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Abstract

Proximal spinal muscular atrophy (SMA) is a childhood-onset degenerative disease resulting from
the selective loss of motor neurons in the spinal cord. SMA is caused by the loss of SMN1
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(survival motor neuron 1) but retention of SMANZ2. The number of copies of SMN2 modifies
disease severity in SMA patients as well as in mouse models, making SMNZ2 a target for
therapeutics development. Sodium butyrate (BA) and its analogue (4PBA) have been shown to
increase SMNZ expression in SMA cultured cells. In this study, we examined the effects of BA,
4PBA as well as two BA prodrugs—glyceryl tributyrate (BA3G) and VX563—on the phenotype
of SMNA7 SMA mice. Treatment with 4PBA, BA3G and VX563 but not BA beginning at PND04
significantly improved the lifespan and delayed disease end stage, with administration of VX563
also improving the growth rate of these mice. 4PBA and VX563 improved the motor phenotype of
SMNA7 SMA mice and prevented spinal motor neuron loss. Interestingly, neither 4PBA nor
VX563 had an effect on SMN expression in the spinal cords of treated SMNA7 SMA mice;
however, they inhibited histone deacetylase (HDAC) activity and restored the normal
phosphorylation states of Akt and glycogen synthase kinase 38, both of which are altered by SMN
deficiency /n vivo. These observations show that BA-based compounds with favourable
pharmacokinetics ameliorate SMA pathology possibly by modulating HDAC and Akt signaling.

INTRODUCTION

Proximal spinal muscular atrophy (SMA) is an autosomal recessive neurodegenerative
disease resulting from a selective loss of a motor neurons in the anterior horn of the spinal
cord leading to atrophy of limb and trunk muscles (Tisdale and Pellizzoni, 2015). SMA is
one of the leading genetic causes of infant death in the world. In humans, the SMN (survival
motor neuron) gene is duplicated and the two SMN genes (SMNI and SMNZ2) differ
functionally by a single nucleotide (C—T) within exon 7 (Lorson et al., 1999; Monani et al.,
1999). SMN1 transcripts produce full-length SMN (FL-SMN) protein. Most of the
transcripts from SMNZ2lack exon 7 (SMNA7) and produce a truncated, unstable SMNA7
protein; about 10-20% of SMNZ2transcripts are correctly spliced and produce FL-SMN
protein. SMA results from ubiquitous SMN deficiency due to homozygous deletions or
mutations of SMN/I and retention of SMNZ2 (Lefebvre et al., 1995). Additionally, the
severity of SMA depends on the copy number of SMN2and the consequent levels of the
SMN protein (Coovert et al., 1997; Elsheikh et al., 2009; Lefebvre et al., 1997; McAndrew
etal., 1997; Prior et al., 2005; Stabley et al., 2015; Swoboda et al., 2005; Tiziano et al.,
2007; Wirth et al., 2006).

There is only one SMN gene (mSmn) in mice which is orthologous to SMNZ in humans
(DiDonato et al., 1997; Viollet et al., 1997); embryonic lethality results from complete
knockout of mSmn (Schrank et al., 1997). Conditional knockout of mSmn in specific cell
types including neurons, muscle and hepatocytes also leads to death of those cells
(Cifuentes-Diaz et al., 2002; Nicole et al., 2003; Vitte et al., 2004) indicating that SMN is
essential for cellular viability. While transgenic insertion of the complete SMN.2 genomic
region into mSmn knockout mice rescues the embryonic lethal phenotype (Hsieh-Li et al.,
2000; Monani et al., 2000), mice with low SMN.2 copy numbers (i.e. 1 or 2) develop severe
SMA and die within a few days after birth (Hsieh-Li et a/., 2000; Michaud et al., 2010;
Monani et al., 2000). In contrast, mSmn nullizygous mice with higher SMNZ2 copy numbers
(from 4-16 copies) are indistinguishable from their non-transgenic littermates (Michaud et
al., 2010; Monani et al., 2000), demonstrating that the SMN.Z2 gene product can correct the
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SMA phenotype and that SMA/Z copy number modifies the severity of disease in mice as it
does in humans. SMNA7 SMA mice that also contain an exon 7-lacking SMN develop a
slightly less severe SMA phenotype and die at 14-15 days (Le et al., 2005).Replacement of
SMN in SMA neurons using adeno-associated virus-mediated gene delivery markedly
ameliorates the SMA phenotype in mouse models (Dominguez et al., 2011; Foust et al.,
2010; Passini et al., 2010; Valori et al., 2010). Taken together, these experiments show that
modulating SMN levels can influence disease severity in mouse models as is the case in
humans.

SMNZ expression can be increased by small molecule drugs /n vivo at different levels of
gene regulation including promoter activation (Gogliotti et al., 2013; Thurmond et al., 2008;
Van Meerbeke et al., 2013), increased inclusion of exon 7 in SMA2 mRNA transcripts
(Cherry et al., 2013; Naryshkin et al., 2014; Palacino et al., 2015) and translational read-
through of SMNA7mRNAs (Heier and DiDonato, 2009; Mattis et al., 2012; Mattis et al.,
2009a; Mattis et al., 2009b). Splice-correcting antisense oligonucleotides of differing
chemistries have been shown by numerous studies to increase SMN expression /n vivo and
improve the survival of SMA mice (Hua et al., 2010; Hua et al., 2011; Mitrpant et al., 2013;
Osman et al., 2014; Passini et al., 2011; Porensky et al., 2012; Sahashi et al., 2013; Staropoli
et al., 2015; Williams et al., 2009; Zhou et al., 2013). Many of these compounds are in
various stages of preclinical and clinical development for SMA.

Inhibitors of histone deacetylase (HDAC) activity have been identified as inducers of SMN.2
transcription (Lunke and EI-Osta, 2009). By increasing histone acetylation, these HDAC
inhibitors increase SMN/Z2 promoter activity which results in elevated SMN protein levels
(Andreassi et al., 2004; Avila et al., 2007; Brahe et al., 2005; Brichta et al., 2003; Brichta et
al., 2006; Chang et al., 2001; Garbes et al., 2009; Hahnen et al., 2006; Harahap et al., 2012;
Kernochan et al., 2005; Riessland et al., 2010; Riessland et al., 2006; Sumner et al., 2003).
Sodium butyrate (BA) and its analogue sodium 4-phenylbutyrate (4PBA) inhibit histone
deacetylation /n vitro (Boffa et al., 1978; Davis et al., 2000). BA and 4PBA increase the
expression of SMN in cultured cells from SMA patients (Andreassi et al., 2004; Chang et
al., 2001). Furthermore, continuous administration of BA to severe SMA mice
(SMN2;mSmm7”/ A7) moderately increased their survival (Chang et al., 2001). While BA has
poor plasma pharmacokinetics in rodents (Egorin et al., 1999), 4PBA has better
pharmacokinetics /n vivo (Berg et al., 2001). Similarly, glyceryl tributyrate (BA3G;
tributyrin) is a BA prodrug with a glycerol backbone and improved pharmacokinetics
(Edelman et al., 2003; Egorin et al., 1999). BA3G inhibits tumor growth in various cancer
models (Kuefer et al., 2004) and had undergone phase I clinical trials in patients with solid
tumors (Conley et al., 1998). Lastly, the orally bioavailable BA prodrug VX563 has a
significantly extended plasma half-life in primates relative to BA (McCaffrey et al., 1996).
In this study, we sought to examine the effects of BA, 4PBA, BA3G and VX563 on the
survival and motor phenotype as well as on SMN expression in SMNA7 SMA mice.
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MATERIALS AND METHODS

Animals and Ethical Statement

SMNA7 SMA mice (SMN2**.SMNA7*"*:mSmn™") were generated from male and female
carrier mice of the genotype SMNZ**:SMNA7"* :mSmn™~ (line 4299; FVB.Cg-
T9(SMNZ2*delta7)4299Ahmb Tg(SMN2)8IAhmb Smn1mIMsd) These mice originated
from our colony but can be obtained from The Jackson Laboratory (#005025). As diet can
affect the survival and phenotype of these study mice (Butchbach et al., 2010a) as well as
responsiveness to drugs like trichostatin A and D156844 (Butchbach et al., 2014; Narver et
al., 2008), the mice were fed the Harlan-Teklad 22/5 Rodent Diet. Neonatal offspring were
genotyped using a PCR-based assay on genomic DNA from tail biopsies as described
previously (Butchbach et al., 2007b; Le et al., 2005). All experiments were conducted in
accordance with the protocols described in the National Institutes of Health Guide for the
Care and Use of Animals and were approved by the Ohio State University Institutional
Laboratory Animal Care and Use Committee.

Drug Formulations

Butyrate (BA,; sodium salt, Sigma-Aldrich, St. Louis, MO) was dissolved in ddH,0. Sodium
4-phenylbutyrate (4PBA; Lancaster Synthesis Inc., Ward Hill, MA) was dissolved in ddH,0
and solubilized by adjusting the pH to ~7.0 with concentrated NaOH. In most cases, the
4PBA solution (sodium salt) was heated to facilitate solubilization; the pH of the 4PBA
solution was readjusted to 7.0 after cooling to room temperature. Glyceryl butyrate (BA3G,
tributyrin; Sigma-Aldrich) and VX563 (Vertex Pharmaceuticals, Cambridge, MA) were used
as supplied by the manufacturer. All aqueous solutions were filter sterilized prior to
injections.

Drug Administration

Beginning at 4 days after birth (PNDO04), SMA mice and their non-SMA littermates were
treated with either BA (5 g/kg/d t.i.d.), 4PBA (500 mg/kg/d t.i.d.), BA3G (5 g/kg/d b.i.d.),
VX563 (6 g/kg/d b.i.d.) or H,O by oral administration using a curved 18-gauge feeding
needle (Harvard Apparatus, Holliston, MA) as described previously (Butchbach et al.,
2007b). The selection of drug dose was based on either the dose used for similar studies or
the maximum tolerable dose provided by the drug manufacturer. For b.i.d. dosing, the drugs
were administered at 09.00 and 17.00 daily while those drugs with a t.i.d. dosing were
administered at 09.00, 13.00 and 17.00 daily without fail. We have found that variable time
intervals between dosings negate any therapeutic benefit (unpublished observations). Drugs
were administered to mice until the last SMA pup in the litter perished. Due to the
physicochemical properties of these compounds, it was not possible for the person dosing
the neonatal mice to be blinded to drug treatment. For all of the subsequent analyses,
however, the persons completing these analyses were blinded with respect to treatment
cohort.
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Behavior Analysis

A cohort of drug-treated SMNA7 SMA mice was assessed for changes in vectorial
movement duration, spontaneous locomotor activity and pivoting activity as described
(Butchbach et al., 2007a). All of the measures were collected using Stopwatch+ (Center for
Behavioral Neuroscience, Atlanta, GA). For vectorial movement duration, the amount of
time each mouse was in vectorial movement, either crawling at PNDO7 or walking at
PND11 and PND14, within the viewing timeframe was collected. For spontaneous
locomotor activity, each pup was placed in the center of a gridded (with 28 2.5-cm? grids)
arena and the number of grids crossed in 60 sec was counted. For pivoting, each pup was
placed in the center of a gridded arena and the number of times the pup turned 90°C (pivots)
during a 60-sec time frame was counted. Spontaneous locomotor activity and pivoting were
monitored on PNDO7, PND11 and PND14. To minimize the stress on the pup, all motor
phenotype assays were conducted simultaneously.

Detection of BA Levels

Neonatal mice received a single dose of each drug or vehicle; the forebrain was dissected
and rapidly frozen in liquid nitrogen one hour after injection. Tissue BA levels were
determined using high-performance liquid chromatography (HPLC) to detect 2-
nitrophenylhydrazide derivatives as described (Miwa and Yamamoto, 1987). Briefly, 50 uL
methanol were added to 50 L forebrain extracts and centrifuged at 14,000xg for 15 min at
4°C to precipitate protein. 100 pL of butyrate standard (125-10,000 pmol butyric acid,
Sigma-Aldrich) or tissue extract containing 500 pmol 2-ethylbutyric acid (2-EtBA; Sigma-
Aldrich) as an internal standard were mixed with 400 uL 125 mM 1-EDC-HCI (N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride; Sigma-Aldrich) + 1.5 % (v/v)
pyridine (Sigma-Aldrich) in ethanol and 200 pL 20 mM 2-NPH-HCI (2-
nitrophenylhydrazine hydrochloride; Sigma-Aldrich) and incubated for 20 min at 60°C. 100
pL 15% (w/v) KOH in methanol:water (4:1) were added to each sample and incubated for
15 min at 60°C. The samples were then cooled to room temperature. Separation of fatty acid
derivatives was accomplished using a Shimadzu liquid chromatograph with a UV-visible
detector. A Prevail C8 column (particle size of 5 um; 250 mm x 4.6 mm; Grace Davison
Discovery Sciences, Columbia, MD) fitted with an Adsorbosphere C8 guard cartridge
(particle size of 5 um; 7.5 mm x 4.6 mm; Grace Davison Discovery Sciences) was used.
Separation was carried out isocratically using methanol:water (58%:42%) at room
temperature. A representative chromatogram showing the elution profiles of BA and 2-EtBA
derivatives is shown in the Supplementary Figure.

Quantitative reverse transcriptase-polymerase chain reaction (QRT-PCR)

Total RNA was isolated from spinal cords of SMNA7 SMA mice treated with drugs for 5
days using RNeasy Mini columns (QIAGEN, Germantown, MD) according to
manufacturer’s directions. Quantification of FL-SMN mRNA transcript levels was
accomplished using real time RT-PCR, or qRT-PCR, as described previously (Simard et al.,
2007) with modifications. The quantities of FL-SMN transcript were then normalized to a
geometric mean of three different reference transcripts (\Vandesompele et al., 2002):
hypoxanthine phosphorylribosyltransferase 1 (Hprtl), f-actin (Actb) and RNA polymerase
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/1A (Pol2A). These normalized quantities were then compared to vehicle-treated carrier
mMRNA samples.

Spinal cords from animals treated with drugs for 5 days were dissected and homogenized in
lysis buffer (0.1% Triton X-100 and Complete Protease Inhibitor cocktail (Roche Life
Sciences, Indianapolis, IN) dissolved in PBS, pH 7.4). These samples were resolved through
SDS-PA gels via electrophoresis and transferred onto PVDF membranes via electroblotting
as described previously (Butchbach et al., 2010b). For the detection of SMN protein, 100 ug
of tissue protein extract was added to each lane of a midi-gel; 10 ug of protein extract was
added to each lane of a mini-gel for detection of all other proteins. Immunoblotting was
completed as described in (Butchbach et al., 2010b). The following primary antibodies were
used in this study: mouse anti-SMN mAb (1:500; MANSMAZ, (Young et al., 2000),
Developmental Studies Hybridoma Bank, lowa City, 1A), mouse anti-p-actin mAb (1:20000;
clone AC-15, Sigma-Aldrich), rabbit anti-histone H3 pAb (1:1000; Cell Signaling
Technology, Beverly, MA), rabbit anti-acetyl-histone H3(K9) pAb (1:1000; Cell Signaling
Technology), rabbit anti-Akt pAb (1:1000; Cell Signaling Technology), rabbit anti-phospho-
Akt (S473) mAb (1:1000; clone 193H12, Cell Signaling Technology), rabbit anti-GSK3[3
mAb (1:1000; clone 27C10, Cell Signaling Technology), rabbit anti-phospho-GSK3p (S9)
mAb (1:1000; clone 5B3, Cell Signaling Technology) and rabbit anti-GAPDH pAb
(1:10000; Sigma-Aldrich). Band intensities were measured using ImageJ 1.45s (National
Institutes of Health).

SMN Enzyme-linked Immunosorbent Assay (ELISA)

Quantitation of SMN protein levels in spinal cord extracts was measured using the SMN
(human) Enzyme Immunometric Assay from Enzo Life Sciences (Farmingdale, NY) as
described in (Nguyen thi Man et al., 2008) except that 40 ug of spinal cord extract were used
for each sample. SMN concentrations were expressed as pg SMN per mL extract.

SnNRNP Assembly

Histology

In vitro snRNP assembly assays were run on tissue extracts from normal and SMNA7 SMA
mice treated with drugs for 5 days. Preparation of mouse tissue extracts and snRNP
assembly experiments were carried out essentially as previously described (Gabanella et al.,
2007; Gabanella et al., 2005). The amount of immunoprecipitated U1 sSnRNAs was
quantified using a STORM 860 Phosphorimager (GE Healthcare, Piscataway, NJ) and the
ImageQuant version 4.2 software.

SMNA7 SMA mice and carrier littermates were treated with BA, 4PBA, VX563 or vehicle
beginning at PNDO4 until PND11. Treated mice were anesthetized with 2.5% Avertin and
then transcardially perfused with ice-cold PBS followed by 4% paraformaldehyde in
Sarensen’s phosphate buffer (100 mM NayHPO4 and 100 mM NaHoPOy, pH 7.4). The
lumbar spinal cords were postfixed with 4% paraformaldehyde in Sgrensen’s phosphate
buffer overnight at 4°C followed by cryoprotection with 30% sucrose in ddH,O overnight at
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4°C. The lumbar spinal cords were sectioned coronally at a thickness of 25 um using the
MultiBrain® Technology by NeuroScience Associates (Knoxville, TN). Every 12 section
block was mounted onto a glass slide and stained with 1% Cresy| violet as described in (Le
et al., 2005).

Statistical Analysis

RESULTS

Data are expressed as means + standard error and were analyzed using one-way ANOVA
with a Bonferonni post hoc test or unpaired t-tests. Kaplan-Meier analysis was performed on
lifespan and onset of body mass loss data using the Mantel-Cox log rank post hoc test. All
statistical analyses were performed with SPSS v.22.0.

Chemically Stable BA Drugs Increase the Survival of SMNA7 SMA Mice

To determine if BA affected the lifespans of SMNA7 SMA mice, these mice were treated
with BA (5 g/kg/d; t.i.d. (fer in die, three times a day)) beginning at postnatal day 4 (PND04)
via oral delivery (Butchbach et al., 2007b). Two indices were used to assess the ameliorative
effect of a given drug on SMNA7 SMA mice: lifespan and onset of body mass loss, which
serves as a marker for disease end-stage in SMNA7 SMA mice (Butchbach et al., 2007a; Le
et al., 2005). Oral administration of BA did not significantly increase the average lifespan of
SMNA7 SMA mice (Figure 1A; mean survival for BA =11.5 + 0.7 d (n7= 10); for vehicle
mice = 12.1 + 1.0 d (7= 9); p = 0.253, %2 = 1.305). Furthermore, BA treatment did not
change the onset of loss of body mass in SMNA7 SMA mice (Figure 1B; mean onset of
body mass loss for BA = 9.5 + 0.6 d (7= 10); for vehicle mice=9.7 +0.7d (n=9); p=
0.925, ¥2 = 0.009).

4PBA is a chemical analogue of BA that has been previously demonstrated as a
neuroprotectant (Del Signore et al., 2009; Ferrante et al., 2003; Gardian et al., 2005; Petri et
al., 2006; Qi et al., 2004; Ribobaraza et al., 2009; Ryu et al., 2005; Steffan et al., 2001; Ying
et al., 2006). Treatment of SMNA7 SMA mice with 4PBA (500 mg/kg/d; t.i.d.) beginning at
PNDO04 increases their lifespans by 53% (Figure 1C; mean survival for 4PBA mice = 18.4
+3.4d (n=11); for vehicle mice = 12.0 + 1.1 d (7= 10); p = 0.026, y2 = 4.988). Although
oral administration of 4PBA does slightly delay the onset of body mass loss in SMNA7
SMA mice, the delay was not statistically significant (Figure 1D; mean onset of body mass
loss for 4PBA = 15.5 + 3.6 d (7= 11); for vehicle mice = 10.5 + 2.0 d (#= 10); p = 0.190, %2
=1.718).

We also determined the effects of two BA ester prodrugs with chemically distinct backbones
on the survival of SMNA7 SMA mice: BA3G and VX563. Oral administration of BA3G (5
g/kg/d, b.i.d. (bis in die, twice a day)) to SMNA7 SMA mice starting at PND04 increased the
mean lifespan of these mice by 33% (Figure 2A; mean survival for BA3G mice =17.3+ 1.4
d (7= 10); for vehicle mice = 13.0 + 1.0 d (7= 9); p = 0.024, y2 = 5.104). BA3G slightly
delays the onset of body mass loss in SMNA7 SMA mice (Figure 2B; mean onset of body
mass loss for BA3G = 12.8 £ 0.8 d (n= 10); for vehicle mice =10.7+0.3d (n=9);p =
0.019, ¥2 = 5.530). Remarkably, oral administration of VX563 to SMNA7 SMA mice
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beginning at PNDO04 (5 g/kg/d, b.i.d.) results in a 250% increase in lifespan (Figure 2C;
mean survival for VX563 = 29.4 £ 4.9 d (n= 12); for vehicle mice =124 £ 0.6 d (n=11); p
=0.005, y2 = 7.792). Moreover, the onset of loss of body mass was delayed by ~190% in
SMNA7 SMA mice that received VX563 (Figure 2D; mean onset of body mass loss for
VX563 = 29.5 + 5.3 d (7= 11); for vehicle mice = 10.7 + 0.3 d (7= 11); p = 0.003, y2 =
8.815). In summary, BA prodrugs and analogues provide a greater improvement in survival
of SMNA7 SMA mice. The drugs tested would rank as follows based on the extent of
improvement in survival: VX563 > 4PBA > BA3G > BA.

All of the drugs mentioned were given to SMNA7 SMA mice prior to the onset of motor
neuron loss. In order to assess whether administration of the protective drug is time-
dependent, SMNA7 SMA were treated with VX563 beginning at PNDOQ9, i.e. after the onset
of motor neuron loss (Le et al., 2005). Treatment with VX563 starting at PNDO9 did not
significantly affect the lifespan of SMNA7 SMA mice (Figure 3A; mean survival for VX563
=13.7 £ 0.7 d (n= 16); for vehicle mice = 13.2 + 0.6 d (7= 16); p = 0.507, ¥ = 0.439).
Treatment of SMNA7 SMA mice with VX563 starting at PNDO09 also did not delay the onset
of body mass loss (Figure 3B; mean onset of body mass loss for VX563 =11.5+0.4d (n=
16); for vehicle mice = 11.3 £ 0.3 d (7= 17); p = 0.569, x2 = 0.325). These results show that
VX563 must be administered early, i.e. before the onset of motor neuron loss, for it to
ameliorate the SMA phenotype in SMNA7 SMA mice.

Relationship between CNS BA Levels and Protective Effect in SMNA7 SMA Mice

Since oral administration of BA-based prodrugs resulted in a marked amelioration of the
survival of SMNA7 SMA mice while there was no significant improvement in lifespan of
BA-treated SMNA7 SMA mice, we determined if the protective effects of BA prodrugs were
related to tissue levels of BA. SMNA?Y carrier mice received a single oral dose of BA, BA3G
and VX563 (/7=3/drug) and their forebrains were harvested for drug level determination at 1
hour after dosing. Free BA levels were determined in BA-, BA3G- and VVX563-treated
neonatal mice with high-performance liquid chromatography (HPLC). Free BA levels were
detected in the forebrain extracts of neonatal (PNDO04) mice treated with BA3G or VX563
(Table 1) but were below the detection limit (12 pmol) in forebrain extracts from BA-treated
mice. Thus, survival benefit is related to drug levels in the central nervous system (CNS) of
SMNA7 SMA mice.

Effect of BA Compounds on the Phenotype of SMNA7 SMA Mice

For SMNA7 SMA mice treated with either BA (Figure 4A), 4PBA (Figure 4B), BA3G
(Figure 4C) or VX563 (Figure 4D) beginning at PNDO04, the body mass curve was slightly
higher for drug-treated mice (solid circles) than vehicle-treated SMNA7 SMA mice (solid
triangles) starting at PND12, but the differences were not statistically significant. During
postnatal development, the body masses of SMNA7 SMA mice (solid circles or triangles in
Figures 4A-D) were lower than age-matched non-SMA littermates (open circles or triangles)
regardless of treatment. Those SMNA7 SMA mice treated with either 4PBA (Figure 4B) or
BA3G (Figure 4C) that survived past weaning (PND18) were still markedly smaller than
age-matched non-SMA littermates. Interestingly, post-weaning, VX563-treated SMNA7
SMA mice had similar body masses to age-matched, non-SMA littermates treated with drug
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(Figure 4D). It should be noted that non-SMA mice treated with VX563 were smaller than
age-matched non-SMA mice receiving vehicle.

Similar to previous observations (Butchbach et al., 2007a; Le et al., 2005), the change in
body mass of SMNA7 SMA mice between PND04 and PND14—in other words, the growth
rate—was less than for non-SMA littermates (Figure 4E). The growth rate was not affected
by treatment of SMNA7 SMA mice with BA. 4PBA and BA3G did have a small but
statistically insignificant effect on the growth rate of treated SMNA7 SMA mice. In contrast,
treatment of SMNA7 SMA mice with VX563—the compound with the most profound effect
on the survival of these mice—significantly (p = 0.034) increased the growth rate when
compared against vehicle-treated SMNA7 SMA mice.

In addition to significantly improving the survival of SMNA7 SMA mice, 4PBA
(Supplementary Movie 1) and VX563 (Supplementary Movie 2) improved the motor
phenotype of SMNA7 SMA mice. We examined in more detail the effects of treatment with
BA, 4PBA or VX563 on the motor impairment observed in SMNA7 SMA mice. Drug
treatment of SMNA7 SMA mice began at PNDO04 and the mice were assayed for locomotor
behaviors at PNDO7 (for BA, 4PBA and VX563 treatments), PND11 (for BA, 4PBA and
VX563 treatments) and PND14 (for 4PBA and VX563 treatments only as there were an
insufficient number of BA-treated SMNA7 SMA mice at this age). Age-matched, non-SMA
(carrier as well as normal) littermates were also assayed as controls; the phenotype data for
carrier and normal neonatal mice were combined as the motor phenotypes of these two
groups of mice are not different (Butchbach et al., 2007a). Three indices of motor function
were measured (Butchbach et al., 2007a): the duration of vectorial movement—i.e.
locomotion in one direction at a distance greater than the body length, number of grids
crossed (i.e. spontaneous locomotor activity) and the number of 90° pivots. In agreement
with previous findings (Butchbach et a/., 2007a; Butchbach et a/., 2010a; Butchbach et al.,
2010b), vectorial movement was reduced in vehicle-treated SMNA7 SMA mice at all time
points assayed (Figures 5A-C). The duration of vectorial movement was not significantly
altered in SMNA7 SMA mice treated with BA, 4PBA or VX563. While none of the butyrate
compounds had a statistically significant effect on spontaneous locomotor activity (Figures
5D-F), there were trends for phenotypic improvement in SMNA7 SMA mice treated with
either 4PBA or VX563. Pivoting tended to increase in 4PBA- and VX563-treated SMNA7
SMA mice at all 3 time points (Figures 5G-1) but none of the changes were statistically
significant. There was a high degree of variability within each SMNA7 SMA mouse
treatment group especially at PND14; this variability in phenotype could be due to the
presence of strong and weak responders to 4PBA and VX563.

Effect of BA Compounds on Motor Neuron Loss in the SMNA7 SMA Mouse Spinal Cord

Motor neuron loss occurs in the ventral horn of the lumbar spinal cords in the SMNA7 SMA
mouse and worsens as the phenotype progresses (Le et al., 2005; Mentis et al., 2011). The
effect of BA compounds (BA, 4PBA and VX563) on motor neuron loss was examined in
SMNA7 SMA mice at PND11 (n= 3/drug). Drug dosing began at PNDO4 in these
experiments. As shown in Figure 6, there was a 62% loss of lumbar motor neurons in
SMNA7 SMA when compared to age-matched carrier mice (159 + 14 vs. 423 £ 27; p >
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0.001). Administration of BA had no effect on the motor neuron loss in SMNA7 SMA mice
(192 + 4 for BA-treated mice; p = 1.000). 4PBA and VX563, on the other hand, resulted in a
marked elevation in the number of lumbar motor neurons when compared to vehicle-treated
SMNA7 SMA mice (Figure 6; 317 + 6 for 4PBA (p = 0.001) and 384 + 16 for VX563 (p >
0.001). In fact, treatment with VX563 restored motor neuron numbers at PND11 to those
observed in carrier mice. The magnitude of change in motor neuron numbers is related to the
magnitude of phenotypic amelioration.

Effect of BA Compounds on SMN2 Expression in the SMNA7 SMA Spinal Cord

As it has been reported that BA and its analogue 4PBA increase SMN expression in cultured
cells (Andreassi et al., 2004; Chang et al., 2001), we measured the effects of 4PBA and
VX563 on SMN expression in the spinal cord of SMNA7 SMA mice. Using quantitative RT-
PCR with human-specific primers, the effects of 4PBA and VX563 on SMN2 mRNA
expression were examined in the spinal cords of SMNA7 SMA mice treated for 5 days with
drug. The amounts of FL-SMN mMRNA were quantified relative to the geometric mean of
three transcripts (Hprt, Actband Pol2a) so as to minimize the variability in the expression of
any single housekeeping gene (Vandesompele et al., 2002). Neither compound significantly
increased the amounts of FL-SMN (Figure 7A) mRNA in the SMNA7 SMA mouse spinal
cord.

Next, immunoblot analysis was used to determine the effects of 4PBA and VX563 on SMN
protein levels in vivo. Interestingly, neither 4PBA (Figure 7B) nor VX563 (Figure 7C) led to
a detectable change in the amount of SMN protein in the spinal cords of SMNA7 SMA mice.
Furthermore, quantification of SMN protein using ELISA confirmed the immunoblot
findings in that neither BA drugs tested altered SMN protein levels in SMNA7 SMA mouse
spinal cord extracts (Figure 7D). Lastly, we measured the effects of BA drug treatment on
the assembly of small nuclear ribonucleoproteins (SnRNPs), which is the only molecularly
established function of SMN (Li et al., 2014) that is impaired in the spinal cord of SMA
mice (Gabanella et al., 2007; Zhang et al., 2008). After treatment with 4PBA or VX563 for 5
days, none of the drugs tested had any effect on /n7 vitro snRNP assembly in SMNA7 SMA
mouse spinal cord extracts (Figure 7E).

Collectively, these observations show that BA-based compounds ameliorate the SMA
phenotype in neonatal mice independent of SMN induction in the spinal cords of SMNA7
SMA mice.

Effects of BA Compounds on Histone Deacetylase Activity in SMNA7 SMA Mice

If SMN induction is not the mechanism by which BA-based compounds exert their
protective effects in SMNA7 SMA mice, what is the mechanism for the neuroprotection
mediated by these compounds? BA and 4PBA function as weak inhibitors of histone
deacetylase (HDAC) activity (Boffa et al., 1978; Davis et al., 2000). SMNA7 SMA mice
were treated with 4PBA or VX563 for 5 days beginning at PNDO4 (7= 3/group) and HDAC
activity was measured in spinal cord extracts. HDAC activity was assessed by immunoblot
measurement of the acetylation of histone H3 (Ac-H3), a primary substrate of HDACs, using
an acetylation-specific antibody (Figure 8A). While the levels of H3 were not significantly
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different between the treatment groups, treatment of SMNA7 SMA mice with 4PBA or
VX563 showed a tendency for elevated Ac-H3 levels when compared against vehicle-treated
SMNA7 SMA mice. The differences, however, were not statistically significant due, most
likely, to the high degree of variability within each treatment group (Figures 8B-C). These
data suggest that HDAC activity may be reduced in the spinal cords of SMNA7 SMA mice
treated with 4PBA or VX563.

Effects of BA Compounds on Akt Signaling in SMNA7 SMA Mice

BA increases activation of Akt signaling by increasing its phosphorylation (Rahmani et al.,
2003). We determined the effects of BA compounds on the phosphorylation of Akt and its
substrate glycogen synthase kinase 3p (GSK3p) in the spinal cords of SMNA7 SMA mice.
SMNA7 SMA mice were treated with 4PBA or VX563 for 5 days beginning at PND04 (n=
3/group). As shown in Figure 9A, the levels of Akt protein as well as the phosphorylation of
Akt at serine 473 (S473) were reduced in SMNA7 SMA mouse spinal cord extracts when
compared to age-matched, non-SMA mice. The changes in Akt protein levels were not
statistically significant (Figure 9B) but the phosphorylation of Akt at S473 was significantly
diminished in SMNA7 SMA samples (Figure 9C; p = 0.0245). 4PBA and VX563 increased
the phosphorylation of Akt at S473 in SMNA7 SMA spinal cord samples (Figure 9C). This
effect was statistically significant when comparing 4PBA-treated SMA samples to vehicle-
treated samples (p = 0.0185) but not for VX563-treated samples (p = 0.160).

GSK3p protein levels were not different between SMNA7 SMA and non-SMA samples
(Figure 9D). The phosphorylation of GSK3 at serine 9 (S9), however, was reduced in
SMNA7 SMA mouse spinal cord extracts when compared to non-SMA control samples
(Figure 9E; p = 0.0841). Treatment of SMNA7 SMA mice with 4PBA and VX563 increased
the phosphorylation of GSK3p at S9 (Figure 9E). The increase in GSK3p phosphorylation
was statistically significant (p = 0.0234) following 4PBA treatment but not following VX563
treatment (p = 0.1093).

To our knowledge, we have demonstrated for the first time that Akt and GSK3j
phosphorylation levels are reduced in SMNA7 SMA mouse spinal cords. 4PBA and VX563
restore the normal phosphorylation states of Akt and GSK3 in these tissues.

DISCUSSION

In this study, we show that oral administration of BA-based compounds like 4-PBA and BA
prodrugs BA3G and VX563 improve the survival and phenotype of SMNA7 SMA mice. In
fact, VX563 improved survival by 250%; the very strong response of SMNA7 SMA mice to
VX563 could be due to its superior pharmacokinetics when compared against those for BA
(Egorin et al., 1999; McCaffrey et al., 1996). Interestingly, none of the compounds tested
increased SMN expression in the spinal cords of treated mice; however, HDAC activity was
inhibited and the phosphorylation of Akt and GSK3p was restored to healthy levels in
treated spinal cord extracts.

When delivered orally, BA has no effect on the SMNA7 mouse model of SMA. Ad libitum
oral administration of BA to a different mouse model for SMA (SMNZ2:mSmmA7A7)
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increases their survival by 4 — 5 days (Chang et al., 2001). The different genotypes between
these SMA mouse models could account for the discordant drug response; however, it is
possible that the mice in the Chang et al. (Chang et al., 2001) received different amounts of
BA compared to the dose used in this study. Because the drug was administered to the mice
through their water, we do not know how much BA each SMA mouse actually received. In
this study, BA levels in the CNS were not detectable in mice dosed with 5 g/kg/d BA but
were detected in the mice treated with the BA prodrugs BA3G and VX563. In order to
conclusively establish drug efficacy, there is a need to effectively monitor dosing, especially
in the CNS, to ensure that animals are receiving sufficient drug to have an effect.

Some SMNA7 SMA mice within our study cohort responded very favorably to 4PBA, BA3G
and VX563 while other mice were not affected by drug treatment. The variability in
responsiveness to these drugs could explain the lack of statistically significant benefit on
motor function. There was no correlation between body mass at PND04 and response to
drug as measured by lifespan (data not shown). Sex or litter size also did not impact
responsiveness to BA compounds. Consistent with our observation in mice, studies in
humans have also pointed to the possibility of inter-individual drug response (Brahe et al.,
2005; Brichta et al., 2006; Swoboda et al., 2009; Weihl et al., 2006). Our ability to identify
biomarkers distinguishing drug responders from non-responders will greatly affect drug
study designs and analyses of drug efficacy. Identification of biomarkers in mice might also
be relevant in humans.

VX563 treatment restores motor neuron counts in the ventral spinal cords of SMNA7 SMA
mice to those observed in age-matched, non-SMA littermates; however, VX563 does not
completely rescue the SMA phenotype in these mice. Restoration of SMN solely in motor
neuron or reduction of SMN solely in motor neurons does not markedly alter the survival of
these animals (Martinez et al., 2012; McGovern et al., 2015). Furthermore, there is rescue of
both electrophysiological activity and innervation status of skeletal muscle when replacing
SMN solely in motor neurons (Martinez et al., 2012; McGovern et al., 2015). Thus, rescue
of SMN levels in motor neurons does not correlate with survival. Rather, elevation of SMN
in all neurons and astrocytes has a major impact with some mice showing normal survival
(Gavrilina et al., 2008). This could be due to restoration of SMN to the autonomic nervous
system and its control of cardiac function which is abnormal in SMNA7 SMA mice (Bevan
et al., 2010; Biondi et al., 2012; Heier et al., 2010; Shababi et al., 2012; Shababi et al.,
2010). Similarly, either massive expression of SMN in the muscles of SMNA7 SMA mice or
reduction of SMN levels does not significantly alter survival (Gavrilina et al., 2008; lyer et
al., 2015). In the current case, VX563 restores the number of ventral horn motor neurons at a
specific time point and presumably does exert an influence on other cell types in (and out of)
the CNS but does not exert sufficient influence on those other cell types to fully rescue
survival.

4PBA and the BA prodrug VX563 markedly increased the survival of SMNA7 SMA mice
and improved their phenotype, but neither compound increased SMN expression in the
spinal cords of treated mice. These findings contrast those observed in SMA patient cell
lines where BA and 4PBA increase SMN expression (Andreassi et al., 2004; Brahe et al.,
2005; Chang et al., 2001). It is possible that these compounds do not increase SMN
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expression /n vivo or in motor neurons within the spinal cord. Future studies will elucidate
the reasons underlying this disconnect. Other compounds ameliorate the SMA phenotype in
SMA mouse models without affecting SMN expression. The rho kinase inhibitor Y-27632
ameliorates the phenotype of SMA mice independent of SMN expression (Bowerman et al.,
2010). Follistatin increases the lifespan of SMNA7 SMA mice (Harris and Butchbach, 2015;
Rose Jr et al., 2009). This recombinant protein does not increase SMN expression /n vivo
suggesting that its effects are independent of SMN (Rose Jr et al., 2009). Consequently,
SMN-independent neuroprotectants like 4PBA, BA prodrugs, Y-27632 and follistatin could
be used in concert with compounds that increase SMN expression in SMA cells in vivoto
further ameliorate the disease phenotype.

What are some of the SMN-independent, neuroprotective pathways that could be activated in
SMA mice treated with BA compounds? Inhibiting HDAC activity is an important target for
the development of neuroprotective therapies against neurodegenerative diseases (Chuang et
al., 2009). Weak HDAC inhibitors like 4PBA and BA are neuroprotective in animal models
for amyotrophic lateral sclerosis (ALS; (Del Signore et al., 2009; Petri et al., 2006; Ryu et
al., 2005)), Alzheimer disease (Ribobaraza et al., 2009), Huntington disease (Ferrante et al.,
2003; Gardian et al., 2005; Steffan et al., 2001), stroke (Qi et al., 2004) and
dentatorubralpallidoluysian atrophy (Ying et al., 2006). Similar to our findings that 4PBA
and BA prodrugs ameliorate the survival and phenotype of SMNA7 SMA, other HDAC
inhibitors including valproic acid (VPA) (Tsai et al., 2008), trichostatin A (TSA) (Avila et
al., 2007; Liu et al., 2014; Narver et al., 2008) and suberoylanilide hydroxamic acid (SAHA)
(Riessland et al., 2010) have been found to improve survival in mouse models for SMA.
Remarkably, while most of these studies showed increased SMN expression /n vivoin
response to HDAC inhibitor treatment (Avila et a/., 2007; Riessland et al., 2010; Tsai et al.,
2008), we did not observe any detectable changes in SMN mRNA or protein levels in
SMNA7 SMA mice treated with 4PBA or VX563. Consistent with our findings, Liu et al.
also demonstrated that the beneficial effects of TSA treatment in SMA mice are independent
of SMN upregulation (Liu et al., 2014). Moreover, in a clinical trial, SMA patients treated
with VPA do not show increased SMN expression even though VPA treatment results in
increased histone acetylation (Renusch et al., 2015). Thus, one possibility is that the
protective effects of HDAC inhibition on SMA mouse models result from activation of
neuroprotective pathways that are yet to be characterized.

Stimulation of prosurvival pathways—Iike the Akt pathway—may be neuroprotective in
motor neuron diseases like ALS (Peviani et al., 2014) and SMA. 4PBA has been shown to
alter Akt phosphorylation in other models of stressful or toxic conditions (Ozcan et al.,
2006; Qin et al., 2010). We found that 4PBA and VX563 treatment of SMNA7 SMA mice
restored the phosphorylation levels of Akt at S473 to those observed in non-SMA mice.
Increasing AKT phosphorylation by reduction of the upstream antagonist phosphatase and
tensin homolog (PTEN) positively modulates axonal growth and survival in primary motor
neurons (Ning et al., 2010). Reduction of Srmn causes a decrease in phosphorylation of Akt
at S473 in cultured cortical neurons. An inherent dysregulation of mTOR activity, a substrate
for Akt, in cortical and motor neurons has been attributed to SMN depletion (Kye et al.,
2015). Akt phosphorylation is increased in the spinal cords of SMA-like mice treated with
the ionotropic glutamate receptor agonist NMDA (N-methyl-D-aspartate) (Biondi et al.,
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2010). Increasing exercise in the SMA-like mice reduces the expression of the insulin-like
growth factor-1 (IGF-1) receptor and increases Akt phosphorylation (Biondi et al., 2015).
Taken together, these studies show the importance of Akt phosphorylation on
neuroprotection from SMN deficiency in SMA motor neurons. Akt has been implicated as a
focal point for cell survival pathways (Rodgers and Theibert, 2002). GSK3p, which is in its
active state under basal conditions, is inhibited through phosphorylation by Akt on S9
(Woodgett, 1990). When GSK3p activity is repressed, many of its downstream targets—
primarily transcription factors—transition from inactive to active states. GSK3s play a part
in multiple steps of neuronal differentiation and development due to its ability to regulate
many transcription factors (Hur and Zhou, 2010). Treating the Tg2576 transgenic mouse
model for Alzheimer disease with 4PBA increases phosphorylation of GSK3p at S9 in the
hippocampus (Ribobaraza et al., 2009). We found that 4PBA and VX563 increased GSK3p
phosphorylation at S9 in SMNA7 SMA mice. Inhibition of GSK3p by maleimide-based
compound BiP-135 increases the lifespan of SMNA7 SMA mice by about 2 days (Chen et
al., 2012). Our results suggest that modulation of the AKT/GSK3p pathway by 4PBA and
VX563 may contribute to the neuroprotective effects observed the SMNA7 SMA mouse
model. Future studies will investigate if BA analogues and prodrugs exert their
neuroprotective effects in an AKT/GSK3B-dependent manner and how AKT
phosphorylation exerts these effects in SMA neurons, possibly through crosstalk between
MAP kinase and CREB (cAMP responsive element-binding protein) pathways (Branchu et
al., 2013).

4PBA has already been used in clinical trials with SMA patients. SMA patients that were
treated with 4PBA (500 mg/kg/day) in a pilot study for 7 days showed improvements in
motor function as compared to their baseline (before treatment) measurements (Mercuri et
al., 2004). However, in a randomized, double-blind, placebo-controlled study, 4PBA did not
improve the disease severity of type Il SMA patients (Mercuri et al., 2007). Administration
of 4PBA to SMA patients occurred after the onset of disease in these clinical trials. We show
here that administration of BA-based compounds beginning at PND04 has an effect on
SMNA7 SMA mice but treatment of these mice after disease onset, i.e. PND09, does not
yield the same effect. These observations underscore the importance of a window of
therapeutic opportunity for SMA. In addition, observing drug effects is challenged by inter-
animal and inter-individual variability in responsiveness.

In summary, BA-based compounds with favorable bioavailability and pharmacokinetics
significantly improve the phenotype and survival in a mouse model of SMA. Contrary to
observations in cultured SMN-deficient cells, these compounds do not increase SMN.2
expression in the spinal cords of treated mice. However, 4PBA and VX563 do restore the
phosphorylation states of Akt and GSK3p that are reduced in untreated SMNA7 SMA mouse
spinal cord samples. Chemically stable, BA-compounds can be used for the development of
neuroprotective therapeutics for SMA either on their own or in combination with SMAZ2
inducing agents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
Ac-H3 acetylated histone H3
Actb [-actin
ALS amyotrophic lateral sclerosis
BA butyric acid
BA3G glyceryl tributyrate
b.i.d. bis in die
CNS central nervous system
CREB CAMP responsive element-binding protein
FL-SMN full-length survival motor neuron
GSK3pB glycogen synthase kinase 3
HDAC histone deacetylase
HPLC high performance liquid chromatography
Hprt hypoxanthine phosphorylribosyltransferase
IGF-1 insulin-like growth factor-1
mSmn mouse survival motor neuron
NMDA N-methyl-D-aspartate
4PBA 4-phenylbutyric acid
PND postnatal day
Pol2a RNA polymerase 1A
PTEN phosphatase and tensin homolog
SAHA suberoylanilide hydroxamic acid
SMA spinal muscular atrophy
SMN survival motor neuron
SMNA7 survival motor neuron lacking exon 7
snRNP small nuclear ribonucleoprotein
ti.d. ter in die
TSA trichostatin A
VPA valproic acid
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HIGHLIGHTS

4-phenylbutyrate (4PBA), tributyrin and VX-563 have moderate effects on the
phenotype and survival of some of the treated SMNA7 SMA mice

4PBA and VX563 act independently of SMN induction in SMNA7 SMA mouse
spinal cords

4PBA and VX563 restore the normal phosphorylation states of Akt and GSK33
in SMNA7 SMA mouse spinal cords
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Figure 1. The effects of butyrate (BA) and 4-phenylbutyrate (4PBA) on survival of SMNA7 SMA

mice

SMNA7 SMA mice were treated daily with BA (A-B) or 4PBA (C-D) starting at PND04 and
monitored for changes in lifespan (A, C) and onset of loss of body mass (B, D). Daily oral
administration of BA (5 g/kg/d, t.i.d.) had no effect on the survival (A; p = 0.253) or the
onset of body mass loss (B; p = 0.925) in SMNA7 SMA mice. The BA analogue 4PBA (500
mg/kg/d, t.i.d.) increased the average lifespan of SMNA7 SMA mice by 53% (C; p = 0.026)
but not significantly delay the onset of loss of body mass (D; p = 0.190).
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Figure 2. The effects of butyrate prodrugs on survival of SMNA7 SMA mice
SMNA7 SMA mice were treated daily with glyceryl tributyrate (BA3G; A-B) or VX563 (C-

D) and monitored for changes in lifespan (A, C) and onset of loss of body mass (B, D). The
drug compounds were administered orally beginning at PND04. The BA ester prodrug
BA3G (5 g/kg/d, b.i.d.) increased survival by 33% (A; p = 0.024) and slightly delayed the
onset of body mass loss (B; p = 0.019). Treatment of SMNA7 SMA mice with VX563 (6
g/kg/d, b.i.d.) beginning at PNDO04 strongly improved survival (C; p = 0.005) and

significantly delayed the onset of body mass loss (D; p = 0.003).
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Figure 3. The effects of administration of VX563 on survival of SMNA7 SMA mice beginning at
PNDO09

SMNA7 SMA mice were treated daily with VX563 beginning at PNDQ9 and monitored for
changes in lifespan (A) and onset of loss of body mass (B). There were no significant
changes in the average lifespan (A; p = 0.507) or the onset of body mass loss (B; p = 0.569)
between VVX563-treated SMNA7 SMA mice treated and vehicle-treated SMNA7 SMA mice.
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Figure 4. The effects of butyrate analogues and prodrugs on the body mass curves of SMNA7
SMA mice

(A-D) Body mass curves of SMNA7 SMA mice (solid circles) or non-SMA littermates
(either carrier or normal; open circles) treated daily with either BA (A), 4PBA (B), BA3G
(C) or VX563 (D). Body mass curves for vehicle-treated SMNA7 SMA and non-SMA mice
are shown as solid and open triangles, respectively. (E) Growth rates, which are defined by
the change in body mass between PND14 and PNDO04, of SMNA7 SMA treated with either
BA, 4PBA, BA3G, VX563 or their appropriate vehicle along with non-SMA littermates. The
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mean body masses at PND14 were expressed relative to those at PNDO4. The asterisk (*)
denotes a statistically significant (p < 0.05) difference when compared to vehicle-treated
SMNA7 SMA mice for each drug.
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Figure 5. The effects of butyrate analogues and prodrugs on the motor phenotype of SMNA7
SMA mice

SMNA7 SMA mice were treated with BA, 4PBA, VX563 or their appropriate vehicle daily
beginning at PNDO4 and were assayed for locomotor behaviors at PNDOQ7 (all drugs),
PND11(all drugs) and PND14 (4PBA and VX563). Age-matched, non-SMA (carrier as well
as normal) littermates were also assayed as controls. Vectorial movement (A-C), or
locomation in one direction at a distance greater than the body length (Butchbach et al.,
2007a), was reduced in vehicle-treated SMNA7 SMA mice at PND0O7 (A), PND11 (B) and
PND14 (C). The duration of vectorial movement was not significantly altered in SMNA7
SMA mice treated with BA, 4PBA or VX563. Spontaneous locomotor activity (D-F)—as
measured by the number of grids crossed in 60 s (Butchbach et al., 2007a)—was reduced in
vehicle-treated SMNA7 SMA mice at PNDO7 (D), PND11 (E) and PND14 (F). While none
of the butyrate compounds had a statistically significant effect on spontaneous locomotor
activity, there were trends for phenotypic improvement in 4PBA- and VX563-treated
SMNA7 SMA mice. The number of 90° pivots (G-1) was reduced in vehicle-treated SMNA7
SMA mice at PNDO7 (G), PND11 (H) and PND14 (1). There were no statistically
significant changes in pivoting behavior in SMNA7 SMA mice treated with BA, 4PBA or
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VX563 although there were trends for increased pivoting in 4PBA- and VX563-treated
SMNA7 SMA mice. The asterisk (*) denotes a statistically significant (p < 0.05) difference
when compared to vehicle-treated SMNA7 SMA mice for each drug.
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Figure 6. The effects of butyrate compounds on the number of motor neurons in the lumbar
spinal cord of PND11 SMNA7 SMA mice

SMNA7 SMA mice were treated with either vehicle, BA, 4PBA or VX563 daily (n=3/
group) beginning at PNDO04 until PND11. Quantification of lumbar motor neurons was done
in SMNA7 SMA mice within the aforementioned treatment groups as well age-matched,
non-SMA littermates. The asterisk (*) denotes a statistically significant (p < 0.05) difference
when compared to vehicle-treated SMNA7 SMA mice for each drug.
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Figure 7. The effects of 4PBA and VX563 on SMN expression and function in the spinal cords of
SMNA7 SMA mice

SMNA7 SMA mice (n= 3/group) were treated with either 4PBA, VX563 or their
appropriate vehicles for 5 days beginning at PNDO4. Age-matched carrier mice were also
included as controls. Neither 4PBA nor VX563 significantly affected the levels of FLSMN
(A) mRNAs in treated spinal cord samples as determined by gRT-PCR. Immunoblot analysis
shows that the levels of total SMN protein in the spinal cord were not altered by treatment
with either 4PBA (B) or VX563 (C). Quantification of human SMN protein levels by ELISA
also shows no significant changes in response to 4PBA or VX563 treatment (D). In vitro U1
SnRNP assembly was not altered in spinal cord samples from SMNA7 SMA mice treated
with either 4PBA or VX563 relative to vehicle-treated SMNA7 SMA mice (E). The asterisk
(*) denotes a statistically significant (p < 0.05) difference when compared to vehicle-treated
SMNA7 SMA mice for each drug.
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Figure 8. The effects of 4PBA and VX563 on histone deacetylase (HDAC) activity in SMNA7
SMA mice

HDAC activity was measured by the levels of acetylated histone H3 (H3) in spinal cord
extracts. SMNA7 SMA mice (= 3/group) were treated with either 4PBA, VX563 or their
appropriate vehicles for 5 days beginning at PND04. Age-matched non-SMA mice were also
included as controls. The effects of these compounds on both the levels of and the
acetylation of H3 were determined by immunoblot (A). The band intensities for either H3 or
acetylated H3 (Ac-H3) were normalized against those for the loading control B-actin. The
levels of H3 protein (B) were not affected by drug but tended to be lower in SMNA7 SMA
spinal cord samples. These differences were not statistically significant. The acetylation of
H3 at lysine 9 (K9) (C) was greater in spinal cord samples from SMNA7 SMA mice treated
with 4PBA or VX563. The differences, however, were not statistically significant due to Ac-
H3 variability within treatment groups.
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Figure 9. The effects of 4PBA and VX563 on Akt signaling in SMNA7 SMA mice
SMNA7 SMA mice (7= 3/group) were treated with either 4PBA, VX563 or their

appropriate vehicles for 5 days beginning at PNDO04. Age-matched non-SMA mice were also
included as controls. The effects of these compounds on both the levels of and the
phosphorylation of Akt and one of its substrates, GSK3[, were determined by immunoblot
(A). The band intensities for each target protein were normalized against those for the
loading control GAPDH. The levels of Akt protein (B) were not affected by disease status
(compare non-SMA to vehicle SMA) or by drug treatment. The phosphorylation of Akt at
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serine 473 (S473) was reduced in the spinal cord of SMNA7 SMA mice (C). Treatment of
these mice with either 4PBA or VX563 increased Akt phosphorylation. As with Akt, the
levels of GSK3p protein (D) were not affected by disease status or by drug treatment. The
phosphorylation of GSK3p at serine 9 (S9) was reduced in the spinal cord of SMNA7 SMA
mice (E). Treatment of these mice with either 4PBA or VX563 increased GSK3p3
phosphorylation. The asterisk (*) denotes a statistically significant (p < 0.05) difference
when compared to vehicle-treated SMNA7 SMA mice.
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Tissue drug and metabolite levels following single administration of BA compounds
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BA drug were measured in forebrain extracts from neonatal mice receiving a single oral dose of BA, BA3G
and VX563. Forebrains were dissected from PNDO4 pups 1 hr after dosing and drug levels were determined
with HPLC. Key: BDL, below detection limit.

dose metabolite levels
drug administered | metabolite | (pmol/mg protein)
vehicle N/A BA BDL
BA 5g/kg BA BDL
BA3G 5 g/kg BA 4850 +6.79
VX563 6 glkg BA 18.67 +2.28
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