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Is spinal muscular atrophy
the result of defects in motor

neuron processes?

Michael Briese,' Behrooz Esmaeili,'’? and David B. Sattelle'*

Summary

The hereditary neurodegenerative disease spinal mus-
cular atrophy (SMA) with childhood onset is one of the
most common genetic causes of infant mortality. The
disease is characterized by selective loss of spinal cord
motor neurons leading to muscle atrophy and is the result
of mutations in the survival motor neuron (SMN) gene.
The SMN protein has been implicated in diverse nuclear
processes including splicing, ribosome formation and
gene transcription. Even though the genetic basis of SMA
is well understood, it is not clear how defects in these
ubiquitous processes result in motor neuron degenera-
tion leaving other tissues unaffected. Recent evidence
from animal and cell culture models of SMA points to
roles for SMN in neurite outgrowth and axonal transport.
Disruption of these functions might be particularly
detrimental to motor neurons given their high metabolic
demands and precise connectivity requirements, thus
providing a possible explanation for the specificity of
motor neuron susceptibility in SMA. Understanding the
molecular mechanisms of SMN activity in neuronal
processes may generate new targets for future therapeu-
tic strategies. BioEssays 27:946-957, 2005.
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Introduction

Spinal muscular atrophy (SMA) is an autosomal recessive
neurodegenerative disease characterized by loss of lower
motor neurons in the anterior horn of the spinal cord,
accompanied by progressive wasting of associated muscles
and, ultimately, paralysis. Based on time of onset of the
disease and its severity, SMA can be subdivided into three
types with onset during childhood (I-Ill), one type with adult
onset (Type IV) and very severe cases with prenatal onset and
early neonatal death, classified as Type 0 (Table 1).('=® Type |
SMA (Werdnig-Hoffmann disease) is characterized by an
early onset of general muscle weakness before or around six
months. Affected children are never able to walk or sit and
have an average lifespan of 8 months. Children with less
severe forms of SMA generally survive beyond two years and
are capable of unaided sitting (Type Il) or standing and walking
(Type Il or Kugelberg-Welander disease). Patients with adult-
onset SMA (Type IV) develop their first clinical symptoms over
the age of 30.¢

The SMA-determining gene, the survival motor neuron
(SMN) gene (Fig. 1), was mapped to chromosome 5q13.5®)
Lefebvre et al.”” subsequently showed that in humans the
SMN gene is present as a telomeric copy (SMN1) and an
inverted centromeric copy (SMN2), which is thought to have
arisen by intrachromosomal genomic duplication.® Compara-
tive sequence analysis revealed that the SMA region in 5913
is gene-rich and highly unstable having undergone extensive
segmental inter- and intrachromosomal duplications.® The
SMNZ2 gene differs functionally from SMN1 by a C/T transition
at position 46 in exon 7, which creates an exonic splicing
silencer promoting repression of exon 7 splicing.® Therefore,
the majority of SMNZ2 transcripts give rise to an unstable
protein product lacking the 16 amino acids encoded by exon 7,
although a small amount of transcript retaining exon 7 remains
and generates functional SMN.'?

Most patients with childhood-onset, recessively-inherited
SMA have mutations in the SMN1 gene. The vast majority of
SMA cases (>95%) can be attributed to deletions or con-
versions involving SMN7 exon 7.7") Since SMN2 produces
functional SMN protein only at low levels, it cannot fully
compensate for the homozygous loss of SMN1. However, the
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Table 1. Diagnostic features in the classification
of spinal muscular atrophy

Type Age at onset Motor abilities

0 Prenatal onset Reduced fetal movements in utero;
some degree of spontaneous
ventilation and movement at birth

| At birth or <6 months  Never able to sit

1l <18 months Unable to stand or walk unaided

] >18 months Able to walk unassisted

\% Adult onset Mild proximal muscle weakness

SMNZ2 copy number seems to have an effect on the SMA
phenotypic severity as patients with type Il or type Il SMA tend
to have more SMNZ2 copies than type | patients.'>'® Thus, the
inverse correlation between SMN2 gene copy number and
disease severity suggests that SMA can be attributed to a dose
effect of SMN with SMN2 being a modifying gene due to the
small amount of functional SMN it generates.!"” Adult-onset
proximal SMA (type IV) seems to be genetically heteroge-
neous with some but not all patients showing deletions in the
SMN gene.'5=17)

The functions of the SMN protein in nuclear processes, in
particular its role in the assembly of RNA—protein complexes
involved in splicing, have been extensively reviewed.('8-2"
More recently, this “nucleocentric”®® view of SMN has been
challenged by discoveries of SMN activities in the neuronal
periphery, i.e. in cell processes. These results may generate
novel ideas on the cascade of pathological events leading to
SMA and may reveal common links to other neurodegenera-
tive diseases.®>2* Here we focus attention on recent evid-
ence for possible roles of SMN in neurite outgrowth, axonal
transport and synaptic function.

The nucleocentric view of SMA

The SMN gene is evolutionarily highly conserved, being
detected in yeast®® and diverse animals ranging from verte-
brates to invertebrates, indicating an essential function of the

SMN protein.®® Studies investigating the structure, molecular
characteristics and interaction partners of SMN have pointed
towards vital roles in nuclear processes such as splicing and
gene transcription.

SMN functions in splicing-related processes

The SMN protein oligomerizes and associates with Gemins 2—
7 to form a macromolecular assembly machine, the ‘assem-
blysome’.(1%27:28) This SMN protein complex assists in the
assembly of many different classes of ribonucleoproteins
(RNPs) that function in RNA splicing, ribosomal production
and gene transcription. SMN exists in nuclear foci termed
gems (‘gemini of coiled bodies’),*® whose function is pre-
sently unknown. It is also found in the cytoplasm where it
is involved in the biogenesis of small nuclear RNPs (snRNPs),
in particular uridine-rich snRNPs (UsnRNPs), which are
the principal components of the spliceosome. Assembly of
UsnRNPs, the most common of which are U1, U2, U4, U5 and
U6, is a multistep process and critically depends on the activity
of the SMN complex (Fig. 2). The main function of SMN in
UsnRNP biogenesis involves the activation of seven spliceo-
somal Sm proteins and their assembly as the Sm core onto
oligo-uridine stretches of UsnRNAs. There is evidence that
the SMN complex remains bound to UsnRNPs after Sm core
formation and that nuclear import of UsnRNPs is SMN
complex-dependent.©®)

How does SMN mediate selective Sm core assembly only
on UsnRNAs? A number of studies have shed light on
the specificity of Sm core formation. For example, Pellizzoni
etal.®) reported that, in the absence of SMN, the Sm proteins
assemble non-specifically on rRNA and tRNA in vitro. This
result suggests that SMN is required to prevent non-selective
targeting of Sm proteins. Also, Yong et al.®®® detected se-
quence elements and structural features in UsnRNAs to
which the SMN complex binds to with high affinity. Thus, the
SMN complex seems to facilitate UsnRNA-specific Sm core
formation in two ways: (i) by identifying specific features of
UsnRNAs, which ensures correct targeting of the Sm core and
(i) by sequestering of Sm proteins, through binding to their

interaction
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Figure 1. Schematic diagram of SMN showing coding exons and the relative localization of selected domains with known functions. In
SMNZ2 exon 7 is spliced out resulting in a truncated protein lacking the C-terminal-most 16 amino acids.
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Figure 2. SMN functions in the biogenesis of uridine-rich small nuclear ribonucleoproteins (UsnRNPs). Following their transcription by
RNA polymerase Il, pre-UsnRNAs are capped at the 5’ end with 7-methylguanylate (m7G). This cap structure is recognized by the
heterodimeric nuclear-cap-binding complex (CBC) composed of CBP20 and CBP80, and the export adaptor protein PHAX.®*%%) Further
maturation of UsnRNAs takes place in the cytoplasm and involves the assembly of seven Sm proteins, which bind to oligo-uridine stretches
(red box) with high affinity, on the UsnRNAs to form the Sm core. This step is mediated by the cytoplasmic SMN complex, composed of
oligomeric SMN and Gemins2—7, which pre-assembles the Sm proteins before transferring them onto UsnRNAs in an ATP-dependent
manner.®"°®) Sm proteins interact with SMN preferentially via protein domains rich in arginine and glycine (RG).®®” Dimethylation of
arginine residues in these RG-rich domains greatly enhances their affinity for SMN which has been observed for the Sm proteins D1, D3 and
B.(°89) These Sm proteins are methylated by an arginine methyltransferase (methylosome) prior to their association with the SMN
complex.(‘oo) Following their assembly by the SMN complex, the seven Sm proteins are transferred onto UsnRNAs. The SMN complex itself
was found to have an intrinsic affinity for UsnRNAs and remains bound to UsnRNPs even after Sm core formation. In U1snRNA, for example,
the 5'-most stem—loop structure was identified as the high-affinity binding site for SMN.'°") After Sm core formation, the UsnRNP 5’ cap
becomes hypermethylated (m(3)G) which forms a recognition motif for snurportin (SNP). The latter, together with importin 8 (IP-B),
mediates transfer of the mature UsnRNP into the nucleus. SMN is part of this UsnRNP import complex containing snurportin and importin
and is required for the transport of UsnRNPs into the nucleus.®1°2:193) Following their re-import into the nucleus, the mature UsnRNPs
function in splicing of pre-mRNAs.

arginine- and glycine-rich domains, thereby reducing the freely
available amount of Sm proteins.

Do defects in splicing cause SMA?
Even though the role of SMN in snRNP biogenesis is well
studied, it remains unclear whether there is a causal link

between defects in this function and SMA pathogenesis. It has
been suggested that reduction of SMN leads to defects in the
production of spliceosomal snRNPs in the cytoplasm and/orin
reactivation of spliceosomal complexes in the nucleus.®®
Such disruption of the splicing machinery may result in incor-
rectly spliced mRNAs encoding vital, motor neuron-specific
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proteins, the loss of which leads to motor neuron degenera-
tion. Pellizzoni et al. observed that wild-type SMN, but not
mutant SMN forms harbouring SMA-causing mutations or
deletions, shows a strong stimulatory effect on pre-mRNA
splicing in an in vitro system indicating a role for SMN in the
splicing cycle.®®

To determine whether defects in snRNP biogenesis cor-
relate with motor neuron loss in SMA Jablonka et al.®¥
generated double heterozygous mice deficient for Smn, which
is the murine homologue of human SMN, and Gemin2, the
products of which are components of the snRNP assembly-
some. Compared to Smn*’~ mice the Smn™~;Gemin2™'~
mice show a reduction of Gemin2 but not of Smn. Importantly,
the double heterozygous deficient mice show a significantly
reduced number of lumbar motor neurons compared to Smn™~
mice. This result shows that the extent of motor neuron
degeneration caused by low levels of the murine Smn protein
can be artificially potentiated by downregulation of Gemin2.
The authors also demonstrated that, in Smn*/~;Gemin2*/~
mice, the nuclear pool of Sm proteins is reduced indicating a
defect in spliceosomal UsnRNP assembly. Further support
for the hypothesis that defects in snRNP biogenesis are
relevant to the SMA pathogenesis derives from the observa-
tion that the commonest SMA-causing non-deletion mutations
in SMN abolish its ability to interact with Sm proteins and
Gemins and affect its tendency to oligimerize.®>% These
mutations include E134K within the Tudor domain, Y272C,
which is the most common subtle mutation causing SMA,G"
substitutions in exon 6 and deletion of exon 7.

These data, however, do not yet provide conclusive
evidence that there is a link between defects in pre-mRNA
processing and the SMA pathology. As an example, Jablonka
et al.®® investigated the effects of Smn reduction in mice on
splicing of the apoptotic regulator Ich-1, also known as
caspase-2. The Ich-1 gene is expressed at high levels during
embryogenesis in motor neurons and, due to alternative
splicing, produces both a pro-apoptotic and an anti-apoptotic
form of Ich-1. In mice with reduced Smn levels, the relative
amounts of pro- and anti-apoptotic Ich-1 are unaltered in-
dicating correct pre-mRNA splicing, which suggests that SMA
is not the result of perturbations of snRNP assembly in motor
neurons.®>3® However, low Smn levels might cause aberrant
splicing of motor neuron-specific genes other than Ich-1.
Further evidence for the notion that splicing defects might not
be primary in SMA comes from studies suggesting that the
interaction of SMN with Gemins, which is crucial for its function
in snRNP biogenesis, might not be as relevant to the SMA
pathogenesis as interactions with other factors involved in
different processes. For example, mutant SMN proteins lack-
ingthe N terminus or exon 7 are unable to bind Sm proteins and
certain Gemins but are able to rescue cell lethality in the
chicken pre-B cell line DT40 depleted in SMN.® Also, the
motor abnormalities seen in a Drosophila model of SMA can

be at least partially rescued by expressing a truncated version
of Drosophila smn lacking the N terminus, which, as a result
of this truncation, is unable to interact with Gemin2.(4%4")
Moreover, the general importance of pre-mRNA splicing for
cell viability makes it unlikely that reduced accumulation of
nuclear snRNPs accounts solely for the motor neuron-specific
pathology seen in SMA.

SMN has multiple roles in the nucleus

In addition to its role in snRNP biogenesis and pre-mRNA
splicing, SMN is involved in the formation of protein com-
plexes with diverse nuclear functions. SMN has been found in
a macromolecular complex with RNA helicase A (RHA),
snRNPs and RNA polymerase Il indicating a possible role for
SMN in transcription.*? Expression of a dominant negative
SMN mutant lacking the N-terminal-most 27 amino acids
results in the accumulation of RHA and RNA polymerase Il in
nuclear aggregates positive for markers of gems and Cajal
bodies. As a consequence of this relocalization, gene trans-
cription was found to be inhibited in vivo, possibly due to the
reduced nucleoplasmic availability of RNA polymerase II.
Other nuclear proteins that have been found to interact with
SMN are FUSE-binding protein (FBP),*® a regulator of
transcription and mRNA stability, fibrillarin and GAR1,“¥ both
of which are components of small nucleolar RNPs (snoRNPs)
involved in transcription and processing of ribosomal RNA,
and the transcription co-repressor mSin3A.“%) Because of its
general role in the assembly of a number of protein complexes
involved in transcription regulation and biogenesis of diverse
RNPs SMN has also been termed a ‘master assembler’
molecule.(®

Axonal and synaptic defects in SMA

SMN is expressed in all tissues examined including heart,
central nervous system (CNS), liver, muscle, lung, kidney and
pancreas.”*® Within the CNS, SMN is widely although not
evenly distributed. Here, in addition to the spinal cord where itis
found at high levels in the anterior horn motor neurons, SMN
has been detected in the brain stem, cerebral cortex,
thalamus, basal ganglia, hippocampus and cerebellum.“7:4®
Thus, the question arises why primarily spinal cord motor
neurons are affected in SMA.“#® According to one hypothesis,
motor neurons require particularly high levels of the SMN
protein for their development and/or normal function and,
therefore, are particularly vulnerable to the reduction of SMN
levels.“”%®) Furthermore, SMN might be required for splicing
of pre-mRNAs required for motor neuron differentiation and
survival.

SMN is present in neurites

An alternative view is that, in addition to its housekeeping role
in pre-mRNA splicing and other nuclear processes, SMN
might exert motor neuron-specific functions, defects in which
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either trigger or at least modulate the SMA disease pheno-
type.® Indeed, there is accumulating evidence that SMN
plays a role in neuronal development, in particular in
the outgrowth of neurites, which are dendrites conducting
impulses towards the neuronal cell body and axons transmit-
ting impulses away from the cell body. SMN is developmentally
regulated with the highest levels of expression seen in
mammalian embryonic tissues in vivo®®47:5Y and during cell
differentiation in vitro.®252=54 Similarly, the SMN protein is
expressed at higher levels in human fetal tissues compared
to the postnatal period.®® The SMN protein has been
detected in vivo in neurites and growth cones of motor neurons
in mouse spinal cord,®® rat spinal cord,@48:%%) embryonic
chick forebrain®®® and in vitro in primary rat cortical neurons
transfected with recombinant SMN®” and in differentiating,
neuron-like mouse P19 cells.®® Fluorescence imaging and
electron microscopic analysis confirmed that SMN is asso-
ciated with axonal microtubules. ®2:48:56)

SMA models show axonal and synaptic pathology

From studies on vertebrate and invertebrate models of SMA,
evidence has accumulated that SMN exerts roles in axon
outgrowth, guidance and the formation of neuromuscular
junctions (NMJs). Disruption of the SMN homologue in mice
results in embryonic lethality and massive cell death prior to
implantation of the embryo.*® To overcome these limitations,
Hsieh-Li et al.®*® and Monani et al.®®® generated transgenic
mice expressing human SMNZ2 in an Smn~’~ background.
Smn~~;SMN2 mice containing a low copy number of the
SMNZ2 transgene show severe motor defects and die shortly
after birth. Primary motor neurons isolated from the lumbar
region of the spinal cord of Smn~"~;SMN2mice show the same
survival characteristics as motor neurons from Smn™"* :SMN2
mice when cultured in the absence or presence of neurotroph-
ic factors (BDNF and CNTF).®") In contrast, Smn~"";SMN2
motor neurons have significantly shorter axons than controls
due to disruption of actin localization in motor axons and
growth cones. Taken together, these data seem to indicate
that, in this SMA cell culture model, low levels of SMN affect
axon outgrowth but not motor neuron survival. When
interpreting these results, it has to be considered, however,
that even though SMN reduction might not affect motor neuron
survival in vitro, it is likely that defects in growth cone
movement and failure to establish contact with the target
muscle are critical to age-dependent programmed cell deathin
vivo. Smn~"~;SMNZ2 mice carrying a high-copy SMN2 trans-
gene do not display any motor abnormalities indicating that
enhanced SMNZ2 gene expression can generate sufficient
amounts of functional SMN to prevent motor neuron degen-
eration.®® This finding is of relevance for future therapeutic
strategies as compounds have been identified that upregulate
SMN2 transcription.©2=6% Also of possible significance in the
therapeutic context is the new finding that multiple injections of

SMN-expressing lentivector into different muscles delay the
onset of motor abnormalities and extend the life span in a
mouse model of SMA.®% SMN levels in motor neurons were
found to be restored due to retrograde axonal transport of the
SMN-containing viral vector. Thus, SMN replacement through
gene therapy prior to the onset of motor symptoms may
provide an additional treatment option for human SMA.

Using a different approach to circumvent the embryonic
lethality associated with homozygous loss of Smn, Frugieretal.
created transgenic mice harbouring an Smn exon 7 deletion
confined to spinal cord motor neurons.®® These “neuronal”
Smn mutant mice exhibit only a mild loss of motor neuron cell
bodies but show a significant reduction in myelinated axons in
ventral roots of the spinal cord indicating that proximal axon
degeneration is an early neuropathological hallmark in this
SMA model and precedes motor neuron cell death.®”)
Consistent with this finding, terminal axons are significantly
reduced in number and NMJ postsynaptic folds often lack
the apposed terminal axon indicating muscle denervation.
Furthermore, the synaptic terminals of NMJs in mutant mice
show severe defects including lack of axonal sprouting,
reduced postsynaptic areas and aberrant accumulation of
phosphorylated neurofilaments. The authors suggest that a
‘dying-back’ axonopathy involving destabilization of cytoske-
letal components results in motor neuron dysfunction in this
SMA model. Consistent with the cytoskeletal abnormalities
seen in these mutant mice, defects in neurofilament organiza-
tion have also been observed in patients with Type |
SMA.®8%9) Fyrthermore, mutations in or overexpression of
neurofilament subunits can induce selective motor neuron
degeneration resembling motor neuron disease, suggesting
a possible primary role for cytoskeleton abnormalities.”®
However, the “neuronal” Smnmouse mutant may not faithfully
replicate human SMA because, in this model, Smn is in-
activated completely and selectively in motor neurons as
opposed to an incomplete but global loss of SMN in the human
disease. For example, there is no pathological evidence for
axonal demyelination in human SMA, whereas the “neuronal”
Smn mutant mice exhibit strong myelination defects.

A dysfunctional NMJ has also been observed in a fly model
of SMA. Chan et al.*" identified a Drosphila smn mutant that,
unlike mice lacking Smn, progresses through embryogenesis
due to maternal contribution of wild-type smn mRNA but dies
as late larvae. Mutant larvae display locomotory defects that
can be rescued by expressing full-length Smn protein but not
a truncated form lacking the C terminus. The same authors
showed that NMJs of smn mutant Drosophila muscle cells
exhibit significantly reduced excitatory postsynaptic currents
(EPSCs), have an abnormal architecture and show aberrant
postsynaptic clustering of glutamate receptors. An axonal
pathology was observed in a zebrafish model of SMA in which
smn is knocked down using antisense morpholino technol-
ogy.””" Embryos injected with Smn morpholinos contain motor
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neurons with truncated and abnormally branched axons.
Both ventrally and dorsally projecting motor axons are affected
and the severity of the defects can be enhanced by inject-
ing Smn morpholinos at higher concentrations resulting in
increased knockdown effects. These axonal defects are
not caused by motor neuron cell death as was revealed by
TUNEL staining, which is in accordance with mouse models
of SMA in which motor neuron death is a relatively late
manifestation of the disease.®® In the zebrafish model of
SMA, neither interneurons nor sensory neurons are affect-
ed by low levels of Smn indicating that, in this system, as in
SMA, motor neurons show a unique sensitivity for reducs
amounts of Smn protein. Furthermore, muscle development
proceeds normally in zebrafish embryos injected with Smn
morpholinos and motor axons produce normal postsynaptic
acetylcholine receptor (AChR) clustering suggesting that
motor axons are still capable of innervating muscle fibers but
show defects in pathfinding.

Despite the fact that these animal models of SMA appear to
differ somewhat with respect to their precise pathological
hallmarks and thus may not fully mimic the human disease,
they do nevertheless point to possible roles for SMN in
neuronal processes.

Even though the majority of studies on SMA models
investigate the functional role of SMN in neurons alone, there
are some reports for a primary muscle defect. For example, the
motor phenotype seen in the Drosophila smn mutant can
be partially rescued by expressing the smn gene in muscle
tissue.*" Furthermore, targeted deletion of murine Smn
exon 7 in skeletal muscle results in a dystrophic phenotype
with disruption of the dystrophin complex indicating a
contribution of muscle SMN loss to the human disease.”®
Neuromuscular junction architecture and motor neuron
morphology and number is normal in this “muscular’” Smn
mutant indicating that loss of muscle Smn does not account
for motor neuron degeneration in this SMA model. The
importance of muscle SMN reduction for SMA, however, has
recently been questioned in a study demonstrating that
mice expressing human SMN2 and an SMNA7 transgene
lacking exon 7 in an Smn~’~ background exhibit motor
neuron degeneration but do not show a dystrophic phe-
notype.”’® Thus, low levels of functional SMN, as are
present in SMA, seem to be sufficient to prevent muscle
dystrophy.

A novel, axon-specific SMN protein complex?

It has been suggested that SMN functions in neuronal
development by associating with distinct molecular factors in
the cytoplasm and in neurites.®® Thus, by forming different
macromolecular protein complexes in particular subcel-
lular regions, the range of functions of SMN may be broader
than previously envisaged involving cellular processes other
than snRNP biogenesis and pre-mRNA splicing.

In an attempt to identify novel SMN interactors, Rossoll
et al." performed a yeast-two-hybrid screen using murine
Smn as bait. Among interacting proteins were the highly
related hnRNP-R and hnRNP-Q, both of which contain an RNA
recognition motif (RRM) and an arginine-glycine-rich C-terminal
region. In co-immunoprecipitation experiments, hnRNP-R and
hnRNP-Q were found to bind to wild-type murine Smn but not
to isoforms containing SMA-causing human mutations includ-
ing E143K, Y272C and deletion of exon 7. Similar to Smn
both hnRNP-R and hnRNP-Q are ubiquitously expressed
and developmentally regulated with the highest levels of
expression observed during late embryogenesis. Subsequent
immunohistochemical analysis revealed that hnRNP-R is
predominantly present in the cytoplasm and axons of motor
neurons, where it co-localizes with Smn, but not in nuclear
gems. These data suggest that hnRNP-R associates with Smn
to mediate cellular processes other than pre-mRNA splicing.

In addition to interactions with hnRNP-R and Q, SMN has
also been shown to interact with profilin Il, an actin-binding
protein, via its highly conserved polyproline motif."® Profilin I1
is highly expressed in mouse brain and spinal cord, where it
locates predominantly to anterior horn neurons.”>79 Profilin II
is involved in actin polymerization and has been implicated in
synaptic recycling and axon outgrowth."¢:7"

SMN and axonal transport

Using cultured cells, Rossoll et al.®" investigated the function
of the Smn interaction with hnRNP-R. In PC12 cells, Smn co-
localizes with hnRNP-R in cell bodies and neurite-like
processes. In contrast, hnRNP-R lacking the Smn interaction
domain localizes primarily to the nucleus indicating that
hnRNP-R is targeted to cell processes by Smn. In accordance
with these data, the authors also demonstrated that hLnRNP-R
is present only at significantly reduced levels in neurites and
growth cones of motor neurons from Smn~"~;SMNZ2 mice
compared to Smn™"*;SMNZ2 motor neurons. By using a cell
culture-based method, the authors showed that the interaction
between Smn and hnRNP-R is functionally relevant. Upregu-
lation of either Smn or hnRNP-R in PC12 cells results in
enhanced outgrowth of neurites, which is suppressed by
hnRNP-R lacking the Smn interaction domain. By expressing
truncated proteins, the authors also showed that this positive
effect on neurite outgrowth depends on functional Smn as
well as on the RNA-binding domain of hnRNP-R. Accordingly,
Smn mutant motor neurons show reduced growth cone size.
To further investigate axon-specific functions of Smn, the
authors identified actin as a possible downstream mediator of
the Smn—hnRNP—-R complex. Actin is a major component of
outgrowing axons and transport of its mRNA into distal
axons and growth cones is stimulated by neurotrophin
treatment.(”®=8" |n developing neurons, reduction of B-actin
mRNA and protein results in impaired growth cone motility.©®
Immunohistochemical analysis revealed that actin is present
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at significantly lower levels in neurites and growth cones of
motor neurons isolated from Smn~"":SMN2 embryos com-
pared to controls. By using biotinylated actin-specific anti-
sense probes, Rossoll and colleagues showed that the distal
B-actin mRNA translocation is dependent on Smn as well as
functional hnRNP-R (containing the RNA recognition domain
and the Smn interaction domain). Finally, using immunopre-
cipitation techniques, the authors showed that hnRNP-R binds
to the 3 UTR of B-actin mRNA both in vitro and in vivo. The
authors suggest that the precise role of the axonal Smn—
hnRNP-R complex in actin accumulation involves transport
and/or translational regulation of p-actin mRNA. Ribosome-
like particles have been detected in axons and growth cones
allowing for the possibility that pB-actin mRNA is translated
locally into protein.?® Due to its role in B-actin mRNA
trafficking, SMN might therefore indirectly regulate the
amount of ‘local’ actin used for growth cone behaviour and
synapse function. Thus, reduction of SMN levels might result
in a decreased availability of actin monomers for polymeri-
zation leading to defects in actin-dependent processes
such as motor growth cone movement, neurite outgrowth,
presynaptic differentiation and synaptic vesicle trafficking
and release.®"

Localization and transport of f-actin mRNA in neurites has
previously been shown to be regulated by the zipcode-binding
proteins (ZBPs) 1 and 2 which bind to the zipcode sequence
located in the 3’ UTR of B-actin mRNA.®%82 An RNP complex
containing ZBP 1 and B-actin mRNA is actively transported
into neuronal processes and growth cones in response to
neurotrophin-3.©% Disruption of this RNP complex by anti-
sense oligonucleotides to the zipcode sequence prevents p-
actin mRNA translocation and produces aberrant growth cone
behaviour. Similarly, overexpression of a dominant negative
ZBP 2 truncated protein significantly reduces B-actin mRNA
localization to processes and growth cones in developing chick
neurons.®® It remains to be determined whether the SMN—
hnRNP-R/Q complex and the ZBPs are components of the
same localization pathway.

Consistent with the results obtained by Rossoll and
colleagues®” and by studies showing co-localization of
SMN with axonal microtubules,*®5®) Zhang et al.®® demon-
strated that cytoplasmic SMN exhibits dynamic movements in
neuronal processes. Using live cell imaging, the authors
showed that SMN tagged with enhanced green fluorescent
protein form granules that move bidirectionally in neuronal
processes. The authors distinguished between small SMN
granules, which exhibit persistent movements over long
distances, and large granules, which move predominantly in
an oscillatory fashion. These movements are dependent on
the cytoskeletal filament system with long-distance move-
ments relying primarily on microtubules and the oscillatory
behaviour depending on actin filaments. The speed of move-
ment was found to be consistent with fast axonal transport,

which is mediated by motor proteins such as kinesin and
dynein family proteins.®®

Further support for the notion that defects in axonal
transport might represent a pathophysiological event in SMA
comes from the intriguing finding that mutations in micro-
tubule-dependent motor proteins can recapitulate the motor
neuron-specific pathology characteristic for SMA. With their
extended axonal processes, motor neurons critically rely on
active anterograde transport to deliver cellular material syn-
thesized in the cell body into distal regions of the axon.
Conversely, motor neuron survival depends on the availability
of neurotrophic factors from the cell surrounding obtained
through internalization followed by retrograde transport from
the periphery of the cell to the soma.®* Furthermore, during
development, motor neurons require efficient transport of
cytoskeletal elements for diverse processes including growth
cone migration, axon branching and synapse formation and
stability. Thus, given the large demand of motor neurons for
axonal transport, it has been hypothesized that these cells
are particularly vulnerable to disruption of the microtubule-
dependent transport system.* Indeed, work by LaMonte
et al.®® has demonstrated that, in mice, inhibition of retro-
grade axonal transport through targeted disruption of the
dynein—dynactin complex is sufficient to induce motor neuron
degeneration accompanied by skeletal muscle atrophy. Impor-
tantly, the study by Hafezparast et al.®® suggests that motor
neurons are particularly susceptible to disruption of axonal
transport. Mice bearing missense point mutations in the
dynein heavy chain show a selective loss of spinal cord
anterior horn cells, accompanied by a marked decrease in
fast retrograde transport. Defects in axonal transport have
been associated with a number of diseases affecting upper
and lower motor neurons including amyotrophic lateral
sclerosis,®” Charcot-Marie-Tooth disease type 2A,®®
Huntington’s disease,®® spinal bulbar muscular atrophy,®®
hereditary spastic paraplegia®®" and motor neuron disease.®
The finding by Rossoll et al.®" suggesting that transport of
the B-actin signal along the axon is compromised in motor
neurons lacking SMN strongly indicates that, also in SMA
axonal transport, defects might be at the root of the disease
(Fig. 3).

It is of interest that abnormal neurofilament accumulation
has been found to accompany defects in axonal transport in
a number of studies.® 8" Thus, it is conceivable that the
neurofilament aggregates seen in mice with neuronal SMN
exon 7 deletion®” reflect a general slowing of axonal transport
in this SMA model.

Cytoplasmic targeting of SMN is essential

for neurite outgrowth

The identification of novel SMN-binding partners in neuronal
processes has led to the suggestion that the SMA-causing
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Figure 3. Schematic representation of motor neuron-associated pathogenic events occurring in SMA as a result of reduced SMN activity.
The majority of SMN2 transcripts lack exon 7 generating truncated, non-functional protein, which is unable to compensate for the loss of
SMN1. The SMN protein has been implicated in a number of nuclear and cytoplasmic processes including spliceosome formation and gene
transcription, disruptions of which may contribute to the SMA pathogenesis. Furthermore, loss of muscle SMN may contribute to the disease
as deletion of murine Smnexon 7 confined to skeletal muscle produces a dystrophic phenotype.”® A number of recent studies suggest that
SMN exerts functions in the neuronal periphery, i.e. neurites and growth cones, defects in which may induce motor neuron cell death.
Several neurite-specific SMN-interacting proteins have been identified indicating the existence of a distinct SMN complex in neuronal
processes. The dynamic localization of SMN in axons may be important for the transport of diverse ribonucleoproteins to distal regions
during axon outgrowth and maintenance. Consistent with this idea, cultured neurons overexpressing truncated SMN lacking exon 7 have
significantly shorter neurites implying a role for SMN in motor neuron development.®® Furthermore, disruption of actin localization to
growth cones and synapses in motor neurons with reduced SMN levels may affect the establishment of appropriate synaptic connections
during development and disturb presynaptic processes such as neurotransmitter release.!'%*1%%) Defects in these peripheral processes
may play key roles in eliciting motor neuron degeneration in SMA leading to neurogenic atrophy of skeletal muscle.
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mutations of SMN induce, or at least contribute to, the motor
neuron-specific pathology by disrupting interactions between
SMN and axonal proteins. Furthermore, changes in the sub-
cellular localization of SMN as a result of such mutations might
reduce its cytoplasmic availability and, thus, indirectly affect its
axon-specific functions. Dodds et al.®” showed that SMN
expressed in primary rat cortical neurons preferentially loca-
lizes as aggregates throughout the cytoplasm including
neurites, whereas the SMNA7 truncated protein lacking exon
7 is primarily targeted to the nucleus. The authors suggest that
exon 7 encodes a nuclear export signal that regulates
intracellular trafficking of the SMN protein. Consistent with
these data, Zhang et al.®® observed that truncated SMNA7
localizes exclusively to the nucleus in transfected chick fore-
brain neurons but is absent from cytoplasm and processes. In
contrast, deletion of exon 5 has no effect on the subcellular
distribution of SMN. Insertion of exon 7 into the C terminus of
D-box-binding factor 1 (DBF1), a nuclear protein, is sufficient
for its re-distribution to the cytoplasm confirming that exon 7
encodes a cytoplasmic targeting signal. By generating DBF1
and SMNA?7 reporter constructs containing only subregions of
exon 7, Zhang and colleagues identified the amino acid
sequence QNQKE to be sufficient for cytoplasmic targeting.
Similar to previous reports, these authors observed that
neurons overexpressing SMNA7 show a 25% reduction in
neurite length confirming that the cytoplasmic localization of
SMN is functionally relevant. Interestingly, the neurite length
can be restored by tagging SMNA7 with the cytoplasmic
targeting sequence of GAP-43 indicating that neurite growth
depends on SMN being present in the cytoplasm and in
neuronal processes.

Is SMA developmental or degenerative

in origin?

Since the identification of SMN as the SMA-determining gene,
considerable progress has been made in the biochemical
characterization of the SMN protein as well as in the gen-
eration of models of the disease. SMN has been implicated in
both nuclear and cytoplasmic processes related to mRNA
processing, i.e. gene transcription and biogenesis of spliceo-
somal components, and, thus, provides an example for multi-
functional regulatory proteins acting in different cellular
compartments to control RNA metabolism.®® It is not imme-
diately obvious, however, how these functions of SMN relate to
the disease pathology of SMA characterized by selective loss
of lower motor neurons. Cell culture and animal models point
towards the possibility that SMN exerts functions in the
neuronal periphery. Defects in these functions might affect
neurodevelopmental processes such as outgrowth of motor
axons and innervation of target muscle, axon arborization,
presynaptic differentiation, postsynaptic receptor clustering
driven by neurotransmitter signalling, organization of the cyto-
skeleton in axons and at the NMJ, and axonal transport of

structural and regulatory components to the synapse. The
mechanism underlying these developmental, neurite-specific
functions of SMN might involve the assembly of mMRNAs
required for neurite development and stability into mRNPs and
their translocation to distal axons and NMJs.

SMA represents a spectrum of different severities, largely
due to the dosage effect of SMN2, which has been pheno-
copied in mouse models of the disease. Based on findings
from animal models of SMA, it could thus be argued that the
extent to which motor neurons proceed through development
to establish functional connections depends on the amount of
functional SMN available. In the severe SMA forms, in which
motor neurons show defects in axon outgrowth and fail to
connect properly to their target muscle causing muscle
atrophy, there appears to be a relatively strong developmental
defect. In contrast, in the milder forms of SMA, where motor
neurons grow towards and innervate their target muscles but,
nevertheless, show abnormalities, for example in neurotrans-
mission, such defects are initially subtle, yet over time become
sufficient to induce late-onset denervation, motor neuron
degeneration and muscle atrophy.

To test the hypothesis that, in SMA, developmental defects
precede motor neuron degeneration and that the extent to
which motor neurons proceed through normal develop-
ment depends on the availability of functional SMN, different
aspects of the neuromuscular system should be monitored
over time in animal models of the disease. This hypothesis
predicts that, in SMA, gross morphological defects of motor
neuron cell bodies might only be a late manifestation of
degenerative events occurring much earlier on a molecular
level in the neuronal periphery. Electrophysiological ap-
proaches, for example, could help to detect early changes in
efficiency of synaptic transmission at the NMJ in SMA models.
Morphological changes of motor neuron terminals and post-
synaptic structures could also be investigated before the onset
of visible motor symptoms as such early structural abnorm-
alities are likely to indicate defects in motor neuron function.
Furthermore, biochemical characterization of the neurite-
specific SMN complex might help to better understand its role
in axonal transport during axonogenesis.

The diversity of the pathological hallmarks observed in
vertebrate and invertebrate SMA models strongly suggests
that the severity of the corresponding phenotype depends on
the extent of SMN downregulation achieved, thus making a
direct comparison difficult. An important experimental chal-
lenge will be to further optimize current techniques for gene
downregulation in order to be able to adjust SMN to a level that
allows embryogenesis to occur but produces a neuromuscular
phenotype amenable for study.

The recent observations on axon-specific functions of SMN
are important from a neuropathological perspective for future
investigations into the causes of motor neuron cell death seen
in SMA. Motor neuron degeneration might start at the peri-
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phery, i.e. in synapses and axons, and manifest itself as
slowing of axonal transport and cytoskeletal abnormalities
leading to motor neuron cell death as a secondary effect
(Fig. 3). These cellular changes might occur long before the
onset of clinical symptoms and, therefore, provide a target for
therapeutic strategies aimed at delaying the onset of motor
neuron degeneration.
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