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Abstract
Spinal Muscular Atrophy (SMA) is the leading genetic cause of infantile death and caused by the
loss of functional Survival Motor Neuron 1(SMN1). The remaining copy gene, SMN2, is unable
to rescue from disease because the primary gene product lacks the final coding exon, exon 7, due
to an alternative splicing event. While SMNΔ7 is a rapidly degraded protein, exon 7 is not
specifically required in a sequence-specific manner to confer increased functionality to this
truncated protein. Based upon this molecular observation, aminoglycosides have been examined to
artificially elongate the C-terminus of SMNΔ7 by “read-through” of the stop codon. An SMNΔ7
read-through event benefits intermediate mouse models of SMA. Here we demonstrate that
delivery of a read-through inducing compound directly to the CNS can partially lessen the severity
of a severe model of SMA (Smn−/−; SMN2+/+), albeit not to the extent seen in the less severe
model. This further demonstrates the utility of read-through inducing compounds in SMA.
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1. Introduction
Spinal Muscular Atrophy (SMA) is the number one autosomal recessive cause of infantile
death. This disease has a carrier frequency of 1:35, affecting every one in 6,000 live births
[6]. SMA is caused by the lack of a functional copy of the gene Survival Motor Neuron 1
(SMN1) [10]. In humans, there is a nearly identical copy gene to SMN1, termed SMN2 [22].
While this gene rescues embryonic lethality, it does not fully compensate for the loss of
SMN1 due to an alternative splicing event [12, 19]. This alternative splicing event is caused
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by a C to T transition within exon 7, causing the majority of SMN2 transcripts to exclude
this exon (SMNΔ7), compared to SMN1 which exclusively produces a full-length transcript
[12, 19]. SMNΔ7 protein is highly unstable and is degraded at least two-fold faster than full-
length SMN [2, 11]. The loss of full-length SMN protein causes the death of the α–motor
neurons and the subsequent atrophy of the voluntary muscle groups. It is currently unknown
why motor neurons are particularly susceptible to the loss of this ubiquitously expressed
protein, however, two not necessarily mutually exclusive hypotheses suggest that snRNP
biogenesis and/or axonal RNA transport underlie the SMA-associated activity [4, 26, 27,
29].

Drugs such as Indoprofen [13], Aminoglycosides [25] and proteosome inhibitors [2], were
examined in SMA as a means to stabilize SMNΔ7 protein. SMN exon 7 is clearly important
since its absence leads to SMA development. Within SMN exon 7 there is a cytoplasmic
localization signal that can readily transport SMN exons 1–6 to the cytoplasm [28].
Interestingly, however, heterologous sequences can seemingly compensate for this signal in
vitro in regards to SMN protein localization and can partially restore functionality in several
cell-based assays [7, 9, 15, 25]. Knowing that heterologous sequences can at least partially
restore functionality to SMN 7 protein aminoglycosides have been examined in SMA. The
mode of action for these compounds was presumed to inhibit the recognition of the normal
SMNΔ7 translational stop codon, thereby allowing the incorporation of an extended and a
more functional C-terminus [7, 9, 15, 25]. Translational read-through of SMNΔ7 would
result in the elongation of the truncated protein by an additional 5 amino acids. Using a
SMNΔ7 C-terminal read-through assay it was demonstrated that these compounds could
indeed promote a read-through of the exon 8 stop codon[7, 15]. Treatments using FDA-
approved aminoglycosides and derivative structures have increased SMN protein in Type I
primary SMA patient fibroblasts (3813s) in culture, as shown both by gem numbers and
Western blotting [7, 18, 25]. Aminoglycoside treatments of an SMA mouse model have
shown some benefits, albeit not on lifespan, by inter-peritoneal and subcutaneous
administration [7, 17]. However, we have previously demonstrated that a novel
aminoglycoside (TC007) can increase SMN protein in 3813s in vitro by stabilizing the SMN
protein [18] and significantly lessens the severity of a moderate SMA animal model when
administered directly to the central nervous system (CNS) [16]. CNS-delivery of TC007 to
the Smn−/−; SMN2+/+; SMNΔ7 model significantly increased lifespan and gross-motor
function. This was due to significantly increased SMN protein in the brain and spinal cord
after administration, leading to an increased survival of the motor neurons even at end-stage
of disease. The increased benefit of direct CNS administration of TC007, compared to
subcutaneous, is logical as it is unknown how readily TC007 can pass the blood-brain-
barrier. Since SMA presents in different severities, it is extremely important to investigate
potential therapeutic compounds in various animal model that reflect the different types of
SMA. This then may relate to a compound’s efficacy in the varying SMA patient
population. Therefore, we here examine the utility of direct CNS delivery of TC007 to a
more severe model of SMA as a means of investigating the use of therapeutics in this model
as well as expanding the potential application for aminoglycosides in SMA models.

2. Materials and methods
2.1 Animals and drug treatment

All animal experiments were carried out in accordance with protocols approved by the
Animal Care and Use Committee of the University of Missouri. SMA model mice were used
that were lacking both copies of the murine Smn, and contained a human SMN2 transgene
[21] (Smn−/−; SMN2+/+) on a FVB/N background (Jackson labs). Mice were genotyped
according to Jackson labs and litters were excluded based upon pup number to control for
variation induced by amount of care by the mother mouse (litters smaller than 3 pups or

Mattis et al. Page 2

Neurosci Lett. Author manuscript; available in PMC 2013 September 06.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



more than 8). TC007 was initially resuspended in dH20, further diluted in PBS, and
administered by intracerebral ventricular injection (ICV) (1 μl/gram of body weight) on
post-natal days 1 and 3 (N=17). PBS(vehicle N=13) was injected as a negative control. ICV
injections were performed as previously described [5, 23]. Briefly described, the mice are
anesthetized using hypothermia before being bilaterally injected in the intracerebral
ventricles using a pulled-glass needle through the skull. The pups are then warmed on a
heating-pad and re-scented with nest material before being returned to their cage. To assess
gross motor function, righting reflex (as described in [3]) was measured starting at post-natal
day 5. Briefly described, every day each pup was placed on its back and timed while given a
maximum of 60 seconds to place all four paws on the ground stably.

2.2 Statistical analyses
Analysis was performed as previously described [24]. Briefly, error bars on graphs represent
Standard Error of the Mean (S.E.M.). Significance of lifespan between TC007- and vehicle-
treated mice determined by Mantel-Cox test. All other significance indicated was calculated
by Student’s T Test of p<0.05 or greater and is indicated in the figure legends.

3. Results
3.1 Severe SMA mice benefit from TC007 ICV injections:no significant increase in lifespan

It has been recently demonstrated in an “intermediate” mouse model of SMA (Smn−/−;
SMN2+/+; SMNΔ7) that G418 can increase gross-motor function presumably by promoting
SMN read-through [7]. Direct CNS administration of the novel aminoglycoside TC007 to a
moderate-severity SMA model mouse not only can increase gross-motor function, but also
extend lifespan by increasing endogenous SMN levels [16]. To examine the utility of this
therapeutic strategy in a more severe model of disease, we examined the effects of TC007 in
the more severe model of SMA in which mice live ~5 days and are significantly smaller and
weaker than their unaffectedlittermates [20]. These mice lack mouse Smn, but have two
copies of human SMN2 transgene (Smn−/−; SMN2+/+) [20]. SMA animals were given [30
mg/kg] TC007 via intracerebral ventricular (ICV) injections, or PBS as vehicle-treated, on
post-natal days (p) 1 and 3. TC007-treated mice (n=17) lived on average ~31% longer (from
5.462 ± 0.8520 to 7.176 ± 0.5302 days) than vehicle-treated mice (n=13) (Fig. 1). While
thismean increase in lifespan is statistically insignificant, it does appearthat the compound
may assist in prevention of the earliest deaths, ratherthan an overall extension of life.
However, since the overall lifespan differences showed no significance (p=0.1554), it is
possible thatbecause this model initiates disease progression extremely early it is less
receptive to therapeutic intervention.

3.2 Severe SMA mice benefit from TC007 ICV injections:no significant increase in gross
motor function but significant increase in body weight

To determine whether quality-of-life measures are impacted following TC007 delivery, the
pups were examined from p5 until death in terms of gross motor function. “Time to right”
(TTR) is the time it takes for a mouse to right itself onto its four legs from its back has been
widely used as a test for gross motor function in SMA mice. On average, TC007-treated
pups had no significant difference in motor function than vehicle-treated pups, as
determined by TTR (Fig. 2). While more TC007-treated pups right on average (Fig. 2C),
and they also were able to right faster (Fig. 2B), this difference did not reach significance.
As an additional measure of total quality of life, the weights of TC007- versus vehicle-
treated mice were collected daily and plotted (Fig. 3). TC007-treated mice did however
weigh significantly more at end-stages of disease (Fig. 3). This could be due to the small
increase in gross motor function, seen by the TTR testing, denoting the ability of these
severe mice to feed better.
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4. Discussion and conclusion
It has been shown that SMNΔ7 protein has severely reduced functionality when compared
to full-length SMN [1, 15], assumedly due mostly to its instability [2] and inability to
interact with members of the Gemin complex [2], known to be crucial in SMN’s most well-
studied role in UsnRNP biogenesis. Therefore, it is completely logical that if SMNΔ7 could
regain its stability to self-associate and associate with its complex, it would regain its
functionality. This thought is the basis of this study. Since SMNΔ7 is the primary product of
SMN2, and therefore an ideal target for therapeutic intervention, we postulated that if
aminoglycosides could induce a read-through event of the stop-codon. This would thereby
rescuing stability of the protein by adding an artificial C-terminus which would restore
functionality to the protein and rescue from disease. We have shown just this in vitro, that a
read-through even can denote stability and functionality to the SMNΔ7 protein [15].
Additionally, we have previously shown in a moderate-severity SMA model that TC007
administered to the CNS increases total SMN protein without altering total SMN RNA
levels or exon 7 inclusion [16]. This would indicate that the elevated protein is due to an
increased stability of the protein. The increased SMN protein lead to an increased motor
neuron count, lifespan and gross motor function of the animals [16].

In conclusion, SMNΔ7 read-through therapy in the severe SMA mouse model results in
only modest benefits, compared to the less severe Δ7 SMA model [16]. TC007 treatment
results in an insignificant, but trending towards a slight increase in gross motor function
leads to a significant increase in the weight of the pups. While we did not examine SMN
protein levels after ICV injections of TC007 in this model, we assume, based upon previous
data seen in the less severe model [16], that any benefit seen is due to an increase in SMN.
Importantly, direct delivery of TC007 did not appear to result in general toxicity, although
this it is difficult to draw extensive conclusions based upon the relatively limited exposure to
the compound. This model may still be amenable for therapeutic analysis, however, it may
require more potent SMN-inducing compounds. Additionally, the less severe model has not
only a hSMN2transgene, but also has a cDNA SMNΔ7 transgene. Therefore, in terms of
aread -through therapy this cDNA presents a very strong target for intervention. The lack of
this additional transgene in this model may account for the lessened response to the therapy.
Alternatively, it has been shown in the less severe Δ7 SMA model that there exists a limited
therapeutic window’, where the ability to rescue from disease decreases as severity of the
phenotype increases [14]. Therefore, in this model disease progression may have already
proceeded to a stage that makes therapeutic intervention intractable in neonates and
therefore, even gene replacement strategies may not rescue the severe SMA phenotype.

Furthermore, in this study we directly administered TC007 directly to the CNS via an ICV
injection. This was in effort to avoid the blood-brain-barrier (BBB) and exact the treatment
directly to where it could be taken up by the motor neurons, as this compound has not been
shown to cross the BBB. It has since been demonstrated that systemic administration of
therapeutics has additional benefits to ICV injections alone [8]. Therefore, a drug which
retains the capabilities to induce a read-through event, with the combined ability to cross the
BBB, might be the ideal therapeutic for SMA.
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Highlights

• SMNΔ7 stop-codon read-through stabilizes the protein and increases
functionality

• Aminoglycosides can be used to induce read-through events in SMNΔ7

• CNS-administration of aminoglycosides slightly benefits a severe SMA mouse
model
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Fig. 1.
Lifespan of severe SMA mice with CNS administration of TC007 at p1 and p3 not
significantly increased. (A) Kaplan-Meyer survival curve shown with TC007-treated SMA
mice (solid black), and vehicle-treated SMA mice (dotted black). Arrows on X-axis
indicates average lifespan of the SMA mice. (Mantel-Cox test p=0.1554; Vehicle-treated
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N=13, TC007-treated N=17) (B) Average lifespan of TC007-treated versus vehicle-treated
SMA pups (Student’s T Test p=0.0846 and bars represent SEM).
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Fig. 2.
Gross-motor function of severe SMA TC007-treated mice not significantly increased as
compared to vehicle-treated (Student’s T Test). (A) Each grey circle (vehicle) or black
square (TC007) represents an individual mouse plotted per day, post-natal days 5 through 8
(N for each day TC007: 14, 14, 11, 5 and vehicle: 7, 7, 7, 1 respectively). Lines represent the
average of each group (TC007: black bar, vehicle: grey dotted bar) and bars represent SEM.
(B) TC007-treated mice (line) on average not significantly different than vehicle-treated
(dotted) littermates. Error bars represent SEM. (C) TC007-treated (black line) mice are not
significantly different in ability to right on average than vehicle-treated (grey dotted). Bars
represent Standard Deviation.
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Fig. 3.
TC007-treated pups weigh significantly more at end-stages. The weights of the TC007-
treated pups (squares) were significantly larger (as indicated on graph) at end-stages than
vehicle-treated (circles). Asterisk represents (*) p=0.0460 by Student’s T Test and error bars
represent SEM.
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