based on the work described above, we pro-
pose a model where the central event upon SMN
depletion is an abnormal localization and orga-
nization of actin (Ficure 1). This in turn leads to
abnormal regulation of various upstream and
downstream modulators of actin dynamics,
which in turn could lead to defects in axonal
outgrowth and guidance as well as in NM]J
maturity and activity. Clearly, a lot has to be
done to test the veracity of this model.

SMN function in neurodevelopment

Owing to the early onset of SMA in its most
severe form, it has been suggested that there is
a neurodevelopmental component to the patho-
genesis. A number of groups have therefore
undertaken studies to investigate the develop-
mental functions of SMN and the developmental

Decrease in Cdc42-GTP

N

ACTIN

consequences of a reduction in SMN. In mouse
spinal cord, SMN expression is elevated dur-
ing embryonic development and decreases after
birth. Gabanella ez a/. have additionally shown
that the activity of SMN in snRNP assembly
is highest during embryonic and early postna-
tal development of the mouse CNS, followed
by a sudden decrease [15.21]. Recently, a more
in-depth analysis of SMN expression during
murine embryogenesis demonstrated that at the
earliest observed time point of embryonic (E)
day 7, SMIN expression is at its highest in the
developing nervous system compared with other
tissues [110]. In the human CNS, the SMN pro-
tein is similarly expressed at high levels during
embryonic development and becomes apparent
in motor axons at this time [111]. SMN protein
may therefore be required during embryogenesis
for normal CNS development, and SMN deple-
tion would result in neurodevelopmental defects,
which ultimately could contribute to aspects of
SMA pathogenesis.

The impact of SMN depletion on neurode-
velopment has been investigated in both zebraf-
ish and mouse models. Depletion of SMN in
zebrafish via antisense morpholinos resulted
in an increase in motor axon truncations and
aberrant branching (71]. Interestingly, analysis
of E10.5 Smn";SMN2 mouse embryos revealed
similar neurodevelopmental defects, such as
altered cranial nerve morphology and trunca-
tion of the lumbar spinal nerves (12]. However,
an earlier study in Smn”/;SMN2 mice from

Decrease in plastin 3

Y

1. Defects in B-actin localization
2. F-actin accumulation around the cell periphery
3. Increase in F-actin component

/

Increase in RhoA-GTP

Y-27632 inhibits RhoA effector and
increases lifespan of SMA mouse model

N\

Increase in profilin Ila availability

|

Increase in neuronal outgrowth inhibitory
RhoA-GTP/ROCK/profilin lla complex

2

Genetic decrease of profilin lla does
not ameliorate SMA phenotype

Figure 1. A proposed model of how survival motor neuron depletion impacts the regulation
of actin cytoskeletal dynamics. The central event is the abnormal expression and localization of
B-actin and F-actin. This in turn leads to defects in the expression and activity of major upstream and
downstream regulators of actin dynamics, such as profilin lla, plastin 3, RhoA-GTP and Cdc42-GTP.
To date, only the modulation of the RhoA pathway, through a synthetic compound that inhibits its
direct downstream target, has shown beneficial effects on survival in a spinal muscular atrophy

mouse model.
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E10.5 to postnatal day 2 did not report any
defects in axonal outgrowth, formation and
branching [77]. Furthermore, Murray and col-
leagues demonstrated that axonal branching in
SMA mice was indistinguishable from control
littermates [78.112]. The discrepancies between
studies may be due to differences in the genetic
background of the mice used, which has been
observed to have a significant affect upon lifes-
pan and disease severity [12,24]. It would thus be
interesting to determine if neurodevelopmen-
tal defects are dependent on disease severity by
looking at milder SMA mouse models such as
Smn*";Smn?? and Smn;SMN2 (N11/N46,
with 3 SMN2 copies) [26,113,114].

SMN function & SMA pathology in
striated muscle

Skeletal muscle

While SMA is traditionally considered to be a
motor neuron disease, a possible involvement of
skeletal muscle in pathogenesis has been inves-
tigated [17.18,115]. Skeletal muscle defects, such as
vacuolization and compromised sarcomere struc-
tures were reported in human SMA muscle cells
co-cultured with rat spinal cord explants [115].
However these defects have not been observed
in vivo [115,116].

More current research has focused on deter-
mining if the SMN protein has a specific and
independent role in muscle. In a study by Shafey
et al., C2C12 myoblasts with reduced SMN
expression displayed defects such as abnormal
proliferation, aberrant myoblast fusion and mal-
formed myotubes [18]. These findings demonstrate
that reduced SMN levels can result in intrinsic
muscle defects. Furthermore, a recent study on
patient samples confirmed that SMA muscle dis-
plays smaller and disorganized myotubes as well
as a delay in muscle growth and maturation [116].
The muscle-specific depletion of SMN in various
conditional knockout mouse models also suggests
a role for SMN in skeletal muscle. These mice
show a severe dystrophic phenotype, myocytes
with compromised sarcolemma, a decrease in
muscle force as well as a reduced lifespan [17.117].
However, the limitations of the aforementioned
mouse and cell-culture models are that they are
not necessarily representative of the true SMA
pathology. Indeed, the C2C12 cell model lacks
a motor neuron signal while the muscle-specific
SMN-depleted mice do not have the residual
full-length SMN and A7SMN protein normally
present in SMA patients. The relevance of these
models have also been put into question owing
to the fact that a liver-specific depletion of SMN

Future Neurol. (2010) 5(6)

protein resulted in mice with liver defects not
normally present in SMA [118]. This implies that
complete absence of SMN in any tissue may lead
to severe defects and thus, does not convincingly
argue for a role for the SMN protein in skeletal
muscle in the context of SMA pathogenesis.

In Drosophila, SMN was shown to be a sar-
comeric protein [119]. Moreover, it was found
to interact with o-actinin, a crosslinking pro-
tein that stabilizes actin microfilaments [119].
Follow-up experiments in mice confirm these
findings and specifically identify SMN as a
Z-disc component in skeletal and cardiac mus-
cle (19.48]. Other proteins, such as Gemins and
Unrip, are also present at Z-discs, likely forming
a muscle-specific SMN complex [19]. However,
the absence of snRNPs in purified myofibrils
suggests that SMN might have a function other
than snRNP biogenesis at the Z-disc [19]. SMN
staining was never fully assessed in the context
of an intact muscle fiber. Therefore, the possi-
bility that SMN plays a role in snRNP assem-
bly in other muscle fiber compartments cannot
be excluded. When compared with wild-type
muscle, SMA myofibrils showed morphological
defects such as vacuoles and abnormal Z-disc
spacing. Although such structural defects were
observed, it is unlikely that SMN plays a role in
maintaining sarcomeric integrity given that the
domain organization of the SMN protein does
not support such an idea. Moreover, we have not
observed any sarcomeric defects in the Smn?®"
mouse model at postnatal day 21 (Ficure 2). It
therefore remains unclear if SMN has a func-
tional role at the sarcomere and if it has any
impact on SMA pathology.

Studies have also shown that calpain pro-
teases can remove the SMN protein from the
Z-discs [19]. However the physiological relevance
of this process is not fully understood. In addi-
tion, the function of the calpain-cleaved SMN
product in muscle is unclear. Of potential inter-
est, calpain levels increase in response to lack
of neuromuscular activity [120]. Furthermore, a
role for calpains has been established in mus-
cle wasting, where they are responsible for the
initial sarcomeric breakdown before the final
proteosome-mediated degradation [121]. The
direct consequence of SMN depletion on the
SMN-calpain relationship and its relevance in
SMA pathogenesis is still unknown. Thus, iden-
tifying the specific calpain responsible for the
cleavage of SMN and understanding the signifi-
cance of this process in health and disease may
help decipher SMN’s function in muscle and
further our knowledge of SMA pathogenesis.
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To begin addressing the possible function(s)
of SMN in skeletal muscle, our laboratory has
performed a protein interaction screen and
identified SMN-interacting proteins during
varying stages of development in C2C12 cells.
Our findings suggest that the nature of the
SMNe-interacting protein varies during growth,
early differentiation and late differentiation [48].
Indeed, the levels of snRNP assembly activity
significantly decrease during C2C12 myoblast
differentiation, suggesting unique functions
for SMN during growth and differentiation of
muscle cells [110]. For this reason, we postulate
that the function of SMN in muscle is dynamic
and may differ from snRNP assembly during
myocyte maturation.

To date, the most characterized muscle defect
in SMA is muscular atrophy, which is likely
attributable to the motor neuron degeneration.
Muscle-targeting strategies to reverse atrophy
have proven beneficial in several motor neuron
diseases [122-124]. However, studies designed to
stimulate muscle hypertrophy in SMA mice have
generated mixed results [125,126]. A major differ-
ence between studies is in the methods used to
target the same pathway. Clearly, more work is
needed to determine if the targeting of muscle
atrophy is a valid therapeutic approach for SMA.

The aforementioned studies have thus begun
to shed light on the function of SMN in muscle.
In a Drosophila model of SMA, the importance
of SMN expression in both neurons and muscle
has clearly been established. While reduction
of SMN in either neurons or muscle proved to
be lethal, its reduction in muscle accelerated
lethality [127,128].

To further assess the impact of SMN expression
in muscle or neurons on SMA disease pathogen-
esis, a transgene encoding SMN was introduced
in a severe mouse model (Smn”;SMNZ2) under
the control of a muscle or a neuron-specific pro-
moter [129]. A high expression of SMN in muscle
was achieved using the human skeletal-actin pro-
moter. This strategy produced a modest increase
in survival in the Smn’; SMN2 mice. Conversely,
expression of SMN in neurons using the prion
protein promoter had a greater impact on sur-
vival, but only when expressed at high levels.
However, considerable leaky SMN expression was
observed in spinal cord and skeletal muscle using
the HSA and prion protein promoters, respec-
tively. Therefore, it remains unclear what impact
the specific overexpression of SMN in muscle
has on the pathology of SMA mice. It is possible
that the HSA promoter expresses SMN too late
in myocyte differentiation to produce maximal
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Figure 2. Muscle structure in spinal muscular atrophy mice. Sarcomere
spacing and alignment are normal in spinal muscular atrophy (SMA) mice.
Longitudinal tibialis anterior muscle sections from control (Smn?#/+) and end-stage
SMA (Smn?5"-) mice, were stained for desmin and a-actinin, both known Z-disc
markers. n = 3 for both groups. Images were acquired using a Zeiss confocal

microscope (LSM 510 META DuoScan).
Smn: Survival motor neuron.

benefits. The use of promoters from the myogenic
regulatory factors, such as MyoD or Myf5, which
are expressed at earlier stages of myocyte differ-
entiation, may therefore yield more significant
improvements in the survival of SMA mice.

Cardiac muscle

Similar to skeletal muscle, the heart displays
a striated appearance owing to its sarcomeric
organization. Interestingly, in mice, the SMN
protein interacts with a-actinin and localizes at
the Z-discs in cardiac myofibrils [19]. There may
thus also be a specific function for the SMN pro-
tein in cardiac muscle. Clinical reports on SMA
patients do indeed support this hypothesis. The
probability of an individual developing type 1
SMA (with only one SMN2 copy) and cardiac
defects by chance is estimated at 1 in 50 million
based on disease incidence alone [130]. A clini-
cal study by Rudnik-Schoneborn ez a/. shows
that three out of four SMA type 1 patients with
only one copy of SMN2 also have atrial and/or
ventricular septal defects, suggesting a more
causal than chance relationship [130]. However,
this correlation was not observed in type 1 SMA
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patients with more than one copy of SMNZ [130].
Additional clinical reports of individuals and sib-
lings have also described an association between
SMA type 1 disease severity and heart abnor-
malities (131-133]. It has thus been proposed that
the combination of SMA and congenital heart
defects may be exclusive to type 1 SMA [131].
Concordantly, recent analyses of various SMA
mouse models have identified striking defects
in cardiac function and development [134-136].
However, the relevance of these observations in
our understanding of SMA pathogenesis is still
not quite clear. In fact, an early evaluation of
cardiorespiratory response of SMA patients to
exercise did not establish a correlation between
their aerobic capacity and muscle strength [137].
It is therefore possible that the depletion of SMN
in heart muscle may not be contributory to the
severe pathology afflicting SMA patients.

SMN function & SMA pathology at the
neuromuscular junction

In light of the motor neuron defects and muscle
atrophy characterizing SMA, recent research has
focused on the NM], the results of which are
summarized in Tasie 2. Indeed, various groups
have shown that SMN depletion results in
abnormal endplate morphology, endplate dener-
vation, neurofilament (NF) accumulation and
perturbed function [112,138-140].

At the presynapse in the zebrafish model of

SMA, a decrease in synaptic vesicle protein 2
(SV2), a protein responsible for normal neuronal

transmission, has been reported [141]. Moreover,
Kong and colleagues report a decrease in synap-
tic vesicle density in NM]Js of SMA mice [139].
NF accumulation at the presynaptic terminal
and preterminal axon has been described in
multiple mouse models of SMA [112,138,139,142]. It
thus appears that SMN depletion also affects the
expression and localization of proteins important
for normal functioning of the NM].

Several studies describe denervated NM]Js in
SMA models, characterized by reduced end-
plate occupancy and even complete endplate
vacancy (Taste 2) [140]. The denervation of the
motor axon appears to be particularly associ-
ated with proximal muscles, which correlates
with the proximal weakness observed in patients
(138,139]. Interestingly, one group showed that
motor neurons with a fast-synapsing phenotype
display a greater denervation vulnerability than
those with slow-synapsing characteristics [112].
As this aspect of the study was limited to the
levator auris longus muscle the extent of the sig-
nificance of this finding in unclear; however,
this may suggest that developmental phenotype
and/or motor neuron plasticity can have an
impact on the vulnerability of a motor neuron
to SMA-induced pathology [112].

It is well established that postsynaptic defects
are also present in SMA. Immature motor end-
plates, assessed by their reduction in size and
their decreased number of perforations, are prev-
alent in SMA [112,138,139,143]. Moreover, analyses
of the acetylcholine receptor subunits, which

Model Neurofilament Abnormal Denervation NMJ Ref.
accumulation  motor synaptic
endplates function
Mouse Yes Yes Yes Not tested (142]
Conditional neuronal KO
Drosophila Not determined  Yes Not determined Abnormal (127]
Mouse Not determined  Yes Yes (mild) Not tested [25]
Smn”;SMN2;A7
Mouse Yes Yes Yes Not tested (112]
Smn”;SMNZ2 and
Smn;SMN2;A7
Mouse Yes Yes Yes (mild) Abnormal (138]
Smn”;SMN2;A7
Drosophila Not determined  Yes Not determined Not tested (128]
Mouse Yes Yes No (very limited Abnormal (139]
Smn”;SMN2;A7 denervation)
Zebrafish Not determined  No Not determined Not tested (141]
Mouse Yes Yes Yes (not quantified) Abnormal [114]
Smn’;SMN2 (N11/N46)
KO: Knockout; NMJ: Neuromuscular junction; SMN: Survival motor neuron.
882 Future Neurol. (2010) 5(6) future science group



The many faces of SMN: deciphering the function critical to spinal muscular atrophy pathogenesis

are bound to the postsynaptic motor end-plate,
revealed a delay in the developmental switch
from the embryonic subunit to the adult sub-
unit [138,139,144]. Interestingly, in Drosophila,
SMN localizes at the motor endplate but its
function in this region has not yet been deter-
mined [128]. It is plausible that SMN has a spe-
cific role at the postsynapse and that its deple-
tion contributes to the reported motor endplate
defects, independent of presynaptic abnormali-
ties [112]. A previous report suggests that SMN
is present at the motor endplate in mice [70].
Future research should be aimed at confirming
this finding as well as further investigating its
function at the NM].

In light of the many morphological NM]J
defects observed in SMA, it is not surprising
that its function is also perturbed. Indeed,
excitatory postsynaptic currents are reduced in
Drosophila and mouse models of SMA, a find-
ing likely attributable to a decrease in vesicle
release [127.139]. Moreover, in response to a repeti-
tive stimulation protocol, a greater number of
SMA NM]Js experienced intermittent transmis-
sion failures compared with controls [138]. It thus
appears that loss of the SMN protein profoundly
impacts proper NM]J function.

Different aspects of NM]J pathology
appear to occur early in SMA mice. In the
Smn; SMN2; SMNA7 mouse model, Kariya
et al. describe presynaptic abnormalities at post-
natal day 0, before any apparent disease symp-
toms [138]. In a study performed in Smn’; SMN2
mice, unoccupied endplates are detected as early
as E18 [77]. However, the observed denervation
is likely not attributable to aberrant lower motor
neuron arborization, postsynaptic perturbations
or gene-expression changes [145]. Interestingly,
experiments that have increased the survival of
SMA mouse models, via exercise or administra-
tion of compounds, also show an improvement
in the maturation and morphology of the motor
unit (107,143,146]. Further experiments are thus
required to address the primary significance of
NMYJs in SMA pathophysiology and the function
of SMN at the NMJs.

Identifying the mechanisms responsible for the
NM]J defects in SMA should provide us with a
better understanding of SMN’s role in normal
NM]J development. For the moment, the aberrant
mechanism responsible for the accumulation of
proteins in axons is unknown. It is unlikely that
this pathology is specific to SMA, since it has been
observed in other mouse models [147,148]. Rather,
the accumulation of NFs may be indicative of
the general breakdown of axonal transport. As

=
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discussed in a previous section, SMN also appears
to play a role in the modulation of actin dynam-
ics. Interestingly, abnormal regulation of actin
dynamics can lead to the suppression of growth
and sprouting at the NM]J [149]. The importance
of axonal sprouting has been highlighted in a
mouse model of mild SMA. Ciliary neurotrophic
factor-induced sprouting in motor nerves appear
to compensate for the motor neuron loss and end-
plate denervation observed in Smn*" mice and
preserve motor function [150].

Proper communication between skeletal
muscle and motor neurons is essential for NM]J
formation and maintenance [151]. Several intra-
cellular pathways that are abnormally regulated
in SMA models are implicated in NM]J assembly
and function. Actin dynamics are essential in
modulating different aspects of acetylcholine
receptor organization via the Rho GTPases [151].
Mpyosin light chains are downstream targets of
the Rho GTPase signaling pathway. Interestingly,
recent findings show that SMN directly interacts
with myosin regulatory light chain in skeletal
muscle [48]. At the moment, it is unclear whether
the increased activation of the RhoA/ROCK
pathway observed in SMA models affects the
motor neuron, the muscle or both via the NM].
Treatment of SMA mice with a ROCK inhibi-
tor, a synthetic compound that leads to actin
rearrangements [152-15s], resulted in a significant
improvement in NM] size and maturity [107].
Thus, deciphering if abnormal NM] develop-
ment is at the origin of SMA pathogenesis and
what molecular mechanisms are responsible for
these defects may be key in identifying novel
targets and developing therapeutics to cure or
alleviate the symptoms of SMA.

Conclusion

As highlighted throughout this article, although
significant advancements have been made in
understanding the pathogenesis of SMA, many
questions remain unanswered. To study the
many functions of the SMN protein, researchers
have developed numerous cell and animal mod-
els of SMA. These models have lead to several
proposed mechanisms thought to be responsible
for the specific pathology of this neurodegen-
erative disease (Ficure 3). We have proposed that
SMN plays a central role in regulating actin
dynamics in motor neuron axons (Ficure 1). This
idea is currently supported by several molecular
changes reported in the expression and activ-
ity of actin-regulating proteins. We also review
the contributions of muscle in the pathophysi-
ology of SMA and show that for the moment
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Nucleus

SMN is present in Gems

SMN with Gemins 2-8 and Unrip
form the SMN complex

SMN complex regulates

snRNP assembly

Motor axon

SMN is localized in neurites and
growth cones

SMN regulates actin dynamics in
motor neurons

NMJ/skeletal muscle

SMN is a Z-disc protein

SMN localizes at the motor endplate
in Drosophila

SMN appears to have a role other
than snRNP assembly

Nucleus

Reduced snRNP assembly activity
correlates with severity of SMA disease
SMN deficiency is associated with
tissue-specific pre-mRNA splicing defects

Motor axon

SMN depletion results in defects of
and F-actin expression and localization
Aberrant motor axon outgrowth

and pathfinding

NMJ/skeletal muscle

Muscle atrophy is a pathological
hallmark of SMA

SMN depletion results in abnormal
endplate morphology, endplate
denervation, neurofilament accumulation,
and defects in vesicle release

Figure 3. Survival motor neuron function and spinal muscular atrophy pathology. Diagram highlighting our understanding of
SMN function and the consequences of SMN-depletion at the motor unit.
NMJ: Neuromuscular junction; SMA: Spinal muscular atrophy; SMN: Survival motor neuron; SnRNP: Small nuclear ribonucleoprotein.
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its importance should not be overlooked. In
addition, we discuss evidence that the neuron—
muscle connections, the NMJs, display pre- and
post-synaptic abnormalities in SMA models,
suggesting that the defects may be at the root of
SMA pathology. For the moment, the functions
of SMN in muscle and at the NM] are unclear.

At present, it is unknown why motor neu-
rons are predominantly affected in SMA and
how SMN depletion leads to SMA. The most
well understood function of SMN is in snRNP
biogenesis, which is important for pre-mRNA
splicing. In motor neurons, SMN is localized in
both the nucleus and axons. The role of SMN in
the nucleus and in axons may be equally impor-
tant in defining SMA pathogenesis. Further
insight into the known functions of SMN and
the discovery of novel roles for this protein will
help to uncover the mechanism(s) behind this
devastating disease.

Future Neurol. (2010) 5(6)

Future perspective

Currently the SMA field is aggressively assess-
ing the therapeutic value of several approaches,
namely gene therapy and the administration
of compounds that increase full-length SMN
expression from the SMN2 gene [156]. However,
additional basic research is required in order
to better understand the function(s) of SMN
and the molecular consequences of its deple-
tion to allow researchers to develop specifically
tailored therapeutics.

Multiple theories have been proposed
attempting to explain how SMN depletion
leads to SMA. However, some hypotheses
are formulated based on end-stage analyses.
Intuitively, the primary mechanism respon-
sible for SMA should be dysregulated prior
to the onset of any observable phenotype. We
therefore suggest that future research aiming at
identifying potential mechanisms responsible

future science group
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for SMA pathogenesis confirm their abnormali-
ties and perturbations at a prephenotype stage
of the disease.

In summary, future research should focus on
identifying the specific pathways responsible
for the particular motor neuron degeneration,
muscular atrophy and NMJ defects that typify
SMA. This will undoubtedly provide us with a
better understanding of when and how to best
treat SMA patients.

Spinal muscular atrophy

Review
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Spinal muscular atrophy (SMA) is a recessive autosomal neurodegenerative disease caused by deletions or mutations in the survival

motor neuron (SMN)T gene.

SMA is characterized by a loss of a.-motor neurons in the spinal cord and muscular atrophy of the limbs and trunk, which eventually

lead to paralysis and in severe cases, death.

Small nuclear ribonucleoprotein assembly & splicing
The SMN complex binds the Sm core proteins to the small nuclear RNA (snRNA) to form small nuclear ribonucleoproteins (SnRNPs).
snRNPs identify and remove introns, essential for the maturation of mRNA.
Splicing defects have been reported in SMA models, however, these are likely to be secondary effects of the disease, since most

changes are observed in late-stage SMA.
Actin dynamics in motor neurons

SMN depletion results in expression and localization defects of B- and F-actin.
Regulators of actin dynamics (profilin lla, plastin 3, RhoA and Cdc42) are abnormally expressed and/or misregulated in SMA cell and

mouse models.

Inactivation of Rho-kinase results in the increased survival of an intermediate SMA mouse model.
Spinal muscular atrophy pathology in muscle

In striated muscle, SMN s localized at Z-discs.

The contribution of muscle in the pathophysiology of SMA is currently not well defined.
Cardiac defects are prevalent in patients with severe SMA.
Spinal muscular atrophy pathology in neuromuscular junctions
SV2 and neurofilaments are abnormally expressed at presynaptic regions.
SMA neuromuscular junctions (NMJs) display pre- and post-synaptic defects.
It is not yet clear if the observed NMJ defects are a primary contributor to SMA pathogenesis.

Conclusion

Aberrant splicing has yet to be linked to the motor neuron degeneration in SMA.
Abnormal regulation of actin dynamics appears to be of primary importance in SMA.
Further characterization of the functions of the SMN protein in neurons, muscle and at the NMJ is necessary to allow for the optimal

development of therapeutic strategies.
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