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Abstract

Spinal muscular atrophy (SMA) is among the most common genetic neurological diseases that 

cause infant mortality. Induced pluripotent stem cells (iPSCs) generated from skin fibroblasts from 

SMA patients and genetically corrected have been proposed to be useful for autologous cell 

therapy. We generated iPSCs from SMA patients (SMA-iPSCs) using nonviral, nonintegrating 

episomal vectors and used a targeted gene correction approach based on single-stranded 

oligonucleotides to convert the survival motor neuron 2 (SMN2) gene into an SMN1-like gene. 

Corrected iPSC lines contained no exogenous sequences. Motor neurons formed by differentiation 

of uncorrected SMA-iPSCs reproduced disease-specific features. These features were ameliorated 

in motor neurons derived from genetically corrected SMA-iPSCs. The different gene splicing 

profile in SMA-iPSC motor neurons was rescued after genetic correction. The transplantation of 

corrected motor neurons derived from SMA-iPSCs into an SMA mouse model extended the life 

span of the animals and improved the disease phenotype. These results suggest that generating 

genetically corrected SMA-iPSCs and differentiating them into motor neurons may provide a 

source of motor neurons for therapeutic transplantation for SMA.

Introduction

Spinal muscular atrophy (SMA) is an autosomal recessive genetic disorder caused by a 

genetic defect in the survival motor neuron 1 (SMN1) gene resulting from deletions or other 
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mutations (1, 2). SMA arises when there are no functional copies of SMN1, and the affected 

individual therefore must fully rely on the protein produced from SMN2, a gene paralogous 

to SMN1 (1, 2). A decrease in full-length SMN protein results in the selective degeneration 

of spinal cord motor neurons (3). Patients with SMA typically show generalized muscle 

weakness and paralysis that can progress very rapidly to early childhood death (4). There is 

no cure.

SMN2 shows a high sequence homology to SMN1, and the only critical difference is the C-

to-T base change 6 base pairs (bp) inside exon 7. This alteration, but not other variations in 

the SMN genes, affects the splicing of SMN2 (5). This splicing change yields 10% of the 

full-length protein and high concentrations of an unstable, truncated protein lacking exon 7 

(SMNΔ7) (5). The disease severity inversely correlates with SMN2 copy number (6). 

Worms, flies, and mice lack SMN2, which can be introduced only by transgenic 

modifications (7–10). Several therapeutic strategies have targeted increased exon 7 inclusion 

in SMN2 transcripts, and a human cell–based assay is a critical tool (10).

The differentiation of viral vector–generated induced pluripotent stem cells (iPSCs) from 

SMA patients into motor neurons has recently been demonstrated (11). Ex vivo correction of 

the SMN1 mutation in SMA-iPSCs might allow the generation of disease-free motor 

neurons for cell therapy. The vectors used, however, can produce insertional mutations that 

interfere with normal cell function, and transgene expression can modify differentiation into 

specific lineages (12) or even lead to tumorigenesis (13), limiting their usefulness.

Here, we have generated iPSCs from SMA patients who are free from vectors and transgenic 

sequences and have differentiated them into motor neurons. Motor neurons generated from 

SMA-iPSCs presented specific disease-related features indicative of selective motor neuron 

degeneration. We designed oligodeoxynucleotides to SMN2 that induced a permanent 

genetic modification of a single nucleotide in exon 7, thus modifying the coding region of 

SMN2 to a more SMN1-like sequence. This resulted in the inclusion of exon 7 and the 

production of a greater amount of full-length SMN2. We then compared the phenotypes of 

motor neurons derived from corrected and untreated SMA-iPSCs in vitro using gene 

expression and splicing genome-wide analysis, and in vivo after transplantation into the 

spinal cords of transgenic SMA mice.

Results

Nonviral vector generation and characterization of SMA-iPSCs

We generated iPSC lines from two type I SMA patients (SMA-iPSC-1 and SMA-iPSC-2) 

using a nonviral vector method based on nucleofection of adult fibroblasts with constructs 

encoding OCT4, SOX2, NANOG, LIN28, c-Myc, and KLF4 (14) (Fig. 1, A and B, and figs. 

S1 and S2). These plasmids are progressively lost from cells, leading to the generation of 

iPSCs free of vector and exogenous sequences. As a control, we generated iPSCs from the 

father of patient 1 (heterozygous, HET-iPSC-1), and we used an already generated wild-type 

cell line (iPSC 19.9). We isolated at least three clonal iPSC lines for each individual free 

from reprogramming vectors (Fig. 1V). All iPSC lines displayed embryonic stem (ES) cell 

morphology (Fig. 1, C to N) and expressed the pluripotency markers NANOG, SOX2, 
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OCT4, SSEA-4, and TRA-1-60 (Fig. 1, F to H and L to N). All iPSC lines also maintained 

euploid karyotypes (Fig. 1O), could differentiate into all three germ layers in vitro (fig. S3), 

and could form teratomas in vivo (Fig. 1, P to U). DNA fingerprinting confirmed their origin 

from parental fibroblasts (table S1). These data and genome-wide gene expression analysis 

confirmed the reprogramming of fibroblasts to a pluripotent state (fig. S4).

SMN gene analysis and genetic conversion of SMN2 to SMN1 using oligodeoxynucleotides

Previous work has described the possibility of genome editing at the single base level by 

introducing single-stranded DNA oligonucleotides into the cells (15). Taking advantage of 

this strategy, we used SMN2 sequence-specific oligodeoxynucleotides to direct the 

exchange of a T to C at position +6 of exon 7, thus modifying the coding region of SMN2 to 

a more SMN1-like sequence and therefore promoting the inclusion of exon 7. We 

transfected iPSCs with oligodeoxynucleotides 75 bases in length, designed to hybridize to 

the transcribed DNA strand of the SMN2 gene (15) (Fig. 2A). To demonstrate that the 

correction was permanent and heritable and to obtain a stable corrected cell population, we 

prepared clonal cell cultures of transfected cells. We screened the clones for genetic 

correction by detection of SMN protein nuclear foci (also known as Gemini bodies or gems) 

and polymerase chain reaction (PCR). We analyzed 47 subclones of the transfected SMA-

iPSC-1 line, and we isolated three corrected clones that showed 50% SMN correction. We 

also performed the same gene editing in the second set of SMA-iPSC lines: 59, 61, and 65 

subclones of SMA-iPSC-2 lines were analyzed, resulting in 2, 3, and 2 positive subclones, 

respectively. Therefore, the overall conversion efficiency (calculated as number of positive 

clones from the clones analyzed) was 10 of 232 (4%). The corrected genotype was stable 

during subsequent culturing for 12 passages, indicating that a permanent and heritable 

change had occurred.

Using direct sequencing and allele-specific restriction fragment length polymorphism 

analysis, we evaluated the SMN genotype of the iPSC-corrected clones (Fig. 2, B and C, and 

fig. S5). The untreated iPSCs of SMA patient 1 and iPSCs treated with scrambled 

oligonucleotides carried a homozygous deletion of the SMN1 gene. In contrast, a 50% 

conversion of the SMN2 genotype to SMN1 was detected in corrected oligonucleotide-

treated clones. The PCR products were subjected to restriction enzyme treatment: Dra1 for 

exon 7 and Dde1 for exon 8 (the enzymes Dra I and Dde I cleave the PCR products from 

SMN2 exons 7 and 8, respectively). These data demonstrated in the corrected iPSCs the 

presence of an uncut band corresponding to corrected exon 7, and the complete cut of exon 8 

(Fig. 2B). This pattern corresponds to the conversion of SMN2 into SMN1 and rules out the 

possibility of a contamination with wild-type or heterozygous DNA. The father’s iPSCs 

presented a heterozygous genotype. The pluripotency features of the SMA-iPSCs were 

maintained after genetic correction.

The genetic correction resulted in a significantly increased number of detectable gems in 

oligodeoxynucleotide-treated cells, similar to that of the heterozygous father, whereas 

untreated SMA-iPSCs showed a lack of gems (SMA versus TR, P < 0.00001) (Fig. 2, D to 

G). We then evaluated SMN expression by Western blot and confirmed an increase in SMN 

protein in treated compared to untreated SMA-iPSCs. SMN protein expression in the treated 
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SMA-iPSCs was similar to that in HET-iPSCs generated from the father of the patient (Fig. 

2H). Together, these data demonstrated that oligonucleotides induced a direct and stable 

genetic correction in diseased human SMA-iPSCs.

Generation of spinal motor neurons from untreated and corrected SMA-iPSCs

We next evaluated whether our nonviral vector–generated SMA-iPSCs could be lineage-

committed toward a motor neuron fate to determine the effect of SMN1 deficiency on motor 

neurons and investigate whether genetic correction could rescue the SMA phenotype. 

Generation of spinal motor neurons from all iPSCs lines was achieved using a multistage 

differentiation protocol previously developed for human ES cells using retinoic acid and 

sonic hedgehog (SHH) (fig. S6) (16). After 4 to 5 weeks under differentiation conditions, 

cells that expressed the motor neuron–specific transcription factors HB9, ISLET1, and 

OLIG2 (spinal cord progenitor markers) and pan-neuronal markers such as TuJ1, 

Neurofilament, and MAP2 were generated. Most of these HB9/ISLET1-positive neurons 

expressed choline acetyltransferase (ChAT) and were positive for the motor neuron marker 

SMI32, demonstrating a motor neuron phenotype (fig. S7). The in vitro differentiation 

protocol yielded a mixed cell population that included nonmotor neuron cells. Given the 

limited availability of surface markers to isolate motor neurons and purify them further, we 

applied a physical strategy based on gradient centrifugation. After selection with this 

method, immunocytochemistry analysis showed that 78.2 ± 8.8% of cells were ChAT

+SMI32+ derived from wild-type iPSCs, 76.7 ± 8.3% from HET-iPSCs, 74.1 ± 6.7% from 

untreated SMA-iPSCs, and 77.1 ± 7.2% from treated SMA-iPSCs. Quantification of 

astrocytic cells was performed. Less than 1% of cells differentiated from iPSCs expressed 

the astrocyte marker glial fibrillary acidic protein. Because there is a reduction in survival of 

SMA-iPSC–derived motor neurons in long-term culture, we increased the cell culture time 

(Fig. 3, A to F, and fig. S8). At 8 weeks, we found a reduced number of motor neurons in 

the untreated SMA-iPSC cultures relative to wild-type iPSCs and HET-iPSCs (P < 0.00001) 

(Fig. 3, G and H), and these motor neurons were reduced in size (P < 0.001) (Fig. 3, I and J). 

Notably, the cell number and size were increased in motor neurons derived from 

oligonucleotide-treated SMA-iPSCs compared to those derived from untreated SMA-iPSCs 

(treated motor neuron number, P < 0.00001; size, P = 0.002) (Fig. 3, G to J).

We then analyzed other characteristic elements of motor neurons that are likely to be critical 

in SMA pathogenesis: axonal elongation and neuromuscular junction formation. At 8 weeks, 

mean axon length was significantly shorter in SMA-iPSC–derived motor neurons with 

respect to wild-type and HET-iPSC–derived motor neurons (P < 0.001). However, motor 

neurons derived from corrected SMA-iPSCs had longer axons than those derived from 

untreated SMA-iPSCs (P < 0.001) (Fig. 3, K and L). Indeed, growth cones of SMA-iPSC–

derived motor neurons were smaller compared to those derived from wild-type iPSCs and 

HET-iPSCs. However, after oligonucleotide correction of SMA-iPSCs, we observed an 

increase in size of the motor neurons derived from them (P < 0.001, treated versus untreated 

SMA motor neurons). We analyzed the difference in the ability of wild-type and SMA-

iPSC–derived motor neurons to form neuromuscular junctions when cocultured with 

myotubes, evaluating the number and size of neuromuscular junctions formed (Fig. 3, M to 

O). Myotubes were stained with α-bungarotoxin to identify the acetylcholine receptor. 
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SMA-iPSC–derived motor neurons generated fewer and smaller endplates compared to 

HET-iPSC–derived motor neurons. Furthermore, the mean neuromuscular junction size 

increased in motor neurons derived from treated versus untreated SMA-iPSCs (P < 0.001) 

(Fig. 3, P and Q).

Indeed, the quantification of nuclear gems demonstrated that gem number was increased in 

motor neurons derived from treated versus untreated SMA-iPSCs (Fig. 3, R and T). Thus, 

motor neurons can be obtained from nonviral vector–generated SMA-iPSCs, and cellular 

damage to the defective SMN1 gene can be rescued by SMN2 gene correction using 

oligonucleotides.

SMA-iPSC–derived motor neuron gene expression and splicing analysis

RNA and splicing abnormalities have recently been reported in SMA mice (17, 18), leading 

to the hypothesis that they could be primary mechanisms of selective motor neuron death. 

However, it remains unclear whether these alterations are present in motor neurons derived 

from iPSCs generated from SMA patient cells and if they can be rescued by gene correction. 

Thus, we performed a gene expression and exon array analysis of RNA from SMA motor 

neurons (SMA-iPSC-MN-1) in comparison to treated cells (TR-iPSC-MN-1). We compared 

different clones from SMA patient 1 and his father (HET-iPSC-MN-1). Detailed results are 

presented in the Supplementary Materials and Methods, tables S2 to S8, and figs. S9 and 

S10.

Regarding gene expression, a total of 2452 differentially expressed transcripts were 

identified in the comparison between SMA-iPSC–derived motor neurons and HET-iPSC–

derived motor neurons as illustrated in Fig. 4, A and B (volcano plot), and table S2. Among 

the top down-regulated genes in SMA-iPSC motor neurons, we found genes encoding 

proteins involved in the cytoskeleton, neuronal development, and differentiation and 

synaptic generation. The expression of voltage-gated channels differed in SMA-iPSC–

derived motor neurons compared to HET-iPSC control motor neurons (table S6). The 

comparison of treated versus untreated SMA-iPSC motor neurons revealed 626 

differentially expressed transcripts (Fig. 4, A and B, and table S3). Remarkably, the genes 

that were most up-regulated in treated cells include some that were down-regulated in the 

comparison between SMA-iPSC motor neurons and HET-iPSC motor neurons, suggesting 

rescue with a shift toward the HET gene expression profile. Indeed, in the comparison 

between the HET-iPSC motor neurons and treated SMA-iPSC motor neurons, the volcano 

plot representation showed no differentially expressed transcripts (Fig. 4A and table S4). 

Overall, these analyses confirmed that correction with oligonucleotides shifted the 

expression profile toward HET. We then analyzed the mRNA splicing profiles of motor 

neurons derived from treated and untreated SMA-iPSCs and compared them to those of 

motor neurons derived from control HET-iPSCs. The results are illustrated in Fig. 4C and 

fig. S10, and a list of genes is provided in table S7.

With the FIRMA method (19), the comparison between HET-iPSC motor neurons and 

treated SMA-iPSC motor neurons identified two differentially spliced genes: BCLAF1 and 

DOCK5 (Fig. 4D). BCLAF1 encodes a transcriptional repressor that interacts with several 

members of the BCL2 family of proteins. DOCK5 belongs to the family of guanine 
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nucleotide exchange factors with a function in intracellular signaling networks. Expression 

of these two genes differed between motor neurons derived from treated and untreated 

SMA-iPSCs, indicating that oligonucleotide treatment can shift splicing toward the HET-

iPSC–derived motor neuron profile.

In the expression intensities analysis (20), a total of 3345 differentially expressed probe sets 

were identified for the HET-iPSC and treated SMA-iPSC motor neuron comparison and 6 

for the treated and untreated SMA-iPSC motor neuron comparison (fig. S10). The most 

prominent differentially spliced probe sets for the treated versus untreated SMA-iPSC motor 

neuron comparison included the following genes: BCLAF1, DOCK5, TPM3, COBL, 

OGFR, MSL3, and WDR7. The list of genes with the highest degree of differential splicing 

is summarized in table S7. It has been reported that decreased concentrations of SMN go 

along with a decreased assembly of the minor spliceosome (21). We tested whether some 

differentially spliced genes (table S7) were processed by the minor spliceosome. Two of 

these genes were shown to have U12 splicing introns (table S8). Overall, the genes with the 

greatest degree of differential splicing were members of functional classes mostly 

considered responsible for SMA pathogenesis, including axon guidance, motor neuron 

differentiation, DNA linkage, and signal transduction. We used Western blot analysis to 

demonstrate the expression of the most differentially expressed genes and its variation after 

oligonucleotide treatment (Fig. 4E). The STMN2 and PLP1 proteins presented different 

isoform patterns in motor neurons derived from SMA-iPSCs compared with those derived 

from control HET-iPSCs (Fig. 4E). In motor neurons from treated SMA-iPSCs, the level of 

expression of genes encoding these proteins was similar to that in motor neurons from 

control HET-iPSCs (Fig. 4E). Furthermore, Western blot analysis for the SMN protein 

revealed the expected down-regulation in the SMA-iPSC–derived motor neurons compared 

to that derived from HET-iPSCs, whereas in the motor neurons derived from SMA-iPSCs 

treated with oligonucleotides, the SMN protein concentration was restored (Fig. 4E).

Engraftment of motor neurons derived from SMA-iPSCs in the SMA spinal cord

Our next goal was to determine whether motor neurons derived from treated SMA-iPSCs 

survive and engraft appropriately within the spinal cord of SMA transgenic mice. We also 

wanted to determine the effect of disease environment on engrafted motor neurons and vice 

versa and whether transplantation can ameliorate the disease phenotype in SMA transgenic 

mice. Motor neurons derived from the three iPSC populations (heterozygous SMA, and 

treated and untreated SMA-iPSCs) were used for transplantation into the spinal cords of 1-

day-old SMA mice (10,000 cells/1 μl × two horns, total: 20,000 for cervical C4 to C5; and 

total: 20,000 for lumbar L1 to L2 spinal cords). A group of mice was treated with vehicle 

alone. To track the fate of transplanted motor neurons, donor motor neurons were 

genetically modified with a lentiviral vector encoding a green fluorescent protein (GFP) 

reporter.

We evaluated whether motor neurons derived from human iPSCs survived and maintained 

an appropriate phenotype in the spinal cord of SMA mice. In all transplanted animals, we 

identified human transplant–derived GFP-labeled motor neurons within the ventral horn 

gray matter of the spinal cords of recipient mice (Fig. 5A and fig. S11). To define the 
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neuronal phenotype of GFP+ motor neurons, we assessed neuronal markers in treated spinal 

cord sections. GFP+ motor neurons coexpressed a number of neuronal-specific pan-neuronal 

antigens, displayed a motor neuronal phenotype, and coexpressed HB9 and ChAT, 

indicative of cholinergic identity (Fig. 5A and fig. S11).

Quantification analysis (Fig. 5B) demonstrated that the transplanted motor neurons from the 

untreated SMA-iPSC group showed reduced engraftment compared to those from the 

heterozygous SMA-iPSC group and that genetic correction rescued this defect (P < 

0.00001). To evaluate whether iPSC-derived motor neurons could extend their axons outside 

the spinal cord in SMA mice, we analyzed the ventral roots. We observed the presence of 

GFP donor axons in the anterior roots (about 1%), suggesting that they can extend their 

axons toward the periphery (Fig. 5B). Further, we demonstrated that donor motor neurons 

can form a few new neuromuscular junctions (<10 neuromuscular junctions per condition) 

with skeletal muscles (Fig. 5C).

Improvement of muscle connections after motor neuron transplantation in SMA mice

We then performed histological analysis of muscle and spinal cord tissues at postnatal day 

13 (n = 6 per group) and determined the number and size of transplanted motor neurons (fig. 

S12). The vehicle-treated SMA mice showed a reduction in motor neuron number and size 

compared with wild-type animals (P < 0.00001), whereas the number of motor neurons was 

significantly increased in transplanted (all three iPSC groups) versus vehicle-treated mice (P 

< 0.00001) (fig. S12). The stereological quantification, in the case of SMA mice receiving 

HET-iPSC–derived motor neurons, showed that donor neurons represented 27.5% of total 

motor neurons and that endogenous motor neurons were also increased by 6.8% compared 

to vehicle-treated SMA mice. The endogenous motor neurons of mice transplanted with 

HET-iPSC–derived motor neurons exhibited an increase in size versus vehicle-treated 

animals (P < 0.00001) (fig. S12). The same change was observed in animals transplanted 

with motor neurons from treated and untreated SMA-iPSCs versus vehicle control (P < 

0.00001). Thus, the transplantation of human iPSC-derived motor neurons induced a 

neuroprotective effect relative to vehicle in SMA mice. However, the degree of this 

improvement was in proportion to the rate of engraftment and thus was higher for motor 

neurons derived from HET-iPSCs and treated SMA-iPSCs compared to those derived from 

untreated SMA-iPSCs.

Indeed, motor neuron transplantation resulted in a statistically significant increase in total 

muscle area (P < 0.00001) and mean myofiber diameter (P < 0.00001; Fig. 5D and fig. S13). 

These muscle area changes were observed also in the case of mice transplanted with motor 

neurons from treated and untreated SMA-iPSCs (P < 0.00001 versus vehicle-treated).

Amelioration of the disease phenotype and life extension after transplantation of iPSC-

derived motor neurons in SMA mice

We determined the functional efficacy of motor neuron transplantation. After transplant, the 

physical appearance of the SMA mice was improved in comparison to that of vehicle-treated 

SMA mice (Fig. 5E, upper left panel, and movie S1). All mice receiving motor neuron 

transplants showed an increase in body weight that was statistically different at 13 days of 
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age relative to vehicle-treated SMA mice (HET-iPSC motor neurons versus vehicle, 

untreated SMA-iPSC motor neurons versus vehicle, and treated SMA-iPSC motor neurons 

versus vehicle: P < 0.00001; Fig. 5E, bottom left panel).

To investigate whether transplanted motor neurons can rescue neuromuscular functions in 

SMA animals, we tested transplanted and control mice with the grip and open-field assays 

(22, 23). At 13 days of age, all three groups of transplanted SMA mice presented stable 

performance on the grip test for a few seconds, whereas nontransplanted SMA mice could 

not perform the task (HET-iPSC motor neuron transplant versus vehicle, untreated SMA-

iPSC motor neuron transplant versus vehicle, and untreated SMA-iPSC motor neuron 

transplant versus vehicle: P < 0.00001) (Fig. 5E, bottom center panel). In addition, all motor 

neuron–transplanted SMA mice showed some locomotor activity and maintained some 

exploratory behavior compared to vehicle-treated SMA mice at 13 days of age (HET-iPSC 

motor neuron transplant versus vehicle, untreated SMA-iPSC motor neuron transplant 

versus vehicle, and untreated SMA-iPSC motor neuron transplant versus vehicle: P < 

0.00001) (Fig. 5E, bottom right panel, and movie S1).

Mice that received motor neurons had improved survival rates when compared to their 

vehicle-treated counterparts. Figure 5E (upper right panel) illustrates the Kaplan-Meier 

survival curves. The median life spans of SMA mice receiving motor neuron transplants 

were 21 (HET-iPSC-MN), 19 (SMA-iPSC-MN), and 21 (treated SMA-iPSC-MN) days, 

whereas for vehicle-treated SMA mice, it was 14 days (n = 24 per group) (HET-iPSC, and 

treated and untreated SMA-iPSC motor neuron transplant versus vehicle, P < 0.00001). The 

maximum survival period observed was 24 days for mice receiving HET-iPSC motor neuron 

transplants and 16 days for vehicle-treated SMA mice. Survival was increased by 7 days for 

mice receiving HET-iPSC and treated SMA-iPSC motor neuron transplants, representing a 

gain of 50% over the lifetime. Compared to the HET-iPSC motor neuron–transplanted 

group, the untreated SMA-iPSC motor neuron–transplanted group showed a slightly reduced 

survival (P = 0.00027), whereas the treated SMA-iPSC motor neuron– transplanted group 

showed increased survival compared to the untreated group (P = 0.0018). SMA mice 

transplanted with human primary fibroblasts presented a survival trend similar to vehicle-

treated SMA mice (median 13 days), demonstrating that the effect of motor neuron 

transplantation was specific (HET-iPSC motor neurons versus fibroblasts, P < 0.00001). 

Thus, motor neuron transplantation provided a survival benefit in an SMA mouse model.

Production of neuroprotective factors by transplanted human motor neurons

To analyze possible mechanisms for the observed improvement in SMA mice after 

transplantation, we evaluated whether human motor neurons derived from SMA-iPSCs, 

treated SMA-iPSCs, or HET-iPSCs by themselves can produce factors with a 

neuroprotective role on mouse motor neurons (Fig. 6, A to D, and fig. S14). We found that 

all of the human motor neurons release growth factors including neurotrophin 3 (NT3), NT4, 

vascular endothelial growth factor (VEGF), and nerve growth factor (NGF) (Fig. 6). They 

expressed moderate concentrations of ciliary neurotrophic factor (CNTF) and low 

concentrations of brain-derived neurotrophic factor (BDNF) and glial-derived neurotrophic 

factor (GDNF) (Fig. 6).
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To analyze the effect of donor human motor neurons on SMA pathogenesis, we used a 

coculture system with a bottom layer of primary motor neurons from SMA mice and a top 

layer of human motor neurons. As previously described, SMA mouse primary motor 

neurons alone presented a significant reduction in axon length relative to wild-type mouse 

primary motor neurons (P < 0.00001) (Fig. 3I). When SMA mouse primary motor neurons 

were cocultured in the presence of human motor neurons, axon length increased (Fig. 6E). 

Indeed, growth cones of SMN-deficient motor neurons from SMA mice were significantly 

smaller than those of HET-iPSC–derived motor neurons (P < 0.00001). Notably, we 

observed increased growth cone size for SMA mouse motor neurons after coculture with 

human motor neurons (P < 0.00001) (Fig. 6F). We hypothesized that up-regulation of 

neurotrophin expression may contribute to axon length enhancement. To test this hypothesis, 

we neutralized relevant cytokines individually or in combination by adding neutralizing 

antibodies to the motor neuron culture media. This treatment significantly reduced axon 

length for SMA mouse motor neurons (P < 0.05) (Fig. 6G). To study the effects of human 

motor neurons on neuronal survival in a neurotoxic environment, primary SMA mouse 

motor neurons were exposed to microglial-conditioned media or LPS-activated microglial-

conditioned media in the presence of human motor neurons (Fig. 6, H and I). The findings 

demonstrated that human motor neurons secrete active neuroprotective factors that promote 

SMA mouse motor neurons in an inflammatory/toxic environment and enhance axonal 

elongation in vitro (Fig. 6, J and K).

The expression of neurotrophins by human motor neurons transplanted into the spinal cords 

of SMA mice, as evaluated by enzyme-linked immunosorbent assay (ELISA), demonstrated 

increased concentrations of neurotrophins when compared to vehicle-treated or fibroblast-

transplanted SMA mouse controls (P < 0.00001) (fig. S14). To provide a mechanistic 

demonstration of the therapeutic role of neurotrophin expression by human motor neurons, 

we transplanted human motor neurons in which the relevant neurotrophin genes (NT3, NT4, 

and VEGF) were knocked down using short hairpin RNAs (shRNAs). These silenced cells 

are designated here as NT-kd-MNs. The ELISA analysis revealed a ≈70% reduction in 

neurotrophins compared with motor neurons transduced with nonsense control shRNAs (fig. 

S15, A and C). We then transplanted the NT-kd-MNs into the spinal cords of SMA mice. 

NT-kd-MNs extended survival less in comparison with HET-iPSC motor neuron transplants 

(P = 0.00002) but more than in vehicle-treated mice (P = 0.00094) (fig. S15D). Finally, we 

investigated expression of neurotrophins in transplanted NT-kd-MNs in SMA mouse spinal 

cord by ELISA. Under this condition, neutrophin expression was significantly reduced in 

NT-kd-MN–transplanted mice relative to scrambled-treated HET-iPSC motor neuron–

transplanted mice (P < 0.00001) (fig. S15, E and G). Overall, these data suggest that motor 

neuron transplantation might exert a neuroprotective and axonogenic therapeutic effect by 

producing growth factors.

Discussion

SMA is a devastating neuromuscular disease without any effective treatment. Stem cells and 

iPSCs in particular represent a useful in vitro model as well as a cell source for potential 

therapeutic transplantation. To translate reprogramming technology from basic science 
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toward clinical application, efficient derivation of human patient iPSCs that are free of 

foreign or chemical elements is crucial.

Here, we derived viral vector– and transgene-free human iPSCs from SMA patients using 

oriP/EBNA1-based vectors (12). Ebert et al. (11) previously described generating SMA-

iPSCs and motor neurons using viral methods. Our work represents an advance because we 

achieved generation and characterization of SMA patient–specific motor neurons without 

genetic modification, thus increasing the possibility of applying these cells in basic research 

and transplantation regimens. Exploiting the full therapeutic potential of iPSCs will require 

precise and safe strategies for genetic modification in the case of the use of autologous cells 

from patients. In addition, four independent groups have recently described a complete 

rescue of the disease phenotype in SMA mice after intravenous injection of SMN-encoding 

adeno-associated virus (24–27), suggesting that cell and gene therapy are possibly 

complementary therapeutic strategies.

We used oligonucleotides to induce a permanent nonviral genetic correction of SMA-iPSCs 

such that SMN2 was converted into SMN1 by modifying a single base in exon 7. We 

demonstrate a genetic modification of human iPSCs from SMA patients with this technique. 

This strategy is specific, overcomes the limits of repeated treatment, does not introduce 

exogenous genes, and can be applied for other human genetic diseases. Furthermore, the 

SMN protein defect seems to affect motor neurons selectively. The use of SMA-iPSC–

derived motor neurons described here can contribute to knowledge about the pathogenic 

mechanisms of SMA. We note that although we achieved a high purity of motor neurons 

from iPSCs, other cell populations were present at modest levels. In any case, our model can 

reproduce some aspect of SMA disease and potentially may be useful for in vitro drug 

screening.

We observed specific disease effects of the SMN defect on SMA motor neurons including a 

reduction in motor neuron survival and in their size, in line with that observed previously 

(11), although to a lesser degree. The centrifugation protocol used here might have selected 

for a stronger motor neuron population, resulting in overall improved results relative to 

those previously described. We also detected a reduction in axonal growth and 

neuromuscular junction formation in the motor neurons derived from SMA-iPSCs relative to 

control HET-iPSCs. Our data support the idea that more than one manifestation of motor 

neuron dysfunction plays a role in SMA, including a reduction in motor neuron survival and 

size, as well as in axonal growth and neuromuscular junction formation. Notably, we 

demonstrated that gene correction by converting SMN2 into SMN1 using oligonucleotides 

rescued neuropathological features of SMA in motor neurons and correlated with SMN 

expression.

We performed a detailed evaluation of transcriptional changes in the SMA-iPSC motor 

neurons in comparison to HET-iPSC and treated SMA-iPSC motor neurons. Our analysis 

identified several pathways that might shed light on SMA pathogenesis and its selectivity for 

motor neurons, and disease initiation and progression. We detected alterations in a subset of 

genes involved in RNA metabolism, motor neuron development, and axonal guidance. In 

particular, the expression of voltage-gated channels was altered in SMA-iPSC–derived 
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motor neurons. A relatively restricted number of genes showed different splicing profiles in 

SMA-iPSC– versus HET-iPSC–derived motor neurons. Zhang et al. (17) reported 

widespread splicing abnormalities in SMA mouse tissues, including the spinal cord. Bäumer 

et al. (18) indicated that these events are a late occurrence in SMA and are therefore not 

likely to contribute to early disease pathogenesis. Our results do not support the hypothesis 

that widespread splicing abnormalities are present in motor neurons. Rather, they suggest 

the possibility that SMN deficiency critically affects splicing of one or a few transcripts and 

that the few splicing changes observed in our motor neuron models can contribute to SMA 

pathogenesis. Indeed, the genes with the higher degree of differential splicing belonged to 

classes of functions that are considered to have primary involvement in SMA pathogenesis, 

such as axon guidance, motor neuron differentiation, RNA metabolism, and signal 

transduction. The SMN defect can alter the minor spliceosome and, consequently, the genes 

that have U12 introns. Only two genes, DOCK5 and LPHN2, belong to this family. DOCK5 

is involved in axon guidance and was a top differentially spliced gene identified in this 

work, warranting further analysis to define its role in SMA pathogenesis. Finally, our 

experiments demonstrated that most genes differentially expressed or spliced in motor 

neurons from SMA-iPSCs versus HET-iPSCs are shifted toward the HET pattern after gene 

correction, further supporting the efficacy of this gene repair strategy.

STMN2, a gene of particular interest from our analysis, is down-regulated and differentially 

spliced in SMA-iPSC versus HET-iPSC motor neurons as demonstrated both at the RNA 

and at the protein levels. Furthermore, the expression pattern of STMN2 was shifted toward 

the HET profile after oligonucleotide correction. The involvement of STMN2 in 

cytoskeleton metabolism and neuronal growth cone development and differentiation may be 

important in the context of SMA pathogenesis.

Another interesting gene was PLP1, which was down-regulated in SMA-iPSC motor 

neurons, and this down-regulation was rescued after oligonucleotide correction. PLP1 is 

expressed in nonmyelinating neuronal cell types and in motor neurons, where it plays a role 

in vesicular metabolism. These aspects may be important in the context of SMA 

pathogenesis and deserve further investigation.

Our in vivo experiments showed that iPSC-derived motor neurons can survive and integrate 

into the spinal cord of SMA mice and ameliorate the SMA type I phenotype. Donor-derived 

motor neurons correctly engrafted in the anterior spinal cords of transplanted mice and 

maintained a specific motor neuron phenotype. However, the SMA-iPSC motor neurons 

presented a slightly reduced survival and dimension as well as a decreased propensity for 

axonal elongation. These results suggest that SMA-iPSC motor neuron transplantation can 

produce an “in vivo model” of disease. The pathological features of SMA-iPSC motor 

neurons were rescued by genetic modification with oligonucleotides, opening the path to the 

possibility of autologous cell therapy. Transplanted SMA mice had a longer life span (about 

50%) compared to vehicle-treated mice, an effect that was more pronounced with HET-iPSC 

and treated SMA-iPSC motor neurons than with untreated SMA-iPSC motor neurons. 

However, even if the difference in the therapeutic effect of wild-type motor neurons versus 

HET-iPSC and untreated SMA-iPSC motor neurons is small in our experimental settings, 

over the long-term, the reduced survival of these motor neurons would be problematic. We 
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believe that ex vivo genetic correction of the SMA-iPSCs before transplantation would be 

important to obtain the maximum therapeutic benefit from this approach.

Indeed, the positive effects of transplanted motor neurons appeared to be specific because 

they were not observed after transplantation of fibroblasts. The increased survival time of 

SMA mice we observed after motor neuron cell transplantation, although limited with 

respect to other results like gene therapy, is noteworthy for two reasons: (i) The full 

potential of the motor neuron transplantation effect cannot be fully appreciated considering 

the limited time this model allowed for the formation of new neuromuscular junctions, and 

(ii) gene therapy, based on the experimental data available, seems to be most effective when 

applied in the very first stage of SMA (24–27). This suggests that a “window of 

opportunity” exists during the early stages of SMA in which gene therapy can have 

therapeutic benefits, at least in this experimental setting. The possibility of motor neuron 

replacement after the death of endogenous motor neurons is the ideal goal that has to be 

pursued to treat already symptomatic SMA patients, although such a goal is still a long way 

in the future.

Motor neuron transplantation also ameliorated defects in neuromuscular function compared 

to vehicle-treated SMA mice. This effect correlated with the number of donor-derived motor 

neurons, as well as with the change in endogenous motor neurons that were increased in 

both size and number, suggesting a neuroprotective effect of the transplanted motor neurons. 

We previously demonstrated that transplantation of murine neural stem cells, an 

undifferentiated population relative to the human postmitotic motor neurons used here, has a 

beneficial effect on motor neuron disease phenotypes in SMA mice (22, 23). In our past 

experiments (22, 23), mouse neural stem cells committed to a motor neuronal fate improved 

survival of SMA mice more than transplanting other cell types (undifferentiated cells, 

astrocytes, and fibroblasts), supporting the notion that transplantation of cholinergic 

precursors or motor neurons may be advantageous in the context of SMA spinal cord 

pathology. Regarding the possibility of transplanting undifferentiated iPSCs, this strategy is 

associated with a high risk of tumor development. Several studies report that 

undifferentiated iPSCs could also form teratomas in both immunocompromised and 

immunocompetent recipient animals (28, 29). Thus, the elimination of undifferentiated cells 

must be pursued. In our study, we wanted to investigate potential mechanisms that could 

account for the observed amelioration of the SMA phenotype after motor neuron 

transplantation. The formation of the few neuromuscular junctions likely contributed little to 

the phenotypic improvement. We demonstrated that human motor neurons derived from 

iPSC lines by themselves can produce several neurotrophic factors with a putative 

neuroprotective role through paracrine action on other motor neurons, as shown in the 

coculture experiments. Furthermore, we demonstrated that SMA spinal cords transplanted 

with human motor neurons showed increased concentrations of VEGF, NGF, NT3, and 

NT4.

After preventing production of neurotrophins by shRNAs, the therapeutic effect of motor 

neuron transplantation was reduced. These data suggest that motor neuron transplantation 

exerts a neuroprotective and axonogenic therapeutic effect by producing growth factors that 

might have therapeutic value beyond motor neuron replacement. Our experiments 

Corti et al. Page 12

Sci Transl Med. Author manuscript; available in PMC 2016 January 22.

 E
u
ro

p
e P

M
C

 F
u
n
d
ers A

u
th

o
r M

an
u
scrip

ts
 E

u
ro

p
e P

M
C

 F
u
n
d
ers A

u
th

o
r M

an
u
scrip

ts



underscore the fact that motor neurons ameliorate some of the effects of SMA pathogenesis 

by providing neurotrophic support. The benefits of this cell population, however, will not be 

fully exploited until motor neurons can be stimulated to form functional neuromuscular 

junctions with the appropriate muscle targets in an efficient way. Future studies are needed 

to examine experimental strategies, like combining cell and pharmacological approaches to 

promote axonal elongation, as we have previously described (30), with the aim of achieving 

fully functional motor neurons. Our study has demonstrated transplantation of motor 

neurons derived from iPSCs generated from human SMA patients and their potential for 

ameliorating the SMA phenotype. Our findings may contribute to the development of cell 

therapies for SMA and other motor neuron diseases in the future.

Materials and Methods

See also the Supplementary Materials and Methods.

Reprogramming of human somatic cells

Reprogramming of human skin fibroblasts with oriP/EBNA1-based episomal vectors was 

carried out by nucleofection of the combinations of episomal plasmids (NHDF kit 

VPD-1001 with U-20 program, Amaxa). We used vectors that have been previously 

described (1). The complementary DNAs (cDNAs) for the open reading frames of the 

human genes OCT4, SOX2, NANOG, LIN28, c-Myc, and KLF4 were derived through 

direct PCR of human stem cell cDNA. We used two plasmid combinations (19 and 6) (14). 

After transfection, fibroblasts (1.0 × 106 cells per nucleofection) were plated onto 3 × 10–

cm dishes covered with Matrigel (BD Biosciences) in fibroblast culture medium, which was 

changed every other day.

At 4 days from the transfection, we replaced the fibroblast culture medium with human ES 

cell culture medium (mTeSR, Stemcell Technologies Inc.) for 8 to 10 days. At day 18 after 

transfection, it was possible to identify the first colonies with an iPSC-like morphology. 

Between days 18 and 20 after transfection, we stained one of the 3 × 10–cm dishes of 

reprogramming culture with alkaline phosphatase (Millipore) to identify the eventual 

presence of human iPSC colonies. Between days 25 and 30, we passed the other two 10-cm 

dishes to fresh 10-cm Matrigel-covered dishes (1 ml each plate) at a ratio of 1:3. We then 

picked the iPSC colonies that were morphologically more similar to ES cells to further 

analyze and expand them. Efficiency of fibroblast reprogramming was about three to six 

colonies per 106 fibroblast cells, in line with that described previously (14).

Oligodeoxynucleotide transfection

A total of 500,000 cells were plated into 60-mm dishes and incubated overnight. The 

following day, the cells were transfected with oligodeoxynucleotide 75-T, targeted to the 

transcribed (T) strand of DNA. The oligodeoxynucleotides were previously designed so that 

the center nucleotide directed the base change (15). Different doses of oligodeoxynucleotide 

(3, 6, 10, or 20 μg/5 × 105 cells) were mixed with jetPRIME (Polyplus Transfection Inc.), 

and the complex was added directly to the medium. The oligodeoxynucleotides were 

allowed to incorporate overnight, after which the medium was replaced. The cells were 
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collected at different time points for DNA, RNA, and protein analysis (24, 48, and 72 hours 

and 7 days). Transfection efficiencies were optimized with an oligodeoxynucleotide bearing 

a fluorescent tag (Cy3) as a tracer at different concentrations. A scrambled 

oligodeoxynucleotide sequence was used as control in all experiments. The 

oligodeoxynucleotides were produced by Sigma-Genosys. For generation of a clonal cell 

culture, at 24 hours from oligodeoxynucleotide transfection (10 μg) as described above, the 

cells were harvested and reseeded at clonal density (1 cell per well in a 96-well plate), and 

clones were grown. We screened the clones for the presence of genetic correction by PCR 

(see below).

iPSC differentiation in motor neurons

We generated spinal motor neurons using a multistage differentiation protocol developed for 

human ES cells (16). For the production of motor neurons from SMA-iPSCs, TR-iPSCs 

(patients 1 and 2), and HET-iPSCs, cells were plated with neuronal medium composed of 

Dulbecco’s modified Eagle’s medium/F12 (Gibco, Invitrogen), supplemented with MEM 

nonessential amino acids solution, N2, and heparin (2 μg/ml; Sigma-Aldrich). After 10 days, 

we added retinoic acid (0.1 μM; Sigma-Aldrich) for neural caudalization. At day 17, we 

collected the posteriorized neuroectodermal cells. These clusters were then suspended for a 

week in the same medium with retinoic acid (0.1 μM) and SHH (100 to 200 ng/ml; R&D 

Systems Inc.). On day 24, we added other growth factors like BDNF, GDNF, and insulin-

like growth factor-1 (10 ng/ml; PeproTech).

Microarray analysis of iPSC expression

Microarray expression analysis of iPSCs (SMA, HET), iPSC 19.9 from the J. Thomson Lab 

(14), and parental fibroblasts was carried out with human genome U133 Plus 2.0 GeneChip 

arrays (Affymetrix). This analysis was performed by DNA Vision Laboratory. Total probe 

sets were 54,675, corresponding to 51,337 accession numbers as reported in the 

hgu133plus2 annotation package. The GeneChip IVT Express Kit and the GeneChip 

Hybridization wash and stain kit were used with 100 ng of total RNA that was mixed with 2 

μl of 1:500,000 diluted spikes. Synthesis of the first strand and the second strand of cDNA 

was performed according to the kit instructions at 42°C, transcribed, and amplified into 

complementary RNA (cRNA). The cRNA was quantified by NanoDrop. Then, 

fragmentation of 12.5 μg of cRNA was performed and hybridized onto the GeneChip 

according to the Affymetrix protocol. An Affymetrix RUO platform was used, and data 

were processed with the Affymetrix GCOS program. Quality control was performed based 

on Affymetrix quality control metrics. All chips were normalized by the quantile method 

and background-corrected with robust multiarray analysis (RMA) (14). After normalization, 

the probe-level data were then summarized with median polish to obtain the probe set level 

measurement. We then collapsed 54,675 probe sets to 51,337 transcripts by keeping the 

average log intensity values for probe sets that represent a common accession number. 

Hierarchical cluster analyses were performed with 1 – PCC (Pearson correla on coefficient) 

as the distance parameter. The maximum distance between cluster members was used as the 

basis for merging lower-level clusters (complete linkage) into higher-level clusters. To 

assess the certainty of the existence of a cluster, we applied multiscale bootstrap resampling 

(10,000 bootstraps) to the hierarchical clustering of the 12 samples and calculated P values 
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of the hypotheses as well as bootstrap probabilities for each cluster (14). Microarray data are 

available in the Gene Expression Omnibus (GEO) database (GSE27206).

Genome-wide and splicing analysis in iPSC-derived motor neurons

We then performed exon microarrays to determine whether there were any changes in 

expression and splicing in SMA cells compared to treated cells and unaffected cells. To do 

so, total RNA from isolated motor neurons, three SMA-iPSC–derived motor neuron samples 

(different subclones), three unaffected cells, and three SMA-treated cells (different 

subclones), each prepared and processed separately, were analyzed with the Affymetrix 

human exon 1.0 ST microarray. This analysis was performed by DNA Vision Laboratory 

according to the Affymetrix-recommended protocols. Affymetrix GeneChip Whole 

Transcript Sense Target labeling array and GeneChip Hybridization wash and stain kit were 

used: Ribosomal RNA was first reduced with the RiboMinus human/mouse kit (Invitrogen) 

starting from 1 μg of total RNA. Subsequently, purified RNA was used as a template in the 

synthesis of double-stranded cDNA according to instructions provided with the Affymetrix 

protocol. Double-stranded cDNA was in vitro–transcribed, producing cRNA. Finally, cRNA 

was newly retrotranscribed (second cycle), and single-stranded cDNA obtained through this 

passage was purified, quantified by NanoDrop, biotin-labeled, and fragmented according to 

the manufacturers’ protocols. The hybridization and scan protocols (Affymetrix RUO 

platform), suitable for Human Exon 1.0 ST microarrays, were provided by Affymetrix. 

RAW data were acquired with Affymetrix GCOS software. The groups of interest were 

compared with moderated t tests (20). Before adjustment for multiple comparisons (31), we 

filtered out the less-variable transcripts based on the interquartile range: A total of 8940 

(3145 up-regulated and 5795 down-regulated) transcripts were kept. Differentially expressed 

transcripts were defined as having an adjusted P value of <0.05.

The results are illustrated with volcano plots in which the most significant transcripts are 

located toward the top of the figure and the largest fold changes are at the sides. The 

statistically differentially expressed genes (with an adjusted P value of <0.05, that is, a –

log10 P value of >1.3) are shown in red (up-regulated) or green (down-regulated), 

respectively. We then analyzed the group of 8940 selected genes with a different statistical 

procedure. We calculated the ratio between all SMA samples and controls, obtaining nine 

values from each probe, from which we evaluated the mean value among values included in 

the tails of the distribution and with a homogeneous log2 ratio (meaning log2 ratio of the 

nine ratios to be positive in at least four cases for the up-regulated genes and negative in at 

least four cases for the down-regulated genes, to have a regular trend of the average and 

excluding the casual extreme values).

The detection of alternative splicing was performed to identify isoforms with the robust 

multichip analysis (FIRMA) method (19). This method is based on the RMA normalization 

(32, 33). The final goal of the FIRMA method is the gene expression valuation of each 

sample through the setting of a linear additive model with the following formula: 

log2(PMik) = ci + pk + εik, where ci is the chip effect for the chip i; pk is the probe effect 

for probe k; log2(PMik) is log2 of the exact match intensity for the probe k on the chip i 

corrected and normalized with the background; and εik is the remains for probe k on chip i. 
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A sum value for the εik was evaluated for each probe set and used as scored. The differences 

in these scores are indicative of splicing phenomena. We have applied a moderated t test 

(20) to the FIRMA scores using the groups of interest. The results of each comparison are 

illustrated using two plots. The histograms illustrate the distribution of the adjusted P values. 

The individual adjusted P values are shown on the bottom of the figure as rungs, and the 

vertical dashed line represents the 0.05 threshold. The volcano plot is generated with 

unadjusted P values. Microarray data are available in the GEO database (GSE27205).

Animal models

The triple-mutant SMA mouse harbors two transgenic alleles and a targeted mutant. The 

Tg(SMN2*Δ7)4299Ahmb allele is an SMA cDNA lacking exon 7, whereas the 

Tg(SMN2)89Ahmb allele is the entire human SMN2 gene. Heterozygous Smn knockout 

mice with SMN2 transgenes were bred to obtain homozygous mice for the knockout Smn 

alleles (SMA mice, SMN2+/+;SmnΔ7+/+;mSmn−/−) [line 4299; FVB.Cg-

Tg(SMN2*Δ7)4299Ahmb Tg(SMN2)89Ahmb Smn1tm1Msd]. The mice were genotyped 

with a PCR assay on genomic DNA from tail biopsies, as previously described (9).

All transgenic animals were obtained from the Jackson Laboratory. The in vivo experiments 

were approved by the University of Milan and Ministry of Health review boards, in 

agreement with U.S. National Institutes of Health guidelines (34).

Cell transplantation in SMA mice

Before cell transplantation, motor neurons were cultured and collected by gradient 

centrifugation as described and washed in phosphate-buffered saline (PBS). Human 

fibroblasts were used as control and were harvested with trypsin and then washed in PBS. 

To obtain GFP-positive cells, we used a lentiviral-based TurboGFP-encoding vector 

according to the manufacturer’s instructions (Mission TurboGFP Control Vector, Sigma-

Aldrich). Cell culture medium was changed the day after transfection and the following 2 to 

3 days after transduction, washing out any possible contaminating plasmid. We also 

transfected the control fibroblasts before transplantation. Under these conditions, we did not 

observe any motor neuron labeling. This experiment served as control for leakage of the 

plasmid into the host motor neurons.

iPSC-purified motor neurons were used for transplantation into the spinal cords of 1-day-old 

SMA mice (10,000 cells/1 μl × two horns, total: 20,000 for cervical C4 to C5; and total: 

20,000 for lumbar L1 to L2 spinal cords) by direct injection as described (11, 19). There 

were four experimental groups of mice: Group 1 (HET motor neuron) received transplanted 

HET-iPSC–derived motor neurons; group 2 (SMA motor neuron) received SMA-iPSC–

derived motor neurons; group 3 (TR motor neuron) received genetically corrected SMA 

motor neurons; and group 4 received vehicle (saline solution injection as mock 

transplantation, as the control group). Group 5 received human fibroblasts as an additional 

control group. Siblings were assigned equally in the groups. Each group had the same 

number of males and females. The immunosuppressor FK506 was administered 

intraperitoneally at 1.0 mg/kg to all animals in all groups for the entire length of the 

experiment.
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These mice were monitored up to the end stage for neuromuscular function, survival, and 

histology of the human transplanted cell phenotype. Another series of mice (treated and 

vehicle-treated SMA mice and wild type) were analyzed for histological quantification (for 

each group per point: n = 6; 13 days).

Assessment of survival and phenotype

Transplanted and vehicle-treated SMA mice were assessed daily after transplantation for 

signs of disease. Observers were blinded to the treatments. The mice were sacrificed at the 

clinical endpoint, at which they showed problems in feeding, a clear downward progression 

(mice with 30% weight reduction and severe paralysis), and breathing difficulties, as 

described previously (22). Body weight was monitored daily. SMA mice were evaluated for 

grip strength as previously reported (22, 23). The investigators performing the functional 

analysis were blind to the treatment group. Wild-type mice as well as treated and vehicle-

treated SMA mice were evaluated to see how long they could sustain their weight holding 

onto a metal bar suspended in midair (between 10 and 15 days of age). The data were 

analyzed by ANOVA followed by a Tukey’s post hoc test for multiple comparisons. 

Ambulatory function was investigated in an open-field test (23, 34). The apparatus was a 

wooden box (28 × 28 × 5 cm). The floor was partitioned into 16 equal squares of 7 × 7 cm. 

The mice were located in the center of the open field and observed individually. Each mouse 

was allowed to walk freely for 5 min, and the number of grids crossed was recorded.

Coculture of primary motor neurons of the SMA transgenic mice and human motor 

neurons

We obtained primary motor neuron cultures from embryonic day 12.5 SMA and wild-type 

mice as previously reported (22). The culture medium was a motor neuron medium 

supplemented with a cocktail of trophic factors as described above. We carried out a 

coculture assay to separate the primary motor neurons from the motor neurons with a 

microporous membrane, as previously described (22, 23).

Enzyme-linked immunosorbent assay

NT3, NT4, VEGF, NGF, CNTF, BDNF, GDNF, and TGF-α (transforming growth factor–α) 

secretion by MNs was determined with ELISAs, following the manufacturer’s instructions 

(R&D Systems). Medium was added (1.5 × 105 cells, 1.5 ml) and, 24 hours later, was 

removed for the ELISA test (12 independent experiments for each cytokine).

The same cytokines were investigated by ELISA in the lumbar spinal cord (n = 6 for each 

condition) after transplantation. The data were analyzed with Student’s t tests.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Reprogramming human fibroblasts of an SMA patient and his father without genomic vector 

integration, and selection of iPSC clones. (A) Schematic representation of the nonviral 

reprogramming protocol for adult human fibroblasts. (B) Episomal vector maps. (C to N) 

Immunocytochemical characterization of iPSC clones derived from an SMA patient (SMA-

iPSCs) and his heterozygous father (HET-iPSCs). These iPSCs express pluripotency 

transcription factors including NANOG (red), SOX2 (red), and OCT4 (green) (C to E and I 

to K), as well as stem cell surface markers (SSEA-4, red) and TRA-1-60 (green). Blue, 4′,6-
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diamidino-2-phenylindole (DAPI) nuclear stain. (F) to (H) and (L) to (N) are representative 

images. (O) These cells (HET-iPSCs) were karyotypically normal. (P to U) SMA-iPSC 

clones and HET-iPSCs form teratomas in vivo that contain the three germ layers as shown 

by representative images from one SMA-iPSC and one HET-iPSC clone: ectoderm (TuJ1, 

green), mesoderm (desmin, red), and endoderm (α-fetoprotein, red). (V) PCR analysis of 

episomal DNA in iPSC clones. Genomic (G) and episomal (E) DNAs from nontransfected 

and vector-transfected adult human fibroblasts were used as negative (–) and positive (+) 

controls, respectively. No plasmid integration into iPSCs was observed. Scale bars, 100 μm 

(C to N); 150 μm (L to N) and (P to U).
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Fig. 2. 
Genetic correction by modification of the SMN2 gene using oligonucleotides in SMA-

iPSCs. (A) Targeted SMN2sequence and correcting oligonucleotides. The blue base in the 

oligonucleotides is the base that directs the targeting to the red base in the SMN2 sequence, 

which will render exon 7 in SMN2 like exon 7 in SMN1, resulting in its inclusion during 

splicing. (B and C) Restriction digest and cycle sequencing confirm base conversion in 

SMN2 in SMA-iPSCs. (B) The PCR products were subjected to restriction enzyme 

treatment: Dra1 for exon 7 (upper panel) and Dde1 for exon 8 (lower panel) (the enzymes 
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Dra I and Dde I cleave the PCR products from SMN2 exons 7 and 8, respectively). In the 

corrected SMA-iPSCs, the presence of an uncut band corresponds to corrected exon 7, and 

the complete digested band (cut) corresponds to exon 8. This pattern corresponds to the 

modification of theSMN2 gene into the SMN1-like gene and rules out the possibility of a 

contamination with wild-type (WT) or heterozygous DNA. PCR electrophoresis showed the 

predicted band sizes: 175 bp for SMN1 and 190 bp forSMN2 for exon 7 (upper panel). The 

three SMA-iPSC clones showed the presence of both bands, supporting the exon 7 base 

conversion to that of SMN1. (C) The results of the sequencing reaction confirm the 

conversion. The asterisk on a double peak indicates that both T and C have been detected, 

implying that this sample is heterozygous for SMN1 and SMN2. (D to G) The number of 

gems detected by SMN immunocytochemistry was higher in the HET-iPSCs (HET), WT 

iPSCs, and oligonucleotide-treated SMA-iPSCs (TR) when compared to untreated SMA-

iPSCs (SMA) (**P ≤ 0.01). Mean ± SD, n = 5 independent experiments per condition [one-

way analysis of variance (ANOVA) followed by a Tukey’s post hoc test]. (H) Western blot 

analysis showed that corrected SMA-iPSCs had higher SMN protein concentrations than 

untreated SMA-iPSCs.
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Fig. 3. 
Differentiation of iPSCs from SMA patients into motor neurons. (A to F) After 

differentiation of iPSCs (HET-iPSCs, corrected and untreated SMA-iPSCs, TR, and SMA, 

respectively), the following motor neuron markers were expressed: SMI32- (green) and 

HB9-positive (red) (A to C) or ChAT (red) (yellow represents the merging of red and green 

colors). (D to F) Double-positive motor neurons were observed (merged, yellow). Nuclei are 

labeled with DAPI (blue). (G to L) Morphometric analysis of motor neurons. (G and H) 

Quantification of motor neurons at 5 (G) and 8 weeks (H) after differentiation from iPSCs, 
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showing a reduced number of untreated SMA-iPSC–derived motor neurons compared to 

corrected SMA-iPSC–derived motor neurons (one-way ANOVA followed by a Tukey’s post 

hoc test) (*P < 0.001, 8 weeks). Values represent means ± SEM from five independent 

experiments performed in triplicate. (I to L) At 8 weeks, untreated SMA-iPSC motor 

neurons showed smaller cell diameters (J) and shorter axon lengths (L) than did motor 

neurons from the other three groups TR, WT, and HET (all, P < 0.001; size: SMA versus 

TR, P = 0.002). The difference was more evident at 8 weeks than at 5 weeks (I to K). Insets 

represent the respective medians. Five independent experiments performed in triplicate. (M 
to O) Neuromuscular junctions formed when motor neurons were cocultured with myotubes. 

The acetylcholine receptors were labeled with α-bungarotoxin (red) and axons with SMI32 

(green). These are representative images. (P and Q) We evaluated the number (P) and size 

(Q) of neuromuscular junctions and found a reduced size and number of neuromuscular 

junctions in untreated SMA-iPSC motor neurons (SMA; patients 1 and 2) compared to 

corrected SMA-iPSC or HET-iPSC motor neurons (*P < 0.001, one-way ANOVA followed 

by a Tukey’s post hoc test). (P) Mean ± SEM, n = 5 independent experiments in triplicate. 

(Q) Inset represents the respective medians. (R to T) Gems are present in HET-MN (R) and 

TR-MN (S) but were absent in SMA-MN (T). Scale bars, 100 μm (A to C); 80 μm (D to F); 

20 μm (M to O); 50 μm (R to T).
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Fig. 4. 
Global gene expression and splicing analysis of iPSC-derived motor neurons. (A) Volcano 

plot for the class comparisons of gene expression. In the upper region of the picture are the 

most deregulated genes (green, down-regulated; red, up-regulated). (B) Venn diagram 

comparing the common differentially expressed genes. (C) Result for the three classes from 

the splicing analysis. The most significant data are marked in red, orange, and yellow and 

listed in the Supplementary Materials. (D) Splicing analysis of some of the most 

significantly deregulated genes. Figures illustrate the genes found to be differentially 

spliced, indicating from top to bottom the expression intensities and FIRMA scores for the 

individual probes in the probe sets [untreated (red) and corrected (blue) SMA-iPSC motor 

neurons; green, HET-iPSC motor neurons]. The gene, different transcripts, and exons are 

illustrated, with the blue bars indicating the association of the probe sets with the individual 

exons. The most significant probe set based on the FIRMA score is highlighted. (E) Western 

blot analysis of the deregulated proteins in motor neurons from untreated iPSCs (SMA), 

Corti et al. Page 27

Sci Transl Med. Author manuscript; available in PMC 2016 January 22.

 E
u
ro

p
e P

M
C

 F
u
n
d
ers A

u
th

o
r M

an
u
scrip

ts
 E

u
ro

p
e P

M
C

 F
u
n
d
ers A

u
th

o
r M

an
u
scrip

ts



corrected iPSCs (TR), and HET-iPSCs. There is down-regulation of SMN in motor neurons 

from untreated iPSCs (SMA) compared to those from corrected iPSCs (TR) and HET-

iPSCs. The most commonSTMN2 isoform as well as PLP1 appear to be down-regulated in 

the motor neurons from untreated iPSCs (SMA) compared to those from corrected iPSCs 

(TR) and HET-iPSCs. In the same Western blot, there are also some other differentially 

expressed bands between the two samples.
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Fig. 5. 
Transplanted motor neurons ameliorate the disease phenotype of SMA mice. (A) 

Engraftment of human donor iPSC-derived motor neurons in spinal cord of SMA mice. 

Representative images of GFP-tagged transplanted motor neurons, located in the anterior 

horns of the spinal cord, coexpressed motor neuron– specific proteins like ChAT. GFP 

(green), ChAT (red), merged (yellow); nuclei were stained with DAPI (blue). Scale bars, 75 

μm (first to second rows); 50 μm (third row). The engraftment analysis was performed at the 

disease end stage; n = 24 per group. (B) Quantification of engrafted motor neurons and 

donor axons in the anterior roots; n = 24 per group. (C) Representative image of 

neuromuscular junctions formed with paravertebral muscles by axons (green) of donor 

transplanted treated SMA-iPSC–derived motor neurons. Cholinergic receptors are labeled 

with bungarotoxin (BTX, red). Merge, yellow. Scale bar, 20 μm. (D) Human motor neuron 

transplantation ameliorated muscle atrophy in SMA mice. Histograms of myofiber 
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diameters: Mean tibialis anterior muscle cross-sectional area was reduced in vehicle-treated 

SMA mice compared with WT littermates (P < 0.00001) and was augmented after 

transplantation of motor neurons from different sources (P < 0.00001). Data represent mean 

values ± SD. Mean total myofiber number was reduced in vehicle-treated SMA mice 

compared with WT littermates (P < 0.00001) and increased after transplantation of motor 

neurons from different sources (P< 0.00001). n = 6 per group at postnatal day 13 (P13). (E) 

Gross appearance of an SMA mouse transplanted with motor neurons derived from 

corrected SMA-iPSCs (MNTR), a vehicle-treated SMA mouse (SMA), and a WT mouse 

showing that the transplanted SMA mice were larger than vehicle-treated SMA mice (P13). 

Survival was extended for mice transplanted with motor neurons compared with vehicle-

treated and fibroblast-transplanted SMA mice (P < 0.00001) as shown by Kaplan-Meier 

survival curves. Transplanted SMA mice survived for HET-MN (median, 21 days), SMA-

MN (19 days), oligodeoxynucleotide-corrected SMA-MN (TR-MN, 21 days), or human 

primary fibroblasts (13 days) or vehicle-treated mice (SMA, 14 days). Transplanted SMA 

mice presented increased weight compared with vehicle-treated SMA mice (P13; P < 

0.00001), as shown by weight curves. All plots are shown as means of weight with error 

bars representing SD. The grip time was statistically different between the transplanted and 

vehicle-treated SMA mice (P < 0.00001) at 13 days. Error bars represent SD. At P13, the 

number of crossings of transplanted mice was increased with respect to vehicle-treated mice 

in the open-field test (P < 0.00001, ANOVA followed by a Tukey’s post hoc test for 

multiple comparisons).
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Fig. 6. 
Human iPSC-derived motor neurons produce neuroprotective factors. (A to D) Amounts of 

(A) NT3, (B) NT4, (C) NGF, and (D) VEGF secreted in vitro by motor neurons and 

evaluated by ELISA. **P < 0.00001, two-tailed Student’s t test. Mean ± SD, n = 12 

independent experiments for each cytokine. (E and F) Average length of axons (E) and 

growth cone area of motor neurons (F) from SMA mice, in coculture with human motor 

neurons. Motor neurons from SMA mice cocultured with human motor neurons exhibited an 

increase in axon length and size of growth cone with respect to SMA mouse motor neurons 
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not cocultured with human motor neurons (**P < 0.00001, two-tailed Student’s t test; mean 

± SD, n = 4 independent experiments for each condition). (G) The average axonal length of 

cocultured SMA mouse motor neurons was reduced after cytokine neutralization of cytokine 

production by human motor neurons (P < 0.05, two-tailed Student’s t test; mean ± SD, n = 4 

independent experiments for each condition). (H and I) Quantification of the number of 

SMI32-positive SMA murine motor neurons in the presence of human motor neurons and 

microglial-conditioned media with (I) and without (H) lipopolysaccharide (LPS). The 

number of SMA mouse motor neurons in cultures with microglia + LPS was reduced but 

was increased in coculture with human motor neurons (mean ± SD, n = 4 independent 

experiments for each condition). (J and K) Representative SMI32 staining of SMA murine 

motor neurons (black and white were used to show the morphometric characteristics, that is, 

number and axonal length of cells) exposed to microglial-conditioned medium with LPS, 

with (J) or without (K) human motor neuron coculture. Scale bar, 50 μm.
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