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Increasing expression and decreasing degradation
of SMN ameliorate the spinal muscular atrophy
phenotype in mice
Deborah Y. Kwon, William W. Motley, Kenneth H. Fischbeck and Barrington G. Burnett∗
Neurogenetics Branch, National Institute of Neurological Disorders and Stroke, NIH, Bethesda, MD, USA
Received February 24, 2011; Revised May 2, 2011; Accepted June 16, 2011

INTRODUCTION
Spinal muscular atrophy (SMA), an autosomal recessive neuromuscular disorder, is one of the leading genetic causes of infant
death. SMA results from deletion of the survival of motor
neuron-1 (SMN1) gene and a consequent deficiency of the
SMN protein. Although a second nearly identical gene,
SMN2, is retained in SMA patients, the SMN2 gene primarily
produces an alternatively spliced isoform lacking exon 7,
which encodes a protein that is largely unstable and rapidly
degraded. Multiple copies of SMN2 in transgenic mice can alleviate severity of the SMA disease phenotype on a smn null background, with a gene dosage effect (1). Patients with mild SMA
often have multiple SMN2 copies, and some individuals with
four or five SMN2 genes have been found to be phenotypically
normal (2– 4). Thus, a promising approach to treating SMA
could include increasing levels of functional SMN protein by
increasing SMN2 transcript levels and blocking the degradation
of its gene product.
SMN is degraded through the ubiquitin proteasome system
(UPS) (5,6). In this system, proteins destined for degradation
are targeted by linkage to ubiquitin through the action of
various enzymes. Once a chain of four or more ubiquitin

moieties is assembled on a protein, it is delivered to the 26S
proteasome for proteolysis. Contained within the central core
of each 26S proteasome are six active proteolytic sites; two
cleave after hydrophobic residues (chymotrypsin-like), two
after basic residues (trypsin-like) and two others after acidic
residues (caspase-like) (7). Together, these sites catalyze the
breakdown of proteins into short oligopeptides. Because the
proteolytic sites in the 26S proteasome function by different
mechanisms, it has been possible to develop drugs that
inhibit one or two active sites in the 20S core without rendering the entire proteasome nonfunctional. The clinically used
dipeptide boronic acid, bortezomib, is one such drug, which
reversibly inhibits chymotrypsin cleavage in the proteasome
without affecting the other active sites. Bortezomib was
selected from an in vitro screen for its pro-apoptotic and
anti-tumor profile and is currently approved for treatment of
multiple myeloma (8).
In the present study, we targeted the UPS to block the
degradation of the SMN protein. Treatment of cultured cells
with proteasome inhibitors MG132 and lactacystin has
already been shown to increase SMN protein levels;
however, these drugs are not amenable for therapeutic use
due to their off-target effects and toxicity (5). In this study,
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Spinal muscular atrophy (SMA) is a neuromuscular disorder caused by reduced levels of the survival motor
neuron (SMN) protein. Here we show that the proteasome inhibitor, bortezomib, increases SMN in cultured
cells and in peripheral tissues of SMA model mice. Bortezomib-treated animals had improved motor function,
which was associated with reduced spinal cord and muscle pathology and improved neuromuscular junction
size, but no change in survival. Combining bortezomib with the histone deacetylase inhibitor trichostatin A
(TSA) resulted in a synergistic increase in SMN protein levels in mouse tissue and extended survival of SMA
mice more than TSA alone. Our results demonstrate that a combined regimen of drugs that decrease SMN
protein degradation and increase SMN gene transcription synergistically increases SMN levels and improves
the lifespan of SMA model mice. Moreover, this study indicates that while increasing SMN levels in the central
nervous system may help extend survival, peripheral tissues can also be targeted to improve the SMA
disease phenotype.
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we characterized bortezomib’s effect on SMN protein levels in
SMA patient-derived cell lines and on the SMA phenotype in
SMA model mice. We asked whether we could synergistically
increase SMN protein levels by combining bortezomib with
trichostatin A (TSA), a histone deacetylase (HDAC) inhibitor
previously shown to upregulate SMN gene transcription (9,10).
Our study demonstrates that a two-drug regimen that increases
gene transcription and stabilizes protein levels may be a promising therapy for SMA, and that peripheral tissues, such as the
muscle, may be targeted to improve the SMA phenotype.

RESULTS

SMA patient-derived fibroblasts were treated with the commercially available proteasome inhibitor, bortezomib (Velcadew,
previously PS-341), to determine whether it increases SMN
protein levels. Similar to previously published results using
other proteasome inhibitors, SMN levels increased in a dosedependent manner in the presence of bortezomib (Fig. 1A).
This correlated with an accumulation of ubiquitinated SMN,
indicating that the increase in SMN protein was due to proteasome inhibition rather than to off-target effects of the drug
(Fig. 1B). Given bortezomib’s ability to increase SMN and its
low toxicity compared with other proteasome inhibitors, we
then proceeded to test the drug in SMA model mice.
To study bortezomib’s efficacy in vivo, we treated SMA
pups (SMN2 +/+, SMND7, Smn2/2) by intraperitoneal
(i.p.) injections (0.15 mg/kg) starting at P5 and continuing
every other day. This was the maximum tolerated dose for
mice at this age. SMA pups were treated until P13 and then
sacrificed to examine SMN levels in various tissues by
western blot. We observed an approximately 2-fold SMN
increase in the liver, muscle and kidney of bortezomib-treated
mice, while levels of SMN in the spinal cord and brain
remained unchanged (Fig. 2). Bortezomib has low central
nervous system (CNS) penetrance, and brain and spinal cord
tissues from bortezomib-treated animals showed no change
in proteasome activity (Supplementary Material, Fig. S1).
Since SMN levels in the peripheral nervous system could be
increased by bortezomib treatment and affect SMN levels in
the anterior horn cells (AHCs) of the spinal cord, we stained
lumbar spinal cord sections in vehicle- and bortezomib-treated
mice. However, we did not observe a significant difference in
SMN levels in the AHC of bortezomib-treated mice compared
with those treated with vehicle (Supplementary Material,
Fig. S2).
Bortezomib improves motor function of SMA model mice
but does not extend lifespan
We then asked whether the increase in SMN protein levels
we observed in peripheral tissues is sufficient to ameliorate
the SMA phenotype. SMA mice were given bortezomib
(0.15 mg/kg) as described above, but with treatment continuing until weaning at P21. Motor function was assessed daily
as the average time it took for the mice to right themselves
once placed on their backs. The righting times of bortezomib-

Figure 1. SMN is increased in bortezomib-treated cells. (A) SMA patient
fibroblasts treated for 16 h with different doses (1, 10, 50 and 100 mM, respectively) of the proteasome inhibitor bortezomib showed dose-dependent
increases in SMN protein levels. Quantification is shown in lower panel. (B)
HEK 293T cells treated with bortezomib have increased SMN ubiquitination
in a dose-dependent manner. Values represent mean + SEM of three independent experiments. ∗∗ P , 0.01.

treated animals were improved starting at P8 (Fig. 3B; P ¼
0.01). However, bortezomib had no overall effect on the survival of these mice, although some decrease in early deaths
was observed (Fig. 3A). These results suggest that an increase
in SMN protein levels in peripheral tissues may improve
motor behavior, but that increased SMN in the CNS may be
required for an extension of lifespan.

Bortezomib and TSA synergistically increase SMN protein
levels and improve survival and motor function in SMA
model mice
Since our data showed that bortezomib treatment blocks SMN
degradation in the peripheral tissues of mice, we next asked
whether upregulating the SMN2 gene throughout the mouse
might synergize with bortezomib and confer a greater therapeutic effect on the SMA phenotype in vivo. To test this
hypothesis, we used a combined regimen of bortezomib and
TSA, a CNS-penetrant HDAC inhibitor that has been previously shown to increase SMN transcript levels in vitro and
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and in peripheral tissues of SMA mice
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in vivo (9). Treatment of SMA patient-derived fibroblasts with
either drug alone increased SMN protein levels but giving both
drugs together was additive, consistent with the actions of the
drugs on distinctive pathways (Supplementary Material,
Fig. S3).
We next sought to determine whether delivery of both bortezomib and TSA affects the SMA phenotype in the mice.
Since inhibition of the proteasome can last for up to 48 h
(data not shown), mice were treated every other day with
bortezomib and daily with TSA, starting at P5. In order to
mitigate the toxicity we observed administering both drugs

together, we reduced the dose of TSA to 4 mg/kg and bortezomib to 0.075 mg/kg. We found that even at this lower dose,
SMN protein levels were increased in tissues from TSAtreated mice compared with those treated with vehicle (Supplementary Material, Fig. S4). In all tissues isolated, SMN
protein levels were significantly increased in TSA- and
bortezomib-treated animals at P13 compared with those
treated with vehicle alone (Fig. 4). SMN was increased in peripheral tissues above levels observed with either bortezomib
(Fig. 4) or TSA alone (Supplementary Material, Fig. S4)
when both drugs were co-administered.
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Figure 2. Bortezomib increases SMN protein levels in vivo. Mice at P5 were treated with either bortezomib (0.15 mg/kg) or vehicle (water) every other day and
sacrificed at P13. The brain, spinal cord, liver, kidney and muscle tissues were removed, and protein lysates were isolated for biochemical analysis. A densitometry
analysis was performed on the resulting western blots to ascertain relative SMN protein levels in each tissue. Values represent mean + SEM. ∗∗ P , 0.01.
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Combining TSA and bortezomib treatment also extended
the survival of SMA mice more than TSA alone. Mice
treated with 4 mg/kg of TSA lived 3 days longer than
vehicle [dimethyl sulfoxide (DMSO)]-treated mice similar to
effects reported with 10 mg/kg of TSA (9); however,
average lifespan was increased to 6 days when both TSA
and bortezomib were given in combination (Fig. 5A). While
we observed a similar improvement in the righting times of
TSA only and TSA- and bortezomib-treated mice (P ¼
0.37), we found that animals treated with both drugs gained
more weight over the course of treatment on average than
those treated with either TSA alone (Fig. 5B; P , 0.05) or
vehicle (Fig. 5B;
P , 0.001).
Bortezomib and TSA improve the motor unit pathology
in SMA mice
Based on the motor improvement we observed with TSA and
bortezomib treatment, we next examined whether there was
structural improvement of the motor unit. Cohorts of
vehicle-, bortezomib-, TSA- and TSA plus bortezomib-treated
mice were sacrificed at P13, and muscle and spinal cord
tissues were isolated for histological examination (n ¼ 3,
each group). Hematoxylin- and eosin-stained cross-sections
of tibialis anterior (TA) muscles from P13 SMA mice
showed a significant increase in myofiber size with either bortezomib (P , 0.05) or TSA treatment alone (P , 0.01) compared with vehicle-treated mice (Fig. 6). We did not observe
a statistically significant increase in myofiber size with the
combination of TSA and bortezomib; however, treatment
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Figure 3. Bortezomib improves motor function; does not affect survival. SMA
mice were treated with i.p. injections of bortezomib (0.15 mg/kg) or vehicle
(water) every other day starting on P5. (A) Survival curves of SMA mice
treated with bortezomib or vehicle (log-rank test, P ¼ 0.76; n ¼ 12 bortezomib; n ¼ 10 vehicle). (B) Righting time in SMA mice treated with bortezomib
(n ¼ 12) or vehicle (n ¼ 10).

with both drugs further increased myofiber number over
what was observed with bortezomib alone (P , 0.05) and
TSA alone (P , 0.01).
We next analyzed the number of neurons .25 mm in diameter in the anterior horn of the lumbar spinal cord. We found a
nearly 2-fold increase in the number of AHC per section in
mice treated with bortezomib alone or the combination of bortezomib and TSA (Fig. 7A). TSA treatment alone did not
increase AHC numbers, consistent with the previously published data (9). Furthermore, there was no significant difference in AHC numbers between mice treated with
bortezomib alone and those treated with TSA and bortezomib,
indicating that the observed increase was likely an effect of
bortezomib alone. We have previously reported that
expression levels of choline acetyltransferase (ChAT), a
motor neuron marker, are reduced in SMA mice compared
with heterozygous littermates (9). To further validate the
increase in AHCs observed in drug-treated mice, we also analyzed ChAT levels in these animals by western blot. ChAT
levels were only slightly increased in TSA-treated mice (Supplementary Material, Fig. S4B; P ¼ 0.066). However, we
observed an approximate 4-fold increase in ChAT protein
levels in animals treated with bortezomib alone (Fig. 7B;
P ¼ 0.055) or with the combination of bortezomib and TSA
(Fig. 7B; P ¼ 0.029), suggesting that these drugs reduce
motor neuron loss in SMA mice.
Given the low availability of bortezomib in the CNS, the
increase in AHC number in mice treated with the drug was surprising. Recent studies have identified a role for SMN in the
maturation of neuromuscular junctions (NMJs), with poor terminal arborization, denervation, impaired synaptic vesicle
release, neuronal antigen accumulation and decreased NMJ
size in SMA mice. We therefore examined the effect of bortezomib treatment on the NMJ, comparing NMJs in the TA muscles
of affected mice at P13. Alpha-bungarotoxin was used to identify the post-synaptic side of the NMJ, and antibodies to synaptic
vesicle protein 2 and neurofilament were used to visualize presynaptic morphology. As previously reported, we found that
SMA NMJ post-synaptic terminals were small and simplified
compared with those in control littermates (Fig. 8). Quantification of the size indicated that the morphology of SMA
NMJs was significantly improved with bortezomib treatment
alone. TSA alone also improved the mean surface area of
SMA NMJs, and an additive effect was observed when both
drugs were delivered together. Qualitative comparison also
showed that there were incremental improvements in NMJ
maturity as indicated by an increase in invaginations in the postsynaptic staining (Fig. 8, white arrows). We then compared the
NMJ morphology from SMA mice treated with TSA and bortezomib and unaffected littermates at P19. The NMJs in TSA- and
bortezomib-treated mice continued to mature between P13 and
P19, and by P19 appeared similar to control littermates (Supplementary Material, Fig. S5). Our results suggest that the
motor improvements we observed in SMA mice treated with
bortezomib alone could be due to improvement at the NMJ
and that extended survival in TSA- and bortezomib-treated
mice may be due to amelioration of motor unit pathology. We
note that TSA also increases NMJ size but does not increase
AHC number, suggesting that TSA and bortezomib affect the
CNS by different mechanisms.
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DISCUSSION
Intraperitoneal administration of the proteasome inhibitor, bortezomib, resulted in a 2-fold increase in SMN protein levels in
peripheral tissues of SMA model mice. Affected mice treated
with bortezomib alone showed improved righting times but no
significant change in lifespan. The lack of a survival benefit in
the absence of CNS availability of bortezomib highlights the
critical role of SMN in the CNS. Nevertheless, we observed
increased myofiber size and number in bortezomib-treated
mice and, surprisingly, an increased number of AHCs in the
spinal cord. Immunohistochemical examination of the NMJ of

bortezomib-treated mice showed increased NMJ size compared
with vehicle-treated mice. This improvement in NMJ size could
explain the increase in AHC number and the improvement in
motor function we observed in treated animals despite the
lack of increased SMN levels in the CNS with bortezomib treatment and suggests that treatments that target peripheral tissues
may contribute to improving the disease phenotype.
It remains unclear whether SMA is cell autonomous, i.e.
caused by the effects of reduced SMN in multiple tissues or
solely in motor neurons. In Drosophila, a null mutation in
Smn is partially rescued by maternal SMN expression that
allows development to the larval stage (11). The eventual
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Figure 4. Combining trichostatin A and bortezomib increases SMN in vivo. SMA mice aged P5 were treated with TSA (4 mg/kg) and bortezomib (0.075 mg/kg)
or with vehicle (DMSO and water). Mice were sacrificed for biochemical analysis at P13. The brain, spinal cord, liver, kidney and muscle tissues were removed
and protein lysates from these tissues were isolated to examine SMN protein levels. The ratio of SMN to actin protein levels was determined by a densitometry
analysis. Values represent mean + SEM. ∗ P , 0.05; ∗∗ P , 0.01; ∗∗∗ P , 0.001.
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Figure 6. TSA plus bortezomib ameliorates muscle pathology in SMA model mice. SMA mice were treated with vehicle (n ¼ 3), bortezomib (n ¼ 3), TSA (n ¼ 3),
TSA + bortezomib (n ¼ 3) from P5 to P13. (A) Hematoxylin and eosin staining of quadriceps muscles from vehicle- and drug-treated mice. Scale bars: 50 mm.
(B) Average myofiber diameter was increased with bortezomib treatment (P , 0.05), TSA treatment (P , 0.01) and TSA + bortezomib (P , 0.01). The total
TA myofiber number increased with individual bortezomib (P , 0.01) and TSA treatments (P , 0.05) and increased further with TSA + bortezomib
(P , 0.001). Values represent mean + SEM. ∗ P , 0.05; ∗∗ P , 0.01; ∗∗∗ P , 0.001.

depletion of SMN in all tissues results in death and can only be
rescued by providing SMN to both muscles and neurons.
Depletion of SMN in muscle in flies and mice results in
muscle degeneration, indicating that SMN is an essential
protein in muscle, as in other tissues (12). Recent work with

transgenic mice expressing SMN in muscle under the control
of the human skeletal muscle actin promoter showed that
SMN restoration in skeletal muscle alone has no appreciable
impact on the SMA phenotype (13). However, this does not
rule out the possibility that increasing SMN levels in muscle
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Figure 5. TSA with bortezomib extends survival in SMA mice and improves the SMA phenotype in transgenic mice. SMA mice were treated with daily i.p.
injections of TSA (4 mg/kg) and bortezomib (0.075 mg/kg) or vehicle (equal amounts of DMSO and water). A control group was treated with vehicle (DMSO)
and TSA alone (4 mg/kg) in the same manner. (A) Kaplan– Meier survival curves of SMA mice treated with TSA alone (n ¼ 12; median survival ¼ 16 days) or
vehicle (n ¼ 10; median survival ¼ 18.5 days; log-rank test, P ¼ 0.007). (B) Survival curves of SMA mice treated with TSA with bortezomib (n ¼ 21; median
survival ¼ 20 days) or vehicle (DMSO and water; n ¼ 21; median survival ¼ 14 days; log-rank test, P , 0.0001). (C) Righting times of SMA mice treated with
TSA and bortezomib, TSA alone and vehicle. (D) Body weights of SMA mice treated with TSA with bortezomib gained more weight than mice treated with
either TSA alone (P , 0.05) or vehicle (P , 0.0001).
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may enhance whatever beneficial effect repletion of motor
neuron SMN may have. Two studies examined inhibitors of
the myostatin pathway in SMA mice with contrasting
results, one showing a modest extension in lifespan and
gross motor function, with delivery of recombinant follistatin,
the other detecting no phenotypic improvement in the SMA
mice with ActRIIB-Fc treatment or transgenic overexpression
of follistatin (14,15). The basis for this discrepancy is unclear;
however, the possibility remains that motor neurons may
require additional support in peripheral tissues to respond optimally to SMN-based therapeutics. In this study, we found that
a 2-fold increase in SMN in peripheral tissues had no effect on
the survival of SMA mice, but a similar increase in SMN in
animals treated with the CNS penetrant drug, TSA, was sufficient to significantly improve survival. Taken together, these
studies would indicate the need for adequate levels of SMN
in the CNS for survival.
While this study was ongoing, it was reported that the hydroxamic acid-derived HDAC inhibitor LBH589 markedly
increases SMN levels in SMA patient-derived fibroblasts by
increasing SMN2 gene expression and blocking SMN protein
degradation (16). We show here that TSA and bortezomib delivered together synergistically increased SMN protein levels in
cultured cells and tissues of SMA mice. Mice treated with
both drugs lived longer and showed increased body weight.
Immunohistochemical analysis of NMJs in mice treated with
both drugs showed a cumulative effect on their maturation.

Although TSA alone increases SMN protein levels, mitigates
muscle and nerve pathophysiology and extends the lifespan of
SMA model mice (9), co-administering TSA with bortezomib
approximately doubled SMN levels in affected mice compared
with TSA alone and further extended survival from 3 to 6 days.
Of particular interest in this study was the finding that bortezomib alone significantly improved the motor function of
SMA mice. We observed an increase in SMN protein levels
in muscle tissue of treated mice and increases in the number
of myofibers and in myofiber diameters. AHC loss was also
delayed in bortezomib-treated animals, indicating a central
effect of this peripherally acting drug. These SMA mice
show motor deficits as early as postnatal day 2, although
they do not exhibit significant spinal motor neuron loss at
this stage and there is evidence to suggest that defects at the
NMJ precede motor neuron loss (17). We found that the
NMJs of bortezomib-treated mice were larger than those of
vehicle-treated animals. We presume that increased SMN in
muscle can positively influence the maturation of the NMJ
and survival of motor neurons. It is also possible that inhibition of the proteasome may contribute to muscle improvement by another mechanism independent of SMN. Muscle is
a source of neurotrophic factors that are protective of motor
neurons (18). Muscle-derived NT-4 is an activity-dependent
neurotrophic signal for growth and remodeling of adult
motor nerve terminals, and muscle-derived neurotrophic
factors are retrogradely transported by motor neurons with
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Figure 7. TSA plus bortezomib delays motor neuron death in lumbar spinal cord tissues of SMA model mice. SMA mice treated with vehicle (n ¼ 3), bortezomib
alone (0.15 mg/kg; n ¼ 3), TSA alone (4 mg/kg) or bortezomib (0.075 mg/kg) plus TSA (4 mg/kg; n ¼ 3) were sacrificed at P13. (A) Nissl-stained sections of ventral
spinal cords. Quantitative analysis showed an increase in motor neurons/section in mice treated with bortezomib alone (P , 0.01) and a combination of TSA and
bortezomib (P , 0.01) but not with TSA alone. (B) Western blot analysis showed an increase in the ChAT protein levels in spinal cord of bortezomib (P ¼ 0.056) and
TSA + bortezomib-treated mice compared with vehicle-treated mice (P , 0.05). Values represent mean + SEM. ∗ P , 0.05; ∗∗ P , 0.01; ∗∗∗ P , 0.001.
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effects at the level of the cell body (19). Recently, musclespecific insulin-like growth factor 1 expression was shown
to reduce spinal cord and muscle pathology in spinal and
bulbar muscle atrophy demonstrating that muscle cell signaling can have an effect on motor neuron survival (20). These
data indicate that drugs acting peripherally may ameliorate
SMA.
The UPS is involved in key events in neuronal development
such as neuronal migration and synaptogenesis (21 – 23), operating at both the pre-synaptic and at the post-synaptic level.
Alteration of the ubiquitination of specific substrates due to
mutations of ubiquitin conjugating enzymes and ligases may
be associated with neurological disease (24 – 26). Recently,
X-linked infantile SMA has been linked to changes in the
E1 ubiquitin-activating enzyme (27), suggesting that altered
ubiquitination in motor neurons could cause defective development of the motor unit. Maturation of the NMJ involves

the pruning of axons from muscle fibers that are innervated
by multiple motor neurons, the formation of a highly branched
motor axon terminal and the coordinated expansion of the
nerve terminal and muscle fiber (28). These events occur
during the first 2 weeks of postnatal development in mice
with effects on both neuronal development and the growth
and maturation of muscle fibers. Interestingly, the proteasomeassociated deubiquitinating enzyme Usp14 has been reported
to be crucial for the postnatal maturation of the peripheral
nervous system by regulating ubiquitin pools at the nerve
terminal (29). These and other findings are consistent with a
critical role for ubiquitin homeostasis and proteasome activity
at the NMJ and could, along with increased SMN levels in peripheral tissues, explain the improvement we observed in the
motor unit of SMA mice treated with bortezomib.
Proteasome inhibitors have potential as treatment for a
variety of diseases, including immunologic, inflammatory,
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Figure 8. TSA plus bortezomib improves the NMJ. NMJs were isolated from the TA muscles of vehicle- and drug-treated animals at P13. While TSA and bortezomib (n ¼ 3) both independently increased NMJ surface area, combining both TSA and bortezomib further improved NMJ size in SMA mice (P , 0.01). Values
represent mean + SEM. ∗∗ P , 0.01.
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MATERIALS AND METHODS
Cell culture and drug treatment
Human fibroblast cell lines from a 3-year-old type I SMA
patient (GM03813) and a 2-year-old type I SMA patient
(GM09677) were obtained from Coriell Cell Repository. For
bortezomib studies, cells were either plated in growth media
alone or with bortezomib (Millenium), which was dissolved
in water before use. TSA was dissolved in DMSO to a concentration of 50 nM and used to treat cells alone or in combination
with bortezomib. The cells were incubated with either bortezomib alone (16 h) or with TSA for 8 h twice, or a combination
of TSA and bortezomib overnight. The cells were then harvested for protein isolation and quantification as previously
described (5).

Bortezomib was dissolved in sterile water to a concentration
of 0.15 mg/ml. Pups at postnatal day 5 (P5) were administered
1 ml of bortezomib per gram (for a concentration of 0.15 mg/
kg) intraperitoneally using a 33-gauge needle and treated
every other day until P13. Control animals received equal
volumes of water.
TSA was dissolved in DMSO to a concentration of 4 mg/ml.
Pups at P5 were administered 1 ml of TSA per gram daily for a
total concentration of 4 mg/kg in a manner similar to bortezomib administration. In order to reduce toxicity with the drug
combination, mice were given TSA in the mornings and
bortezomib in the evenings.
For one-time measures, pups were weighed and tested for
their ability to right themselves. Righting time was defined
as the average of two trials of the time required for a pup to
turn over after being placed on its back (maximum 30 s).
Mice that lost 30% of their body weight and were unable to
right themselves were euthanized.
For biochemical studies, the mice were anesthetized with
isofluorane and sacrificed by cervical dislocation. Fifty to
100 mg of various tissues (brains, livers, spinal cords,
kidneys, limb skeletal muscle) were dissected, flash-frozen
in liquid nitrogen and stored at 2808C.
For survival studies, litters were maintained and kept with
the mother until P21, after which they were weaned and tested.
Protein extraction and quantification
Tissues were homogenized and incubated in 500 ml of lysis
buffer (0.1% NP-40 and 0.5% sodium deoxycholate) for
15 min on ice, and the collected supernatant was sonicated
for 10 s before another 15 min incubation. Supernatant was
collected after a 15 min centrifuge step at 48C and stored at
2808C. Protein concentrations were determined by the BCA
Protein Assay kit (Pierce) according to the manufacturer’s
protocol.
Western blotting
Protein lysates (25 mg for wild-type and heterozygous mice,
50– 100 mg for SMA mice) were run and separated on a
10% sodium dodecyl sulfate polyacrylamide gel electrophoresis gel and transferred to a polyvinylidene fluoride membrane. These were then probed with a mouse anti-SMN
antibody (BD Transduction Laboratories, diluted 1:1000),
anti-ChAT antibody (Millipore, dilution 1:1000) and a
mouse anti-B-actin antibody (Sigma-Aldrich, diluted
1:10,000).
Pathological analysis

Mice and drug treatment
Studies were approved by the National Institute of Neurological Diseases and Stroke Animal Care Committee and
performed in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.
Transgenic SMA mice on the FVB background (hSMN2/
delta7SMN/mSmn2/2) were purchased from Jackson Laboratories. Animals were genotyped using polymerase chain
reaction on tail DNA as previously reported (41).

The mice were transcardially perfused with 4% paraformaldehyde. Lumbar spinal cords and distal hind limbs were
dissected and post-fixed in the same fixative overnight. Hind
limb tissues were decalcified, embedded in paraffin and
cross-sectioned at the midpoint of the tibilias anterior
muscle. Sections (10 mm) were mounted on slides and
stained with hematoxylin and eosin. Digital images were captured using a Zeiss Axiovert 100 M microscope and analyzed
with NIH ImageJ software for total TA cross-sectional area
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metabolic, and neurological disorders, viral diseases, muscular
dystrophies and tuberculosis (30,31). Dystrophin and other
proteins of the dystrophin glycoprotein complex are degraded
by the UPS in the muscle of Duchenne muscular dystrophy
patients. Treatment with the proteasome inhibitor MG – 132
restores the presence and cellular localization of dystrophin
and associated proteins in mdx mice and in skeletal muscle
explants from Duchenne muscular dystrophy patients
(32,33). Similar results were obtained with bortezomib, a
more specific proteasome inhibitor (34). Bortezomib has
been approved for clinical use in multiple myeloma and is currently being tested in phase II clinical trials as a possible therapeutic agent for other malignancies (35 – 38). Two phase I
studies involving bortezomib were conducted in children
affected by refractory leukemia and solid tumors (39,40). Considerable efforts have been made over the past few years to
identify and optimize structurally different proteasome inhibitors using medicinal chemistry or isolating natural compounds
with the long-term goal of increasing the beneficial effects and
reducing side-effects and toxicity.
Our results provide preclinical support for the UPS as a
potential therapeutic target for SMA therapy. Strategies to
inhibit SMN degradation can be used in combination with
stimulation of SMN gene expression and may enable the use
of lower doses of the latter, possibly increasing efficacy and
reducing toxicity. Further validation of the role of the UPS
in SMA would provide the opportunity to rationally design
drugs that target this pathway. Studies elucidating the E3
ligases for SMN and the regulatory events upstream of the
proteasome would help to further define the pathway and
allow the identification of more specific targets for therapeutic
intervention.
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(original magnification, ×5), total tibilias anterior myofiber
number (original magnification, ×10) and myofiber diameter
(original magnification, ×40). Myofiber diameter was determined by measuring the largest diameter of at least 300 neighboring myofibers per animal. Paraffin-embedded lumbar spinal
cord was serially sectioned at 5 mm steps, mounted on slides
and stained with Nissl. Images of contiguous sections,
170 mm apart (original magnification, ×10) were analyzed
with NIH ImageJ software. The diameter and number of all
neurons .25 mm in the region below a line drawn horizontally at the level of the spinal canal were determined.

SUPPLEMENTARY MATERIAL

Neuromuscular junction staining

FUNDING

TA muscles were isolated from P13 or P19 mice and fixed in
freshly prepared 2% paraformaldehyde in phosphate buffered
saline (PBS) for 4 h on ice. Samples were then transferred to
a blocking and permeabilizing solution of 5% normal goat
serum and 0.5% Triton X-100 in PBS for 1 h before they
were pressed between two glass slides using a binder clip
for 15 min, after which the samples were returned to the
blocking and permeabilizing solution. The samples were
then incubated overnight at 48C with 1:1000 dilutions of
SV2 and 2H3 primary antibodies (Developmental Studies
Hybridoma Bank, Iowa City, IA, USA), which target synaptic
vesicle protein 2 and neurofilament, respectively. After at least
three 1-h washes in PBS with 0.5% Triton X-100, the samples
were transferred to blocking and permeabilizing solution with
Alexa Fluor 488 goat anti-mouse IgG1 (y1) (Invitrogen, Carlsbad, CA, USA) and a-bungarotoxin conjugated with Alexa
Fluor 594. After incubation overnight at 48C, samples were
washed three times for 1 h and mounted with Vectashield
mounting media (Vector Labs, Burlingame, CA, USA) and
imaged using an LSM 710 laser scanning microscope (Carl
Zeiss, Oberkochen, Germany). NMJ size measurements were
determined using the Volocity software (Improvision, Perkin
Elmer, Waltham, MA, USA). The objects were found using
standard deviation of intensity with a lower limit of two.
The objects were then sorted to exclude those with a volume
below 300 mm3 and those touching the edge of the image
before they were measured. This staining protocol was
adapted from reference (17).

This work was supported by intramural funds from the
National Institute of Neurological Disorders and Stroke
(NINDS) at the NIH and a NINDS Competitive Fellowship
(to B.G.B.).

Survival and biochemical data were analyzed using the GraphPad Prism software package (version 3; GraphPad Software)
and compared statistically with the log-rank test (Kaplan –
Meier survival curves), the two-tailed Student’s t test or
one-way analysis of variance followed by the Newman –
Keuls multiple comparison post hoc test. Pathological data
were analyzed using STATA version 9 software. To
compare differences among the three groups, a nonparametric
equality of medians test was performed, because the data
were not normally distributed. If this was statistically
significant, then a pairwise comparison between the two treatment groups was performed using a Mann – Whitney U test.
P ≤ 0.05 was considered significant.
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