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Abstract 24 

Spinal Muscular Atrophy (SMA) is a severe neuromuscular disorder caused by loss of the 25 

Survival Motor Neuron 1 gene (SMN1). Due to this depletion of the survival motor neuron 26 

(SMN) protein, the disease is characterized by the degeneration of spinal cord motoneurons 27 

(MNs), progressive muscular atrophy, and weakness. Nevertheless, the ultimate cellular and 28 

molecular mechanisms leading to cell loss in SMN-reduced MNs are only partially known. We 29 

have investigated the activation of apoptotic and neuronal survival pathways in several models 30 

of SMA cells. Even though the antiapoptotic proteins FAIM-L and XIAP were increased in 31 

SMA MNs, the apoptosis executioner cleaved-caspase-3 was also elevated in these cells, 32 

suggesting the activation of the apoptosis process. Analysis of the survival pathway PI3K/Akt 33 

showed that Akt phosphorylation was reduced in SMA MNs and pharmacological inhibition of 34 

PI3K diminished SMN and Gemin2 at transcriptional level in control MNs. In contrast, ERK 35 

phosphorylation was increased in cultured mouse and human SMA MNs. Our observations 36 

suggest that apoptosis is activated in SMA MNs and that Akt phosphorylation reduction may 37 

control cell degeneration, thereby regulating the transcription of Smn and other genes related to 38 

SMN function. 39 
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Abbreviations 46 

SMN, human Survival Motor Neuron protein; SMN1 and SMN2, human Survival Motor Neuron 47 

1  and Survival Motor Neuron 2 genes, respectively; Smn, mouse Survival Motor Neuron 48 

protein; Smn, mouse Survival Motor Neuron gene; SMA, Spinal Muscular Atrophy; MN, 49 

motoneurons; FAIM, Fas apoptosis inhibitor molecule; XIAP, X-linked inhibitor of apoptosis; 50 

DIV, days in vitro; NBMc, neurobasal medium complete; NEP, neuroepithelial cells; NEPIM, 51 

neuroepithelial induction medium; MNP, motoneuron progenitors  52 
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Introduction 53 

Spinal Muscular Atrophy (SMA) is a genetic disorder characterized by the reduction of the 54 

ubiquitously expressed protein Survival Motor Neuron (SMN). Among other effects, SMN 55 

reduction induces spinal cord motoneuron (MN) degeneration, resulting in muscular atrophy, 56 

weakness, and death in the most severe forms of the disease (Lunn and Wang, 2008; Sumner, 57 

2006; Tisdale and Pellizzoni, 2015). SMN is produced by the SMN1 gene located in the 58 

telomeric region of chromosome 5q3 (Lefebvre et al., 1995). In SMA patients, the SMN1 gene 59 

is mutated or deleted and the homologous copy gene SMN2, located in the centromeric region 60 

of the same chromosome, generates insufficient SMN protein to compensate for SMN1 loss, 61 

due to SMN2’s defective splicing pattern (Lorson et al., 1999; Monani et al., 1999).  62 

Reduced levels of SMN in spinal cord MNs induce the degeneration of these cells through 63 

molecular mechanisms that are not fully understood. Investigating cell death and intracellular 64 

pathways leading to degeneration in SMN-reduced MNs could be relevant to therapeutically 65 

prevent or delay SMA disease progression.  66 

Apoptosis is a form of programmed cell death that plays important roles in various 67 

physiological and pathological processes. It is an irreversible event that can be initiated by two 68 

well-known pathways, intrinsic or extrinsic. Both pathways trigger a cascade of enzymatic 69 

activation of caspases (cysteine-aspartic proteases) that destroy the cell by degrading proteins 70 

indiscriminately, and it has been proposed that apoptotic pathways play a crucial role in MN 71 

loss and SMA development (Maretina et al., 2018).  72 

SMA MN degeneration has been also linked to the upregulation of Fas ligand-mediated 73 

apoptosis and to increased caspase-8 and caspase-3 activation (Sareen et al., 2012). Fas, a 74 

member of the tumor necrosis factor (TNF) receptor family, is a death receptor that mediates 75 

the extrinsic apoptosis of cells. The Fas apoptosis inhibitor molecule (FAIM) is a negative 76 

regulator of Fas signaling (Schneider et al., 1999), and the FAIM-L isoform is specifically 77 
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expressed in neuronal tissues, including spinal cord (Sole et al., 2004). FAIM-L protects 78 

neurons from Fas-induced apoptosis through regulating the X-linked inhibitor of apoptosis 79 

(XIAP), the most potent caspase inhibitor in vitro (Moubarak et al., 2013; Obexer and 80 

Ausserlechner, 2014).  81 

In SMA MNs, expression of the antiapoptotic Bcl-2 and Bcl-xL proteins is reduced (Soler-82 

Botija et al., 2002) and removing Bax-dependent apoptosis has a beneficial effect on SMA 83 

phenotype (Tsai et al., 2006). Over-expression of Bcl-xL ameliorates motor functions and 84 

prolongs the lifespan in SMA mice (Tsai et al., 2008) and rescues MNs from neurite 85 

degeneration and cell death in vitro (Garcera et al., 2011). Loganin, a neuroprotective drug, 86 

decreases the number of apoptotic cells and neurite damage in SMA cell model, stimulating the 87 

expression of SMN, Gemin2, Akt, and Bcl-2 (Tseng et al., 2016). Changes in the methylation 88 

profile for several genes connected with the apoptosis process have been described in SMA 89 

patients, such as OPN3 which is involved in the regulation of apoptosis through the Akt/Bcl-90 

2/Bax pathway (Zheleznyakova et al., 2013). These data suggest apoptosis proteins may 91 

participate in SMN gene expression, neuronal viability, and neurite outgrowth and could be 92 

targets for further research on SMA modifiers, motor function, and survival phenotype. 93 

In the present work, we examined apoptotic and survival pathways in several models of SMA 94 

cells, including cultured mouse and human SMA MNs. By western blot analysis we observed 95 

an increase of the anti-apoptotic proteins FAIM-L and XIAP in isolated cultured MNs, but a 96 

reduction of these proteins in total cell lysates of SMA spinal cords mouse MNs. Reduced levels 97 

of FAIM-L and XIAP were also observed in cultured human SMA fibroblasts. Cleaved-98 

caspase-3 and apoptotic nuclei were increased in cultured mice and human SMA MNs, 99 

suggesting the activation of the apoptosis pathway in these cells. Finally, we analyzed Akt and 100 

ERK phosphorylation profile in SMA cultured MNs. Results showed reduced Akt 101 

phosphorylation and increased ERK phosphorylation. Inhibition of PI3K-Akt pathway resulted 102 
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in SMN protein and SMN and Gemin2 mRNA reduction. Our findings suggest that PI3K/Akt 103 

and ERK MAPK pathways are deregulated in SMN-reduced MNs and support the hypothesis 104 

that those alterations may regulate apoptosis and SMN level in these cells.  105 

 106 

Materials and Methods 107 

SMA animals 108 

Experiments involved the severe SMA mouse model FVB·Cg-Tg (SMN2)89AhmbSmn1tm1Msd/J 109 

(mutSMA), kindly provided by Dr Josep E Esquerda and Dr Jordi Caldero (IRBLleida-110 

Universitat de Lleida). MutSMA mice (Smn−/−; SMN2+/+) were obtained by crossing 111 

heterozygous animals. Littermates mutSMA and WT (Smn+/+; SMN2+/+) were used for the 112 

experiments.  113 

For MN purification, the heads of 13-day embryos (E13) were snipped for genotyping. The 114 

REDExtract-N-Amp Tissue PCR Kit (Sigma) was used for genomic DNA extraction and PCR 115 

setup, with the following primers: WT forward 5′-CTCCGGGATATTGGGATTG-3′, SMA 116 

reverse 5′-GGTAACGCCAGGGTTTTCC-3′ and WT reverse 5′-117 

TTTCTTCTGGCTGTGCCTTT-3′.  118 

All procedures were done in accordance with the Spanish Council on Animal Care guidelines 119 

and approved by the University of Lleida Advisory Committee on Animal Services (CEEA02-120 

01/17). 121 

Spinal cord MN isolation and culture 122 

MN primary cultures were obtained from the spinal cord of CD1 or SMA mouse embryos at 123 

E13 essentially as described (Garcera et al., 2011; Gou-Fabregas et al., 2009). Isolated cells 124 

were pooled in culture medium and plated either in laminin-coated four-well tissue culture 125 

dishes (Nunc, Thermo Fisher Scientific) for western blot analysis (60,000 cells/well) or using 126 

laminin-coated 1-cm2 glass coverslips placed into the four-well dishes for immunofluorescence 127 
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experiments (15,000 cells/well). Culture medium was NBM complete (NBMc)–consisting of 128 

neurobasal medium (Gibco, Thermo Fisher Scientific) supplemented with B27 (2% v/v; Gibco), 129 

horse serum (2% v/v; Gibco), L-glutamine (0.5 mM; Gibco) and 2-mercaptoethanol (25 µM; 130 

Sigma)– and a cocktail of brain-derived neurotrophic factor (BDNF), glial cell line-derived 131 

neurotrophic factor (GDNF), cardiotrophin-1 (CT-1) and hepatocyte growth factor (HGF), as 132 

follows: 1 ng/ml BDNF, 10 ng/ml GDNF, 10 ng/ml CT-1, and 10 ng/ml HGF (Peprotech). At 133 

24 hours after plating, 2 µg/ml of aphidicolin (Sigma) was added to the culture medium and 134 

was maintained throughout the experiment.  135 

Human fibroblast cell lines culture  136 

Human fibroblast cell lines were obtained from the Coriell Institute for Medical Research 137 

(Camden, NJ, USA). The Coriell Cell Repository maintains the consent and privacy of the 138 

donor samples. All the cell lines and culture protocols in the present study were carried out in 139 

accordance with the guidelines approved by institutional review boards at the University of 140 

Lleida and IRBLleida research center. Two human fibroblast cell lines from patients with SMA 141 

(GM03813, SMA II; and GM09677, SMA I) and one unaffected control (GM03814, Control) 142 

were purchased and cultured following the manufacturer instructions. Cells were maintained in 143 

Eagle's Minimum Essential Medium (MEM) (Sigma) supplemented with non-inactivated fetal 144 

bovine serum (FBS; Gibco) (15% v/v), 0.5 M of L-Glutamine (Gibco), non-essential amino 145 

acids (Gibco) (1% v/v), and 20 µg/ml Penicillin-Streptomycin (Gibco). Cells were subcultured 146 

every 3-4 days. For western blot analysis, cells were plated at a density of 3,000-4,000 cells/cm2 147 

in 35 mm tissue culture dishes and maintained in supplemented MEM. Two days later, total 148 

cell lysates were collected and submitted to western blot analysis. For immunofluorescence 149 

experiments, 5,000 cells/well were plated on 4 well dishes with collagen-coated 1 cm2 glass 150 

coverslips, maintained in the MEM for 24h and fixed in 4% paraformaldehyde in PBS.  151 

Differentiation of human-induced pluripotent stem cells (iPSCs) to MNs 152 
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The human iPSCs used in the present work were purchased from Coriell Institute for Medical 153 

Research. The GM23411*B iPSC cell line (healthy non-fetal tissue) was used as a control 154 

(Control) and GM23240*B iPSC cell line (SMA) was from a patient with SMA type II (SMN2 155 

2 copies; delta exon7-8 in SMN1). Control and SMA cells were differentiated to MNs following 156 

the protocol described previously (Du et al., 2015), with minor modifications. Briefly, the 157 

human iPSCs were cultured on a layer of irradiated mouse embryonic fibroblasts (MEFs) 158 

(Gibco). To generate neuroepithelial (NEP) cells, iPSCs were dissociated with Accutase 159 

(Gibco) following manufacturer indications and plated on Geltrex (Gibco)-coated plates in 160 

MEF-conditioned medium. Twenty-four hours later, neuroepithelial induction medium 161 

(NEPIM: DM/F12:NBM 1:1 supplemented with B27, L-glutamine, and NEAA [all from 162 

Gibco]; 0.1 mM ascorbic acid [Sigma]; and 3 µM CHIR99021; 2 µM SB431512; and 2 µM 163 

DMH1 [all from Cayman]) was added. Cells were maintained during six days, changing the 164 

medium every two days, and dissociated with Accutase to generate motoneuron progenitors 165 

(MNP). MNPs were expanded with the same medium (NEPIM) containing 0.1 µM retinoic acid 166 

(Sigma), 0.5 µM purmorphamine (Cayman) and 0.5 mM valproic acid (Sigma).  167 

To induce MN differentiation, MNPs were detached with Accutase and cultured in suspension 168 

in MN induction medium (NEPIM plus 0.5 µM retinoic acid, 0.1 µM purmorphamine). Medium 169 

was changed every two days and after six days the neurospheres were dissociated with 170 

Accumax and plated on laminin-coated plates in MN maturation medium (MN induction 171 

medium supplemented with 0.1 µM Compound E [Sigma], and 20 ng/ml ciliary neurotrophic 172 

factor [CNTF], and 20 ng/ml Insulin-like growth factor 1 [IGF-1], [both from Peprotech]). 173 

Dissociated neurospheres were plated in laminin-coated four-well tissue culture dishes (Nunc, 174 

Thermo Fisher Scientific) for western blot analysis (60,000 cells/well) or survival and neurite 175 

degeneration measurements (15,000 cells/well). For immunofluorescence experiments, cells 176 
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were plated on 1 cm2 laminin-coated glass coverslips placed into the four-well dishes (15,000 177 

cells/well). 178 

MN Survival and Neurite Degeneration Analysis 179 

Dissociated neurospheres were plated in MN maturation medium. Large-phase bright neurons 180 

with neurite processes present in photomicrographs of different microscopic areas of culture 181 

dishes (four central areas per well, four wells for each condition per experiment) were counted. 182 

The number of cells present in each dish on day 0 was considered our initial 100%. Counts were 183 

performed in the same microscopic areas as the initial count at days 3, 7, 14, 21 and 28 after 184 

plating. Survival was expressed as the percentage of cells counted with respect to the initial 185 

value (100%). Morphometric analysis of neurite degeneration was performed as described 186 

(Press and Milbrandt, 2008), with modifications. Briefly, human MNs were cultured as 187 

described above and phase contrast microscopy images were obtained with a 10x or a 20x lens 188 

at 0, 3, 7, 14, 21 and 28 days after plating. A grid was created over each image with NIH ImageJ 189 

software (Schneider et al., 2012), using the grid plugin (line area = 50,000). The cell-counting 190 

plugin was used to score each neurite. Degenerating and healthy cells were counted in at least 191 

10 high-power fields per image (30–50 neurites) for each well. Four different wells were 192 

counted for each condition (with the observer blinded to the condition) and the experiments 193 

were repeated at least three times. Neurite segments were considered degenerated if they 194 

showed evidence of swelling and/or blebbing. 195 

Western Blot Analysis 196 

Western blots were performed as previously described (Gou-Fabregas et al., 2009). Spinal cord 197 

tissue samples were disaggregated using Direct Quant 100ST Buffer (DireCt Quant) and a G50 198 

Tissue Grinder (Coyote Bioscience). Total cell lysates of cultured cells or tissue homogenates 199 

were resolved in sodium dodecyl-sulfate polyacrylamide gels and transferred onto 200 

polyvinylidene difluoride Immobilon-P transfer membrane filters (Millipore, Billerica, MA, 201 
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USA) using an Amersham Biosciences semidry Trans-Blot (Buckinghamshire, UK). The 202 

membranes were blotted with: anti-SMN (1:5000, Cat. No. 610646, BD Biosciences), anti-203 

FAIM-L (1:2000, Comella J.X.), anti-XIAP (1:5000, Cat. No. 610762, BD Biosciences), anti-204 

cleaved caspase-3 (Asp175, 1:1000, Cat. No. 9661, Cell Signaling Technology), anti-phospho-205 

Akt (Thr 308) (p-Akt, 1:1000, Cat. No. 9275, Cell Signaling Technology), anti-Akt-1 (pan-Akt, 206 

1:10000, Cat. No. SC-1618, Santa Cruz Biotechnology), anti-phospho-p44/42 ERK1/2 207 

Thr202/Tyr204 (p-ERK, 1:15000, Cat. No. 9101, Cell Signaling Technology), or anti-ERK 208 

(pan-ERK, 1:5000, Cat. No. 612641, BD Biosciences). To control the specific protein content 209 

per lane, membranes were reprobed with monoclonal anti-α-tubulin antibody (1:50000, Cat. 210 

No. T5168, Sigma). Blots were developed using Luminata™ Forte Western HRP Substrate 211 

(Millipore). 212 

Immunofluorescence 213 

Lumbar region 1 and lumbar region 2 (L1 and L2) segment of the spinal cords of mutSMA and 214 

WT mice was dissected and fixed in 4% paraformaldehyde (Sigma) for 24h. Cryopreservation 215 

with 30% sucrose buffer was done 48h before mounting segments in tissue freezing medium 216 

(TBS, Electron Microscopy Sciences), sectioned at 16-µm thickness in a cryostat (Leica 217 

CM3000). Cultured cells were fixed with 4% paraformaldehyde (Sigma) for 10 min and with 218 

cold methanol (Sigma) for 10 additional min. Spinal cord slices or cultured cells were 219 

permeabilized with 0.2% Triton X-100 and incubated for 2 h with 5% BSA in PBS. Primary 220 

antibody (anti-FAIM-L antibody, 1:200, Comella J.X.; anti-XIAP antibody, 1:100, Cat. No. 221 

610762, BD Biosciences; anti-cleaved-caspase-3 [Asp175] antibody, 1:100, Cat. No. 9661, Cell 222 

Signaling Technology; anti-HB9 antibody, 1:75, Cat. No. ab92606; anti-ChAT antibody, 1:100, 223 

Cat. No. ab18736 [both from Abcam]; or anti-Islet1/2 antibody, 1:50, Cat. No. 39.4D5, 224 

Developmental Studies Hybridoma Bank) was diluted in 0.2% Triton-X-100 and incubated 225 

overnight with 5% BSA in PBS. After washing, the secondary antibody was added: anti-mouse 226 
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ALEXA555 antibody, 1:400, Cat. No. A21422; anti-rabbit ALEXA488 antibody, 1:400, Cat. 227 

No. A11008 (both from Invitrogen); or anti-sheep ALEXA649 antibody, 1:400, Cat. No. 713-228 

496-147, Jackson ImmunoResearch. Counterstain in spinal cord slices was performed with 229 

NeuroTrace 530/615 Red Fluorescent Nissl Stain (1:200, Life Technologies). Hoechst (1:400, 230 

Sigma) staining was performed to identify nuclear localization in cell soma. Samples were 231 

mounted using Mowiol (Calbiochem) medium. Microscopy observations were performed in a 232 

FV10i Olympus confocal microscope (Tokyo, Japan). Quantification of fluorescence was 233 

performed blinded, using the NIH ImageJ software. 234 

RNA Isolation and Quantitative RT-PCR 235 

For qRT-PCR experiments, isolated CD1 MNs were plated in laminin-coated six-well tissue-236 

culture dishes (Falcon, Corning Incorporated) at a density of 400,000 cells/well. Once the cells 237 

were attached, MNs were treated with NBMc medium containing a cocktail of neurotrophic 238 

factors with or without 25 µM LY294002 (Calbiochem, Sigma) for 24 hours. Total RNA was 239 

extracted using the RNeasy® Mini Kit (Qiagen, Hilden, Germany) according to manufacturer 240 

instructions. Eighty nanograms of total RNA from each condition were used for each individual 241 

qRT-PCR reaction. The assays were performed in a CFX96 Real-Time System (Bio-Rad) using 242 

iTaq™ Universal SYBR® Green One-Step Kit from Bio-Rad. For CD1 experiments, Real-243 

Time was performed using mouse SMN-specific primers: SMN exon 1-forward (5′-244 

GATGATTCTGACATTTGGGATG-3′) and SMN Exon 2-reverse (5′-245 

TGGCTTATCTGGAGTTTCAGAA-3′) or mouse Gemin2 specific primers: Gemin2 forward 246 

(5’-GGGTGAAAGGTTATGTGCTG-3’) and Gemin2 reverse (5’-247 

GTCGGATTCGTGAATGAGCC-3’) and specific primers of mouse glyceraldehyde-3-248 

phosphate dehydrogenase (GAPDH): forward (5′-TGCACCACCAACTGCTTAG-3′) and 249 

reverse (5′-GGATGCAGGGATGATGTTC-3′) as internal control. Quantification was 250 

completed using Bio-Rad CFX Manager real-time detection system software (version 3.1, Bio-251 
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Rad). Relative expression ratios were calculated on the basis of ΔCq values with efficiency 252 

correction based on multiple samples. 253 

Statistical Analysis 254 

All experiments were performed at least three independent times. Values were expressed as 255 

mean ± estimated standard error of the mean (SEM). Statistical analysis was performed using 256 

GraphPad Prism, version 8 (GraphPad Software Inc.) Differences between groups were 257 

assessed by two-tailed Student t test. Similar variances between the compared groups were 258 

assumed. Values were considered significant when p < 0.05. 259 

 260 

Results 261 

Changes in antiapoptotic proteins FAIM-L and XIAP in spinal cords and cultured MNs 262 

protein extracts from SMA mutant mice 263 

To study the antiapoptotic proteins FAIM-L and XIAP in Smn-reduced tissues, we measured 264 

their levels in protein extracts obtained from embryonic and postnatal spinal cords of SMA 265 

mice. Wild type (WT) and mutant (mutSMA) mice were genotyped and lumbar regions 1 and 266 

2 (L1 and L2, respectively) of the spinal cords were dissected at the indicated ages. Protein 267 

extracts were obtained and submitted to western blot analysis using three antibodies: anti-268 

FAIM-L, anti-XIAP and anti-SMN. As shown in Fig. 1, FAIM-L and XIAP protein levels were 269 

significantly reduced in embryonic and late postnatal SMA samples (Fig. 1 and Table 1) 270 

compared to the WT control. However, no changes in FAIM-L and XIAP proteins were 271 

observed in SMA P0 and P3 samples compared to WT.   272 

To analyze whether FAIM-L and XIAP reduction occurred in spinal cord MNs, these cells were 273 

isolated from WT and mutSMA genotyped 13-day mice embryos (E13). MNs were cultured in 274 

the presence of neurotrophic factors cocktail for several days (6, 9 and 12 days in vitro, DIV) 275 

as indicated, and total cell lysates were obtained. Isolated non-cultured E13 MNs from WT and 276 



13 
 

mutSMA were also submitted to protein extraction (0DIV). Western blot analysis using anti-277 

FAIM-L antibody and anti-XIAP antibody revealed significant increases in mutSMA MNs, 278 

compared to the WT control, in FAIM-L protein on all in vitro days measured (6DIV, 9DIV, 279 

12DIV) and in non-cultured cells (0DIV), and in XIAP protein only at 12 DIV and in non-280 

cultured cells (0DIV), as shown in Table 2 and in Fig. 2A and 2B, respectively. No significant 281 

differences in XIAP level were observed in 6DIV and 9DIV WT and mutSMA conditions. 282 

Together, these results indicated that levels of FAIM-L and XIAP proteins are reduced in 283 

protein extracts of SMA mice spinal cords, but increased in protein extracts of cultured isolated 284 

SMA spinal cord MNs, compared to WT control. 285 

XIAP protein level is reduced in human SMA fibroblasts. 286 

The modifications observed in the level of anti-apoptotic proteins in SMA spinal cord and 287 

cultured isolated SMA MNs extracts led us to analyze whether XIAP levels were altered in non-288 

neuronal SMA cells. To this end, we cultured human SMA (SMA II and SMA I) and unaffected 289 

control fibroblasts. Total protein cell lysates of 2-day cultured cells were submitted to western 290 

blot analysis using anti-SMN antibody and anti-XIAP antibody. As expected, results showed 291 

that SMN protein level was significantly reduced in cell lysates from SMA fibroblasts (SMA II 292 

0.31±0.03, and SMA I 0.26±0.04, p<0.0001) compared to the clinically unaffected control. In 293 

SMN-reduced fibroblasts we observed that XIAP protein level was significantly decreased 294 

(SMA II 0.69±0.06, p=0.0025; and SMA I 0.75±0.07, p=0.07) compared to the control 295 

condition (Fig. 3). Cultured fibroblasts were fixed and submitted to immunofluorescence 296 

protocol using the anti-XIAP antibody and relative fluorescence level of XIAP was measured. 297 

As observed in Fig. 3, XIAP fluorescence levels were significantly reduced in SMA fibroblasts 298 

(SMA II 8.43±0.68, and SMA I 11.75±0.67, p<0.0001) compared to the control (20.56±1.51). 299 

These results together indicate that cultured human SMA fibroblasts show reduced levels of the 300 

antiapoptotic protein XIAP. 301 
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Cleaved-caspase-3 protein is increased in cultured SMA mice MNs 302 

To further analyze alterations of the apoptotic pathway in Smn-reduced cells, the level of 303 

cleaved-caspase-3 and the number of apoptotic nuclei were examined in spinal cord MNs in 304 

vitro. To this end, E13 isolated MNs from WT and mutSMA genotyped mice were cultured in 305 

the presence of neurotrophic factors cocktail for 6 and 12 days. Protein extracts were obtained 306 

and submitted to western blot using an anti-cleaved-caspase-3 antibody. Results showed that 307 

the level of cleaved-caspase-3 increased in mutSMA MNs (6DIV 1.57±0.18, p=0.0031; and 308 

12DIV 1.21±0.1, p=0.039) compared to the WT control (Fig. 4A). MNs were also cultured on 309 

glass coverslips to implement immunofluorescence experiments. After 6DIV or 12DIV, cells 310 

were fixed and immunofluorescence protocol was performed using the anti-cleaved caspase-3 311 

antibody. The percentage of positive cleaved-caspase-3 cells was increased in mutSMA 312 

cultured MNs at 6DIV (mutSMA 32.62±4.35) and at 12DIV (mutSMA 69.83±6.48) compared 313 

to the WT control (6DIV WT 14.41±0.71, p=0.0033; 12DIV WT 49.71±4.68, p=0.0217, 314 

respectively), as shown in Fig. 4B. The percentage of nuclei presenting apoptotic features was 315 

evaluated using Hoechst dye. Apoptotic nuclei were significantly increased in 6DIV (26.12±5) 316 

and 12DIV (67.45±6.09) mutSMA cells compared to WT at 6DIV (7.99±0.64, p=0.0049) and 317 

12DIV (41.42±4.66, p=0.0033), respectively. These results together indicate that apoptosis is 318 

increased in cultured SMA mice MNs.  319 

FAIM-L, XIAP and cleaved-caspase-3 proteins are increased in human differentiated 320 

SMA MNs 321 

To further evaluate the neurodegeneration process occurring in SMN-reduced cells, we next 322 

explored survival and neurite degeneration in human MNs differentiated from clinical non-323 

affected (Control) and SMA iPSC. Human SMA and Control iPSC cells were in vitro 324 

differentiated to MNs following the protocol described (de la Fuente et al., 2020; Du et al., 325 

2015). Cell survival and neurite degeneration were evaluated at 3, 7, 14, 21 and 28 days after 326 
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differentiation. The percentage of the surviving cells in the same microscope field was assessed 327 

with respect to 100% of day 0 differentiation, and the percentage of degenerating neurites 328 

(swelling and blebbing) was considered with respect to the total number of neurites in the 329 

microscope field. Results showed that cell survival in the SMA condition was significantly 330 

reduced after 14, 21 and 28 days of differentiation compared to Control (3 days: Control 331 

100.03±3.6, SMA 84.24±4.58, p=0.053; 7 days: Control 91.83±4.23, SMA 74.3±5.7, p=0.068; 332 

14 days: Control 81.16±5.2, SMA 43.4±11.9, p=0.043; 21 days: Control 73.56±4.9, SMA 333 

30.86±13.5, p=0.041; and 28 days: Control 67.3±4.1, SMA 26.2±7.9, p=0.0098) (Fig.5A). 334 

When neurite degeneration was evaluated, we observed a significant increase of the percentage 335 

of degenerated neurites in differentiated SMA MNs at 7, 14, 21, and 28 days, compared to the 336 

Control (3 days: Control 2.65±1.41, SMA 9.29±6.52, p=0.37; 7 days: Control 8.3±3.4, SMA 337 

30.25±6.2, p=0.036; 14 days: Control 13.77±3.6, SMA 51.6±7.0, p=0.0086; 21 days: Control 338 

18.4±4.2, SMA 60.48±7.0, p=0.0067; and 28 days: Control 21.04±5.7, SMA 66.02±8.0, 339 

p=0.010) (Fig. 5B).  340 

After 7 days of differentiation, protein extracts from human Control and SMA MNs were 341 

obtained and submitted to western blot analysis using anti-SMN, anti-FAIM-L, anti-XIAP, or 342 

anti-cleaved caspase-3 antibody. As expected, SMN protein was reduced in SMA (0.32±0.06, 343 

p<0.0001) cultures compared to Control (data not shown). When levels of FAIM-L, XIAP, and 344 

cleaved-caspase-3 were evaluated, a significant increase of these proteins was observed in 345 

SMA-differentiated cells (FAIM-L 1.33±0.38, p=0.019; XIAP 1.37±0.73, p=0.034; cleaved-346 

caspase-3 1.19±0.29, p=0.024), compared to the Control (Fig. 5C). Cleaved-caspase-3 was also 347 

analyzed by immunofluorescence. The percentage of cleaved-caspase-3 positive cells was 348 

significantly increased in 7-day differentiated SMA human MNs (27.44±2.6) compared to 349 

Control (17.3±2.05, p=0.012). Using Hoechst dye, the percentage of MNs displaying nuclei 350 

with apoptotic morphology was increased in SMA cultures (34.22±5.73) compared to Control 351 
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(18.86±2.72, p=0.036) (Fig. 5D). These results together show a deregulated apoptosis pathway 352 

in terms of increased anti-apoptotic proteins FAIM-L and XIAP and increased pro-apoptotic 353 

protein cleaved-caspase-3 in human differentiated SMA MNs. 354 

PI3K/Akt and ERK/MAPK intracellular pathways are altered in mouse and human MNs 355 

in vitro 356 

PI3K/Akt and ERK/MAPK are well-known intracellular pathways activated by neurotrophic 357 

factors and induce positive effects on spinal cord MNs, such as cell survival (Chao, 2003). To 358 

explore whether these pathways are modified in Smn-reduced cells, WT and mutSMA mice 359 

MNs were isolated from genotyped E13 embryos. Cells were maintained in the presence of 360 

neurotrophic factors during 6 days. Protein extracts were obtained and submitted to western 361 

blot analysis using an anti-Akt antibody and anti-phospho-Akt (Thr308) antibody. No 362 

significant differences of Akt protein level were observed in WT and mutSMA conditions (Fig. 363 

6A). However, Akt phosphorylation in Thr308 was significantly reduced in mutSMA cells 364 

(0.58±0.02, p<0.0001) compared to the WT control (Fig. 6A). To further analyze the role of 365 

Akt pathway on Smn regulation we treated the cells with the PI3K inhibitor LY294002. 366 

Addition of LY294002 to the culture medium induces apoptotic cell death in cultured CD1 367 

MNs (Dolcet et al., 2001; Soler et al., 1999) and SMA MNs (25 µM LY294002, 24 hours 368 

treatment: -LY WT 7.8±1.1%  apoptotic nuclei, +LY WT 20.5±4.4%  apoptotic nuclei; -LY 369 

mutSMA 8.4±0.6%  apoptotic nuclei, +LY mutSMA 30.1±2.4%  apoptotic nuclei, data not 370 

shown). Six-days cultured WT and mutSMA MNs were treated or not with the PI3K inhibitor 371 

LY294002 (25µM). Twenty-four hours later, protein extracts were obtained and submitted to 372 

western blot analysis using anti-phospho-Akt (Thr308) antibody, anti-Akt antibody and anti-373 

SMN antibody. When the LY294002 inhibitor was added to the culture medium, Akt 374 

phosphorylation was significantly decreased (+LY WT  0.42±0.10, p=0.0002; +LY SMA 375 

0.43±0.11, p=0.0002) compared to the WT and mutSMA untreated controls (-LY) (data not 376 
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shown). When Smn level was analyzed, we observed a significant reduction of this protein in 377 

LY294002-treated WT (+LY: 0.57±0.09, p=0.0005) and mutSMA (+LY: 0.42±0.06, p<0.0001) 378 

conditions compared to the non-treated controls (-LY WT and –LY mutSMA, respectively) 379 

(Fig. 6B). Next, to determine whether the Smn reduction caused by LY294002 treatment was 380 

associated with decreased activity of Smn gene expression, we quantified Smn messenger RNA 381 

(mRNA) by quantitative RT-PCR (qRT-PCR). Gapdh gene was used as a control. Embryonic 382 

(E13) spinal cord isolated CD1 mice MNs were plated and cultured in the presence of the 383 

neurotrophic factors cocktail with or without 25µM LY294002. After 24 hours, total RNA was 384 

extracted and reverse-transcribed to cDNA, used as a template to quantify Smn transcript level. 385 

LY294002 addition was related to a reduction in Smn mRNA expression (0.58±0.034, 386 

p<0.0001) compared with control non-treated condition, showing that PI3K inhibition regulates 387 

Smn at transcriptional level (Fig. 6C). We also quantified Gemin2 mRNA, which is part of a 388 

protein complex with SMN in the axonal compartment (Zhang et al., 2006). Results indicated 389 

that Gemin2 mRNA expression (0.65±0.029, p<0.0001) was reduced in LY294002 treated cells 390 

compared to the non-treated control (Fig. 6C).   391 

To further evaluate changes of survival intracellular pathways in SMN-reduced cells, we 392 

explored protein level and phosphorylation of Akt and ERK in human differentiated MNs. 393 

Human SMA and control iPSC were in vitro differentiated to MN. Seven days after 394 

differentiation, total cells lysates were collected and analyzed by western blot using anti-395 

phospho-Akt (Thr308) antibody, anti-Akt antibody, anti-phospho-ERK antibody and anti-ERK 396 

antibody. Akt protein level (0.82±0.04, p=0.0003) and Thr308 phosphorylation (0.64±0.09, 397 

p=0.0058) were observed to be significantly reduced in human SMA cultured MNs compared 398 

to the control condition (Fig.7A). In western blot analysis, no changes in total ERK protein 399 

level were found in SMA compared to control samples.  However, measures of phospho-ERK 400 

level displayed significant differences, with increased ERK phosphorylation in SMA 401 
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(4.16±1.36, p=0.043) compared to the control condition. The same profile of ERK protein level 402 

and phosphorylation was observed in cultured WT and mutSMA mice MNs (p-ERK/pan-ERK 403 

in mouse mutSMA cultures 2.12±0.3 fold-induction, p=0.0036, compared to the WT control) 404 

(data not shown). 405 

 406 

Discussion 407 

The deregulation in SMA disease of intracellular processes involved in MN homeostasis and 408 

survival has been described, but the cellular mechanisms leading to degeneration of SMN-409 

reduced spinal cord MNs are not completely understood. One of these processes is apoptotic 410 

cell death. In the present study we analyzed apoptosis and survival pathways in several models 411 

of SMA cells, including human differentiated SMA MNs. Our results suggest that apoptosis 412 

regulators and PI3K/Akt and ERK MAPK intracellular pathways are compromised in SMA 413 

cells. Additionally, we described PI3K/Akt inhibition as regulating Smn and Gemin2 at 414 

transcriptional level in cultured MNs.  415 

FAIM-L (Fas apoptosis inhibitory molecule) has been identified as an inhibitor of Fas signaling 416 

and apoptosis through the regulation of XIAP (X-linked inhibitor of apoptosis) (Moubarak et 417 

al., 2013). Deregulation of XIAP has been described in some neuropathologies (e.g., Alzheimer 418 

disease, Huntington disease, amyotrophic lateral sclerosis, and axotomy) (Christie et al., 2007; 419 

Goffredo et al., 2005; Guégan et al., 2001; Kügler et al., 2000) and FAIM-L reduction is 420 

associated with the progression of Alzheimer disease (Carriba et al., 2015; Huo et al., 2019). 421 

Given the involvement of these proteins in neurodegenerative processes where neuronal cell 422 

survival plays a critical role, it is not difficult to speculate that FAIM and XIAP may be involved 423 

in SMA disease. Western blot analysis of spinal cord protein extracts from SMA mice showed 424 

decreased levels of FAIM-L and XIAP at embryonic period and at postnatal end-stage of the 425 

disease. Reduced levels of these proteins may be related to an increase in apoptotic cell death 426 
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(Moubarak et al., 2013). Nevertheless, the level of FAIM-L and XIAP did not change or were 427 

increased in SMA cultured MNs. Similarly, protein extracts of differentiated human MNs 428 

showed increased FAIM-L and XIAP. FAIM-L regulates XIAP by inhibiting its auto-429 

ubiquitination and maintaining its stability.  In fact, FAIM-L could sustain endogenous levels 430 

of XIAP in murine cortical neurons (Moubarak et al., 2013). The presence of FAIM-L can 431 

interact with de baculovirus IAP repeat (BIR)2 domain of XIAP preventing its degradation and 432 

protein level reduction (Moubarak et al., 2013). Our results showed increased FAIM-L protein 433 

level in cultured SMA MNs suggesting that FAIM-L can be regulating XIAP stability in these 434 

cells resulting in an elevation or non-reduction of XIAP protein level. 435 

Spinal cord lysates include protein extracts of MNs and their surrounding cells, such as 436 

interneurons and glial cells. Therefore, FAIM-L and XIAP reduction indicates a generalized 437 

decrease of these proteins in the spinal cord of SMA mice. When XIAP protein was examined 438 

in cultured human SMA fibroblasts, results showed reduced levels of this protein. These results 439 

together suggest that in SMA condition the antiapoptotic proteins FAIM-L and XIAP are 440 

differentially regulated in MNs and non-neuronal cells. This observation may be related to the 441 

hypothetic role of FAIM-L and XIAP expression as indicators of disease evolution or 442 

progression in SMA, as has been suggested in other neurodegenerative disorders (Carriba and 443 

Comella, 2015). In mice and human SMA MNs, we observed apoptotic features even when 444 

FAIM-L and XIAP levels increased. Moreover, human differentiated MNs showed increased 445 

neurite degeneration and cell death, suggesting that FAIM-L and XIAP expression did not 446 

prevent MN degeneration. The activation of PI3K/Akt and/or NFkappaB pathways by 447 

neurotrophic factors mediates in vitro MN survival and their inhibition causes apoptotic cell 448 

death (Dolcet et al., 2001; Mincheva et al., 2011; Soler et al., 1999). Akt phosphorylation (Fig. 449 

6 and Fig.7) and p65 (RelA) phosphorylation (Arumugam et al., 2018) are reduced in cultured 450 

SMA MNs. These observations indicate that two of the main MN survival pathways are 451 
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compromised in SMA cells and it may initiate the apoptotic signal that could not be 452 

counteracted by the antiapoptotic proteins FAIM-L and XIAP. Thereby, FAIM-L and XIAP 453 

increase may reflect a cellular reaction to prevent apoptosis induced by SMN reduction and, as 454 

a consequence, to slow down the process. In Drosophila S2 cell line, SMN deficiency activates 455 

caspase-dependent apoptosis, which can be prevented by caspase inhibitors (Ilangovan et al., 456 

2003). An increase in Fas ligand-mediated apoptosis and increased caspase-8 and caspase-3 457 

activation in human differentiated SMA MNs has also been described (Sareen et al., 2012). 458 

Bcl-2 family proteins known to be key regulators of apoptosis are reduced in MNs of SMA 459 

fetuses, suggesting an enhanced apoptosis cell death in these cells (Soler-Botija et al., 2002). 460 

In SMA pathogenesis, Bcl-2 regulating protein WT-1 is expressed at lower levels in SMA 461 

mouse model (Anderson et al., 2003) and overexpression of Bcl-xL ameliorated motor 462 

functions and prolonged lifespan in SMA mice (Tsai et al., 2008) and rescued mouse MNs from 463 

neurite degeneration and cell death in vitro (Garcera et al., 2011). Therefore, our present results 464 

support the hypothesis that the apoptotic process is activated in SMA MNs.  465 

Nonetheless, other cellular mechanisms may also contribute to MN degeneration. Here, we 466 

show that the survival intracellular pathways PI3K/Akt and ERK MAPK are deregulated in 467 

SMA MNs. Akt phosphorylation is reduced in mice and human cultured SMA MNs, and ERK 468 

phosphorylation in increased in these cells. In this context, previously published results 469 

demonstrated that PI3K/Akt and ERK MAPK pathways activation profile are affected in SMA 470 

tissues (Biondi et al., 2015). Biondi and collaborators showed reduced Akt phosphorylation and 471 

increased ERK phosphorylation in SMA spinal cord and tibialis muscle protein extracts. The 472 

authors postulated that Akt activation increases SMN at transcriptional level through the 473 

Akt/CREB pathway, and ERK activation may reduce SMN transcription through the ERK/Elk-474 

1 pathway. In accordance with these previous studies, our results show that PI3K/Akt pathway 475 

inhibition reduced Smn at transcriptional level in cultured MNs. Therefore, decreased Akt 476 
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phosphorylation observed in SMA MNs may contribute to the reduction of SMN level in these 477 

cells. We also describe an increase of ERK phosphorylation in SMA MNs which, based on a 478 

previous hypothesis, may aggravate SMN protein reduction in these cells. Thus, the changes in 479 

the phosphorylation profile observed in MNs may contribute to exacerbate SMA disease 480 

progression. On the other hand, it is known that ERK activation by neurotrophic factors 481 

increases FAIM-L expression in neuronal PC12 cells, protecting them from Fas-induced 482 

apoptosis by regulating XIAP (Moubarak et al., 2013; Segura et al., 2007). Therefore, the 483 

observed increase of FAIM-L in SMA MNs may be the consequence of a rise in ERK activation 484 

in these cells. Nevertheless, the FAIM-L and XIAP increase in SMN-reduced MNs was not 485 

sufficient to prevent caspase-3 activation and apoptotic cell death.  486 

PI3K/AKT inhibition by LY294002 also reduced Gemin2 mRNA in mouse cultured MNs. 487 

Gemin2 is associated in a protein complex with SMN, Gemin3, and hnRNPR in the axonal 488 

compartment of MNs and is localized in granules that are actively transported into neuronal 489 

processes and growth cones. It has been suggested that the absence of spliceosomal Sm proteins 490 

in this complex contributes to a distinct function of SMN in the axon from that in the neural 491 

cell body (Talbot and Davies, 2008; Zhang et al., 2006; Zhang et al., 2008). Our present results 492 

suggest that reduced PI3K/Akt pathway activation observed in SMA MNs may contribute to 493 

the aforementioned deficiency of SMN and Gemin2 proteins in the axonal complexes and its 494 

effect on their specific function in these cells.   495 

In conclusion, the present study found reduction of Akt phosphorylation and increase of ERK 496 

phosphorylation and cleaved-caspase-3 in SMN-reduced mouse and human MNs. These 497 

changes in intracellular pathways may be related to the increase of FAIM-L and XIAP 498 

antiapoptotic proteins, but also to reduced SMN and Gemin2 protein levels, which can 499 

contribute to MN degeneration. Regulating the activity of these pathways together with the 500 



22 
 

analysis of new SMA modifiers belonging to other intracellular pathways which contribute 501 

differently to disease progression may lead to the discovery of new SMA treatment strategies.  502 
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 642 

 643 

Figure Legends 644 

Figure 1. Antiapoptotic proteins FAIM-L and XIAP levels were reduced in total cell extracts 645 

from SMA mice spinal cords. (A) Representative immunofluorescence images of ventral horn 646 

spinal cord sections of embryonic 13-day (E13) and postnatal 3-day (P3) from WT and 647 
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mutSMA mice, using an anti-FAIM-L antibody (green) and Nissl staining (red). Nissl and 648 

Hoechst (blue) staining were used to identify MNs soma and nucleus, respectively. Scale bar, 649 

20 µm. White circles indicate ventral MNs pool localization. Bold arrows indicate Nissl and 650 

FAIM-L stained cells and thin arrows indicate Nissl and FAIM-L non-stained cells. Asterisk 651 

indicates the localization of a cell that appears to be undergoing an apoptotic process. (B and 652 

C) Spinal Cords from WT and mutSMA embryonic 13-day (E13), 18-day (E18) and postnatal 653 

0 days (P0), 3-day (P3) and 5-day (P5) mice were dissected and protein extracts were submitted 654 

to western blot analysis using anti-FAIM-L antibody (B) or anti-XIAP antibody (C) or anti-655 

SMN antibody (B and C). Membranes were reprobed with anti-α-tubulin antibody. Graph 656 

values represent the expression of FAIM-L (B) or XIAP (C) vs α-tubulin and correspond to the 657 

quantification of at least three independent experiments ± SEM. Asterisks indicate significant 658 

differences using Student t-test (**p< 0.01; ***p< 0.001). 659 

 660 

Figure 2. Antiapoptotic proteins FAIM-L and XIAP levels were increased in cultured spinal 661 

cord MNs from SMA mice. Embryonic mouse MNs were isolated from WT or mutSMA 662 

genotyped embryos and cultured in the presence of neurotrophic factors cocktail. After 6, 9 and 663 

12 days in vitro (6DIV, 9DIV, 12DIV, respectively) total protein extracts were obtained and 664 

submitted to western blot analysis. Protein extracts of non-cultured isolated MNs were also 665 

obtained (0DIV) and submitted to western blot analysis. Membranes were probed with anti-666 

FAIM-L antibody (A) or anti-XIAP antibody (B) or anti-SMN antibody (A and B) and were 667 

reprobed with an anti-α-tubulin antibody. Graph values represent the expression of FAIM-L or 668 

XIAP vs α-tubulin and correspond to the quantification of at least four independent experiments 669 

± SEM. Asterisks indicate significant differences using Student t-test (*p<0.05; **p < 0.01; 670 

***p < 0.001). 671 

 672 
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Figure 3. XIAP protein level was reduced in cultured human SMA fibroblasts. Control 673 

(unaffected) and SMA II and SMA I patient fibroblast cell lines were plated in 35 mm culture 674 

dishes and maintained in the presence of supplemented MEM. Two days after plating, cell 675 

lysates were obtained and submitted to western blot analysis using anti-SMN-antibody or anti-676 

XIAP-antibody. Membranes were reprobed with an anti-α-tubulin antibody. Graph values 677 

represent the expression of SMN or XIAP vs α-tubulin and correspond to the quantification of 678 

four independent experiments. Asterisks indicate differences using Student t-test (*p<0.01; **p 679 

< 0.001; ***p < 0.0001). Representative immunofluorescence images of 2-day cultured 680 

fibroblasts in Control and SMAII and SMAI showing XIAP (red) and Hoechst (blue). Hoechst 681 

staining was used to identify fibroblast nuclei. Scale bar, 25 µm. Graph represents the mean of 682 

relative XIAP fluorescence measured in fibroblasts soma, corresponding to the quantification 683 

of at least 25-30 cells per condition from three independent experiments ± SEM. Asterisks 684 

indicate significant differences using Student t-test (***p < 0.0001). Images were acquired with 685 

an FV10I confocal microscope (Olympus) using the x60 objective and the same microscopic 686 

settings. Images were not submitted to any post-capture manipulation.  687 

 688 

Figure 4. Cleaved-caspase-3 level was increased in SMA MNs. (A) WT and mutSMA spinal 689 

cord MNs were isolated and cultured in the presence of a neurotrophic factors cocktail. After 6 690 

and 12 days in vitro (6DIV and 12DIV, respectively) protein extracts were obtained and 691 

submitted to western blot analysis using an anti-cleaved-caspase-3 antibody or anti-Smn 692 

antibody. Membranes were reprobed with an anti-α-tubulin antibody, used as a loading control. 693 

Graphs represent the expression of cleaved-caspase-3 corresponding to the quantification of at 694 

least six independent experiments ± SEM. Asterisks indicate differences using Student t test 695 

(*p<0.05; **p<0.005). (B) Representative confocal images of immunostained 6DIV and 12DIV 696 

MNs using an anti-cleaved-caspase-3 antibody. Hoechst (blue) dye was used to identify 697 
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apoptotic and non-apoptotic nuclei. Graphs represent the percentage of cleaved-caspase-3 698 

positive cells or the percentage of nuclei showing apoptotic morphology, corresponding to the 699 

quantification of at least four independent experiments (⁓200 cells/well, 1-2 well/experiment) 700 

± SEM. Asterisks indicate differences using Student t-test (*p<0.05; **p<0.005). Scale bar, 15 701 

µm.  702 

 703 

Figure 5. Cell death, neurite degeneration and cleaved-caspase-3 protein level were increased 704 

in human SMA iPSC differentiated MNs. Representative phase contrast and 705 

immunofluorescence images of 7-day differentiated Control and SMA human MNs, showing 706 

the MN markers HB9 (green), Islet ½ (red left section) and ChAT (red right section). Hoechst 707 

(blue) staining was used to identify MN nuclei. Scale bar, 30 µm (left) and 15 µm (right). (A) 708 

Representative images of the same microscopic field of Control and SMA human MNs 709 

differentiated for 0, 7, and 21 days (0DIV, 7DIV, 21DIV, respectively). Arrows indicate 710 

degeneration of MN soma. Graph values are the mean of the percentage of cell survival for each 711 

condition of 12 wells from three independent experiments ± SEM. (B) Representative images 712 

of Control and SMA human MNs differentiated for 21 days (21DIV). Arrows indicate 713 

degeneration of neurites. Graph values are the mean of the percentage of degenerating neurites 714 

for each condition of 12 wells from three independent experiments ± SEM. Asterisks indicate 715 

differences using Multiple t-test (*p<0.05). Scale bar, 50 µm (in A) and 30 µm (in B). (C) 716 

Protein extracts of 7-day differentiated Control and SMA human MNs were submitted to 717 

western blot analysis using anti-FAIM-L antibody or anti-XIAP antibody or anti-cleaved-718 

caspase-3 antibody or anti-SMN antibody. Membranes were reprobed with an anti-α-tubulin 719 

antibody, used as a loading control. Graphs represent the expression of FAIM-L, XIAP or 720 

cleaved-caspase-3, corresponding to the quantification of at least four independent experiments 721 

± SEM. Asterisks indicate differences using Student t test (*p<0.05). (D) Representative 722 
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immunofluorescence confocal images of 7-day differentiated human MNs using an anti-723 

cleaved-caspase-3 antibody. Hoechst dye was used to identify apoptotic and non-apoptotic 724 

nuclei. Graphs represent the percentage of cleaved-caspase-3 positive MNs or the percentage 725 

of nuclei showing apoptotic morphology, corresponding to the quantification of three 726 

independent experiments ± SEM. Asterisks indicate differences using Student t-test (*p<0.05). 727 

Scale bar, 15 µm.  728 

 729 

Figure 6. PI3K/AKT pathway regulates Smn at transcriptional level. WT and mutSMA spinal 730 

cord MNs were isolated and cultured in the presence of a neurotrophic factors cocktail. (A) Six 731 

days after plating, protein extracts were obtained and submitted to western blot analysis using 732 

anti-phospho-Akt (Thr308) antibody and anti-SMN antibody. Membranes were stripped and 733 

reprobed with an anti-Akt antibody or reprobed with an anti-α-tubulin antibody. Graphs 734 

represent the expression of Akt (left graph) or the expression of phospho-Akt versus Akt and 735 

indicate fold-reduction contrasted with WT condition (right graph) from at least three 736 

independent experiments ± SEM. Asterisks indicate differences using Student t test 737 

(***p<0.0001). (B) After 6 days, in vitro cells were washed and treated with 25µM LY294002 738 

or left untreated. Twenty-four hours later, protein extracts were obtained and submitted to 739 

western blot analysis using anti-phospho-Akt (Thr308) antibody and anti-SMN antibody. 740 

Membranes were stripped with an anti-Akt antibody or reprobed with an anti-α-tubulin 741 

antibody. Graphs represent the expression of Smn vs α-tubulin, corresponding to the 742 

quantification of three independent experiments ± SEM. Asterisks indicate differences using 743 

Student t test (***p<0.0001). (C) Total RNA was extracted from 25µM LY294002-treated 744 

(+LY) or non-treated (-LY) CD1 MN cultures and reverse transcribed to cDNA. Gapdh gene 745 

was used as control. Graph values are the mean of Smn gene or Gemin2 gene expression from 746 
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three independent experiments ± SEM. Asterisks indicate significant differences using Student 747 

t-test (***p<0.0001). 748 

 749 

Figure 7. Changes of Akt and ERK phosphorylation in protein extracts of human differentiated 750 

MNs. Control and SMA human iPSCs were submitted to MN differentiation protocol. Total 751 

cell lysates of 7-day differentiated MNs were submitted to western blot analysis using anti-752 

phospho-Akt (Thr308) antibody (A), anti-phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204) 753 

antibody (B) and anti-SMN antibody (A and B). Membranes were stripped with anti-Akt 754 

antibody or anti-ERK antibody, or reprobed with an anti-α-tubulin antibody. Graphs represent 755 

the expression of Akt vs α-tubulin (A, left) or phospho-Akt vs Akt (A, right) and indicate fold-756 

induction compared to Control condition; or ERK vs α-tubulin (B, left) or phospho-ERK vs 757 

ERK (B, right) and fold-induction compared to Control (A right) and corresponding to the 758 

quantification of three independent experiments ± SEM. Asterisks indicate differences using 759 

Student t test (*p<0.05, **p<0.01, ***p<0.001). 760 
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Table 1. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 FAIM-L  XIAP 

Age Mean ± SEM p-value  Mean ± SEM p-value 
E13 0.59 ± 0.11 0.0067 

¶  0.65 ± 0.07 0.0004 
¶ 

E18 0.73 ± 0.07 0.0064 
¶  0.45 ± 0.06 0.0007 

¶ 

P0 0.89 ± 0.10 0.3289  0.88 ± 0.09 0.1474 

P3 0.95 ± 0.09 0.6312  1.24 ± 0.21 0.2510 

P5 0.23 ± 0.09 0.0013 
¶  0.13 ± 0.03 < 0.0001 

¶ 
FAIM-L and XIAP levels in protein extracts of lumbar spinal cords fragments from mutSMA 
compared to the WT controls; ¶ indicate significant differences using Student t test.  

Spinal cord  

 761 
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Table 2.  
 
 
 
 

 FAIM-L  XIAP 

DIV Mean ± SEM p-value  Mean ± SEM p-value 

0 1.22 ± 0.06 0.0007 
¶  1.5819 ± 0.26 0.0253 

¶ 

6 1.35 ± 0.10 0.0022 
¶  0.88 ± 0.15 0.4720 

9 1.20 ± 0.05 0.0062 
¶  0.78 ± 0.12 0.1620 

12 1.34 ± 0.14 0.0293 
¶  1.38 ± 0.13 0.0200 

¶ 

 

Cultured MNs 

FAIM-L and XIAP levels in protein extracts of cultured spinal cord isolated MNs from mutSMA 
mice compared to the WT controls; ¶ indicate significant differences using Student t test.  762 


