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Proximal spinal muscular atrophy (SMA) is a neuromuscular disorder for which there is no available therapy.
SMA is caused by loss or mutation of the survival motor neuron 1 gene, SMN1, with retention of a nearly iden-
tical copy gene, SMN2. In contrast to SMN1, most SMN2 transcripts lack exon 7. This alternatively spliced
transcript, D7-SMN, encodes a truncated protein that is rapidly degraded. Inhibiting this degradation may
be of therapeutic value for the treatment of SMA. Recently aminoglycosides, which decrease translational
fidelity to promote readthrough of termination codons, were shown to increase SMN levels in patient cell
lines. Amid uncertainty concerning the role of SMN’s C-terminus, the potential of translational readthrough
as a therapeutic mechanism for SMA is unclear. Here, we used stable cell lines to demonstrate the SMN C-
terminus modulates protein stability in a sequence-independent manner that is reproducible by translational
readthrough. Geneticin (G418) was then identified as a potent inducer of the D7-SMN target sequence in vitro
through a novel quantitative assay amenable to high throughput screens. Subsequent treatment of patient
cell lines demonstrated that G418 increases SMN levels and is a potential lead compound. Furthermore, treat-
ment of SMA mice with G418 increased both SMN protein and mouse motor function. Chronic administration,
however, was associated with toxicity that may have prevented the detection of a survival benefit.
Collectively, these results substantiate a sequence independent role of SMN’s C-terminus in protein stability
and provide the first in vivo evidence supporting translational readthrough as a therapeutic strategy for the
treatment of SMA.

INTRODUCTION

Proximal spinal muscular atrophy (SMA) is a neuromuscular
disease and the leading heritable cause of infant mortality
(1). It is linked at the molecular level to the survival motor
neuron (SMN) genes. Humans contain two nearly identical
copies of the SMN gene, SMN1 and SMN2, due to a recent
inverted duplication at the 5q13 locus (2). However, only
mutations in SMN1 are responsible for SMA (3,4). The critical
difference between SMN1 and SMN2 is a silent, single-
nucleotide transition within exon 7 that disrupts an exonic spli-
cing enhancer in SMN2 (5–7). This results in production of
small amounts of full-length transcripts from SMN2 and high
levels of a differentially spliced form of SMN2 that lacks

exon 7 (D7-SMN). The resulting transcripts are equivalent in
stability (8). However, the D7-SMN protein is unstable and
cannot oligomerize or self-associate as well as full-length
protein (FL-SMN) (9,10). Consequently, the small amount of
functional protein produced from SMN2 is not able to fully
compensate for the loss of SMN1. Family studies and mouse
models show that SMN2 enables survival and modifies
disease severity (3,11–14). Thus, SMA is essentially a dis-
order that results from insufficient SMN dosage.

SMN2 is an ideal therapeutic target since it is capable of
producing functional protein and it is ubiquitously present in
the SMA patient population. Current approaches to elevate
protein expression from this gene focus on upregulating tran-
scription, altering splicing, increasing translation or delaying
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protein degradation [reviewed in (15)]. To date, there has been
minimal investigation into the modulation of SMN stability as
a therapeutic strategy. The disagreement concerning the mol-
ecular role of SMN exon 7 in protein function may be partially
responsible for this. Some findings indicate that it plays a
sequence independent role in protein function (16–18). Evi-
dence supporting this includes a lack of exon 7 sequence con-
servation between species, an ability of non-specific sequences
to restore D7-SMN localization and, most convincingly, that
D7-SMN itself is capable of extending survival (19) and
improving pathology of SMA model mice in vivo (16,17). It
is hypothesized that D7-SMN produces this phenotypic
improvement either through partial functionality or by
‘seeding’ oligomerization with and thereby increasing the
amount of functional FL-SMN. Contrary to a sequence-inde-
pendent role, some data suggest that exon 7 encodes a novel
function. Such evidence includes the presence of two SMA
point mutations (G279V and G279C) (20,21), and data
suggesting exon 7 is important for axonal localization of
specific mRNAs, loss of which leads to neuron-specific cell
death (22–24). However, the SMA-essential function of
SMN is still unclear, and the G279V point mutation encodes
a protein less functional in oligomerization than even
D7-SMN protein (10), suggesting such point mutations
create a critical sequence-specific context that has a larger
effect on SMN protein than the entire removal of exon 7
from SMN2 transcripts. Regardless of exon 7’s function, the
ability of elevated D7-SMN expression to extend survival of
SMA model mice demonstrates that modulation of D7-SMN
protein or its stability may be a viable therapeutic strategy
for SMA.

Recently, the aminoglycoside antibiotics amikacin and
tobramycin were shown to increase SMN within SMA patient
fibroblasts (18). Aminoglycosides are an FDA-approved class
of drug that acts within cells by binding to ribosomes to
effect the translation of proteins from mRNA transcripts (25).
Specific aminoglycosides differ in their effects on translation,
some act on specific four base sequences (a stop codon plus
the base immediately following it, i.e. UAG A) and cause ribo-
somes to misread stop codons (26). Instead of stopping, the
ribosome will insert a residue and continue reading to translate
sequences previously held silent by the stop codon. This mech-
anism, referred to as translational ‘readthrough’ or ‘termination
suppression’, has attracted great interest due to its potential
application to any genetic disease caused by nonsense
mutations, such as Duchenne muscular dystrophy, cystic fibro-
sis and Hurler syndrome (26–33). This mechanism is especially
intriguing for SMA because it would act on a monomorphic
target that is present in all SMA patients: the D7-SMN stop
codon sequence (UAG A).

Here, we demonstrate that SMN exon 7 plays a sequence-
independent role in protein stability and that its absence can
be partially compensated for by translational readthrough. We
produce a novel assay to detect and quantify the induction of
readthrough and, using this assay, we identify G418 as a com-
pound acting upon the D7-SMN stop target sequence. This drug
has previously been shown to be a strong inducer of read-
through at some disease-relevant stop codons and has been
observed to produce a functional benefit in mouse models of
genetic disease in vivo (34). Treatment with G418 resulted in

the induction of SMN both in vitro and in vivo. Additionally,
G418-treated SMA mice demonstrated a significant increase
in motor function when compared with vehicle-treated SMA
mice. Together, this work provides further support that SMN
exon 7 acts as a structural tag important for SMN protein stab-
ility and provides the first in vivo evidence supporting the
mechanism of translational readthrough as an SMA therapy.

RESULTS

Induction of SMN by drug treatment of patient fibroblasts

Initially, we compared and validated the effects of drugs
reported to elevate SMN through distinct mechanisms
in vitro. For this, primary cell lines derived from Type I
SMA patients were treated with increasing doses of either ami-
kacin, tobramycin, valproic acid (VPA) or forskolin. As ami-
noglycosides, amikacin and tobramycin were postulated to
work by inducing translational readthrough (18). The histone
deacetylase (HDAC) inhibitor VPA and the CRE-inducer for-
skolin were included as drugs that elevate SMN expression
through effects on SMN2 transcription and/or splicing, respect-
ively (35–37). Western blot analysis of treated cell lysates
confirmed that all four of these drugs elevate SMN protein
in patient fibroblasts (Fig. 1). Amikacin, tobramycin and
VPA were found to increase SMN in a dose-dependent
manner at concentrations of 150, 300 and 600 mg/ml. Forsko-
lin treatment elevated SMN expression at concentrations of 20
and 40 mM but not at 80 mM. These data are in agreement with
previously published reports on the ability of these drugs to
increase SMN (18,35–37).

SMN exon 7 modulates protein stability in a
sequence-independent manner

To determine if SMN exon 7 has sequence-independent effects,
we generated a series of constructs that contained SMN iso-
forms with differing C-termini. These plasmids encoded

Figure 1. Treatment of patient fibroblasts with SMN inducing drugs. Western
blots of Type I SMA patient fibroblasts treated with various drugs working
through discrete mechanisms. GM09677 cells containing 2 copies of the
SMN2 gene and GM00232 cells containing one were treated with either ami-
kacin, tobramycin, valproic acid (VPA) or forskolin for 48 h at the indicated
concentration. Representative blots of treated GM09677 cells are shown. Ami-
kacin and tobramycin are aminoglycosides, VPA is an HDAC inhibitor, and
forskolin activates gene expression through cAMP response elements.
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either FL-SMN (HA:SMN), D7-SMN (HA:D7SMN), the
protein that would be produced by translational readthrough
of the D7-SMN mRNA target (HA:D7SMN[þ5]) and hereafter
referred to as ‘readthrough protein’, or proteins with generic
C-termini that consist of either nine amino acid Flag
(HA:D7SMN[Flag]) or HA (D7SMN[HA]) ectopic tags
(Fig. 2A). Each of these isoforms also possess an HA tag to
differentiate them from endogenous SMN protein. After con-
firming expression in transient transfection assays (data not
shown), stable expressing cell lines of each construct were
generated in AD293 cells (Fig. 2B). This allowed us to
examine protein properties and eliminate artifacts of transient
overexpression.

The role of SMN’s C-terminus in protein stability was eval-
uated by treating the above-mentioned stable cell lines with
the translation inhibitor cycloheximide. At 0, 0.75, 1.5, 3,
4.5, 7.5 and 12 h post-treatment, cells were lysed and qualitat-
ively analyzed by western blot analysis to determine whether
SMN protein was still present (Fig. 3). Data from this exper-
iment revealed several new pieces of information. First,
prior studies of FL-SMN and D7-SMN stability performed
in transient transfection assays were extended from only 3 h
to a final timepoint of 12 h (9). We found FL-SMN protein
was stable and still appeared fully present at 12 h. In contrast,
D7-SMN began diminishing almost immediately (0.75 h) and
was almost undetectable at 3 h. Secondly, the readthrough
protein was substantially more stable than D7-SMN protein.
Notably, readthrough protein was still detected at 12 h after
treatment with cycloheximide. Lastly, the stability of
HA:D7SMN[Flag] and D7SMN[HA] matched that of the read-
through protein. Both were detectable at 12 h, the last time-
point assayed, which was four times longer than D7-SMN.
Thus, the increased stability of readthrough protein was
reproduced by addition of peptides that were different in

sequence but equivalent in size. Furthermore, absence or pre-
sence of an N-terminal HA tag did not affect protein stability.
Together, these findings demonstrate the ability of SMN’s C-
terminus to modulate protein stability in a manner not dictated
by a specific sequence.

G418 induces readthrough of the D7-SMN target stop
codon and increases SMN

We next developed a novel, quantitative reporter assay to
identify and compare efficiency of drugs that induce read-
through of the D7-SMN target stop codon sequence (UAG
A) within human cells (Fig. 4). This assay is similar to a strat-
egy used in creating inducible gene systems (38), and has been
effective in vitro as well as in vivo with results in human cell
lines successfully translated into mouse models. For our assay,
a short sequence encoding the D7-SMN C-terminus was intro-
duced upstream of a renilla reporter gene. The stop codon for
this sequence (UAG A) was positioned close to the vector’s
start codon. Upon transfection of this reporter plasmid
(referred to as D7stop), translation of its mRNA will normally
generate only short, nonfunctional peptides. Treatment of
transfected cells with drugs that effectively induce read-
through of D7-SMN transcripts will suppress translation ter-
mination at this target stop codon and thereby induce
reporter expression for quantitative analysis. Normalization
of the renilla reporter to an internal firefly luciferase control
allowed for comparison between wells and transfections, and
minimized any inaccuracy due to differences in transfection
efficiency. Induction of a significant, dose-dependent fold
increase in reporter activity was used as the criteria for suc-
cessful induction of readthrough by a compound.

Several compounds applied at increasing concentrations
were screened for their ability to induce readthrough of the
D7stop reporter in AD293 cells (Fig. 5A). Included in this
screen were the aminoglycosides amikacin, tobramycin,
G418 and gentamicin as well as an HDAC inhibitor, VPA.
Amikacin and tobramycin were the compounds initially
reported to induce SMN protein in patient fibroblasts (18).
Gentamicin and G418 were included because they are
known to be efficient inductors of readthrough, have provoked
clinical/therapeutic interest and represent discrete aminoglyco-
side families. VPA was included as a control that elevates
SMN through a different mechanism.

Figure 2. Schematics and expression of SMN constructs with varying
C-termini. (A) Schematic of constructs used to assay properties of SMN pro-
teins with different C-termini. SMN exons 1–6 cDNA was fused to sequences
encoding either SMN exon 7 or 8, or novel ectopic tags. HA tags were
included in all constructs to differentiate them from endogenous SMN. The
translational stop codon in each construct is denoted by a bold red line,
whereas the number of C-terminal amino acids encoded by each construct is
provided above in blue. Amino acid sequences of C-terminal peptides are pro-
vided to the right. (B) Western blot of stable cell lines verifies expression of
each SMN construct and the drug-resistance marker.

Figure 3. Effect of C-termini on SMN protein stability. Stable cell lines
expressing SMN constructs were treated with cycloheximide at 50 mg/ml
and lysed after 0, 0.75, 1.5, 3.0, 7.5 and 12 h. To qualitatively assay stability,
protein remaining at each timepoint was determined through western blot
using an antibody recognizing the HA tag. b-Tubulin was included as a
loading control. Blots are representative of three independent experiments.
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G418 was identified by this assay as an agent capable of
suppressing termination at the target D7-SMN stop codon in
a dose-dependent manner. A significant increase in D7stop
reporter activity was observed for all concentrations of G418
tested, peaking at 5.5+ 0.3-fold at a concentration of
1000 mg/ml (t-test, P , 0.0005). Amikacin produced a small
increase in reporter activity (1.5+ 0.04) only at the highest
concentration used; however, this did not reach statistical sig-
nificance (t-test, P . 0.05). Tobramycin, gentamicin and VPA
produced no increase in reporter activity. Thus, G418 was
identified by this assay as a compound capable of inducing
readthrough of the D7-SMN target in a dose-dependant
manner.

To verify that our results were not cell type dependent and
to demonstrate that translational readthrough could be induced
in cell types relevant to an SMA therapy, we surveyed the
ability of G418 and amikacin to induce readthrough of the
D7stop reporter in other cell types. These included AD293
cells (a human embryonic kidney cell line), C2C12 cells (a
muscle cell line derived from mouse myoblasts), N2a cells
(a neuronal cell line derived from a murine neuroblastoma)
and GM09677 cells (primary Type I SMA patient
fibroblasts). G418 successfully induced readthrough in all
cell types examined (Fig. 5B). Differences in readthrough

efficiency or drug sensitivity between cell types were
present, with fold increases of 2.7+ 0.1 in AD293 cells,
8.8+ 1.4 in HeLa cells, 6.6+ 0.8 in C2C12 cells and 2.2+
0.1 in N2a cells treated with 300 mg/ml G418. At higher con-
centrations G418 induced reporter activity at levels .60-fold
(corresponding to over 60% of WT renilla activity detected in
control transfections), but these concentrations were associ-
ated with cytotoxicity (data not shown). Primary fibroblasts
were particularly sensitive to aminoglycoside treatment.
They displayed high levels of readthrough reporter activity
at lower concentrations of G418 treatment (4.4+ 0.2 at
150 mg/ml) than the other cell lines. They were also the
only cell type that exhibited a .2-fold D7stop reporter induc-
tion in response to amikacin treatment, although this was at a
higher concentration (2.1+ 0.3 at 1000 mg/ml) than G418. In
contrast to amikacin, which was only capable of inducing
readthrough of the target D7-SMN stop codon in primary fibro-
blasts, G418 was capable of affecting a wide variety of cell
lines—including cell types relevant to SMA.

To examine the sensitivity of this assay and validate its
methodology, several additional experiments were performed.
First, we determined the effects of drug exposure time on
D7stop reporter activity. For this, AD293 cells were trans-
fected with the reporter and treated with 1 mg/ml G418.
Reporter activity was measured at 0, 4, 12, 24, 32 and 48 h
(Fig. 5C). Results displayed a constant increase in renilla
activity for all timepoints, indicating that readthrough-
inducing drugs should produce a persistent increase in
renilla activity through 48 h, the timepoint which we used in
our dose and cell type-dependent assays. In order to determine
our assay’s sensitivity we evaluated the readthrough of the
‘UGA C’ stop codon, known to be highly affected by G418
(38). Treatment of cells expressing the UGA C reporter dis-
played a dose-dependent increase in renilla activity, with the
lowest dose producing a 5.88-fold induction and the highest
dose producing a 21.02-fold induction (Fig. 5D). Finally, we
tested the effect of G418 treatment on the ratio of normal
renilla:luciferase protein activity. This was done by transfect-
ing AD293 cells with a reporter lacking an early translation
termination signal, thus expressing wild-type renilla and luci-
ferase proteins from the same vector used in our readthrough
assays. Transfected cells treated with G418 at increasing con-
centrations displayed no change in renilla activity (Fig. 5E),
demonstrating drug treatment does not effect activity of
either renilla or the internal luciferase control. Overall, these
experiments demonstrate G418 as a potent inducer of
readthrough and confirm the ability of our methodology to
accurately and efficiently identify compounds that induce
readthrough of the D7-SMN target sequence.

Hypothesizing that induction of the D7stop reporter would
correspond to an increase in SMN protein in SMA patient
cells, we treated primary patient fibroblasts with G418.
Amikacin, tobramycin, VPA and forskolin were included for
comparison. Western blot analysis of treated GM09677 cells,
derived from a Type I SMA patient, revealed an elevation of
SMN protein by G418 treatment. Amikacin and tobramycin
also increased SMN, though not to the degree induced by
G418. VPA and forskolin increased SMN at levels higher
than amikacin or tobramycin but lower than G418 (Fig. 6).
Together, our data identify G418 not only as an inducer of

Figure 4. A quantitative assay to detect translational read-through. Illustration
of the read-through assay. A sequence encoding the C-terminus of SMN
including its target stop codon was cloned into the 50 end of a renilla reporter
gene. Translation of the reporter transcript normally terminates at the D7-SMN
stop codon to produce only short, nonfunctional peptides. Induction of transla-
tional readthrough produces a full-length reporter detectable through luciferase
assay. The psi-CHECK 2 vector used for this assay independently coexpresses
luciferase, allowing for normalization of the reporter signal to the luciferase
internal control. Blue circles represent translational machinery and small
brown circles represent read-through inducing drugs. Green DNA sequences
represent those coding for SMN while yellow denote those coding for
renilla or luciferase proteins.
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translational readthrough at the D7-SMN stop codon within a
variety of cell types, but also as an inducer of SMN protein
within patient cells.

G418 induces readthrough of multiple SMN stop codons

To evaluate the effects of G418 on other stop codons that may
be relevant to SMA therapy, we generated several other read-
through reporter plasmids in which renilla expression was
repressed by one of several stop sequences found in the
SMN genes (Fig. 7A). Here, the induction of readthrough
was analyzed as a percentage of reporter activity relative to

wild-type renilla. This allowed for comparison of one drug’s
effect on a variety of stop codons, independent of the
sequence-specific effects on readthrough efficiency displayed
by different aminoglycosides. This percentage is then directly
relevant to how much overall reporter protein activity is being
induced by treatment.

Readthrough of the second stop codon sequence in D7-SMN
transcripts (UGA C) is known to be highly inducible by G418.
This indeed was the case in our study, as G418 treatment was
able to induce D7stop2 readthrough reporter activity to levels
.25% of wild-type renilla (Fig. 7B). To determine whether
G418 is capable of inducing readthrough of multiple
D7-SMN stop codons in the same transcript, the D7stop1 þ 2
construct was used. Though magnitude of reporter induction
was lower than for reporters containing one stop codon
alone, G418 was able to induce readthrough of both stop
codons to increase reporter activity. Readthrough of multiple
stop codons in D7-SMN transcripts therefore is possible and
would further lengthen the protein.

Ideally, a drug targeting the D7-SMN stop codon would act
only on that codon to avoid off target effects. Since in actual-
ity compounds will likely have effects on multiple stop codons
we wished to observe off target effects on the FL-SMN
stop codon, in particular to determine if readthrough of this
codon may be prevalent. While readthrough of the FL-SMN
stop codon would result in addition of a short peptide to the
FL-SMN C-terminus, it is preferential not to interfere with

Figure 5. G418 induces readthrough of the therapeutic D7-SMN target. (A) Translational readthrough of the SMA therapeutic target stop codon (UAG A)
detected by readthrough assay of AD293 cells treated with the indicated concentrations of amikacin, tobramycin, G418 or valproic acid (VPA). Values are
expressed as fold induction of reporter activity over untreated cells and represent the mean+SEM of three independent experiments, each performed in dupli-
cate. (�P � 0.005, ��P � 0.0005, Student’s t-test, n ¼ 6.) (B) Induction of readthrough in various cell lines. The D7stop reporter was transfected into AD293,
HeLa, N2a, C2C12 and patient fibroblast cell types. Twenty-four hours later, cells were treated with G418 (150 mg/ml for fibroblasts, 300 mg/ml for others) for 2
days and assayed for reporter activity. Data for G418 treatment of fibroblasts is the mean+SEM from a representative experiment performed in duplicate, all
other values represent mean+SEM from three independent experiments each performed in duplicate. (C) Reporter activity increases from 0 to 48 h of drug
treatment. AD293 cells were transfected with the D7stop reporter, treated with G418 at 1000 mg/ml and assayed for reporter activity at 0, 4, 12, 24, 32 and
48 h after treatment. Data represent mean+SEM from a representative experiment performed in triplicate. (D) Action of G418 upon a UGA C stop codon
known to be highly susceptible to induction of translational readthrough. Here, cells were transfected with a reporter under translational control of a 50

UGA C stop sequence and treated with increasing concentrations of G418. Values are mean+SEM from a representative experiment performed in triplicate.
(E) G418 treatment does not significantly alter normal ratios of renilla:luciferase activity. AD293 cells were transfected with a renilla control vector lacking a 50

stop codon and treated with increasing concentrations of G418. Values represent mean+SEM from a representative experiment performed in triplicate. Renilla
activity is expressed as the ratio of renilla to luciferase.

Figure 6. G418 is a strong inducer of SMN protein in patient fibroblasts.
Increase in SMN protein observed through western blot of Type I SMA
patient fibroblasts treated with one of several drugs. GM09677 cells were
treated for 48 h with 150 mg/ml amikacin, tobramycin, G418 or VPA, or
with 20 mM forskolin. Wild-type AD293 cells and GMO8680 fibroblasts
from an unaffected SMN carrier (SMN1 þ/2) are included as controls.
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the expression of FL-SMN already present in cells. We found
that induction of the FLstop reporter, though present, occurred
at a lower percentage than for the D7stop reporter (1.96+
0.22% versus 4.53+ 0.61%, respectively). This stop codon
also exhibited a lower level of ‘leakiness’ than that of
D7-SMN, represented in untreated cells as lower levels of
basal reporter activity. Hence, G418 has a greater effect on
induction of the D7-SMN target than it does for off target
effects on FL-SMN.

G418 treatment increases SMN and motor function in
SMA mice

To examine the effects of G418 on SMN protein levels and the
SMA phenotype in vivo, we administered the drug to a trans-
genic SMA mouse model (17). This mouse strain expresses
transcripts from a D7-SMN cDNA transgene in high
amounts. We hypothesized that the prevalence of this tran-
script would provide an abundant target for translational read-
through and improve the ability to detect a benefit in SMA
mice (SMN2þ/þ;SMND7þ/þ;Smn2/2) from treatment
with drugs operating through this mechanism. Further, the
utility of this model as a tool for preclinical drug studies has
been previously demonstrated through treatment with the
HDAC inhibitor trichostatin A and in studies assessing
motor function (39–42). We administered G418 [14 mg/kg
through intraperitoneal (IP) injection] to neonatal mice from
postnatal day (PND) 5–13. Previous studies have identified
this as the minimal window for drug treatment to produce a
benefit in these SMA mice (42). This same dose and
regimen of G418 treatment was previously found to be well
tolerated by adult V2 vasopressin mutant mice and produced
a functional benefit in vivo and correlated with a quantitative
induction of readthrough in vitro (34) at concentrations
roughly equivalent to those observed to induce readthrough
in our experiments. Pharmacokinetic data of G418 concen-
trations in plasma are maximal ,30 min after a single injec-
tion while substantial concentrations persist in tissues such
as kidneys at extended timepoints, through 4 h after injection
(34). Tolerance of the one week 14 mg/kg IP injection regimen
in adult mice was confirmed in our lab, though 1 week treat-
ment with higher doses (28–70 mg/kg) exhibited toxicity

within a few days, while saline vehicle injections did not
affect mouse weight, health or survival (data not shown).

Animals were monitored daily for health, weight and
additionally evaluated every other day for motor function.
At PND5, G418 and vehicle-injected SMA mice were equiv-
alent in weight (2.71+ 0.7 versus 2.61+ 0.7 g, respectively)
and litter size (6.9+ 1.3 versus 6.8+ 1.5, respectively).

To assess the effects of G418 on SMN protein levels in vivo,
tissue samples from treated and untreated SMA mice were
analyzed by western blot. Western blot of untreated tissues
from SMA mutant mice normally detects two SMN isoforms,
a dark, low-molecular-weight protein corresponding to high
levels of the D7-SMN protein and a faint upper protein corre-
sponding to low levels of FL-SMN. Since readthrough should
produce a protein higher in molecular weight than D7-SMN,
we expected to visualize its induction as a shift towards a
higher molecular weight that may or may not be discernable
from FL-SMN. It is also possible that a more stable read-
through protein could ‘seed’ SMN complexes and thereby
increase the levels of FL-SMN protein as well, which would
also result in an increase in higher molecular weight protein.
To account for conversion of D7-SMN into a readthrough
protein and for a possible increase in FL-SMN induced by
the seeding of complexes, we interpreted our protein data as
a ratio of higher:lower molecular weight SMN as measured
through densitometry. Tissues examined included the brain,
kidney, spinal cord and skeletal muscle. Groups of mice
were harvested at two timepoints: one group at PND10,
during a mid-point of treatment, and the other at PND13, the
final day of injection and when mice were at/near their func-
tional death endpoint.

Western blot analyses of PND10 tissues revealed an
increase of SMN for G418-treated brain, kidney and spinal
cord tissues (Fig. 8A). This increase was confirmed using den-
sitometry to detect a significant increase in the ratio of higher:
lower molecular weight SMN in G418 treated as compared
with untreated mice (P � 0.05 kidney and spinal cord;
P � 0.001 brain) (Fig. 8B). No increase was detected in skel-
etal muscle. At PND13 (Supplementary Material) when mice
were at/near their functional death endpoint, kidney continued
to display an increase in SMN (P � 0.05), while the spinal
cord and brain exhibited a trend of increased SMN though

Figure 7. G418 induces readthrough of multiple SMN stop codons relevant to SMA therapy. (A) Schematic of the constructs. Black bars represent SMN coding
sequences, with stop codons highlighted in gray letters with asterisks. Gray bars represent renilla coding sequences. (B) Translational readthrough of each repor-
ter induced by treatment of transfected AD293 cells with 1000 mg/ml G418. Values are expressed as the percentage of reporter activity compared with the
activity of wild-type renilla protein. Data represent mean+SEM of representative experiments.
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no longer to a significant level as measured by densitometry,
and the analysis of skeletal muscle was inconclusive due to
lack of a distinct higher molecular weight protein. Very low
levels of SMN within this tissue type are consistent with
other reports (39). Thus, G418 was able to increase SMN in
PND10 SMA mice in vivo within kidney and brain, as well
as within spinal cord, a disease-relevant tissue.

To analyze the effects of G418 on the SMA phenotype, we
used the tube test as a functional motor scale starting at PND2.
First, neonates receiving no injections were used to establish
baseline data. No significant difference in Tube Test Score
(TTS) was observed at any age between wild-type and unaf-
fected carriers (data not shown), which reached a peak value
for each at PND10. In contrast, SMA mice displayed scores
significantly lower than unaffected mice beginning at PND4.
From PND4 SMA mouse scores declined each day, from a
score of 21.0+ 7.8 at PND4 to a score of 0.24+ 0.3 at
PND12 (Fig. 9A).

After establishing baseline data, G418- and saline-injected
mice were subjected to the tube test. G418-treated SMA
mice displayed increased TTS scores over vehicle-injected
SMA mice beginning at PND10 (Student’s t-test, P � 0.01)
(Fig. 9A, videos available in Supplementary Material).
Notably, the TTS of drug-treated SMA mice increased from
PND8 to PND10, and maintained an elevated value at
PND12 (15.8+ 8.4 at PND8, to 18.4+ 10.2 at PND10 and
to 14.6+ 12.2 at PND12). In contrast, vehicle-injected SMA
mice had a decrease in TTS at each of these timepoints

(18.1+ 10.9 at PND8, to 9.9+ 6.2 at PND10, to 2.7+ 3.0
at PND12). A different effect of G418 treatment was observed
in unaffected (WT and heterozygous carrier) mice. Upon
G418 treatment, unaffected mice displayed reduced TTS
values at PND8 and PD10 as compared with vehicle-injected
controls. The increase in TTS value upon G418 injection indi-
cated that treatment with this drug produced an increase in the
motor function of SMA mice.

For a qualitative, all-or-nothing measure of mouse motor
function we used the negative geotaxis assay. This test con-
sisted of placing mice facing the bottom of an incline, a pos-
ition from which they naturally try to re-orient themselves to
face the top of the incline. Unaffected, healthy mice were typi-
cally able to do this beginning at PND4 or PND6. SMA mice
that were untreated or injected with vehicle typically lack the
strength and coordination needed to re-orient themselves 180º
on the incline at any day. G418-treated SMA mice displayed
an increased ability to complete geotaxis at PND10 over
vehicle-injected SMA mice, with 17 of 30 (56.7%) comple-
ting geotaxis compared with 2 of 21 (9.5%), respectively
(x2, P � 0.01). A representative video of this trend demon-
strates a G418-injected SMA mouse that was able to complete
geotaxis alongside a vehicle-injected SMA littermate that was
unable to complete geotaxis (Supplementary Material). At
PND12, 5 of 15 (33.3%) drug-treated mice were able to com-
plete geotaxis as opposed to 2 of 10 (20.0%) vehicle injected.
On PND8, the timepoint preceding increased motor function, 8
of 29 (27.6%) G418-treated mice were able to perform nega-
tive geotaxis compared with 6 of 26 (23.1%) vehicle-injected
SMA mice. Through a qualitative improvement in the strength
and coordination necessary to complete negative geotaxis in
addition to a quantitative increase in TTS, SMA mice
treated with G418 exhibited increased motor function.

Chronic administration of G418 is toxic to wild-type mice

Although increased motor function was observed in SMA pups
treated with G418, administration of this drug (14 mg/kg IP)
for a period of 9 days was associated with toxicity, manifest-
ing as effects on body weight and survival in unaffected mice.
Drug toxicity in SMA mutants could not be distinguished from
deterioration due to the SMA phenotype. In agreement with
previous reports, SMA mice were significantly underweight
at PND5 compared with unaffected mice (2.64+ 0.5 versus
3.71+ 0.4 g) (Fig. 10A). Cohorts of treated and untreated
SMA pups displayed no significant difference in body
weight at any age, though G418 pups were slightly smaller
on average. However, upon administration of G418, a signifi-
cant reduction in body weight was observed in unaffected
mice beginning at PND9 (5.36+ 0.6 versus 6.00+ 0.8 g,
Student’s t-test, P , 0.005).

Ultimately, the majority of G418-treated wild-type and het-
erozygous mice died from drug toxicity caused by daily
administration of the drug (Fig. 10B). The average survival
for unaffected mice treated with G418 from PND5-13 and
observed for a period of 1 month beginning at birth was
14.2+ 4.5 with a median value of 16 days, while only 1 out
of 42 vehicle-injected control mice were lost during this
period. Vehicle-injected SMA pups displayed an average
lifespan of 12.5+ 3.0 days with a median value of 13.5

Figure 8. G418 treatment increases SMN in PND10 SMA mice. (A) Represen-
tative western blots of tissue from G418-treated and control mice. Tissues were
harvested 2 h after their last injection on PND10. b-Tubulin is included as a
loading control. A minimum of five samples were assayed for each treatment
group. The kidney (100 mg), spinal cord (80 mg), brain (100 mg) and skeletal
muscle (200 mg) were analyzed. Protein from an unaffected mouse was
included to display the difference in band intensities for Smn þ/2 mice,
with half of the protein amounts loaded for the kidney, spinal cord and skeletal
muscle. (B) Graph of western blot densitometry used to qualitatively confirm
G418 effects on SMN. Values represent mean+SEM of the ratio of higher:-
lower molecular weight SMN. (�P � 0.05, ��P � 0.001.)
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days and maximum value of 15.5 days. These numbers are in
agreement with initial reports characterizing this model (17)
but lower than those found in more recent studies (39,42).
Upon G418 treatment, no significant difference was observed
in survival of SMA pups. The average lifespan of drug-treated
mice was 13.1+ 2.0 days with a median of 13.5 days and a
maximum of 15.5 days. Collectively, our data demonstrate
an ability of G418 to increase motor function in SMA mice
without significant effects on weight or survival of mutants;
however, daily administration of this drug to young pups for
a period of 9 days revealed toxicity in normally healthy geno-
types of mice.

DISCUSSION

All SMA patients have at least one functional copy of SMN2.
Hence strategies that increase or stabilize the transcripts and/
or proteins produced from it are relevant towards developing
a therapy for SMA. Here, we have demonstrated that the C-
terminus of SMN is able to modulate protein stability in a
manner independent of its specific sequence. Translational
readthrough, by lengthening the D7-SMN protein to include
a peptide normally held translationally silent, is a drug mech-
anism that is capable of increasing D7-SMN stability. Using
this information, we developed an assay that is amenable to
high throughput screens and capable of identifying com-
pounds that act through this pathway to induce SMN in
SMA cells. With this assay, G418 was identified as a target
‘hit’ and potential lead compound. Treatment with G418

was capable of inducing SMN in vitro, as well as increasing
SMN in vivo and improving the motor function of SMA
mice.

Currently, the general application of a readthrough mechan-
ism towards genetic disease has attracted great attention but
has been hindered by two issues: mutation heterogeneity and
compound toxicity/bioavailability. Application of this mech-
anism to SMA is free of this first hurdle because it acts on a
monormorphic, highly expressed target: D7-SMN transcripts.
It is hypothesized that D7-SMN extends survival through
either partial functionality (19) of the D7-SMN protein or by
helping to ‘seed’ complexes containing FL-SMN (17); we
hypothesize that the readthrough protein, being more stable,
enhances the partial functionality and/or FL-SMN seeding
capability of D7-SMN to further benefit the SMA phenotype.
Other work indicates that the readthrough protein does
indeed possess increased functionality over D7-SMN in
snRNP assembly, and can both localize down the axon and
increase neurite outgrowth in assays of SMN deficient cells
(22,43). Through this increased functionality and/or by
increasing pools of FL-SMN through the seeding of hetero-
meric SMN complexes, the readthrough-inducing drug G418
was observed here to produce a functional benefit to SMA
mouse motor function. Improvement of motor function in
SMA patients would be a significant step forward in improv-
ing quality of life, and thus translational readthrough is
worth pursuing further as a therapeutic strategy whether as
an independent mechanism or in combination with compounds
working through different mechanisms.

Figure 9. G418 treatment increases motor function of SMA mutant mice. (A) Graph of tube test score (TTS). Groups of untreated, vehicle-injected and
G418-treated mice were administered the tube test from PND2-12. Treatment groups consisted of 29 G418-treated SMA mice, 35 G418-treated unaffected
mice, 34 vehicle-injected unaffected mice and 20 vehicle-injected SMA mice. Values represent the mean+SEM. (��P � 0.01, Student’s t-test) (A0) Photograph
of mice performing the tube test at PND10. (B) Graph of the percentage of mice able to complete a negative geotaxis assay at each age. (��P � 0.01, x2.) (B0)
Photographs illustrating the negative geotaxis assay.
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Unfortunately, toxicity was encountered with G418 as our
proof of concept drug. While G418 had no overt detrimental
effect on body weight or survival of SMA mice, chronic
administration produced lethality in normally healthy geno-
types of neonate mice at a median of 16 days and may have
prevented us from observing further benefits to SMA mouse
health and survival. Mouse LD50 data indicate that G418 dis-
plays safety similar to other aminoglycosides in acute toxicity
studies (34). However, the toxicity we observed through
chronic administration together with toxicology studies in
dogs (44) will likely prevent this drug from ever entering clini-
cal use. Different compounds capable of inducing readthrough
have entered clinical trials for other diseases, providing
precedence that if a less toxic compound can be identified
it could be moved further towards clinical application
(33,45–47).

A limitation of aminoglycosides as a drug class in general is
their limited penetrance of eukaryotic cells and inefficiency at
crossing the blood–brain barrier. Here, we observed induction
of SMN in the brain and spinal cord of young SMA mice. We
believe this is due to the immature blood–brain barrier of
neonate mice. Thus, this SMA model, with an early onset,
may provide an advantage for studying drugs that have
limited neuronal penetrance. Despite toxicity of chronic treat-
ment, the ability of G418 to produce functional improvement
in mouse models of SMA as well as other genetic diseases (34)
is encouraging and provides proof-of-concept in support of
translational readthrough as a therapy for genetic disease. Cur-
rently, there is a lack of G418 derivatives. With such evidence
growing, there should be strong support for generating and
assaying derivatives of G418 (or other readthrough com-
pounds) which possess limited toxicity with optimal bioavail-
ability and specificity profiles.

The increase in SMN stability provided by readthrough
induction does not derive from the specific amino acid
sequence produced but instead from the presence of a non-
specific peptide at the C-terminus (Fig. 3). The ability of pep-
tides to modulate SMN isoform stability to an intermediate
between FL-SMN and D7-SMN could be explained by
general effects on protein secondary structure or post-
translational modification. To address these possibilities, we
examined the amino acid sequence of the SMN C-terminus

using a program that predicts secondary structure [JUFO
(48)] and a program that predicts phosphorylation [GPS:
Group-based Prediction System 2.0 (49)]. These programs
reveal a likelihood that the FL-SMN C-terminus possesses a
helix followed by loop secondary structure that contains two
serine residues that are phosphorylated. Interestingly, the C-
terminal end of D7-SMN is predicted to lack loop structure
and contains no residues capable of being phosphorylated,
while translational readthrough would produce a peptide pre-
dicted to restore loop structure and contain two serines pre-
dicted to be phosphorylated by kinases also predicted to
phosphorylate FL-SMN. The ectopic tags we examined were
also predicted to form secondary loop structure, and contain
residues capable of either being phosphorylated or mimicking
phosphorylation. In support of these computer predictions,
recent evidence has emerged that FL-SMN is indeed phos-
phorylated at its C-terminus, that oligomerization stabilizes
SMN protein and that these factors may play a role in its regu-
lation through the ubiquitin proteasome system (B. Burnett
and K. Fischbeck, personal communication). In regards to
SMN’s function and regulation, it will be interesting to ulti-
mately determine the precise properties and pathways that
convey full stability to the SMN protein.

Our quantitative assay to measure readthrough is capable of
screening large numbers of drugs and can measure read-
through in a wide variety of cell types. Amikacin and tobramy-
cin, previously identified as inducers of SMN in patient
fibroblasts (18), did not induce readthrough in cell types
other than fibroblasts and have been found by another report
to not induce readthrough of the ‘UAG A’ stop codon in
human cell lines efficiently (50). In contrast, G418, belonging
to a separate structural class of aminoglycoside compounds,
induced readthrough of the D7-SMN target stop codon in all
cell types examined (Fig. 5). The observance of readthrough
within human cells, and in multiple/target tissue types, as
opposed to an extracellular transcription/translation systems,
is important in order to account for the poor cellular pen-
etration that many of these drugs exhibit. By ignoring the
fact that many compounds in this drug class have poor cellular
penetration, findings from cell-free assays could produce
inconsistent results when translating their application in vivo
to animal models and clinical trials. Our assay, performed

Figure 10. Prolonged G418 treatment exhibits toxicity. (A) Body weight of treated and untreated mice from PND1-21. (B) Kaplan–Meier survival curve of
treated and vehicle-injected groups of mutant and wild-type mice. Tick marks represent days at which mice were artificially removed for molecular analyses.
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within human cell lines and based on a strategy demonstrated
by Murphy et al. (38) to correlate with the induction of read-
through in vivo within mice, should overcome these issues and
be capable of identifying compounds relevant to an SMA
therapy.

When we determined the ability of G418 to induce read-
through of other stop codons potentially relevant to SMA
therapy, we observed several things: the amount of read-
through detected at the second stop codon in D7-SMN tran-
scripts (UGA C) was particularly strong, G418 was capable
of inducing readthrough of two stop codons in one transcript
at the same time and readthrough of the FL-SMN stop
codon was induced by G418, though at lower levels than the
target D7-SMN stop codon. An ideal drug acting through
this mechanism would be one that induces readthrough of
the D7-SMN target alone. G418 does induce readthrough of
the D7-SMN stop codon preferentially to that of FL-SMN,
but also demonstrates high levels of termination suppression
at the UGA C sequence and therefore could be having signifi-
cant off-target effects.

In the future, less toxic and more specific readthrough drugs
and a transgenic strategy should be employed to fully discern
the therapeutic potential of translational readthrough as an
SMA therapy. The identification of safer, more specific read-
through drugs would minimize toxicity interference issues
encountered here and benefit studies of other genetic diseases
that could potentially be treated by translational readthrough.
A transgenic mouse expressing SMN readthrough protein on
an SMA background would directly determine the therapeutic
potential of translational readthrough for SMA without limit-
ations imposed by drug toxicity or bioavailability. It would
also address the possibilities that (i) efficient expression of
SMN protein with a novel C-terminus could be detrimental
and (ii) G418 may be inducing FL-SMN through off target
effects on regulatory proteins.

In summary, it is clear that the drug mechanism of transla-
tional readthrough is capable of modulating SMN stability.
The aminoglycoside G418 has demonstrated an ability to
induce readthrough of the SMN target, to increase SMN
protein and to increase SMA mouse motor function. Appli-
cation of readthrough to SMA may be beneficial to the
global SMA patient population as well as to the attempt of
applying readthrough therapeutics to other, more heterogeneic,
diseases. Together, this work provides a methodology for
identifying readthrough-based therapeutics and provides the
first in vivo evidence supporting their application
towards SMA.

MATERIALS AND METHODS

Cell culture

AD293 cells, a human embryonic kidney cell line optimized
for retention on tissue culture dishes (Stratagene), was cul-
tured in Dulbecco’s Modified Eagle’s Medium (DMEM)
with high glucose that had been supplemented with 10%
fetal bovine serum and 2 mM L-glutamine. HeLa cells, a
human cervical cancer cell line, and C2C12 cells, a mouse
myoblast cell line, were also grown and maintained in this
media. N2a cells, a mouse neuroblastoma cell line originating
from brain neuroblast cells, were grown in EMEM sup-

plemented with 10% fetal bovine serum, 1� non-essential
amino acids, 2 mM L-glutamine and 100 U/ml penicillin and
100 mg/ml streptomycin. Low passage primary fibroblast cell
lines, GM09677 and GM00232, were obtained from the
Coriell Cell Repository (Camden, NJ, USA) and grown in
alpha-minimal essential medium (a-MEM) supplemented
with 15% fetal bovine serum, 1� nonessential amino acids,
and 2 mM L-glutamine. The copy number of SMN1 and
SMN2 was previously determined for the GM09677 and
GM00232 primary cell lines (11,37). All cultures were main-
tained at �30–80% confluence, 378C and 5% CO2 in a
humidified atmosphere.

Drug treatment of patient fibroblasts

G418 sulfate (Gibco, Invitrogen) was reconstituted in sterile
deionized water to a stock concentration of 80 mg/ml and
stored at 2208C. Amikacin and Tobramycin (Fluka, Sigma)
were reconstituted in sterile deionized water to stock concen-
trations of 50 mg/ml and stored at 48C. VPA (Sigma) was also
reconstituted in sterile deionized water at concentrations of
50 mg/ml, though due to its low stability this was done
immediately prior to cell treatment. Twenty-four hours prior
to drug treatment, GM09677 and GM00232 cells were
seeded at a density of 1.5 � 105 cells/well in 6-well culture
plates. At the time of treatment, cells were rinsed once with
phosphate-buffered saline (PBS) and fed media containing
drug diluted to the appropriate concentration. Media and
drug were replaced every 24 h. Forty-eight hours after treat-
ment, cells were harvested in radio immunoprecipitation
assay (RIPA) buffer as described previously (51) and quanti-
fied by Lowry assay. Concentrations of 150 mg/ml amikacin,
tobramycin, G418 and VPA correspond to 192, 321, 217 and
903 mM, respectively.

Production of plasmid constructs and stable cell lines

SMN cDNAs coding for varying C-terminal ends were gener-
ated through polymerase chain reaction (PCR) using high-
fidelity Taq polymerase (Invitrogen) according to manufac-
turer’s instructions, with SMN cDNA as a template and
oligos (�60mers) that had novel 50 and 30 ends containing
homology to SMN (sequences available upon request). PCR
products were ligated into the pCR 2.1 vector (Invitrogen).
BglII and XhoI restriction sites, present in the oligos, were
used to subclone inserts from the pCR 2.1 cloning vector
directionally into the pCIneo mammalian expression vector
(Promega). All plasmid constructs were verified through
DNA sequencing.

Transfection of AD293 cells was performed using
TransIT-293 Transfection Reagent (Mirus). Twenty-four
hours prior to transfection, cells were seeded at a density of
1.5 � 105 cells/well in 6-well culture plates. Transfection
was performed at �60% confluency with 2 mg DNA and
6 ml 293 transfection reagent in 200 ml OptiMEM. Forty-eight
hours after transfection, cells were treated with drug to select
for cells stably expressing the neomycin resistance gene. The
HA:D7-SMN construct expresses a highly unstable isoform.
Owing to difficulties in producing a stable cell line sufficiently
expressing this protein, presumably due to this low stability,
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an alternate method was used. This was accomplished by
co-transfection of AD293 cells with HA:D7-SMN in the
pShuttle-IRES-hrGFP-1 vector (Stratagene) and an empty
pCIneo vector. The stable cell line was then obtained by
selecting for neomycin resistance through drug treatment in
combination with enrichment for GFP expression via FACS
sorting.

Cycloheximide assay for protein stability

One week prior to treatment of stable cell lines with cyclohex-
imide, selective media were replaced with media containing
no selective agent in order to prevent interference from anti-
biotic effect on protein stability. Forty-eight hours prior to
treatment, cells were seeded at a density of 2.25 � 105 cells/
well in 6-well culture plates. At the time of treatment, cells
were rinsed once with PBS and re-fed with DMEM containing
cycloheximide diluted to a concentration of 50 mg/ml. Cells
were lysed in RIPA buffer at 0, 0.75, 1.5, 3, 4.5, 7.5 and
12 h after treatment. Protein was quantified by Lowry Assay
(Bio-Rad). An amount of 120 mg of protein from each
sample was assayed via SDS-PAGE followed by western
blot analysis. Membranes were blocked in 5% milk and
probed with HA polyclonal antibody (Santa Cruz) diluted at
1:500, followed by GAR (Bio-Rad) at 1:10 000. Protein was
visualized through ECl chemiluminescence (Pierce).

Readthrough assay

Plasmid constructs for readthrough assays were produced by
inserting an SMN sequence containing the desired stop
codon into the 50 end of a renilla luciferase reporter gene in
the psiCHECK-2 vector (Promega). This was accomplished
by PCR amplifying the renilla reporter with oligos encoding
a novel 50 end and the NheI and XhoI restriction sites
(sequences available upon request). PCR products were
initially inserted into the pCR 2.1 cloning vector, than sub-
cloned into the psiCHECK-2 vector through restriction
digest and re-ligation. Inserts were detected through EcoRI
digest of the pCR 2.1 vector. SMN, renilla reporter and
vector sequences were verified through DNA sequencing.

For the majority of experiments assaying readthrough,
AD293 cells were seeded at 0.75 � 105 cells/well in 6-well
culture plates and transfected 8 h later with the appropriate
reporter plasmid. Transfections were performed using the
293 Trans-IT transfection kit with 1 mg DNA, 6 ml 293
reagent and 200 ml OptiMEM per well. Twenty-four hours
after transfection, cells were rinsed once with PBS and
re-fed with growth media containing the desired drug dilution
with replacement every 24 h. Forty-eight hours after transfec-
tion, cells were trypsinized, redistributed in 96-well plates, and
readthrough was analyzed through luciferase assay. Luciferase
assays were performed using DualGlo Luciferase reagents
(Promega) and read by a Veritas Microplate Luminometer
(Turner BioSystems). Each drug treatment was performed at
least three times, and each well from these experiments was
analyzed by luciferase assay in duplicate.

For detecting readthrough in different cell types, HeLa,
C2C12, N2a and GM09677 cells were transiently transfected
with the D7stop readthrough reporter. HeLa cells were trans-

fected using HeLa MONSTER transfection reagent (Mirus)
with 1 mg DNA, 3 ml HeLa reagent and 0.5 ml MONSTER
reagent. C2C12, N2a and GM09677 cells were all transfected
using a Nucleofector II (Amaxa) electroporation device with
appropriate reagents and electroporation protocols optimized
for that cell type. Transfections of these cell lines were per-
formed on 1 � 106 cells suspended in 100 ml of the appropri-
ate buffer, followed by resuspension in a final volume of
800–1000 ml growth media and redistribution into 6-well
plates.

SMA mouse model maintenance and drug treatment

Production and initial characterization of the intermediate
SMA mouse model has been previously reported (17).
Breeding pairs for SMA mice on an FVB background were
purchased from Jackson Laboratories (strain # 005025).
Animals were maintained in a controlled animal facility at
258C, 60% humidity and fed ad libitum for water and food
with a photoperiod of 12 h light/12 h dark, where they were
monitored daily for health. All maintenance and procedures
were approved and performed in accordance with the
Children’s Memorial Research Center’s Institutional Animal
Care and Use Committee regulations. The colony was main-
tained by mating SMN2þ/þ;SMND7þ/þ;Smn þ/2 breeding
mice. Mice were genotyped for the Smn knockout allele by
PCR analysis of mouse tail DNA. Primers for PCR flanked
the LacZ knockout cassette: 50-GGT AAC GCC AGG GTT
TTC C-30/50-CTC CGG GAT ATT GGG ATT G-30/50-CAA
GGG AGT TGT GGC ATT CTT C-30 (948C 45 s/598C for
45 s/728C for 45 s, 35 cycles). Resulting PCR products were
separated on 1.5% agarose gels.

G418 sulfate (GIBCO) was dissolved in sterile saline to a
stock concentration of 10 mg/ml active solution and stored at
48C. For injection into animals, G418 was diluted to 2.5 mg/
ml. Mice were administered 14 mg/kg G418 or an equivalent
volume of saline vehicle by intraperitoneal injection once
daily from PND5-13. Treatment groups consisted of 29 drug-
treated SMA mutants, 35 drug-treated unaffected mice, 20
vehicle-injected SMA mutants and 34 vehicle-injected
unaffected mice.

For in vivo molecular studies, or when mice were considered
to have met functional death endpoints (20% loss of body
weight, inability to right and obvious state of distress), mice
were euthanized with CO2 followed by cervical dislocation as
a secondary measure. Upon sacrifice, tissues were harvested
and flash frozen in liquid nitrogen. For protein analysis,
tissues were lysed in RIPA, quantified by Lowry assay, then
resolved on a 12% acrylamide gel and assayed by western
blot. Densitometry was performed to confirm and analyze
results using a Microtek 1000XL scanner and Openlab 5.0
software.

Functional motor scales

Functional motor scales used here were initially developed by
Psychogenics, Inc. for characterizing motor function in SMA
neonate mice. The tube test was administered every other
day from PND2-12 by suspending a mouse by its hind limbs
from the lip of a vertical 50 cc tube. Time spent hanging,
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number of pulls and hind limb strength (HLS) were measured
and inserted into the following equation to obtain a quantitat-
ive score: TTS ¼ [(time spent hanging) þ 10(# of pulls)] �
[(HLS score þ 1)/4]. The TTS for a given mouse each day
was recorded as an average of two consecutive trials. The
negative geotaxis test was also administered every 2 days
from PND2-12. This was performed by placing a mouse on
a 308 incline so that it stood on all fours with its head
facing the bottom of the incline. An inability of a mouse to
reorient itself 1808 within 30 s so that its head faced the top
of the incline was recorded as a 0, or a failed attempt. If a
mouse was able to reorient itself 1808 to face the top of the
incline it received a score of 1, corresponding to a successful
completion of the task.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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