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Abstract

Spinal muscular atrophy (SMA) is one of the most common inherited forms of neurological disease
leading to infant mortality. Patients exhibit selective loss of lower motor neurons resulting in muscle
weakness, paralysis, and often death. Although patient fibroblasts have been used extensively to
study SMA, motor neurons have a unique anatomy and physiology which may underlie their
vulnerability to the disease process. Here we report the generation of induced pluripotent stem (iPS)
cells from skin fibroblast samples taken from a child with SMA. These cells expanded robustly in
culture, maintained the disease genotype, and generated motor neurons that showed selective deficits
compared to those derived from the child's unaffected mother. This is the first study to show human
iPS cells can be used to model the specific pathology seen in a genetically inherited disease. As such,
it represents a promising resource to study disease mechanisms, screen novel drug compounds, and
develop new therapies.

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

in the survival motor neuron 1 gene (SMN1) significantly reducing SMN protein expression
1’ 2 - . - . B 3 .. .

and resulting in the selective degeneration of lower a-motor neurons . Clinically, patients
with SMA 1 typically show symptoms at 6 months of age and die by age 2 4. The SMN2 gene

is an almost identical copy of SMN1 except that SMN2 has a single nucleotide difference that

results in only 10% of full-length protein being produced and high levels of a truncated,
unstable protein lacking exon 7 (SMNA7Y) 5. However, patients with multiple copies of SMN2
produce more full-length protein and have a less severe phenotype 6. While current model

systems using worms, flies, or mice have provided invaluable data concerning the genetic cause

of SMA, mechanisms of motor neuron death, and potential drug therapies /, they have
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important limitations. For example, mice, flies, and worms lack the SMN2 gene thus requiring
complicated knockout and over-expression strategies in animal models 8-12_ Assome therapies
aim to target activation of endogenous SMN2 as a potential disease modifier, a human cell-
based assay system is required. Although SMA patient fibroblasts are available, fibroblasts do
not show the same vulnerability as motor neurons, and the processing and functioning of the
SMN protein is likely to have unique features in a neural context.

Induced pluripotent stem (iPS) cells, which show striking similarities to embryonic stem cells,
can now be derived from human adult somatic tissues 13-17, and recent studies have been
successful in generating patient-specific iPS cells from a variety of diseases including
amyotrophic lateral sclerosis, muscular dystrophy, and Huntington's disease 18,19 However,
none of these studies have shown any disease specific changes in cell survival or function. In
the current study, we successfully established iPS cells from a type 1 SMA patient and his
unaffected mother and showed that these cells retained the capacity to generate differentiated
neural tissue and motor neurons while maintaining a lack of SMIN1 expression and the disease
phenotype of selective motor neuron death. These cells also responded to compounds known
to increase SMN protein. Together, these results will allow disease modeling and drug
screening for SMA in a far more relevant system 20,

Characterization of iPS cells

We generated iPS cells from primary fibroblasts from a type 1 SMA patient and his unaffected
mother following infection with lentiviral constructs encoding OCT 4, SOX 2, NANOG, and
LIN 28 16 (Suppl Fig 1). Two SMA clones (3.5 and 3.6) and one WT clone (4.2) propagated
robustly when maintained on mouse embryonic fibroblasts. Quantitative RT-PCR, teratoma
formation, DNA fingerprinting, and microarray analysis all indicated reprogramming of WT
and SMA fibroblasts to a pluripotent state occurred, along with repression of the exogenously
introduced genes (Fig 1 f-j, Suppl Tables 1-3, and Suppl Figs 2-4). Only the 3.6 clone (iPS-
SMA) and the 4.2 clone (iPS-WT; Fig 1 a-c) were used for further evaluation in this study.
Both the iPS-SMA and iPS-WT cells grew at similar rates and maintained a normal karyotype
for at least 12 weeks (Fig 1 d,e).

Cells from SMA patients have significantly reduced levels of SMN transcripts that contain all
9 exons (full-length (FL) transcripts) due to the loss of the SMN1 gene 1,2 70 test whether
the derivation of iPS cells affected SMN production, iPS and fibroblast SMN RNA was
analyzed. RT-PCR analysis revealed that iPS-WT had SMN levels comparable to the Fib-WT
whereas iPS-SMA had lower levels similar to the Fib-SMA cells (Fig 2 a). As expected due
to maintenance of SMN2 function in this disorder 1+ 2, transcripts for some FL SMN and the
alternatively spliced product lacking exon 7 (A7) were identified in all samples (Fig 2 a).
Furthermore, specific digestion of FL bands produced the expected SMN2 cleavage products
in all samples, confirming that SMN2 produces FL SMN in both the WT and SMA cells (Fig
2 b). Intact SMN1 was detected only in the WT cells, thus verifying the absence of SMN1 in
SMA cells and recapitulating SMA and carrier transcript patterns 21 (Fig. 2 b). Quantitative
RT-PCR further confirmed the significantly reduced level of FL SMN transcript in SMA cells
(32-39% reduced compared to WT, Fig. 2 ¢). These data are consistent with FL SMN mRNA
levels observed in SMA peripheral blood mononuclear cells 22 Taken together, these data
demonstrate that the generation of iPS cells does not alter the critical gene expression profiles
or alternative splicing events of SMN1 and SMNZ2 in unaffected or disease-specific contexts.

Neuronal differentiation of iPS cells

To establish whether the lack of SMN1 may affect neuronal differentiation or survival in this
new model, we next generated neurons and astrocytes from both iPS-SMA and iPS-WT cells
(Suppl Fig 1). Traditional embryoid body formation was found to be very inefficient for neural
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differentiation from iPS cultures and so an alternate differentiation protocol was developed.
The iPS cultures were first removed from their feeder layers and grown in a defined media as
iPS spheres for a minimum of two weeks. These could be continually passaged using a novel
chopping method that avoids losing cell/cell contact know to be important for maintaining both
neural and embryonic stem cell proliferation 23, 24 These cultures were then dissociated and
plated onto laminin coated coverslips. The iPS-SMA and iPS-WT spheres generated nestin
positive cells indicative of a neural stem cell phenotype 25 (Fig 3 a,b). Upon further
differentiation, Tujl positive neurons and GFAP positive astrocytes were also found (Fig 3
c,d). The iPS spheres were simple to expand, remarkably stable over time and maintained the
ability to produce neural progeny for over 20 passages.

As SMA adversely affects motor neurons, we next asked whether the iPS cells could be lineage
restricted toward a motor neuron fate (Suppl Fig 1). Basing our differentiation paradigm on a
previously published report using human embryonic stem cells 26 jps spheres were grown in
a neural induction medium containing retinoic acid (RA) for 1 week followed by an additional
week of RA and sonic hedgehog (SHH). Spheres were then seeded onto laminin coated
coverslips for an additional 2-6 weeks (totaling 4-8 weeks of differentiation) and grown in the
presence of RA, SHH, cyclic AMP, ascorbic acid (AA), glial cell line-derived neurotrophic
factor (GDNF), and brain derived neurotrophic factor (BDNF). One week after plating, long
fine processes resembling neuronal axons were observed and neural-like cells were seen
migrating out from the sphere. Both iPS-SMA and iPS-WT spheres generated cells that
expressed the motor neuron transcription factors HoxB4, Olig 2, Islet 1, and HB9 21,28 during
the differentiation process (Fig 3 e,f and Suppl Fig 5). The presumptive motor neurons were
then immunostained with SMI-32 and choline acetyltransferase (ChAT), which are established
markers for mature motor neurons 29. Both SMI-32 and ChAT staining identified positive
neurons in all cultures after 4 weeks of differentiation (Fig 3 e-h). At this point there was no
significant difference between the iPS-SMA and iPS-WT cultures in the number of motor
neurons (12.6 % + 2.2 and 9.5 % * 2.4, respectively) or their size (641.0 um? + 81.3 and 669.8
um? £ 59.1, respectively, Fig 3 k,) suggesting that iPS-SMA cells are capable of generating
motor neurons, which is similar to the human condition and mouse models in which functional
motor neurons are generated at early developmental times 30,

To further develop the system, we cultured the cells for another 2 weeks and again analyzed
motor neuron number and size. Importantly, at this time the iPS-SMA cultures had significantly
fewer motor neurons (4.3 % =+ 2.0) with a reduced size (383.1 um? + 38.6) compared to iPS-
WT cultures (24.2 % + 4.0, 654.8 um? + 32.6, Fig 3 k,I). However, there was no difference in
the number of total Tujl positive neurons in either iPS-WT or iPS-SMA at 6 weeks of
differentiation (15.78 % + 2.9 and 15.55 % + 2.8, respectively) suggesting a specific effect of
the SMA phenotype on motor neurons. Taken together, these data show that iPS-SMA cells
can produce similar numbers of neurons and motor neurons initially, but that the disease
phenotype is selectively hindering motor neuron production and/or increasing motor neuron
degeneration at later time points. Although synapses were not observed after 6 weeks of
differentiation, by 8 weeks synapses were identified by punctate synapsin staining on iPS-WT
SMI-32 positive motor neurons and non-motor neurons (Fig 3 i and Suppl Fig 6) suggesting
pre-synaptic maturation of the neurons was occurring in this system. Interestingly, synapsin
staining remained diffuse on the iPS-SMA SMI-32 positive motor neurons (Fig 3 j), although
some punctate synapsin staining was observed on SMI-32 negative cells (Fig 3 j), again
suggesting a specific motor neuron deficit in the SMA cultures.

Drug induced increase of SMN protein

Finally, we assessed whether SMN-inducing compounds could elevate SMN levels in the iPS-
SMA cellular context as this would be an important proof of principle for further development
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of drug screens. SMN protein is found both in the cytoplasm and in nuclear aggregate structures
called gems, and the number of gems present is inversely correlated to disease severity <. We
therefore assessed nuclear gem localization in iPS-SMA and iPS-WT derived neurons and
astrocytes in the presence or absence of 1mM valproic acid or 320uM tobramycin, two
compounds shown to increase SMN protein levels 31-33 Using an antibody against SMN,
untreated Fib-WT and iPS-WT showed an abundance of nuclear gems which characterize the
normal distribution of this protein (Fig. 4 a,c). Both untreated Fib-SMA and iPS-SMA cells
showed the expected lack of nuclear gems (Fig 4 b,d) providing further support for reliable
disease modeling using iPS-SMA cells. Following 2 days of drug treatment, there was no
significant increase in gem localization in treated iPS-WT (Fig 4 e,g,i) compared to untreated
iPS-WT (Fig 4 c,i). However, valproic acid and tobramycin significantly increased the number
of gems in treated compared to untreated iPS-SMA cells (Fig 4 d,f,h,i). We further verified
this increase by examining SMN protein by western blot analysis. Two days after drug
treatment, total SMN protein was far higher in iPS-WT cells than seen in iPS-SMA cells (Fig
4 j,K) due to the lack of SMN1 expression in the latter (Fig 2 b). iPS-SMA cells treated with
either valproic acid or tobramycin showed a significant 2 to 3 fold increase, respectively, in
SMN protein levels compared to untreated iPS-SMA cells (Fig 4 j,k). We are currently
assessing gem formation in differentiating motor neurons and have shown that they can indeed
be detected (Suppl Fig 7). Together these data suggest that iPS-SMA cells respond to drug
treatment in a similar fashion as Fib-SMA and could be useful for novel drug screening
specifically on motor neurons in future studies.

Discussion

Previous efforts to understand the mechanisms of SMA in human tissues have relied on
fibroblasts from patients or immortalized non-motor neuron cell lines. However, one of the
most fascinating aspects of the disease is that a ubiquitous loss of SMN1 protein from all cells
in the body results in the specific degeneration of motor neurons. SMN1 has been shown to
form complexes involved in the production of small nuclear RNA proteins that make up the
splicesosome 34-36 More recently, SMN1 has also been shown to traffic to neuronal processes
of motor neurons and may have other important roles in motor axons yet to be fully elucidated
37,38 Using human motor neurons carrying the SMA phenotype generated from a virtually
limitless source of iPS cells described here should help further clarify this new role for SMN1
in disease initiation and progression.

This is the first report to observe disease-specific effects on human motor neuron survival and
drug induced increases in protective proteins - thus validating that the iPS model can
recapitulate at least some aspects of this genetically inherited disorder. While the motor neurons
generated in the current study show appropriate morphology, specific markers, and synapsin
staining, experiments are currently underway to more fully assess their function including
electrophysiology and co-cultures with muscle fibers. More clones from this and other patient
sources also need to be studied. These are important next steps to ensure that the reprogramming
has not subtly affected the ability of the motor neurons to function normally. However, this
new model should provide a unique platform for studies aimed at both understanding SMA
disease mechanisms that lead to motor neuron dysfunction and death, and the potential
discovery of new compounds to treat this devastating disorder. It also points a future of using
iPS technology to better understand and develop treatments for a number of other genetically
inherited diseases.

Methods Summary

Detailed methods are included in the Methods section. SMA and WT fibroblast cell lines were
from Coriell Institute for Medical Research (Camden, New Jersey). Lentiviral infection of the
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fibroblasts and iPS cell culture was performed as described previously 16 pCR was performed
according to standard procedures using specific primers for OCT 4, SOX 2, NANOG, LIN 28,
HoxB4, SMN, and GAPDH as published previously 16, 22 and shown in the Supplementary
Material. Gene expression profiling, DNA fingerprinting, and microarray analysis were
performed following standard protocols. Neural induction was modified from previously
published methods 6. and immunological analyses were performed using standard protocols
for nestin (Chemicon, 1:10,000), Tuj1 (Sigma, 1:5000), GFAP (Dako, 1:1000), Olig2 (Santa
Cruz, 1:1000), HB9 (Hybrodoma bank, 1:100), Islet-1 (Hybrodoma bank, 1:100), ChAT
(Chemicon, 1:250), SMI-32 (Covance, 1:500), SMN (4B7 33, 1:10), and synapsin
(Calbiochem, 1:250). Fluorescent images were acquired using a Nikon Eclipse E600
microscope and Spot image software. Neuron counts and measurements were analyzed using
Metamorph software, and statistical calculations were performed using Prizm software.

iPS cell culture and lentiviral infection

iPS cells were maintained on irradiated mouse embryonic fibroblasts (MEF) as previously
described 16. Fibroblast cells (GM03813 and GM03814, Coriell Inst.) were cultured in
Minimum Essential Medium (Eagle) (Invitrogen) supplemented with 10% heat-inactivated
fetal bovine serum (HyClone Laboratories). Lentiviral transduction of fibroblast cells was
performed as previously described 16,

Neural differentiation

iPS spheres were generated by lifting intact iPS colonies from the feeder layers following
collagenase treatment (1mg/ml, Gibco) and placing them directly into a human neural
progenitor growth medium (Stemline, Sigma) supplemented with 2% B27 (Gibco), 100ng/ml
basic fibroblast growth factor (bFGF, Chemicon), 100ng/ml epidermal growth factor (EGF,
Chemicon), and 5pg/ml heparin (Sigma) in polyhema coated flasks to prevent attachment and
were passaged weekly using a chopping technique 24 To induce neuron and astrocyte
differentiation, spheres were dissociated with accutase (Chemicon) and plated onto poly-
ornithine/laminin (Sigma) coated coverslips in Stemline/2 % B27 without bFGF, EGF, and
heparin for 1 week. To induce motor neuron differentiation, spheres were placed in neural
induction medium (1:1 DMEM/F12 and 1% N2 supplement (Gibco) in the presence of retinoic
acid (RA, 0.1 uM) for 1 week followed by the addition of sonic hedgehog (SHH, 100ng/ml,
R&D) for another week. Spheres were then plated onto polyornithine/laminin coated coverslips
in RA/SHH medium supplemented with cAMP (1uM), ascorbic acid (200ng/ml), BDNF, and
GDNF (both 10 ng/ml, PeproTech Inc.) for an additional 2-6 weeks.

RNA isolation and PCR analysis

Total RNA was isolated using the RNeasy Mini Kit (Qiagen) with on-column DNase | digestion
or Tri-Reagent (Sigma). cDNA was generated from 1-4pg total RNA using SuperScript 111
(Invitrogen). RT-PCR and/or gRT-PCR were performed using specific primer sequences
(Suppl Table 3). FL and A7 SMN products were gel purified and digested with Ddel specifically
cleaving SMN2 giving expected band sizes of: 713nt (undigested FL), 436nt and 277nt
(SMN2 FL), and 382nt and 277nt (SMN2 A7).

Karyotyping and DNA fingerprinting

Standard G-banding chromosome analysis was performed in the Cytogenetics Lab at WiCell
Research Institute (Madison, WI). To confirm the fibroblast origins of the iPS-SMA and iPS-
WT cells, short tandem repeat (STR) analysis was performed by Cell Line Genetics (Madison,
WiI).
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Teratoma formation

Two 10-cm dishes of iPS-WT clone 4.2, iPS-SMA clone 3.5, and clone 3.6 (~ 50% confluent)
grown on irradiated MEF were injected into the hind limb muscle of two mice. All iPS clones
gave rise to teratomas. Control mice injected with ~8.5 x 10° Fib-WT and 11 x 106 Fib-SMA
failed to form teratomas. Hematoxylin and eosin staining of teratoma sections was performed
after 7-10 weeks.

Microarray analysis

Human genome U133 Plus 2.0 GeneChip arrays carrying 54,675 probe sets (Affymetrix) were
used for microarray hybridizations to examine the global gene expression. Approximately 3
ug of RNA from each sample was labeled using the MessageAmp™ Biotin Il-Enhanced IVT
kit (Ambion) following manufacturer's instructions. All arrays were hybridized at 45°C for 16
hours and scanned using an AFX GC3000 G7 scanner.

The gene expression raw data were extracted using the AFX Expression Console software.
Quality control was done based on Affymetrix quality control metrics. The qualified data sets
were then analyzed in the R statistical environment, freely available under the GNU General
Public Licence (http://www.r-project.org) using bioconductor libraries
(http://www.bioconductor.org). All chips were normalized by the quantile method 39 and
background corrected using robust multi-array analysis (RMA) 40 followed by summarization
using median polish 40t getthe probe set level measurement. 54,675 probe sets were collapsed
to 51,337 transcripts by taking the average log intensity values for probe sets representing
common accession numbers. Hierarchical cluster analyses were carried out with 1-PCC
(Pearson Correlation Coefficient) as the distance measurement. The maximum distance
between cluster members was used as the basis to merge lower-level clusters (complete
linkage) into higher-level clusters. Multiscale bootstrap resampling (10,000 bootstraps) was
applied to the hierarchical clustering, p-values of hypotheses were calculated, and bootstrap
probabilities were determined for each cluster 41,

HeatMap Generation and Data Visualization

For each gene, average expression level was calculated across five normal human ES cell lines
and the two SMA/WT fibroblast cell lines. The fold changes were calculated for all the genes
in the SMA/WT fibroblast cell lines over the corresponding average in human ES cells. The
top 25 genes most specifically expressed in SMA/WT fibroblasts and 30 genes that are known
to be enriched in human ES cells were selected for the heatmap generation. The log intensities
of these 55 genes were standardized, so that their expression values across all samples have
mean 0 and standard deviation 1. The standardized values were reordered and displayed in a
heat map, with the spectrum ranging from green (low level) to red (high level).

Immunocytochemistry

Cells were fixed in 4% paraformaldehyde or 1:1 acetone/methanol for 20 minutes at room
temperature and rinsed with PBS. Nonspecific labeling was blocked and the cells
permeabilized with 5% normal goat serum and/or 5% normal donkey serum and 0.2% Triton
X-100 in PBS for 30 minutes at room temperature. Cells were rinsed with PBS and then
incubated with primary antibodies for one hour at room temperature or overnight at 4°C. Cells
were then labeled with the appropriate fluorescently-tagged secondary antibodies. Hoechst
nuclear dye was used to label nuclei. Gems were counted in 100 nuclei, and positively stained
neurons were counted and measured on 5 areas on each of 3 coverslips using Metamorph
software. All data were analyzed using Prizm statistical software.
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Protein isolation and western blot analysis

Cells were isolated, suspended in 1% Triton X-100 lysis buffer supplemented with 1% protease
inhibitor cocktail (Sigma), triturated, and centrifuged at 13,000 rpm for 10 min at 4°C. Ten to
twenty pg of protein was separated on 12% SDS-polyacrylamide gel and transferred to
nitrocellulose membrane and probed with primary antibody toward SMN (mouse monoclonal),
followed by a horseradish peroxidase conjugated secondary antibody (Promega), and then
visualized using ECL chemiluminescence (Amersham). As a control, the membrane was
stripped and re-probed for B-actin. For semi-quantitative analysis, SMN signal intensity was
analyzed and corrected with respect to B-actin.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Newly generated iPS cells were fully reprogrammed. a-c, iPS-WT and iPS-SMA cells formed
tightly packed colonies in contrast to the spindle morphology of fibroblasts. d,e, No karyotypic
abnormalities were observed. Following transplantation, all iPS cells generated teratomas
showing f, neural tissue (ectoderm), g, primitive gut (endoderm), h, cartilage (mesoderm), and
i, bone (mesoderm). j, Quantitative RT-PCR showed induction of endogenous transcripts of
OCT 4, SOX 2, NANOG, and LIN 28. “Endogenous” refers to primers recognizing the 3’
untranslated region, whereas “Total” identifies both the endogenous and exogenously
expressed transgene. Data are expressed as mean * s.e.m. Scale bar = 50um
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Figure 2.
iPS-SMA show decreased SMN transcripts and lack of gems. a, iPS-WT and iPS-SMA cells

had levels of full-length (FL) and truncated, exon 7 deleted (A7) SMN transcripts similar to
their respective fibroblast lines (Fib-WT and Fib-SMA, respectively). b, Additionally, both
Fib-SMA and iPS-SMA cells showed a specific lack of SMN1, although SMN2 FL and o7
transcripts were still present in all samples. ¢, Quantitative RT-PCR showed reduced FL-SMA
transcript in both fibroblasts (61.1 % + 0.6 reduced) and iPS cells (67.4 % + 0.8 reduced) when
compared to WT cultures (Student's t-test *p<0.001). Data are presented as mean + s.e.m.
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Figure 3.

iPS-WT and iPS-SMA cells can generate cells in the neural lineage. a,b, iPS-WT and iPS-
SMA cells generated nestin positive neural progenitor cells (green); c,d, Tuj1 positive neurons
(green) and GFAP positive astrocytes (red); e,f, HB9 (green)/ChAT (red) double positive motor
neurons, and g,h, SMI-32 (red) positive motor neurons at 4-6 weeks of differentiation i, At 8
weeks, punctate synapsin staining (green) on SMI-32 positive motor neurons (red) was
identified on iPS-WT cells. j, However, only diffuse synapsin staining (green) was observed
on SMI-32 positive motor neurons (red) in iPS-SMA cells. Arrowheads in i and j show punctate
synapsin staining on SMI-32 negative cells. Nuclei are labeled with Hoechst nuclear dye (blue).
kI, iPS-SMA-derived motor neurons are significantly reduced in number and size at 6 weeks
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compared to iPS-WT cells (n=3 ANOVA, * p<0.05). All data are presented as mean * s.e.m.
Scale bar = 50um (a-h), 25um (ij).
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Figure 4.

iPS-WT and iPS-SMA cells increase SMN protein in response to drug treatment. a,c, Untreated
Fib-WT and iPS-WT cells show nuclear gem localization, whereas b,d, untreated Fib-SMA
and iPS-SMA lack nuclear gems. f,h,i, Following valproic acid or tobramycin treatment, iPS-
SMA cells show a significant increase the number of gems (ANOVA, p<0.05). Gems are
indicated by arrows. j,k, Western blot analysis following valproic acid or tobramycin treatment
showed a significant 2-3 fold increase in SMN protein in iPS-SMA cells compared to iPS-
SMA cells (n=3 ANOVA, *p<0.05; **p<0.01). Data are presented as mean * s.e.m. Scale bar
= 50um.
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