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Spinal muscular atrophy (SMA) is caused by mutations of the survival motor neuron 1 (SMN1) gene, retention of
the survival motor neuron 2 (SMN2) gene and insufficient expression of full-length survival motor neuron (SMN)
protein. Quinazolines increase SMN2 promoter activityand inhibit the ribonucleic acid scavenger enzymeDcpS.
The quinazoline derivative RG3039 has advanced to early phase clinical trials. In preparation for efficacy studies
in SMA patients, we investigated the effects of RG3039 in severe SMA mice. Here, we show that RG3039 distrib-
uted to central nervous system tissues where it robustly inhibited DcpS enzyme activity, but minimally activated
SMN expression or the assembly of small nuclear ribonucleoproteins. Nonetheless, treated SMA mice showed a
dose-dependent increase in survival, weight and motor function. This was associated with improved motor
neuron somal and neuromuscular junction synaptic innervation and function and increased muscle size.
RG3039 also enhanced survival of conditional SMA mice in which SMN had been genetically restored to
motor neurons. As this systemically delivered drug may have therapeutic benefits that extend beyond motor
neurons, it could act additively with SMN-restoring therapies delivered directly to the central nervous system
such as antisense oligonucleotides or gene therapy.

INTRODUCTION

The inherited motor neuron disease spinal muscular atrophy
(SMA) causes motor neuron degeneration and profound
muscle weakness. Although disease severity varies, many
patients die in infancy or early childhood. SMA is caused by
homozygous mutations of the survival motor neuron 1 (SMN1)
gene (1), but all patients retain the SMN2 gene in variable copy
number. SMN2 contains a single nucleotide change such that
most SMN2-derived mRNAs lack exon 7 thus producing a trun-
cated, highly unstable SMN protein (2,3). A minority of SMN2
transcripts are full-length encoding functional SMN protein. Im-
portantly, SMA disease severity correlates inversely with SMN2
copy number in patients (4) and, in rare individuals, five copies of

SMN2 in the absence of SMN1 are sufficient to prevent disease
manifestations (5). Currently, there is no disease-modifying
treatment for SMA; however, increasing SMN expression in
SMA patients has been a principal goal of therapeutics develop-
ment (6).

SMA mouse models have been invaluable for investigating
mechanisms of motor neuron dysfunction in SMA and for the
preclinical testing of potential therapeutics (7,8). The most fre-
quently studied severe SMA delta 7 (SMAD7) mice are null
for the endogenous mouse Smn gene, but express the human
SMN2 gene (and a delta 7 transgene) and thus reduced SMN
protein levels (7,8). These mice exhibit severe motor behavioral
abnormalities and death by 2 weeks of life. Several studies have
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documented abnormalities of both neuromuscular junction func-
tion and structure (9–15) as well as central synaptic abnormal-
ities with resulting hypotrophy of muscle (12,16). Importantly,
global restoration of SMN expression to these mice within the
first postnatal week results in a marked extension of survival
(17,18), providing proof of principle that restoration of SMN ex-
pression even after SMA disease onset is beneficial. Interesting-
ly, recent studies using conditional SMA mice in which SMN
expression is restored selectively to motor neurons suggest that
targeting to motor neurons alone may be insufficient (19–21)
and that other neurons and/or non-neuronal cell types play im-
portant roles in disease pathogenesis (19,22,23). Although
both gene therapy and antisense oligonucleotides (ASOs) have
also shown efficacy in severe mouse models (23–28), these bio-
logics will likely need to be delivered directly to the CNS in
patients with SMA. Thus, small molecules with widespread
tissue bioavailability are also needed in this disease.

The quinazoline compound series was first identified during a
high throughput screen to identify transcriptional activators of
the SMN2 gene in a motor neuron-like cell line (29). Medicinal
chemistry efforts generated several 2,4-diaminoquinazoline
derivatives, some of which showed increased SMN mRNA
and protein levels and gem number in treated SMA patient-
derived fibroblast cell lines (29,30), and modestly increased
survival in severe SMA mice (31). Using an unbiased protein
microarray strategy, the molecular target of these compounds
was identified as DcpS (32), an RNA decapping enzyme that
hydrolyzes the m7GpppN cap structure following 3′ to 5′

mRNA degradation (33). RG3039 was selected for further devel-
opment as the lead clinical candidate due to reduced off-target
liabilities compared with other derivatives. Recently, a phase I
clinical trial was completed with preliminary data indicating
good safety results in healthy volunteers. In preparation for effi-
cacy clinical trials in SMA patients, we investigated the effects
of RG3039 in severe SMA mice.

RESULTS

RG3039 is well-tolerated at doses that robustly inhibit DcpS
in the CNS

RG3039 has a similar chemical structure to previously studied
2,4-diaminoquinazoline derivatives including D156844 (29,30).
Quinazolines have been shown to inhibit the RNA decapping
enzyme DcpS with the potency of SMN2 promoter activation
strongly correlating with DcpS enzyme inhibition (32). To
verify the ability of RG3039 to inhibit DcpS, we examined
DcpS enzyme activity in protein extracts isolated from a P10
SMA mouse brain treated in vitro with various doses of drug.
As expected, RG3039 robustly inhibited DcpS enzyme activity
in a dose-dependent manner with an IC50 ¼ 3.4 nM (Fig. 1A).

In order to explore the tolerability of RG3039 in vivo, we
treated cohorts of SMAD7 mice daily with drug doses ranging
from 3 to 40 mg/kg beginning on the day of birth (P1). Mice
treated with RG3039 at 10 mg/kg/day showed increased
weights and survival, which were not further increased by the
20 mg/kg dose (Supplementary Material, Fig. S1A and B).
A dose of 40 mg/kg/day caused impaired weight gain and shor-
tened survival suggesting some drug toxicity (Supplementary
Material, Fig. S1A and B). To determine the biodistribution of

RG3039, we examined drug levels of RG3039 in CNS tissues
(brain and spinal cord) as well as in skeletal muscle, heart,
liver and plasma in normal littermate mice dosed i.p. with
10 mg/kg daily from P1 until P10. RG3039 distributed to the
brain, spinal cord, heart and skeletal muscle at approximately
equivalent concentrations (Fig. 1B). The highest drug levels
were evident in liver and lowest levels in plasma (Fig. 1C). We
also examined drug levels in the brains of control littermates re-
ceiving 3 versus 10 mg/kg of RG3039 and of SMA mice receiv-
ing 10 mg/kg of RG3039 (Fig. 1C). As expected, the 10 mg/kg
dose was associated with significantly higher brain drug concen-
trations than the lower dose. SMA mice dosed with 10 mg/kg
showed increased drug levels relative to the 3 mg/kg-dosed
control littermates, but reduced levels compared with littermates
receiving the higher dose (Fig. 1C). In order to confirm the ability
of RG3039 to inhibit DcpS enzyme activity in vivo, we examined
DcpS enzyme activity in normal littermate and SMA mice dosed
with either 3 or 10 mg/kg of RG3039 from P1 to P10 and har-
vested brain tissues at various time points after the last dose.
DcpS activity was inhibited by �90% within 2 h and remained
�80% inhibited 72 h after the last dose in both control litter-
mates and SMA mice (Fig. 1D), despite the lower drug levels
in SMA mice. Together these data indicate that RG3039 has ex-
cellent CNS bioavailability in vivo and robustly inhibits DcpS
enzyme activity both in vitro and in vivo.

RG3039 increases survival and motor function of severe
SMA mice despite modest effects on SMN expression or
function

We next evaluated the effects of RG3039 on disease outcomes in
SMA mice. SMA mice were treated with RG3039 at 10 mg/kg
daily from P1 until death (Fig. 2A). Drug-treated SMA mice
demonstrated a 26% increase in median survival compared
with vehicle-treated mice (log rank P ¼ 0.0001) (Fig. 2B) and
a 16% increase in maximal weight achieved (P , 0.0001)
(Fig. 2C). Improved righting time latencies evident after P11
(P , 0.0001) and improved ambulatory index scores evident
between P13 and P17 (P , 0.0001) indicated significant
improvements in motor function (Fig. 2D and E). These data
are consistent with a previous study that showed a 21% increase
in median survival of SMA mice treated postnatally with the qui-
nazoline derivative D156844 (31).

Given that RG3039 has been shown to activate the SMN2 pro-
moter in vitro (29), we examined whether drug treatment
increased SMN2 gene expression in SMA mice. SMA mice
were treated with RG3039 at 10 mg/kg from P1 to P10 and full-
length and truncated SMN transcript levels were determined by
RT-qPCR in spinal cord, brain, skeletal muscle, liver and heart
tissue 6 h after the last dose. Both full-length and truncated
SMN transcript levels showed modest increases with full-length
levels increasing by �30–40% in neural tissues (Fig. 3A and B).
Brain tissues harvested at other time points (1, 2, 4, 12, 24 and
48 h) showed no greater change in transcript levels and similar
patterns were seen with an alternative endogenous control
(18 s) (data not shown). Interestingly, when we compared
SMN transcript levels in vehicle-treated littermates to SMA
mice, we observed that full-length levels (arising solely from
SMN2) were reduced in SMA mice (Supplementary Material,
Fig. S2) consistent with impaired exon 7 inclusion in the
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setting of SMN protein deficiency as previously reported by
others (34). The modest increase in full-length SMN transcript
levels observed after RG3039 treatment was sufficient to
restore them to control littermate levels (Supplementary Mater-
ial, Fig. S2).

We next analyzed the effect of RG3039 treatment on SMN
protein expression and found that the modest changes in full-
length SMN transcript levels did not correlate with detectable
increases in SMN protein levels in the CNS (Fig. 3C and D).
Lastly, we measured whether RG3039 increased the activity of
SMN in the assembly of spliceosomal snRNPs (35)—which is
disrupted in SMA mice (36)—and found no significant
changes in either spinal cord or brain (Fig. 3E–H). Thus, the
phenotypic benefit of RG3039 in severe SMA mice appears to
occur in the presence of limited effects on SMN protein expres-
sion or snRNP assembly.

RG3039 improves motor unit function in SMA mice

To explore the underlying cellular basis of the improved pheno-
type in SMA mice, we examined the structure and function of
motor units. Motor neuron loss and associated muscle atrophy
are the classical pathologies of SMA and we have previously
shown particular vulnerability at the lumbar spinal segment 1
(L1) with �60% motor neuron loss occurring between P1 and
P4 (16,20). To assess whether RG3039 can mitigate this loss,
we quantified the number of axons in L1 ventral roots at P13
(Fig. 4A and B). Motor axon number was significantly reduced
in vehicle-treated SMA mice compared with WT mice (SMA:
234.0+ 22.3 versus WT: 372.0+ 12.1); however, RG3039
treatment did not result in any improvement (SMA +
RG3039: 238.0+ 11.7) (Fig. 4B).

Although specific motor neuron populations degenerate in
SMA mice, others are retained at disease end-stage, albeit they
may have impaired synaptic connectivity. Lower lumbar
motor neurons show a decrease in the number of proprioceptive
primary afferents abutting onto the soma and proximal dendrites
at a time when there is little motor neuron loss in SMA mice
(12,16). To assess whether RG3039 treatment can increase the
number of central synapses, we sectioned L3–L5 spinal cord
segments from P13 mice and immunolabeled motor neurons
and proprioceptive primary afferents with choline acetyltrans-
ferase (ChAT) and VGLUT1, respectively. RG3039 treatment
resulted in a �50% increase in the number of VGLUT1 synapses
on L3–L5 motor neurons (SMA: 17.2+ 1.8; SMA + RG3039:
26.1+ 1.6; WT: 33.7+ 2.6, P ¼ 0.0006) (Fig. 4C and D). To-
gether these results indicate that although RG3039 may not
prevent motor neuron loss, the synaptic input to remaining
motor neurons is significantly improved.

In order to examine the functional output of motor neurons
after RG3039 treatment, we examined the morphology and
physiology of NMJ synapses. Denervation of NMJs is evident
in several vulnerable muscles in SMA mice, but NMJs remain
well innervated, despite a reduction in quantal content, in resist-
ant muscles such as the EDL (37). To assess whether RG3039
can prevent denervation, we evaluated NMJs in the longissimus
capitis, splenius capitis and serratus posterior inferior (SPI)
muscles (Fig. 5A). The percentage of fully innervated NMJs
was increased in both the SPI (SMA: 37.8+ 2.9%; SMA +
RG3039: 57.4+ 3.0%) and longissimus (SMA: 20.4+ 2.9%;
SMA + RG3039: 40.6+ 6.7%) muscles with RG3039 treat-
ment (Fig. 5B), while denervation in the splenius capitis
muscle was not significantly ameliorated (SMA: 52.7+ 5.7%;
SMA + RG3039: 63.6+ 3.1%; Fig. 5B). No differences in neu-
rofilament accumulation in the presynaptic terminals of NMJs

Figure1. RG3039crosses the blood brainbarrier and inhibits the RNA decapping
enzyme DcpS in the CNS. (A) DcpS enzyme activity in brain protein extracts
treated in vitro with increasing doses of RG3039 (n ¼ 3 per data point).
(B) RG3039 drug levels in various tissues harvested from normal littermate
mice treated from P1 to P10 with 10 mg/kg of RG3039 and harvested at
various times after the last dose (liver, brain, plasma: n ¼ 4 or 5 mice per time
point and heart, spinal cord and muscle: n ¼ 4–5 mice pooled). (C) RG3039
drug levels in brain and plasma of control littermate and SMA mice dosed with
multiple doses of either 3 or 10 mg/kg of RG3039 (CNTL 3 mg/kg: n ¼ 4 per
time point, CNTL 10 mg/kg: n ¼ 4–5 per time point, SMA 10 mg/kg: n ¼
13–14 per time point). (D) DcpS enzyme activity in the brains of control litter-
mate and SMA mice dosed with 3 or 10 mg/kg of RG3039 (n ¼ at least 4–5
per data point, except vehicle controls n ¼ 1–2).
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from the SPI or EDL muscles were found (Fig. 5C and D), sug-
gesting that neurofilament accumulation is not a determinant of
NMJ denervation as we have previously reported (37).

In order to assess the synaptic transmission of these NMJs,
intracellular recording was performed in the denervation-
resistant EDL and vulnerable splenius muscles from vehicle-
and RG3039-treated SMAD7 mice at P12–13 (Fig. 5E–I).
Consistent with our prior observations (12), quantal content in
the EDL muscle was reduced by 25% in SMA mice compared
with WT mice (Fig. 5H). With RG3039 treatment, SMAD7
NMJs showed an increase in the amplitude of endplate potentials
(EPPs) and a corresponding 30% increase of quantal content. In
the vulnerable splenius muscle in non-treated SMA mice, only
�50% of the NMJs displayed EPPs upon nerve stimulation indi-
cating that 50% of NMJs were silent (Fig. 5I). This result is con-
sistent with our morphological analysis that only�56% of NMJs
are fully innervated in SMAD7 splenius muscle (Fig. 5B). With
RG3039 treatment, the percentage of silent junctions decreased
to �20% (Fig. 5I). These data suggest that although of the
number of fully innervated NMJs in the splenius muscle did
not increase with RG3039 treatment, the function of partially
innervated NMJs was significantly improved in this muscle. To-
gether, our findings demonstrate that RG3039 improves NMJ
synaptic transmission efficacy in both resistant and vulnerable
muscles.

To determine whether the improvement of NMJ innervation
and function was accompanied by increased muscle size, we
measured the total cross-sectional area of the longissimus
capitis. At P12, the total cross-sectional area was reduced by
�8-fold in SMAD7 mice compared with WT littermates
(Fig. 6A and B). Consistent with improved innervation of

longissimus muscle NMJs (Fig. 5B), treatment with RG3039
resulted in a �80% increase in muscle cross-sectional area
(Fig. 6A and B). This increase in muscle size can be principally
attributed to a �95% increase in individual myofiber size
(Fig. 6C) as there was no significant increase in myofiber
number in treated mice (Fig. 6D).

RG3039 extends survival of ChATCre SmnRes conditional
SMA mice

Several recent studies have highlighted that SMA disease path-
ology may extend beyond motor neurons and that increased
SMN expression in motor neurons or in the CNS alone may be
insufficient to provide substantial reversal of the SMA pheno-
type (19–21,23). Given the widespread tissue bioavailability
of RG3039, we asked whether this compound could provide
further therapeutic benefits to SMA mice in which SMN expres-
sion had already been restored to motor neurons. We utilized a
line of SMA mice (ChATCreSmnRes SMA mice) in which
increased SMN expression in motor neurons is driven by Cre
under control of the ChAT promoter (20). We have previously
reported that motor neuron expression of SMN in these mice
results in only an 8-day increase in survival (median survival
extended from 15 days in ChATCre2SmnRes SMA mice to
23 days in ChATCre+SmnRes SMA mice) (20). To explore
whether ChATCre+SmnRes SMA mice would further benefit
from RG3039, we treated these mice with vehicle or RG3039
at 10 mg/kg starting at P1. RG3039-treated ChATCre+SmnRes

SMA mice showed a 66% increase in median survival (vehicle-
treated: 25 days and RG3039-treated: 41.5 days, P , 0.0001)
(Fig. 7A). In addition, drug-treated mice showed a 55% increase

Figure2. RG3039 improvessurvival and motor functionofSMA mice. (A) Photo of vehicle-treated and 10 mg/kgRG3039-treatedSMAmice and an untreated normal
littermate at P13. (B) Kaplan–Meier survival curves, (C) weights, (D) righting time latencies, and (E) ambulatory index composite scores of vehicle-treated and
10 mg/kg RG3039-treated SMA mice (vehicle: n ¼ 12, RG3039 10 mg/kg: n ¼ 13, except ambulatory index n ¼ 5–8 per group).
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in maximal weight achieved (P , 0.0001) (Fig. 7B). These data
indicate that RG3039 treatment combined with motor neuron
restoration of SMN had better than additive effects and
suggest that while RG3039 can improve motor neuron function,
it may also have beneficial effects that are independent of motor
neurons.

DISCUSSION

RG3039 is the first small molecule developed specifically for
SMA patients that has reached early stage clinical trials. Here,
we demonstrate that RG3039 has widespread tissue

bioavailability including in the CNS where it robustly inhibits
its target enzyme, DcpS, and results in improved survival and
motor behavior in SMAD7 mice. Importantly, this is accompan-
ied by increased NMJ synaptic transmission as well as retained
synaptic connectivity at both central and NMJ synapses, out-
comes that would be predicted to have a meaningful impact on
muscle power in SMA patients. In a co-submitted study,
Gogliotti et al. demonstrate that RG3039 also increases motor
function and survival in 2B/- SMA mice and in 5058 Hemi
SMA mice confirming drug efficacy in three independent
mouse models of SMA. In the milder 2B/- SMA model, a
600% increase in survival was also associated with improved
NMJ structure and connectivity.

Figure 3. RG3039minimally effects SMN levels in vivo. (A) Full-length (FL) and (B) SMND7 SMN transcript levels in tissues from vehicle and RG3039-treated SMA
mice at P10 6 h after the last dose, ∗P , 0.05, ∗∗P , 0.01 (brain: n ¼ 13–15 per group, spinal cord: n ¼ 5 per group, liver, heart, muscle: n ¼ 10 per group). (C and D)
Western blot analysis of SMN protein levels in (C) spinal cord and (D) brain extracts from vehicle and RG3039-treated SMA mice (n ¼ 5 per group). (E and F) In vitro
snRNP assembly analysis with radioactive U1 snRNA in (E) spinal cord or (F) brain extracts. U1 snRNA was immunoprecipitated with anti-SmB antibodies from each
snRNP assembly reaction and analyzed by denaturing gel electrophoresis and autoradiography. (G and H) Quantification of U1 snRNA levels immunoprecipitated
from snRNP assembly reactions with (G) spinal cord and (H) brain extracts from the experiments in (E) and (F) (n ¼ 5 per group).
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Multiple studies have demonstrated widespread morpho-
logical abnormalities of NMJs in SMA mice that include simpli-
fication of endplates, presynaptic neurofilament accumulations
and denervation of specific muscle groups relevant to feeding,
breathing and head movement (9–15,37). These abnormalities
are associated with impaired synaptic transmission as evi-
denced by reduced quantal content. In this study, we show
that RG3039 improves the function of fully innervated NMJs
in the EDL muscle, but also likely improves the function of par-
tially innervated NMJs in the splenius muscle with a 30% de-
crease in silent junctions despite a lack of increased number
of fully innervated NMJs. These improvements are associated
with both increased muscle size as well as reduced motor be-
havioral deficits in the absence of an increase in motor axon
number. This suggests that improved function of remaining
motor units in SMA mice can have a significant impact on
muscle strength and survival. Recently, similar morphological

abnormalities of NMJs have been documented in human
SMA patients (38). NMJ transmission abnormalities have
also been reported in human patients with 49% of type II and
III SMA patients showing a decremental response with 3 Hz re-
petitive nerve stimulation (39). These studies indicate that ben-
efits to NMJ connectivity and function observed in SMA mice
could also have meaningful effects in SMA patients and that
future clinical trials of RG3039 should include measures of
NMJ function such as repetitive nerve stimulation as well as
measures of muscle fatigue.

Several recent studies have suggested that SMN protein de-
ficiency causes abnormalities of other neuronal types and other
tissue types, which play important roles in SMA disease patho-
genesis. Specifically, abnormalities of Ia afferent inputs to
motor neurons arising from DRG neurons have been suggested
to play a central role in motor neuron dysfunction and degen-
eration (12,16,40). It has also been suggested that abnormal-
ities of liver, gut and heart contribute to disease in SMA
mice. One of the most promising treatment strategies for
SMA is ASOs, which enhance exon 7 inclusion into
SMN2-derived mRNAs by specific binding to a splicing
motif in SMN2 pre-mRNAs. The ISIS Pharmaceuticals
SMNRx ASO is currently being tested in clinical trials in
SMA patients. Because of poor distribution to CNS tissue
from blood, it is being administered by intrathecal delivery
despite limited demonstrated benefit in SMA mice compared
with systemic delivery (23). Given the widespread biodistribu-
tion of RG3039, we evaluated whether it could have further
benefit to SMA mice in which SMN had already been genetic-
ally restored to motor neurons. Strikingly, RG3039 provided
even more survival benefit to ChATCre+SmnRes SMA mice
than to SMAD7 mice, indicating that RG3039 might act
additively with SMN-restoring therapies delivered only to
the CNS.

The quinazoline compounds were initially identified during a
screen for SMN2 promoter activators (29). Subsequent studies
indicated that the target of the drug is the RNA decapping
enzyme DcpS with quinazolines able to bind and hold DcpS in
an open, catalytically incompetent conformation (32). Our
studies indicate that DcpS enzyme activity is robustly inhibited
in SMA mouse tissues and thus DcpS activity in circulating
white blood cells can serve as a useful pharmacodynamic
marker of drug activity in clinical trials of SMA patients. In con-
trast, the ability of RG3039 to activate SMN2 gene expression
in vivo is modest and is not associated with detectable changes
in SMN protein expression nor in snRNP assembly. These
results may indicate that the beneficial effects of RG3039 are
SMN independent, influencing aspects of RNA metabolism
affected by low SMN levels. The best established function for
DcpS is in hydrolyzing the m7GpppN cap structure of mRNAs
(33). Nonetheless, DcpS also localizes to the nucleus and has
been described as a nucleocytoplasmic shuttling protein (41).
DcpS has also been shown to interact with components of the
cap-binding complex, and reduced cellular levels of DcpS
alters first intron mRNA splicing (41). It is intriguing to postulate
that modulation of RNA metabolism by inhibiting the DcpS
enzyme may be beneficial in SMA, especially given the observa-
tion of pre-mRNA splicing defects in severe SMA mice (42–44).
Further investigation is needed to further understand the thera-
peutic mechanisms of action of RG3039.

Figure 4. RG3039 does not change ventral root axon number, but does improve
motor neuron somal synaptic input. (A) Image of L1 ventral roots from control
littermate, vehicle-treated SMA and RG3039-treated SMA mice. (B) Quantifica-
tion of ventral root number. (C) Representative images of motor neurons (red ¼
ChAT) and somal VGLUT1 synapses (green ¼ VGLUT1) from control litter-
mate, vehicle-treated SMA and RG3039-treated SMA mice. (D) Quantification
of VGLUT1 motor neuron somal synapses (∗P , 0.05, n ¼ 3 per group).
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MATERIALS AND METHODS

Mice

Experiments were carried out in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals, and were approved by Johns Hopkins University and
University of Southern California Animal Care Committees.
Breeder pairs for SMAD7 mice (7) on a FVB background
(Stock number 005025) were purchased from Jackson Labora-
tories. Conditional SMA mice expressing increased SMN in
motor neurons (ChATCreSmnRes SMA mice) were generated
as described (20). Mice were genotyped by PCR of tail DNA
as previously reported (20,45). SMA mice were null
(mSmn2/2) and control littermates were heterozygous
(mSmn+/2) or wild-type (mSmn+/+) at the mSmn allele.

Mice received intraperitoneal (i.p.) injections starting on post
natal day 1 (P1) defined as the day of birth. All treated litters were
culled at P4 to a total of six pups. RG3039 was dissolved in dis-
tilled water (or saline in Ko laboratory) at appropriate concentra-
tions for 2.5 ml volume/gram injection volume. Daily weights
and righting-time were determined starting on P1 as previously
described (45). Ambulation index was performed between P13
and P23. A compilation score, calculated by multiplying the per-
centage of time spent upright by the number of 5.5×5.5 cm grid
squares crossed, was determined during two 60 s trials as previ-
ously described (20).

RG3039 drug levels

Tissues were homogenized in 0.1% formic acid (1:5 w/v).
Plasma samples were analyzed without further treatment. All
samples were analyzed on an LC/MS/MS system, which con-
sisted of an Agilent 1100 series quaternary pump and micro
degasser (Agilent, Santa Clara, CA, USA), a CTC PAL autosam-
pler (Leap Technologies, Carrboro, NC, USA) and an API 4000
triple quadrupole mass spectrometer equipped with an ESI
TurboV source (AB Sciex, Foster City, CA, USA). The system
was controlled by Analyst 1.4.2 (AB Sciex). MRM transitions
were 432.3/256.2 and 382.2/206.2 for the RG3039 and internal
standard, respectively. An Agilent ZORBAX Eclipse
XDB-CN 2.1×50 mm 5-Micron was used for liquid chromatog-
raphy using an acetonitrile gradient elution. The quantitation
was performed by using Analyst 1.4.2 with a calibration curve
fitted using a linear regression and 1/x2 weighting.

DcpS activity

Mouse brains were homogenized in lysis buffer (PBS, pH 7.4,
1% BSA, 0.1% IGEPAL CA-630 with protease and phosphatase
inhibitors). For the DcpS enzyme decapping assay, 20 mg of
tissue extract was mixed with 3 mM of biotinylated CAP sub-
strate m7GpppA(N6) (kindly provided by Edward Darzynkie-
wicz) in the decapping buffer (50 mM Tris, pH 7.9, 100 mM

MgCl2, 150 mM (NH4)2SO4) with a 10 ml total reaction

Figure 5. RG3039 prevents NMJ denervation and improves NMJ synaptic transmission. (A) Image of NMJs in the SPI muscle of WT, vehicle-treated SMA and
RG3039-treated SMA mice. Blue (neurofilament), green (synaptophysin) and red (a-bungarotoxin). (B) Quantification of percentage of fully innervated NMJs in
the longissimus, SPI and splenius muscles, ∗P , 0.05 (n ¼ 7 per group). (C) Image of NMJs demonstrating neurofilament accumulations in presynaptic terminals.
Green (neurofilament) and red (a-bungarotoxin). (D) Quantification of NF accumulation in SPI and EDL muscle (n ¼ 4 per group). (E) MEPP amplitudes, (F) MEPP
frequencies, (G) EPP amplitudes, and (H) quantal content in the EDL muscle of WT, SMA vehicle-treated and RG3039-treated SMA mice, ∗P , 0.05 (n ¼ 6 per
group). (I) The percentage of silent NMJs in the splenius muscle in WT, SMA vehicle-treated and RG3039-treated SMA mice, ∗P , 0.05 (n ¼ 3–5 per group).
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volume. The reaction was terminated by adding 10 ml of 10 mM

RG3039 to the reaction mixture. The resulting enzymatic
reaction product, biotinylated ADP, was quantified using
ELISA. Streptavidin coated plates (Pierce, #15501) were used
to capture the ADP-biotin. The bound ADP-biotin was detected
using ADP2 antibody (BellBrook Labs, # 2015) and HRP-
conjugated goat anti-mouse IgG (Invitrogen, # 626520) incu-
bated with TMB substrate (Cell Signaling, # 7004L) followed
by measuring absorbance at 450 nm on a SpectraMax plate
reader (Molecular Devices). A standard curve was generated
with biotin-ADP.

Quantitative reverse transcription PCR (RT-qPCR)

RNA was isolated from tissues (brain, spinal cord, quadriceps
muscle, liver or heart) using the RNeasy kit (Qiagen) and con-
verted to cDNA and analyzed as previously described (20,45).
Reactions were run in triplicate using the ABI Prism 7900 Se-
quence Detector System as previously described (45). Full-
length (from SMN2) and truncated SMN (potentially arising
from either the SMN2 or delta 7 SMN transgenes) transcript
levels were expressed relative to the endogenous controls
GusB or 18S rRNA mRNA. Data for each transcript were nor-
malized to one vehicle-treated heterozygous mouse brain
sample.

In vitro snRNP assembly and western blot

In vitro snRNP assembly assays with radioactive U1 snRNA and
mouse tissue extracts followed by immunoprecipitation with
anti-SmB antibodies were carried out according to established
procedures (45–47). The levels of immunoprecipitated U1
snRNA were quantified using a Typhoon Phosphorimager
(Molecular Dynamics). Western blot analysis with anti-SMN
clone 8 (BD Transduction Laboratories) and anti-Tubulin DM
1A (Sigma) was performed as previously described (48).

Ventral root and muscle histology

Mice were intracardially perfused with Ringer’s solution fol-
lowed by 4% paraformaldehyde. The L1 ventral roots and long-
issimus muscle were dissected, post-fixed in osmium tetroxide
and embedded in Epon. One mm thick sections were stained
with toluidine blue and imaged by light microscopy. The
number of ventral root axons, largest muscle cross-sectional
area, individual myofiber area and the number of myofibers
were quantified using Adobe Photoshop and ImageJ software.

Immunohistochemistry

The longissimus capitis, splenius capitis and SPI muscles were
dissected and teased into layers 5–10 fibers thick. Pre-synaptic
nerve terminals were labeled with anti-neurofilament (Millipore)
and anti-synaptophysin (Invitrogen) antibodies, and postsynaptic
acetylcholine receptors were labeled with a-bungarotoxin (Invi-
trogen). NMJs were visualized and quantified by epifluorescence
orconfocal microscopy.NMJswereconsidered fully innervated if
the presynaptic nerve terminal completely co-localized with the
postsynaptic endplate, and the innervation percentage was calcu-
lated as the number of fully innervated NMJs divided by the total
number of NMJs quantified. Neurofilament accumulation was
defined as neurofilament staining that occupied more than 1/4 of
the motor endplate area (12).

To examine central synapses, lumbar cord spinal segments
3–5 (L3–5) were dissected and sectioned at 80 mm. Spinal
cord sections were stained with anti-ChAT (Millipore) and anti-
VGLUT1 (Synaptic Systems) antibodies, and imaged at 1 mm
intervals using ×100 oil-immersion objectives on the Zeiss
LSM confocal microscope. The number of primary propriocep-
tive afferents was quantified as VGLUT1+ puncta abutting on
the soma and proximal dendrites of motor neurons.

Electrophysiological recordings from NMJs

Conventional intracellular recordings were performed as
described previously (12). The EDL and splenius muscles with
their nerves attached were dissected in normal Ringer’s solution
and were pre-incubated in 2–3 mM m-conotoxin for 30 min to
block muscle contraction. The recording was then performed
in toxin-free Ringer’s solution. EPPs were elicited by 1 Hz
train through a suction electrode and recorded via a glass
pipette filled with 3 M KCl. The EPP amplitudes were normal-
ized to 250 mV and corrected for nonlinear summation. Data
were acquired and analyzed using pClamp8 software and Minia-
nalysis software. The mean quantal content was calculated by the
direct method (49). The Student’s t-test was used for comparison
of means between groups.

Statistics

All data are expressed as mean+ standard error of the mean.
Morphological and biochemical data were analyzed using
Excel and Statistica software. Statistical significance was deter-
mined using either Student’s t-test or a two-way analysis of vari-
ance (ANOVA).

Figure6. RG3039 increases myofiber size. (A) Imageof cross-sections of the longissimusmuscle from SMAvehicle-treated, SMA RG3039-treated and WT littermate
mice. Quantification of (B) muscle cross sectional area, (C) myofiber size, and (D) myofiber number, ∗P , 0.05 (n ¼ 6–7 per group).
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