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Spinal muscular atrophy (SMA) and amyotrophic lateral sclerosis (ALS) are among the most common motor
neuron diseases to afflict the human population. A deficiency of the survival of motor neuron (SMN) protein
causes SMA and is also reported to be an exacerbating factor in the development of ALS. However, pathways
linking the two diseases have yet to be defined and it is not clear precisely how the pathology of ALS is aggra-
vated by reduced SMN or whether mutant proteins underlying familial forms of ALS interfere with SMN-
related biochemical pathways to exacerbate the neurodegenerative process. In this study, we show that
mutant superoxide dismutase-1 (SOD1), a cause of familial ALS, profoundly alters the sub-cellular localiza-
tion of the SMN protein, preventing the formation of nuclear ‘gems’ by disrupting the recruitment of the pro-
tein to Cajal bodies. Overexpressing the SMN protein in mutant SOD1 mice, a model of familial ALS, alleviates
this phenomenon, most likely in a cell-autonomous manner, and significantly mitigates the loss of motor neu-
rons in the spinal cord and in culture dishes. In the mice, the onset of the neuromuscular phenotype is
delayed and motor function enhanced, suggestive of a therapeutic benefit for ALS patients treated with
agents that augment the SMN protein. Nevertheless, this finding is tempered by an inability to prolong sur-
vival, a limitation most likely imposed by the inexorable denervation that characterizes ALS and eventually
disrupts the neuromuscular synapses even in the presence of increased SMN.

INTRODUCTION

Muscle wasting and weakness, due to the selective degener-
ation of spinal motor neurons, are hallmarks of both spinal
muscular atrophy (SMA) and amyotrophic lateral sclerosis
(ALS) (1,2). These phenotypic similarities have prompted
investigations into possible links between the two paralytic
disorders (3—7). However, SMA is caused by homozygous
mutations in the Survival of Motor Neuron 1 (SMNI) gene
that lead to reduced levels of the SMN protein (8—10),
whereas most instances of ALS are sporadic or, when inher-
ited, caused by mutations in a variety of seemingly disparate
genes (reviewed in 11). Molecular mechanisms that may be

shared between the two diseases are therefore not readily
apparent. In this regard, ALS model mice expressing mutant
superoxide dismutase 1 (mSODI1) have been informative.
For instance, it was shown that transgenic mSODI mice
express lower than normal SMN levels and exhibit a more pro-
nounced paralytic phenotype in the absence of a copy of the
murine Smn gene (12). Studies on humans have demonstrated
a greater susceptibility to ALS when individuals possess gen-
otypes predicted to express lower than normal levels of SMN
(4). However, precise SMN levels in ALS patients have never
been determined, making it uncertain whether there is indeed a
correlation between reduced SMN and increased susceptibility
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to the disease. In the mSODI1 mice analyzed by Turner et al.
(12), considering the advanced stage of the disease at which
low SMN levels became apparent, the relatively modest
(~25%) reduction in protein and an early rather than late
requirement for it in causing disease (13,14), it is not clear pre-
cisely how reduced SMN might exacerbate the ALS phenotype.

The SMN protein is ubiquitously expressed and partitions to
both the cytoplasm and the nucleus—observations consistent
with a housekeeping role in uridine rich small nuclear ribo-
nucleoprotein (U snRNP) biogenesis (15 and references
therein). In the nucleus, it concentrates in particles termed
gems that frequently co-localize with Cajal bodies, sites of
RNP maturation and small nuclear RNA modification (16—
20). Co-localization of the two structures is reportedly
mediated by coilin, a marker of Cajal bodies (21). Reduced
SMN in SMA patients and mouse models generally results
in a loss of gems, but not necessarily of Cajal bodies (9,10,17).

In this study, we extend the findings of reduced SMN accom-
panying mSOD1 expression and report that the sub-cellular lo-
calization of the protein is profoundly altered. In the presence of
mSODI1, nuclear gems containing SMN are dramatically
reduced, even in pre-symptomatic ALS model mice. In con-
trast, coilin-positive Cajal bodies within which SMN normally
resides persist. The loss of SMN within these nuclear structures
is explained, at least in part, by a cell-autonomous, mSOD1-
mediated disruption of the interaction between coilin and
SMN. Mutant SOD1 expressing astrocytes which were previ-
ously reported to cause neurodegeneration (22—24) did not
contribute to the loss of motor neuronal gems. However,
we observed that overexpressing the SMN protein in spinal
motor neurons conferred greater resistance to the degenerative
effects of mSODI1 astrocytes. Overexpressing the protein in
mSOD1 mice delayed the loss of gems, protected against the
characteristic, aggressive loss of spinal motor neurons and
extended the disease-free period. Yet, neither the eventual de-
nervation of skeletal muscles nor the survival of mSODI1
mice was prolonged by enhanced SMN expression. Given our
collective results, we propose that (i) a combination of
mSOD1 and SMN paucity exacerbates motor neuron degener-
ation, perhaps through disruptions in the proper localization
of SMN, (ii) overexpressing SMN appears to preferentially
affect the molecular machinery underlying the destruction
and the loss of motor neuron cell bodies rather than nerve term-
inals and (iii) therapeutic agents capable of simultaneously aug-
menting motor neuronal SMN expression and preserving the
neuromuscular synapse will be effective in treating the ALS
phenotype in model mice and human patients.

RESULTS

Mutant SOD1 disrupts the formation of nuclear gems

Motor neurons are especially vulnerable to the disease processes
in SMA and ALS, raising the possibility of common mechan-
isms underlying the pathology of the two diseases. Furthermore,
reduced SMN is reported to increase susceptibility to ALS,
perhaps a consequence of subtle disruptions in SMN function
brought about by the pathology of the disease even in the pres-
ence of a normal complement of SMN genes. To explore this
possibility, we began by assessing the levels and localization

of the SMN protein in the motor neurons of a transgenic
mouse model of familial ALS that harbors an SODI“*% muta-
tion. Such mutants exhibit severe spinal motor neuron degener-
ation accompanied by progressive weakness of the skeletal
muscles that culminates in premature death at ~4 months of
age (25). The total amount of SMN protein in the spinal motor
neurons of symptomatic [post-natal day 102-127 (PND102-
127)] mice, assessed immunohistochemically, appeared un-
changed and significantly greater than that in motor neurons
of A7 SMA mutants (26) which represent a mouse model of
severe SMA (average relative SMN intensity in arbitrary
units + SEM—Ntg: 100 + 6.01; SODI9*®: 79.3 +7.9; A7
SMA: 30.73 + 13.03; n>30 cells; SODI“®® versus A7
SMA, P<0.01; SODI%R versus Ntg, P > 0.05; one-way
ANOVA,; also see Fig. 1A). However, the nuclei of the motor
neurons were virtually devoid (>95% loss) of SMN staining
gems, similar to those of A7 SMA mutants (Fig. 1A and B).
To further investigate this result, we examined the spinal motor
neurons of pre-symptomatic (PND44—50) SOD19**F mice. Inter-
estingly, gem numbers were significantly greater than those of
symptomatic cohorts, but nonetheless fewer (~70% of wild-
type) than those in the motor neurons of age-matched non-
transgenic controls (Fig. 1B). In PND14 SOD1°*°® mutants,
gem numbers were no different from those of age-matched con-
trols, suggesting a progressive depletion of these structures as
the disease evolves. To determine whether the depletion of
gems was specific to the SODI9*® transgene, spinal motor
neurons from 3—4-month-old transgenic animals expressing
either an SOD19%*! mutation or a wild-type SOD1 ¢cDNA con-
struct (27) were examined. The mutant but not wild-type SOD1
transgene caused a depletion of gems (Fig. 1B), indicating that
the effect is neither unique to the G86R transgene nor simply a
consequence of overexpressing SOD1. Additionally, the result
suggests that enzymatically active (G93A) as well as inactive
(G86R) mutant SODI1 protein can bring about a loss of gems.

Gem numbers generally correlate with SMN levels (9). We
therefore asked whether overexpressing the SMN protein in
the SODI“**® mutants might restore gems to their motor
neurons. To do so, we bred mice harboring eight copies of a
human SMN2 transgene to the SODI®*°® mutants. Eight
copy SMN2 transgenic mice have been backcrossed over six
successive generations to the same strain, FVB/N, on which
the SODI19%°® mutation resides, and the mice express ~2.5
times as much SMN protein as non-transgenic mice in all
tissues examined (Fig. 1C; 28). Phenotypically, the mice are
no different from wild-type animals and will be referred to
henceforth as SMN€" <Y (SMN'C) animals. Quantification
of gems in the spinal motor neurons of the animals revealed
twice as many as those in non-transgenic animals (Fig. 1A
and B), an observation consistent with high levels of total
SMN proteins which are also known to promote the appear-
ance of supernumerary bodies within and outside the nucleus
(29). Expression of the SMN"C transgene in SODI“%%
mutants appeared to restore the number of gems to those
observed in mice expressing SMN™C alone, when the
animals were examined at PND44—-50. However, an examin-
ation of motor neurons in PND102—127 double-transgenic
mice once again revealed an almost complete loss of gems,
resulting in numbers similar to those in end-stage disease
SODI1°*® mutants (Fig. 1A and B).
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Figure 1. Mutant SOD1 disrupts the localization of SMN to nuclear gems. (A) Immunostaining of thoracic motor neurons in the anterior horns of the spinal cords
of end-stage mSOD1 mice and age-matched controls depicting cells devoid of nuclear gems (arrow) in the mutants. Included is a section from a A7 SMA mouse
known to express very low SMN and harbor few, if any, nuclear gems. Motor neurons were identified by co-staining with an antibody against ChAT. (B) Quan-
tification of gems in mSOD1 mice and relevant controls at pre- and post-symptomatic stages, demonstrating a delay in the loss of these structures in the presence
of high SMN protein. *P < 0.05 (one-way ANOVA); ***P < 0.001 (t-test); N.S., not significant (one-way ANOVA); n > 3 mice in each case. (C) SMN""“ mice
harboring eight SMN2 genes in addition to the endogenous murine Smn allele express 2—3-fold as much SMN protein as non-transgenic littermates as assessed on
western blots. (D) Spinal cord tissue from end-stage mSOD1 mice exhibits a modest reduction of SMN protein in a western blot assay. ND, not determined. Note:
The genotype of the age-matched control for the A7 SMA mutant is SMN2;A7;Smn™ .
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Since a depletion of motor neuronal gems generally reflects
a loss of total SMN protein (9,10), we quantified the protein in
spinal cord tissue of end-stage disease SODI“%*® mutants and
relevant controls, including SMA mice. As previously
reported (26,30), spinal cord tissue from A7 SMA mice con-
tained very little SMN protein (Fig. 1D), reflective of the
reduced immunostaining of their spinal motor neurons. On
the other hand, despite an almost complete absence of motor
neuronal gems, spinal cord tissue from end-stage SOD]“%%
mice displayed only a modest ~30% reduction of the SMN
protein. A similar drop in total protein level was observed in
SMN"';SOD19°% spinal cords compared with levels in
mice expressing SMNC alone. These results are similar to
those reported by Turner et al. (12) in a study that utilized
SODI1°%* mutants. Nevertheless, the reduction in total SMN
protein in end-stage SODI“**® mice still exceeded that
observed in heterozygous Smn™'~ mice which do not exhibit
the loss of motor neuronal gems (31). Viewed in light of
these data, our results suggest that the dramatic loss of
nuclear gems in SODI mutants is likely to be the result of a
targeting defect rather than an overall depletion of the SMN
protein. Such a defect applies to other cell types too, although
to a lesser extent, e.g. Purkinje cells of SODI“*® mutants dis-
played half as many gems as those of wild-type littermates
(Supplementary Material, Fig. S1A). Cultured fibroblasts
from SODI19%°® and SMN""“;SOD19*°% mice also contained
significantly fewer gems than their wild-type and SMN"C lit-
termates, respectively (Supplementary Material, Fig. S1B and
C). Viewed in aggregate, the results suggest that mSODI1
protein profoundly affects nuclear localization of the SMN
protein. The depletion of gems is progressive, akin to the evo-
lution of the disease but preceding the onset of neuromuscular
symptoms. Overexpressing SMN in the mSOD1 mice delays
but does not halt the loss of gems, implying a dominant, dele-
terious effect of the mutant protein and disease process on
proper SMN localization.

Reduced binding of SMN to coilin in the presence
of mSOD1 protein

To investigate the cause of reduced gems in the SOD/ mouse
mutants, we began by determining whether mSODI1 also
depleted these structures in cultured cells. Accordingly, we
transfected an NSC-34 motor neuron-like cell line with
either an SODI“®*® construct or its wild-type counterpart
(SODI"™) cloned into vectors containing an enhanced
yellow fluorescent protein (eYFP). Whereas gems were
easily detected in cells 2 and 4 days following transfection
with the wild-type SOD1 construct, a marked depletion of
these nuclear structures was observed in cells expressing the
mutant protein (Fig. 2A and B). Mutant SOD1 is wont to
form inclusion bodies in vitro and in the motor neurons of
model mice (32,33). We observed such inclusions in the
SOD19% transfected cells. Importantly, cells containing the
inclusions were no more likely to be depleted of gems than
cells without them, suggesting that loss is not merely a conse-
quence of aggregate formation (Fig. 2B).

We next determined whether the loss of gems was a conse-
quence of a perturbation in the partitioning of SMN between
cytoplasm and nucleus. Cells transfected with an empty

vector, SODI G86R or SODI T were lysed, differentially cen-
trifuged to separate nuclear and cytoplasmic fractions, and
SMN levels in them were quantified by western blot analysis.
In contrast to a previous study (12), mSODI1 did not
re-localize nuclear SMN to the cytoplasm, resulting in an in-
crease in cytoplasmic SMN. On the contrary, we found a de-
crease in the cytoplasmic SMN fraction, whereas nuclear
SMN appeared unchanged (Fig. 2C), suggesting that a deple-
tion of gems is more likely a result of changes in the micro-
environment of the nucleus. Consistent with this conclusion,
nuclear snRNP levels, as assessed by the intensity of Sm
protein staining, did not differ between motor neurons of
SODI14R or SMN™:SOD1°%*® and age-matched controls
(Supplementary Material, Fig. S2A and B). However, the
snRNPs failed to localize to Cajal bodies (Supplementary Ma-
terial, Fig. S2C and D), suggesting that despite entering the
nucleus, they are not recruited to these sub-nuclear structures.

Because SMN complexed with snRNPs co-localizes with
Cajal bodies, we also determined whether the latter structures
were simultaneously lost in the presence of mSODI1. Although
there was a decrease in the number of Cajal bodies in
SOD19%%R transfected cells as well as mutant mice, the loss
was modest relative to the depletion of gems (Fig. 2D and E
and Supplementary Material, Fig. S2E). This suggests that
Cajal bodies are able to form in the presence of mSODI,
although not to the same extent as in wild-type cells, but
cannot efficiently recruit the SMN-snRNP complex. The
protein coilin is reported to bind SMN and mediate its recruit-
ment to Cajal bodies (21). We therefore determined whether
this interaction is altered in the presence of mSODI1. NSC-34
cells were transfected with either SODI%R or SODI wr
extracts immunoprecipitated with anti-SMN sera and levels
of bound protein assessed. As previously reported, coilin did
bind SMN. However, in the presence of mSODI, this inter-
action was markedly reduced (Fig. 2F). Since neither wild-type
nor mSOD1 bound SMN, we surmise that the mutant protein
indirectly disrupts the interaction between coilin and SMN.
Collectively, the results explain, at least in part, the persistence
of Cajal bodies in conjunction with a depletion of gems in
SODI%® mice.

A cell-autonomous protective effect of enhanced SMN
expression

The neurodegenerative effects of mSODI1 are a combination
of cell-autonomous and non-cell-autonomous processes (22—
24,34). Given our observation that NSC-34 cells expressing
an SOD1°%*® mutation bear fewer nuclear gems, we can con-
clude that the depletion of these structures by mSODI
involves a cell-autonomous component. To investigate
whether non-cell-autonomous mechanisms also contribute to
this process, we examined the effects of mSODI1 expressing
astrocytes on wild-type or SMN" motor neurons. Since the
G93A mutation behaved similarly to G86R in depleting
motor neuronal gems and because we had previously opti-
mized conditions using astrocytes from SODI°*** mice, we
used the former mutation for these experiments. Spinal
motor neurons were derived from E12.5 da}l}y embryos that
were either wild-type or transgenic for SMN"'“. Both sets of
embryos were also transgenic for the HLXB9::eGFP
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Figure 2. Mutant SOD1 effects gem loss by weakening the binding affinity of coilin for SMN. (A) Immunohistochemistry of NSC34 neuron-like cells transfected
with mutant SOD/ reveals an inability of the cells to localize SMN to coilin-positive Cajal bodies (the arrow denotes mSODI1 inclusion). (B) Quantification of
gems in NSC34 cells expressing mutant or wild-type SOD1, 2 or 4 days following transfection. Cells with mSOD1-induced aggregates (Ag+) appear to contain
no fewer gems than cells without them (Ag—). (C) Western blot analysis of nuclear and cytoplasmic fractions of NSC34 cells transfected with either a wild-type
or mSODI construct. (D) Immunostaining of representative spinal motor neurons from SODI**® mutant mice and non-transgenic controls demonstrating a loss
of SMN within coilin-positive Cajal bodies. Arrows in panels (stained with the SMN antibody) indicate where the gems ought to have localized. (E) Quanti-
fication of SMN and coilin-positive nuclear bodies in motor neurons from mutant mice suggests a much greater disruptive effect of mSODI1 on the formation of
gems than on Cajal bodies. (F) Western blots following co-immunoprecipitation experiments demonstrate a lower (~40%) affinity of SMN for coilin in the
presence of mSODI protein. Neither mutant nor wild-type SOD1 binds SMN as assessed by an inability to detect the eYFP protein. Note: *P < 0.05,
P <0.01, ***P < 0.001, t-test. Sham refers to transfections without DNA. NMS, normal mouse serum.
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Figure 3. Enhanced SMN expression protects against the toxic effects of astrocytes expressing mSOD1 protein. (A) The decay in relative numbers of normal

(NTg) or SMN overexpressing (SMN"'C

) primary motor neurons plated on AML derived from either mutant SODI%%** mice or wild-type controls. Neuron

numbers are relative to those present 1 day after plating the respective cells. (B) Quantification of motor neuron numbers in the various co-cultures 7 and
13 days after plating the cells reveals a protective effect of overexpressing SMN in neurons exposed to mSOD1-bearing astrocytes. Note: *P < 0.05, **P <
0.01, one-way ANOVA. Values were obtained from at least three independent experiments performed in triplicate. (C) Representative HLXB9:eGFP-positive
motor neurons (MN) examined 7 days after plating continue to form gems (arrows) despite being exposed to astrocytes expressing mSOD1 protein. (D) Quan-
tification of gems in HLXB9:eGFP-positive motor neurons reveals equivalent numbers of these structures in the presence or absence of astrocytes bearing a
mutant SOD/ transgene. P-values were calculated by the #-test and found to be >0.5 in each case. N.S., not significant.

construct, which allows for the identification of spinal motor
neurons by virtue of being selectively expressed in these
cells (35). Following the isolation of the motor neurons, we
cultured them on astrocyte monolayers (AML) that were
either mutant (SODI°°**) or non-transgenic. As previously
reported, significantly fewer wild-type motor neurons sur-
vived on SODI19%** astrocytes than on non-transgenic ones
when the cells were assessed 7 and 13 days after plating
(Fig. 3A and B). We found this to be true of motor neurons
overexpressing the SMN protein too. However, relative to

motor neurons expressing normal levels of the SMN protein,
significantly greater numbers of the SMNC motor neurons
survived the toxic effects of mSODI1 astrocytes. This differ-
ence disappeared when the wild-type and SMNC motor
neurons were cultured on normal astrocytes, suggesting that
the protective effect becomes evident only when the cells
are subject to a toxic environment. These results confirm
our in vivo findings and serve to emphasize the neuroprotec-
tive effects of overexpressing SMN within motor neurons sub-
jected to mSODI1 toxicity.
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Figure 4. A delay in the onset of the ALS phenotype in mutant SOD/ mice overexpressing the SMN protein. (A) Mutant SOD! G56R mice co-expressing the
SMN™C transgene exhibit a delay in disease onset measured by the vertical pole and rotarod tests, but (B) lose weight equally rapidly and (C) succumb to

the disease at the same time as animals expressing the mutant SOD/ transgene alone. (D) SOD

86R - :
19%6R mice develop a severe neuromuscular disease phenotype

(the arrow indicates hindlimb paralysis; the arrowhead indicates kyphosis of spine) by ~3.5 months of age despite expressing higher than normal levels of SMN
protein. Note: 17 or more mice were used in the phenotypic studies. ***P < 0.001, #-test; differences in survival were determined to be insignificant by the

log-rank test.

Is it possible that augmenting SMN in motor neurons pro-
vides a greater generic resistance to these neurons irrespective
of the nature of the insults? To address this question, we
assessed whether enhanced SMN expression might also
protect against the degenerative effects of withdrawing neuro-
trophic factor support from cultured motor neurons. We found
that the SMN“ transgene conferred no protection to motor
neurons against the removal of neurotrophic factors (Supple-
mentary Material, Fig. S3). Neurotrophic factor deprivation
also failed to alter the nuclear localization of gems (data not
shown). Collectively, these results suggest that the benefit
we observe appears to be specific to mSODI protein.

We next determined whether the toxic effects of mutant
astrocytes also caused a depletion of motor neuronal gems.
Considering their higher SMN levels, we were not surprised
to see about twice the number of gems in the
SMN'“_expressing motor neurons as in their wild-type coun-
terparts. However, neither group exhibited a loss of gems on
mutant versus wild-type astrocytes (Fig. 3C and D). Culturing
mSODI1 motor neurons on mSODI1 or wild-type astrocytes
produced similar results (Supplementary Material, Fig. S4).
This suggests that the loss of gems in the motor neurons of
mSOD1 mice is unlikely to be mediated by surrounding glia
but is instead entirely a consequence of mutant protein

within the neurons. The results also suggest that a depletion
of SMN in gems does not on its own cause cell death, but
could exacerbate the toxic effect of mSODI.

Enhanced SMN expression extends the disease-free period
in transgenic mSOD1 mice

Considering reports of an exacerbated disease phenotype in
mSODI1 mice expressing reduced SMN (12) and our own
results demonstrating (i) a perturbation of nuclear SMN by
mSODI1, and (ii) at least a partial mitigation of this effect by
overexpressing the SMN protein, we sought to determine the
phenotypic consequence of overexpressing SMN on the
ALS-like phenotype of SODI19**® mutant mice. We therefore
examined the onset of disease symptoms, motor behavior and
survival outcome of SODI“**® mice with or without the
SMN™€ transgene. To compare symptom onset, animals
were assessed for their motor performance in the vertical
pole and rotarod tests. Whereas the average age of
SODI19%® mice at which the disease phenotype, based upon
the vertical pole test, became apparent was 56 days, the
average age at which the disease appeared in SMN'C;-
SODI“%® was significantly delayed by 26% to ~70 days
(Fig. 4A). Similarly, the onset of motor deficits based on the
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Table 1. Effect of overexpressing SMN on the mSOD1 phenotype

Outcome measure Mouse genotype Survival/day of

symptom onset

Vertical pole test SOD %R 557+ 6.8
SMN™€.SOD %R 70.3 + 10.1
Rotarod test SOD]%5R 60.7 + 4.1
SMN™€.SOD %R 72.6 + 7.5
Loss of body weight SOD 9%k 94.0 + 8.2
SMN™€.SOD %R 97.8+7.2
Survival SOD]%5R 108.7 + 7.4
SMN™€.SOD %R 112.9 + 8.0

rotarod test was delayed by 20% from 61 days in SOD]“%%

mice to 73 days in SMNHiC;SOchgﬁR mutants. However,
there was a difference in neither the average age at which
we recorded a >5% decrease in body weight as the disease
progressed nor the survival of the two cohorts of mice
(Fig. 4B and C). Indeed, end-stage disease SMN“;SOD17%*
mutants exhibited many of the phenotypic characteristics of
previously described SODI%® mice and appeared readily
distinguishable from mice expressing the SMN'C transgene
alone (Fig. 4D). The results described above are summarized
in Table 1 and demonstrate that although a high level of the
SMN protein delays the onset of the ALS-like phenotype
caused by mSODI, it does not prolong the survival of
mSOD1 mice.

Enhanced SMN protein expression protects against
mSOD1-mediated damage to spinal motor neurons

To investigate the cellular basis of a delayed onset of disease
symptoms in SOD1 mutants overexpressing SMN, we exam-
ined the pathology of motor neuronal cell bodies and their
neuromuscular junctions (NMJs) in SOD19%® and SMN'C;-
SODI1“%® mice. Since the neuromuscular disease in ALS
model mice is reported to first affect the distal axon (36), we
began by inspecting the NMJs of PNDI14, adult pre-
symptomatic (PND44-50) and symptomatic (PND102-127)
animals. We chose to focus on the intercostals, paralysis of
which leads to respiratory failure and death in ALS. Tissue
from age-matched non-transgenic and SMNC animals served
as controls. Synapses were defined as fully innervated, partially
innervated or fully denervated (Fig. SA and see Materials and
Methods). PND14 SOD1%%%® and non-transgenic controls dis-
played no difference in NMJ profiles. However, a quantification
of NMJ types in PND44—-50 pre-symptomatic SODI GER mice
revealed greater numbers of denervated NMJs and concomi-
tantly fewer innervated synapses (Fig. 5B). Overexpressing
SMN in SOD1“%® mutants at this age protected the synapses
such that the number of fully innervated NMJs did not differ
between SMN"“;SOD19*® and non-transgenic animals. Tm-
portantly, no difference in NMJ profile between SM. C mice
and non-transgenic littermates was observed, suggesting that
rescue was not simply due to an SMN""“-specific transgene
effect that could endow animals harboring it with greater than
normal numbers of innervated NMJs. A rescue could also be
accounted for by an SMNC transgene-mediated down-
regulation of mSODI or, conversely, an mSOD1-mediated in-
crease in SMN expression. Western blot analysis of SODI

and SMN in spinal cord tissue of PND50 SOD/ G‘%R, SMNHiC;
SODI“%® and age-matched control mice indicated that this
was not the case (Fig. 5C). In contrast to the NMJs of pre-
symptomatic PND44—50 SOD1%°® mice which were protected
by SMN overexpression and were morphologically indistin-
guishable from those of non-transgenic controls, the NMJs of
symptomatic PND102—127 SM. "“.SODI1*® mutants were
denervated to the same extent as those of age-matched
SODI“%® mice. Together, these results suggest that enhanced
SMN expression delays axonal retraction from the skeletal
muscle and provides a cellular basis for the delay in the onset
of the disease phenotype observed in SMN";SOD17%°® mice.

Having discovered a protective effect of enhanced SMN
expression on the NMJs of the motor neurons of ALS mice,
we were interested in determining whether the cell bodies
within the spinal cord were similarly protected. We therefore
examined spinal motor neuron cell bodies innervating the
intercostals of the mutants and relevant controls. We found
that the number of motor neurons in PND14 SOD19%% mice
was similar to those in control mice (Fig. 5D). Additionally
and consistent with a degenerative process that begins in the
distal axon, no cell loss was apparent in either pre-
symptomatic (PND44—50) SMN™“;SOD19%*®or SOD1“%%
animals. However, symptomatic SOD19*°% mice were found
to have lost more than half (53 + 6%) the number of motor
neurons present in age-matched non-transgenic controls,
similar to the loss observed in end-stage A7 SMA mice (26).
Remarkably, but in keeping with the protective effect of the
SMN protein, SMN;SOD1°**® mice lost significantly
fewer (25 + 6%) choline acetyltransferase (ChAT)-positive
motor neurons than mutants without the SMNC transgene.
This was determined to not simply be because of increased
numbers of these cells within the spinal cords of SMN.
To rule out the possibility that cell loss in SODI“**® and
SMN"“;SOD1%°® mice was merely because of abnormally
high levels of SODI1 expression, counts were also carried
out on mice overexpressing wild-type and a G93A mutation
in the SODI gene (27). As expected, only the latter exhibited
obvious evidence of neurodegeneration. Collectively, these
results are indicative of a marked neuroprotective effect of
enhanced SMN expression.

DISCUSSION

The selective degeneration of a cell type due to the loss or dys-
function of a protein reported to play a housekeeping function
inevitably raises questions about the precise biochemical path-
ways underlying the degeneration. A similar degeneration of
that cell type triggered by mutant forms of one or more add-
itional proteins could be indicative of common, cell-specific
pathways shared by the different molecules in maintaining cel-
lular viability and function. In this study, we have probed pos-
sible links between two proteins, SMN and SODI, both of
which underlie motor neuron disorders. The study stems, in
part, from previous reports of the exacerbation of the neurode-
generative ALS phenotype by a relative paucity of the SMN
protein (4,12), and suggestions from association studies that
one or both SMN genes may be linked to sporadic ALS
(3,5-7,37). However, a drawback of the association studies,
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Figure 5. SMN protects the motor unit in mice against mutant SOD1-mediated neurodegeneration. (A) The three classes (fully innervated—class I, partially
innervated—class II and fully denervated—class III) of neuromuscular synapses were used to construct and compare distal motor unit profiles of mSOD1
mice and control littermates. Also depicted are fully inervated NMJs from SMN™;,S0D19%°® mice. (B) Quantification of synapses and a comparison of
their profiles reveal a protective effect of overexpressing SMN in early, pre-symptomatic mSOD1 mice. In contrast, the protective effect was lost in symptomatic
mice. As expected, no difference was detected between post-natal day 14 (PND14) mutants and controls. (C) Western blot analysis of spinal cord tissue from
pre-symptomatic mice indicates that SMN overexpression does not suppress mSOD1 levels or vice versa. (D) Quantification of spinal motor neurons attesting to
the protective effect of enhanced SMN expression on the motor units of mSOD1 mice. Quantification was carried out on at least three animals of each genotype;
*P < 0.05, **P <0.01, ***P < 0.001, t-test. Note: Genotype for the control (D) is SMN2;A7;Smn™*. N.S., not significant.

given the limited number of polymorphic markers used, is the directly by investigating, through the use of a high copy
inability to conclude precisely whether either of the SMN number SMN2 transgene, the effects of SMN on the ALS
genes or a linked locus within the proximity of the genes is phenotype. Our main findings are summarized as follows.
a risk factor for ALS. Our study addresses this question First, we have demonstrated that mSODI1 strikingly alters
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the sub-cellular localization of the SMN protein. Nuclear gems
are virtually eliminated in the presence of the mutant protein,
not as a consequence of a dramatic reduction of SMN or dis-
ruption of Cajal body formation, but more likely because of
the reduced capacity for coilin to bind and recruit SMN to
Cajal bodies. Second, we have shown that overexpressing
SMN not only delays the loss of gems but also protects
against an ALS-like phenotype observed in a mouse model
of the disease. However, the mitigation of the phenotype is
limited to the onset of disease symptoms and does not
prolong survival. Third, we have shown that the protection
observed is due, at least in part, to a delay in the onset of
neuromuscular synapse loss and preservation of motor
neuron cell bodies. An inability to extend survival is most
likely a result of a failure to prevent denervation in late
stages of the disease. Consistent with these in vivo findings,
we found SMN to protect motor neurons in culture against
mSOD1-mediated toxicity. Finally, we have demonstrated
that the disruption of gems by mSODI occurs
cell-autonomously, and is not brought about by the toxicity
of neighboring glial cells such as astrocytes.

An increased susceptibility to ALS in humans and enhanced
severity of the neuromuscular phenotype in model mice pre-
dicted or shown, respectively, to express reduced SMN
protein is indicative of a protective effect of the protein
against processes that adversely affect the motor neuron.
From studies of SMA mice, the protective effect of SMN oper-
ates not only in neonates but also in adults (31) when motor
neuron loss due to ALS-causing mutations becomes evident.
Taking advantage of transgenic mice that overexpress SMN,
we showed that the protein is indeed protective against
mSODI protein, a known cause of motor neuron disease.
However, phenotypically the effect is restricted to symptom
onset and the initial manifestations of the disease. In light of
our findings, this result is not overly surprising. If eventual
death of ALS patients and model mice is in fact a consequence
of paralysis due to denervation, then the inability to prevent
this as the disease progresses would indeed preclude extending
survival. The marginal, ~15% delay in disease onset and ex-
tension of life of SODI9%**;Bax™’~ mutants in which motor
neuron loss is completely blocked but muscle denervation
readily apparent (38) is consistent with this line of reasoning.
Our result apparently contrasts with a prior report in which re-
ducing SMN protein by half in an SODI*** ALS mouse
model, by generating mutants heterozygous for the murine
Smn gene (SODI19%*%:Smn™*' ™), decreased lifespan by ~10%
relative to that of SOD1°3:Smn™'™ littermates. The 10% dif-
ference is decidedly modest and, even if real, is not necessarily
inconsistent with our result if haploinsufficiency of the Smn
gene, as previously suggested, is sufficient to cause denerv-
ation at the neuromuscular synapse (30). Viewed in aggregate,
the various results suggest that even if a robust increase in
SMN cannot alter survival as an outcome in ALS, it does
protect the motor unit albeit temporarily at the neuromuscular
synapse. The protective effect on the motor neuron cell body
relative to that on the NMJs is noteworthy and is an indication
of the sub-cellular compartment in which the molecular
mechanisms underlying mSOD1-mediated ALS begin and on
which SMN preferentially acts. One caveat of this conclusion
is the development of functional defects within the cell body

that we did not analyze but manifest by initially affecting
the morphology of distal processes such as the axon terminal.
Still, our results suggest that future therapies that effectively
protect the neuromuscular synapse may be combined with
SMN-augmenting approaches and expected to offer real
benefit to at least one class of ALS patients, provided they
are identified in a timely manner.

Perhaps the most intriguing finding from our work but one
whose dynamics can be correlated with the progression of the
ALS phenotype is the dramatic loss, particularly in spinal
motor neurons, of gems in the presence of mSOD]1 protein,
a finding consistent with a recent independent study (39).
The precise function of nuclear gems is uncertain and they
are unlikely to be required for cell survival given their
absence in certain cell types (17). However, spinal motor
neurons contain a particularly prominent set of these structures
(9,10,17) and it is possible that their formation and presence
enhances the efficiency of a yet-to-be defined function
whose requirement is especially stringent in these cells. The
loss of gems in the presence of mSODI1 proceeds rapidly
and appears to be much less disruptive to Cajal bodies,
which, for the most part, persist as foci lacking SMN and
snRNPs. Moreover, gem loss seems to be an early event in
the progression of the disease as it mirrors the onset of denerv-
ation and appears in pre-symptomatic mice. Interestingly,
overexpressing SMN delayed both the loss of gems as well
as the onset of denervation. The precise timing of these two
cellular events is not clear, but it is tempting to speculate
that inefficient recruitment of the SMN—snRNP complex to
Cajal bodies further perturbs the health of an already fragile
motor neuron, thereby accelerating its eventual demise. One
possibility therefore is that overexpressing SMN on an ALS
background enhances SMN-related functions, including
those involving nuclear gems that may be disrupted by muta-
tions in SODI, thus delaying motor neuron loss and muscle
denervation. A boost in overall SMN as observed in the
SMN™ mice therefore mediates the correlation between an
increase in the number of gems and delayed motor neuron
pathology. Whether protein increase in the SMN mice
enhances snRNP biogenesis, or conversely, whether the
decline in SMN in mSOD1 mice reduces it is unclear from
our study. However, given the modest reduction of SMN in
the mSOD1 mice, the efficiency of snRNP assembly is unlike-
ly to be lower than that of Smn™~ mice which express half the
normal amounts of SMN protein. Our results indicate that
mSODI1 interferes with the ability of SMN to bind coilin.
A second, parallel possibility is a disruption in the interaction
between SMN and WRAPS53, a protein also thought to target
SMN to Cajal bodies (40). However, this is unlikely as a dis-
ruption of this interaction depletes not only gems but also
overall nuclear SMN, which was not observed in our experi-
ments. Forced expression of SMN from SMN"C promotes
gem formation and therefore temporarily retards their loss
even in the presence of mSODI1. Their eventual loss coupled
with an inability to permanently halt the denervation or
prolong the survival of ALS mice expressing the SMNC
transgene suggests first, that even enhanced SMN expression
is unable to overcome the accumulating toxic effects of
mSOD1 and, second, that the disease process is very likely
accelerated between pre-symptomatic and symptomatic



stages in these mutants. Whether the increased expression of
SMN in the SODI mutants also enhances a reported chaperone
activity of the protein (41), thereby retarding disease onset is
unclear from our experiments. However, it is quite possible
that multiple mechanisms involving gem restoration as well
as an increase in cytoplasmic SMN contribute to the phenotyp-
ic and cellular rescue we observe in our model systems.

The fact that mSOD1 glia do not perturb motor neuronal
gems is noteworthy. On the other hand, their role in the degen-
eration of motor neurons via a non-cell-autonomous pathway
ostensibly involving diffusible factors has been well estab-
lished (22—24). Viewed together the two observations might
form the basis of an argument questioning any significance
ascribed to gem loss in motor neuronal death. However, it is
to be noted that selective expression of mSODI1 within
neurons is sufficient to cause dysfunction and disease when
the protein is at sufficiently high levels (34). If so, it is
likely that the mitigating effects of enhanced SMN expression
we observe are predominantly if not entirely cell-autonomous
and future treatments for familial and/or sporadic forms of
ALS will require targeting multiple cell types. In conclusion,
we have found that the mSOD1 protein and its associated path-
ology have a remarkably disruptive effect on the sub-cellular
localization of the SMN protein. Such a result in which one
component, SMN, of the Cajal body is lost without a dramatic
reduction in the protein highlights an experimental system that
may be exploited in future studies using model systems and
human tissue to probe the precise function of these nuclear
structures.

MATERIALS AND METHODS
Mice

Mutant SOD19%°® mice were obtained from the Jackson La-
boratory (#05110) and genotyped using primers SODI1F2:
5'-CGGTCTGGAAAAGCCATCAT-3 and E4A-SODI:
5'-AATGATGGAATGCACTCCTGA-3'. The 256bp PCR
product was digested with Fspl, which recognizes the
G256C mutation in the SODI gene to generate 170 and
86 bp fragments. Mice overexpressing the SMN protein
(SMN™“; Jax #008206) were generated at the Ohio State Uni-
versity (28) and transferred to Columbia University. Such
animals bear eight SMN2 genomic copies. Mice hemizygous
for the transgene (SMN-HiC'~;Smn™") express ~2.5-fold
wild-type levels of the SMN protein and were used for the
experiments described in the manuscript. They were geno-
typed as previously described (28). To generate mice with
spinal motor neurons fluorescently marked with the eGFP
protein, SMN™'“ animals were bred to HLXB9::GFP mice
(Jax #005029) and genotyped for eGFP, using standard GFP
primers. All animal procedures were performed in accordance
with institutional guidelines.

Phenotypic assessment of mice

Motor behavior and body weights of the mice were measured
beginning at PND30 every 2—3 days to assess the phenotypic
effects of overexpressing SMN in SODI mutants. The vertical
pole test was a modified version of the protocol described by
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Matsuura et al. (42). Briefly, mice were placed in the center of
a vertically positioned metal pole (60 cm long, 1 cm diameter)
covered with a mesh tape, with their snouts oriented toward
the ceiling. Motor performance was measured by the latency
to turn around in order to descend the pole. Each animal
was subjected to 10 trials and a motor defect noted when a
mouse was unable to turn around within 30 s in any of the
trials. The disease was defined as phenotypically discernible
if a mouse performed in a similar manner on 2 consecutive
days. The 30 s cut-off time was chosen based on a 100%
success rate in age-matched control mice (n = 50). The
rotarod test was performed using a machine from Columbus
Instruments (Columbus, OH, USA) under conditions of con-
stant (20 r.p.m.) velocity. Mice were subjected to 10 trials fol-
lowing 3 training periods of 1 min each. An inability to remain
on the rotating rod for at least 30 s in each of the trials consti-
tuted a motor defect. A similar performance the following day
was required to confirm disease onset. The onset of the disease
based on body weight loss was defined as the day on which
loss exceeded 5% of peak body weight.

Immunoprecipitation and western blot analysis

SMN and SOD1 protein levels were determined by western blot
analysis using standard procedures as previously described
(10,28). SMN (1:4000, BD Biosciences, San Jose, CA, USA),
SODI1 (1:1600, Calbiochem, Rockland, MA, USA), a-tubulin
(1:1000, Sigma-Aldrich, St Louis, MO, USA), [-actin
(1:1000, Millipore), coilin (1:900, Santa Cruz), GFP (1:1200,
Invitrogen, Carlsbad, CA, USA), Histone H3 (1:2000, Cell Sig-
naling Technology, Danvers, MA, USA), GAPDH (1: 2000,
Cell Signaling Technology) were visualized using the ECL De-
tection Kit (RPN2109, GE Healthcare, Piscataway, NJ, USA).
Quantification of band intensities was performed using the
Image] software (NIH, Bethesda, MD, USA). To determine
the effect of mSODI1 on SMN levels in the cytoplasmic and
nuclear compartments, NSC34 cells were washed twice on ice
in RSB100 buffer (20 mm Tris—Cl, pH 7.4, 150 mm NaCl,
2.5mM MgCl,) and then permeabilized for 13 min at
37°Cwith RSB100 buffer containing 260 wg/ml digitonin
(Sigma-Aldrich) and 1% (v/v) protease inhibitors. Lysates
were clarified by centrifugation (3000g, 2 min) to collect the
cytoplasmic fraction in the supernatant. The pellets were
washed twice in RSB100 buffer, solubilized by sonication in
RIPA lysis buffer and then centrifuged to obtain the nuclear
fraction in the supernatant. To immunoprecipitate proteins
bound to SMN, G-Sepharose beads (Sigma-Aldrich) were incu-
bated with anti-SMN 7F3 for 2 h at 4°C, washed with RSB100
buffer to remove excess antibody and then further incubated
with 100 mg of protein sample from either cellular compartment
of the NSC34 cells. The beads were then washed with RSB100
buffer to remove unbound proteins, boiled for 10 min at 95°C
and then centrifuged before collecting the supernatant for
western blot analysis.

Immunohistochemistry

NMIJs of the intercostal muscle were stained as previously
described (30). NMJ types (I, II and III) were defined by the
extent of overlap between AChRs stained with labeled
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a-bungarotoxin and nerve terminals stained with anti-NF(M).
To examine the spinal motor neurons, the thoracic spinal cord
was dissected from animals and treated as previously described
(14). Primary antibodies used were anti-SMN 7F3 (1:200, a
generous gift from L. Pellizzoni), anti-ChAT (1:100, Millipore,
Temecula, CA, USA), anti-coilin (1:250, Santa Cruz, Santa
Cruz, CA, USA), SOD1 (1:180, Calbiochem, San Diego, CA,
USA) and anti-Sm 18F6 (1:200, a gift from L. Pellizzoni).
To ensure we were quantifying gems as defined by Liu and
Dreyfuss ( 16), initial immunohistochemistry experiments
were carried out by co-labeling motor neurons with
antibodies against SMN and coilin. Since the two proteins
always co-localized as depicted in Supplementary Material,
Figure S5, subsequent experiments were carried out with
anti-SMN alone, and reactive nuclear foci assumed to be
gems. SMN intensity within the spinal motor neurons was
assessed after images were captured under identical gain and
exposure and as previously described (30). Immunostaining
of cultured cells was carried out following fixation with 4%
PFA for 10 min at 4°C. The cells were then blocked in PBS so-
lution containing 3% BSA and 1% Triton-X (PBS-BT) for
30 min at room temperature and incubated with a primary anti-
body in PBS-BT for 2 days at 4°C. They were then rinsed in
PBS, incubated with a labeled secondary antibody for a day
at 4°C and rinsed an additional three times before mounting
in Vectashield (Vector Labs, Burlington, VT, USA) containing
DAPI for image analysis. Images were acquired on a Nikon
Eclipse 80i fluorescence microscope (Nikon, Tokyo, Japan)
equipped with a Spot Flex digital camera (Diagnostic Instru-
ments, Starling Heights, MI, USA). Confocal images were
obtained on a laser scanning confocal LSM5 PASCAL micro-
scope (Zeiss, Germany).

Primary cell cultures

Fibroblasts were obtained from the tails of PNDO—1 mice. The
tissue was minced and then seeded onto 0.1% gelatin-coated
cover slips immersed in DMEM media supplemented with
10% fetal bovine serum (FBS). Cells were harvested 12 days
after plating for immunostaining experiments. Primary motor
neurons were extracted from the spinal cords of eGFP™
E12.5-day-old embryos. The tissue was mechanically disso-
ciated and then incubated for 8 min at 37°C in 0.025%
trypsin. The resulting cells were washed with motor neuron
medium [Neurobasal medium (Invitrogen), containing 2%
heat-inactivated horse serum, B27 supplement, 0.5 mm glu-
tamine, 25 M (-mercaptoethanol, penicillin/streptomycin and
trophic factor cocktail (0.5 ng/ml glial-derived neurotrophic
factor, 1 ng/ml brain-derived neurotrophic factor and 10 ng/
ml ciliary neurotrophic factor), R&D Systems] three times
and plated on astrocyte monolayers at a density of 1500
GFP™ cells/cm®. Mouse astrocytes were extracted from
spinal cords of PND3—4 animals by mechanically dissociating
the tissue and then transferring the resulting cells to culture
flasks containing DMEM medium supplemented with 10%
FBS. Following a 15 day incubation period, the flasks were
placed on a shaker (200 r.p.m. for 8 h) to detach microglia.
The astrocytes were then re-plated on cover slips placed in
24-well plates until 80% confluent at which point they were
co-cultured with the neurons. Motor neurons for experiments

involving neurotrophic factor deprivation were plated on
poly-p-lysine/laminin-coated cover slips with motor neuron
media with or without the trophic factor cocktail.

Transfection studies

To test the effect of mSOD1 on SMN localization in cultured
cells, NSC34 motor neuron-like cells were transfected with
SODI19%® or SODI"™ constructs. Briefly, RNA extracted
from mSODI19%°® mouse spinal cord was reverse-transcribed
and the cDNA amplified with primers vecSOD-F2: 5'-TA
AAGCTTCGGGGAAGCATGGCGATGAAAGCGGTGTG

CGTG-3' and vecSOD-R1: 5-AAGGATCCTGCGCAA
TCCCAATCACTCCACAGGCCAAGCGGC-3" to generate
the wild-type and mSOD]1 transcripts. The PCR fragments
were digested with BamH1 and Hindlll and then cloned
into the pEYFP-N1 (Invitrogen) vector. Mutant SOD1 was
distinguished from its wild-type counterpart by virtue of
the Fspl site, which is created by the G256C mutation.
A total of 2 x 10° NSC34 cells were transfected with 5 pg
of plasmid suspended in Lipofectamine (Invitrogen) accord-
ing to the manufacturer’s recommendation, which resulted in
a >90% transfection efficiency.

Statistics

Kaplan—Meier survival curves were compared and assessed
for differences, using the log-rank test equivalent to the
Mantel—Haenszel test. The unpaired, two-tailed Student’s
t-test or one-way ANOVA followed by Tukey’s post hoc com-
parison, where indicated, were used to compare means for stat-
istical differences. Data are represented as mean + SEM
unless otherwise indicated. P < 0.05 was considered signifi-
cant. Statistical analyses were performed with GraphPad
Prism v4.0 and StatMate v2.0 (GraphPad Software).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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