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Figure 5. The BMP-Smad Signaling Pathway Regulates Development of IM. (A) Results of the flow cytometric analyses examining the
effects of adding noggin, dorsomorphin (DM), LDN193189 and DMH1 during Stage 2 on the induction of OSR1* cells on culture day 6 in the AM580
and TTNPB methods. (B) Results of gRT-PCR analyses showing mRNA expression of OSR7 on culture day 6 of the AM580 and TTNPB methods, with or
without noggin. (C) Copy numbers of BMP-2, -4, -5, -6, and -7 expressed in differentiation cultures. (D) Time course of BMP-4 and BMP-5 mRNA
expression in the TTNPB method. OSR1-GFP knock-in hiPSCs prior to treatments were used to normalize the data. (E and F) Effects of adding noggin
or DMH1 during Stages 1 and 2 on the induction of OSR1* cells and the OSRT expression levels analyzed on culture day 6. (G) Results of Western blot
analyses examining phosphorylation levels of Smad1/5 in differentiation cultures of the small molecule method, with or without noggin or DMH1
added to Stages 1 and 2. (H) OSR1* cell induction on culture day 6 in the small molecule method and following treatment with various combinations
of recombinant BMP-4 and BMP-5 proteins. (1) Results of gRT-PCR analyses showing BMP-4 mRNA expression in differentiation cultures on day 6 of the
small molecule method, with or without the addition of noggin or DMH1. Factor () indicates the rate of induction of OSR1* cell (A and E), the
phosphorylation level of Smad1/5 (G) and the mRNA expression level of BMP4 (1), on day 6 of the differentiation culture without growth factors or
small molecules. OSR1-GFP knock-in hiPSCs obtained on day 6 following treatment of the TTNPB method without inhibitors were used to normalize
the data shown in (B), (F) and (I). The data in (A-F, H, I) are means=SD of three independent experiments (n = 3). The data in (G) are representative of
three independent experiments.

doi:10.1371/journal.pone.0084881.g005
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To further elucidate the regulatory mechanisms involved in
increasing BMP-4 expression, we used qRT-PCR analysis to
examine the effects of adding noggin or DMH! on the expression
of BMP-4. We found that the expression levels of both BMP-4 and
OSRI were reduced by adding BMP inhibitors (Figures 5F and I),
suggesting that expression of BMP-4 is regulated not only by the
treatrent with CHIR99021 and AM580 or TTNPB, but also by
BMP-4 that is secreted from the induced cells, in a positive
feedback manner.

The Small Molecule Method Directly Generates IM Cells

without the Mesendoderm Step

In the small molecule method, peak induction of OSR1™ cells
occurs around culture day 6, compared to day 10 in the growth
factor method [19] (Figures 2A, B and Figure S2A). We tested the
hypothesis that treatment with CHIR99021 and TTNPB gen-
erates mesendoderm cells faster than treatment with CHIR99021
and activin A by examining differentiation of BRACHYURY™
mesendoderm cells after 24, 48, 72, and 96 hrs of each treatment.
Surprisingly, while treatment with CHIR99021 and activin A
differentiated hiPSCs into BRACHYURY™ cells at an induction
rate >80%, treatment with CHIR99021 and TTNPB resulted in a
rate only around 6%, even at the peak time (48 hrs, Figure 6A).
Then, we used gRT-PCR analyses to examine temporal
expression patterns of three mesendoderm markers, BRACHYURY,
GOOSECOID, and MIXLI, in differentiation cultures treated by
the growth factor vs. TTNPB method. The expression levels
induced by the TTINPB method were markedly lower than those
induced by the growth factor method (Figure 6B), suggesting that
the small molecule method produces IM cells without going
through the mesendoderm step.

Notably, we found that the induction of OSR1* IM cells by the
growth factor method was significantly reduced by the addition of
the RAR inhibitor, BMS493, without a concomitant reduction of
BRACHYURY" cell differentiation (Figures 6C and D). Further-
more, expression of RARB was detected on day 4 or later in the
growth factor method (Figure 6E), which indicates that the
induced RA signaling plays an essential role in IM differentiation,
not only by the small molecule method but also by the growth
factor method. As both CHIR99021 and BMP-7 were used during
Stage 2 of the growth factor method, the combination of Wnt, RA,
and BMP pathways are involved in the IM differentiation by both
methods.

Overall, the results suggest that IM cells can be induced through
activation of the Wnt, RA, and BMP pathways, without the
mesendoderm step, and that the delay of the RA signal activation
might result in the delayed generation of IM cells by the growth
factor method as compared to the small molecule method.

Discussion

Regenerative medicine is associated with high costs and
enormous time requirements, because generation of large numbers
of targeted cell types is necessary for clinical applications, such as
cell therapy, and the efficiency of cell differentiation is generally
low. Therefore, rapid, efficient, and relatively low-cost methods for
differentiating hiPSCs/ESCs into target cell types are highly
desirable. Previous studies differentiated hiPSCs/ESCs into renal
lineage cells by combined treatment with activin A, BMP, and RA,
but did not report induction rates [30,31]. We recently developed
a method for quantifying the induction rate of IM cells by
generating a reporter hiPSC line for OSR1, and subsequently
developed a differentiation method for IM cells using growth
factors, with an induction rate >90% [19]. The goal of the present
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study was to identify small molecules that provide similarly high
induction rates, but that are less expensive and more consistently
effective than growth factors. We have identified two small
molecules, AM580 and TTNPB, that are potent inducers of IM
differentiation from hiPSCs, and developed a small molecule
differentiation method, using just two chemicals, that is more
rapid, more consistently effective, and less expensive than the
growth factor method.

The IM cells generated using the small molecule method
exhibited a developmental potential to further differentiate into
cells of IM-derivative organs, such as the kidneys, adrenal cortex
and genitalia both i vitro and in vive, and form three-dimensional
renal tubular structures in an organ culture setting. These findings
were similarly observed in the IM cells generated using the growth
factor method; however, the frequency of tubular formation in the
organ culture samples was much higher in the samples obtained
using the small molecule method (approximately 50%) than in
those obtained using the growth factor method (approximately
5%) {19]. In addition; the small molecule method more robustly
generated IM cells than the growth factor method in terms of the
cell number yielded, which is advantageous for the development of
regenerative medicine strategies (Figures 2B, C and Figures S2A,
B, S3).

Mouse embryonic tissues at the gastrulation stage are capable of
RA synthesis, which occurs preferentially in the node and
primitive streak [50], suggesting that RA signaling pathways play
some roles in early development. RA treatments have been used to
induce pronephric tissues i vitro from an animal cap [23-25], and
to induce renal lineage cells from mESCs [26-28] and hESCs/
iPSCs [30,31]. A recent report has described the involvement of
signaling through RAR, but not through RXR, in the mESC
differentiation into IM cells [29]. However, the roles and
mechanisms of RA signaling in the differentiation of renal lineage
cells have not been fully elucidated, especially in human.

Results of the present study demonstrated that signals through
RAR also play an essential role in human IM cell differentiation,
that RARP, one of the three RAR subtypes is involved in the
induction process, and that one of the downstream players is the
BMP-Smadl/5 pathway, which is known to regulate cell fate
decisions of mesoderm tissues [32,33]. Furthermore, the BMP
signaling inhibitors, noggin and DMHI1, inhibited IM differentia-
tion and BMP-4 expression, suggesting that positive feedback
mechanisms in the BMP signaling pathways are activated when
IM is generated. We also showed that TTNPB and AM580 most
efficiently induce IM cells among the retinoids we examined.

It has been reported that all mesoderm and endoderm tissues,
including IM, are derived from a common mesendoderm
precursor i vivo [51] and i vitro [52]. We first aimed to generate
IM cells through the mesendoderm and confirmed that treatment
with CHIR99021 alone can induce the differentiation of
mesendoderm cells. However, we accidentally found that the
addition of TTNPB to CHIR99021 in stage 1 blocked the
differentiation of the cells into the mesendoderm. The resultant
small molecule method directly induced the differentiation of IM
cells without the mesendoderm step by activating the Wnt, RA
and BMP signaling pathways. Furthermore, we confirmed that RA
signaling plays an essential role in IM differentiation, but not
mesendoderm differentiation, in the growth factor method,
although the activation of the RA pathway was delayed compared
to that observed in the small molecule method. Therefore, we
reasoned that the generation of IM cells using the small molecule
method requires less time than that performed using the growth
factor method (Figure 2B and Figures S2A, S5). Our results also
suggest that target cells, including IM cells, can be directly
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Figure 6. The Small Molecule Method Can Produce IM

Cells without the

Mesendoderm Step. (A) Induction of BRACHYURY*

mesendoderm cells generated from OSR1-GFP knock-in hiPSCs (3D45) after 24, 48, 72, and 96 hrs of treatment with CHIR99021 and TTNPB or activin
A. (B) Results of the gRT-PCR analyses showing mRNA expression of the mesendoderm markers, BRACHYURY, GOOSECOID, and MIXLI, in
differentiation cultures from the growth factor and TTNPB methods. (C) Effects of adding a RAR inhibitor, BMS493, to differentiation cultures of 3D45
cells treated with CHIR99021 and activin A, analyzed by anti-BRACHYURY immunostaining. (D) Induction of OSR1" cells on culture day 11 of the
growth factor method, with or without addition of BMS493 at various concentrations. (E) Results of gRT-PCR analyses showing expression of RARB
mRNA. 3D45 cells on day 1, before treatment, were used to normalize the data shown in (B) and (E). The data in (A-E) are means=SD of three

independent experiments (n=3). Scale bars, 100 m.
doi:10.1371/journal.pone.0084881.g006

generated from hiPSCs when all of the factors required for
differentiation are provided by chemical compounds.

Conclusion

The small molecule method can be used to rapidly, efficiently
and consistently produce IM cells from multiple hiPSC/ESC lines
without the mesendoderm step at a relatively low cost. This
differentiation method may serve as a powerful tool for elucidating
the mechanisms of mesoderm and kidney development as well as
supplying cell sources for the development of regenerative
medicine strategies for treating CKD.

Supporting Information

Figure S1 Mesendoderm Cells Can be Induced by the
Treatment with CHIR99021 Alone. (A) Induction of
BRACHYURY™ cells from OSR1-GFP knock-in hiPSCs (3D45)
on culture days 2, 3, 4, and 5, with or without CHIR99021. (B)
mRINA expression of the mesendoderm marker genes, BRACHY-
URY, GOOSECOID, and MIXLI, in 3D45 cells treated for three

PLOS ONE | www.plosone.org

days, with or without CHIR99021. 3D45 cells on day 1, before
treatment, were used to normalize the data. The data shown are
means = SD of three independent experiments (n = 3). Scale bars,
100 pm.

(T1F)

Figure S2 The Small Molecule Methods Can Rapidly
and Efficiently Produce IM Cells from hiPSCs. (A)
Induction of OSRI™ cells generated by the AM580, TTNPB,
and growth factor methods. (B) Numbers of OSR1* and total cells
induced by the AM580 method. The data shown are means = SD
of three independent experiments (n = 3).

(TIF)

Figure S3 The Small Molecule Methods Can be Applied
to Multiple hiPSC/ESC Lines. Expression levels of OSRI
were analyzed by qRT-PCR and compared for five hiPSC lines
(3D45 [201B7], 201B6, 253G1, 253G4, and 585Al), and three
hESC lines (khES1, khES3, and H9), treated for five days by the
AM580 or TTNPB method, and an hiPSC line (3D45), treated for
10 days by the growth factor method. The samples of
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undifferentiated hiPSCs or hESCs on day | before the treatment
of each hiPSC or hESC line were used to normalize the data. The
data shown are means = SD of three independent experiments
n=3).

(EPS)

Figure S4 Effects of 18 Inhibitors on Differentiation of
OSR1" IM Cells by the Small Molecule Method. Effects of
adding 18 signaling pathway inhibitors on induction of OSRI1™
cells generated by the TTINPB method. The inhibitors were added
to Stage 2. The data are means = SD on culture day 6 of three
independent experiments.(n = 3).

(EPS)

Figure S5 Schematic of the Differentiation Methods for
inducing IM Cells from hiPSCs/ESCs. The two differentia-
tion protocols used to induce IM cells from hiPSCs/ESCs are
shown: small molecule and growth factor methods. Note that the
small molecule methods induce IM cells more rapidly than the
growth factor method.

(EPS)

Table S1 Binding Constants and Transactivation Prop-
erties of the Retinoids Used in the Present Study. Kd
values of the six retinoids are shown for the RARo, RARB, RARY,
and RXRa receptor isotypes.

(PDF)
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SUMMARY

Spinal muscular atrophy (SMA) is a neuromuscular disorder caused by mutations of the survival of motor neuron 1 (SMN1) gene. In the
pathogenesis of SMA, pathological changes of the neuromuscular junction (NM]J) precede the motor neuronal loss. Therefore, it is
critical to evaluate the NMJ formed by SMA patients’ motor neurons (MNs), and to identify drugs that can restore the normal condition.
We generated NM]J-like structures using MNs derived from SMA patient-specific induced pluripotent stem cells (iPSCs), and found that
the clustering of the acetylcholine receptor (AChR) is significantly impaired. Valproic acid and antisense oligonucleotide treatment
ameliorated the AChR clustering defects, leading to an increase in the level of full-length SMN transcripts. Thus, the current in vitro
model of AChR clustering using SMA patient-derived iPSCs is useful to dissect the pathophysiological mechanisms underlying the
development of SMA, and to evaluate the efficacy of new therapeutic approaches.

INTRODUCTION

Proximal spinal muscular atrophy (SMA) is an autosomal
recessive neuromuscular disorder caused by the homozy-
gous deletion or mutation of the survival of motor neuron 1
(SMN1) gene, resulting in a deficiency of the ubiquitously
expressed SMN protein. Patients suffer from progressive
muscular weakness, which eventually results in respiratory
failure in severe case. Since there are no effective treatment
options, SMA remains the most frequent genetic cause of
infant mortality (Burghes and Beattie, 2009; Lefebvre
etal., 1995). SMN2, a unique gene in humans, is an almost
identical copy gene of SMN1, but has a constitutive Cto T
transition in its exon 7. This transition affects the splicing
of SMN2 mRNA, thereby resulting in the predominant
production of a shorter unstable isoform termed SMN-A7
(Monani et al.,, 1999). Although SMNZ2 is unable to
compensate for the homozygous loss of SMN1 because
of the lower amount of full-length SMN transcripts
(SMN-FL), the copy number of SMNZ2 affects the severity
of SMA (McAndrew et al., 1997).

Based on clinical examinations and the pathological
analyses of end-stage specimens, SMA historically has
been described as a lower motor neuron (MN) disease char-
acterized by the degeneration of the anterior horn cells of
the spinal cord, which subsequently leads to skeletal mus-

cle atrophy and weakness (Dubowitz, 2009). However,
recent studies in SMA animal models have shown that
the earliest detectable pathological change is observed at
the neuromuscular junctions (NMJs), including neurofila-
ment (NF) accumulation at the endplate on postnatal day
1 (Ling et al., 2012). Subsequently, a central synaptic
defect is observed on day 4, motor neuronal loss manifests
around day 9, and almost all mice die by day 15 (Sleigh
et al., 2011). Therefore, impairment of the NM]J structure
appears to be one of the most important phenotypes, and
the development of agents that target the NMJ pathology
may represent an attractive approach for therapy. Indeed,
an aberrant ultrastructure of NM]Js also has been reported
in a human prenatal specimen obtained from a fetus with
type I SMA (Martinez-Herndndez et al., 2013).

Despite recent advances in our understanding of the
disease, the detailed mechanism(s) involved in the NM]J
formation and maturation, which occur during both the
prenatal and early postnatal periods, have not been fully
described (Wu et al., 2012). With a few exceptions, the ana-
lyses of the pathological roles of SMN have been conducted
mainly using animal models, because there are difficulties
associated with obtaining human specimens from either
biopsy or post-mortem samples. Although there are several
available transgenic mouse models of SMA, inter-species
differences between mice and humans, such as the
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Figure 1. Differentiation of iPSCs into Spinal MNs

(A) The PCR restriction fragment-length polymorphism (RFLP)
analysis using a bioanalyzer confirmed that the SMA-iPSCs main-
tained exon 7 and 8 deletions in the SMNI gene.

(B) Western blot analysis of SMN proteins.

(C) Quantification of the SMN protein expression relative to that of
B-actin (eight control PSC clones and two SMA-iPSC clones) (n =3,
Wilcoxon rank-sum test).

(D) Immunostaining of SMA-iPSC-derived MNs. HB9, red; and ChAT,
green on day 60.

(E) The quantitative immunocytochemical analysis for HB9-posi-
tive iPSC-derived MNs (means + SEM, n = 3). See also Figure S1.

existence of SMNZ2 in humans, hamper the translation of
the findings in mouse studies to human clinical trials (Har-
ahap et al,, 2012; Martinez-Hernandez et al., 2009; Park
et al., 2010). Furthermore, there are difficulties related to
evaluating the pathological roles of neurons and myocytes
separately. To establish a platform to elucidate the pathol-
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ogy of the NMJ in SMA patients, we herein evaluated the
ability of MNs from SMA patient-derived induced pluripo-
tent stem cells (iPSCs) (Takahashi et al., 2007) to form NMJs.

RESULTS

Generation and Characterization of iPSCs from Type 1
SMA Patients

Fibroblasts from two independent type 1 SMA patients
(Coriell IDs GM00232 and GMO03813, referred to as P1
and P2) were reprogrammed by episomal vectors (Okita
et al., 2011). Both SMA-iPSC clones used in this study (P1
and P2) showed a characteristic human embryonic stem
cell (ESC)-like morphology, and expressed pluripotent
markers compared to control ESC (KhES1) and iPSCs
(201B7 and 409B2, referred to as C1 and C2) (Figures S1A
and S1B). The RNA microarray analysis confirmed that
the global gene expression pattern (Figures S1C and S1D)
and levels of pluripotent stem cell-related genes (Figure S1E)
in the P1 and P2 iPSCs were similar to that observed in the
control iPSCs. The P1 and P2 iPSCs also exhibited demethy-
lation of NANOG and OCT3/4 loci (Figure S1F) and main-
tained a normal karyotype (Figure S1G). Pluripotency of P1
and P2 iPSC lines were confirmed by teratoma formation
assay (Figure S1H). The expression of introduced trans-
genes was rarely detected (Figure S1I). The genetic identity
of the iPSC clones was proven by a short tandem repeat
analysis (data not shown). SMA-iPSCs were confirmed
to carry homozygosis deletions of exons 7 and 8 of the
SMNI1 gene (Figure 1A; van der Steege et al., 1995), and their
SMN protein level was also significantly lower than that in
control iPSCs, including C1 and C2 (Figures 1B and 1C).

MN Differentiation of SMA-iPSCs

We next directed the SMA- and control iPSCs to differentiate
into MNs using a previously reported cortical neuron (Mor-
izane et al., 2011) and spinal MN differentiation protocol,
with some modifications (Egawa et al., 2012). The iPSC-
derived neurons expressed neuronal markers (Figure S2A)
and MN-specific markers (Figure 1D). The expression of
the introduced transgene OCT3/4 detected in the P1-iPSCs
was completely silenced after 40 days of MN differentiation
(Figure S2B). Although a significant decline in MNs over
time has been reported as a hallmark of SMA patient iPSC-
derived MNs (Chang et al., 2011; Corti et al., 2012; Ebert
etal., 2009), the two independent SMA-iPSC lines produced
and maintained a similar number of HB9-positive MNs
compared to control iPSCs after 40 and 50 days of differen-
tiation (Figure 1E). Therefore, in our MN differentiation
system, the SMA-iPSC lines were competent in generating
mature MNs and presented no evidence of cell-autonomous
MN loss by 50 days of differentiation.
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Figure 2. The Pre- and Post-synaptic
Morphological Defects in Type 1 SMA
(A-D) Representative confocal micrographs
showing the immunocytochemically labeled
NMJ-LSs of iPSC-derived neurons and C2C12
myotubes. (A and B) Representative images
of AChR clusters formed by C1 MNs. (C) AChR
clusters stained with MHC. (D) NMJ-LSs of
patient (P1)- and control (C1)-derived MNs
on day 60.

(E) Quantitative immunocytochemical ana-
lysis of the a-BTX-positive area (means +
SEM, n = 3, Wilcoxon rank-sum test).

(F) Abnormal NF accumulation (yellow
arrows) and poor terminal arborization of
MNs in the SMA NMJ-LSs. See also Figure S2.
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Formation of NM]J-like Structure with SMA-iPSCs found that aBTX-positive AChRs were clustered at the

We next tried to develop an in vitro NM]J formation model site of SV2-positive neuronal endplates (Figure 2A). To
using the human iPSC-derived MNs. We co-cultured con- exclude the presence of unexpected artifacts of aBTX
trol MNs with differentiated murine C2C12 cell lines and  staining under these conditions, we co-stained samples
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with aBTX and anti-AChR antibodies and confirmed that
the regions of both positive staining merged completely
(Figure 2B). In addition, the AChR clusters were localized
on myosin heavy chain (MHC)-positive multinuclear
myotubes (Figure 2C).

We next evaluated the AChR clustering on myotubes
co-cultured with SMA-iPSC-derived MNs and found
it remarkably impaired (Figure 2D). We evaluated the
area of «BTX to assess the ability of MNs to form and
maintain the NM]-like structures (NMJ-LSs). We evalu-
ated the AChR clustering at several time points to
determine whether MN maturation affects the pheno-
type of the NMJ-LSs. The SMA-iPSC-derived MNs induced
far less AChR clustering in myotubes than control
iPSC-derived MNs did at 40, 50, or 60 days of differenti-
ation (Figures 2E and S2C). AChR clustering was
rarely observed for either the SMA- or control iPSC-
derived MNs at time points earlier than day 30 (data
not shown). We also evaluated the average size of
each AChR cluster (Figure S2D) and number of AChR
clusters (Figure S2E). Consequently, the AChR clusters
formed with SMA-iPSC-derived MNs were smaller and
fewer in number than those formed with controls. To
evaluate whether co-culturing with MNs affects the
maturation status of C2C12, we compared the expression
levels of embryonic (Myh3) and perinatal (Myh8) sub-
types of MHCs in skeletal muscle with or without
co-culturing (Stern-Straeter et al.,, 2011; Figure S2F).
However, the ratio of expression of these genes was not
different, indicating a lack of difference in the matura-
tion of C2C12.

Although motor neuronal loss was not observed in our
MN differentiation system without co-culture, there re-
mains a possibility that the NMJ defects in SMA patient-
derived MNs are due to MN death occurring under the
co-culture conditions. To exclude the possibility, we per-
formed TUNEL staining of the MNs (Figures S2G and
S2H). The number of TUNEL-positive apoptotic MNs
did not increase during co-culturing, which confirms
that synapse loss indeed occurs in surviving MNs. The
accumulation of NF proteins and poor arborization in
distal axons and motor nerve terminals are considered
to be specific features of SMA model mice, although
their significance in the pathogenesis of human SMA is
unknown (Cifuentes-Diaz et al.,, 2002; Kariya et al.,
2008; Kong et al., 2009). These findings were observed
in SMA-iPSC-derived MNs (Figure 2F), which indicates
the functional deficit of the motor endplate in SMA.
Taken together, the SMA-iPSC-derived MNs had impaired
AChR clustering on myotubes in the absence of MN loss,
indicating that there was functional impairment of MNs
in terms of their forming or allowing for the maturation
of NMJs.
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The SMA Phenotype in NMJ-LS Was Rescued by
Valproic Acid and Phosphorodiamidate Morpholino
Oligonucleotides

Since the loss of NM] formation is regarded to be an
important hallmark preceding the motor neuronal loss,
compounds that ameliorate the NM]J pathology may serve
as promising therapeutic drug candidates. To evaluate
whether the NMJ-LSs formation system used in our ex-
periments can serve as a prototype for evaluating drug
candidates, we assessed whether the SMN-inducing drug,
valproic acid (VPA), could increase the AChR clustering
in our co-culture system. VPA is known to increase the
functional SMN protein by activating various promoters,
including that of SMN2, and by correcting the abnormal
splicing of SMN2 exon 7, mainly through the upregu-
lation of splicing factors (Harahap et al.,, 2012). Co-
culturing myotubes and SMA-iPSC-derived MNs treated
with VPA significantly increased the AChR clustering
(Figures 3A-3C and S3A), while the clustering was not
induced when monocultured myotubes were treated
with VPA (data not shown). NF accumulation was not
rescued by VPA treatment (Figure 3A). We confirmed
that VPA treatment increased both the SMN-A7 and
SMN-FL mRNA levels in the SMA-iPSC-derived MNs
(Figure 3D).

We next performed an RNA sequencing (RNA-seq)
analysis to evaluate the effects of VPA on the expression
profiles of the MNs, and we found 227 genes that were
upregulated more than 2-fold in the VPA-treated MNs,
whereas 51 genes were downregulated (Figure S3B;
Tables S1 and S2). The expression levels of splicing factors
known to be affected by VPA treatment (Brichta et al.,
2003; Harahap et al., 2012) were slightly upregulated as
reported, in both the control and patient-derived MNs
(Figure S3C).

To further explore the validity of NMJ-LSs, we next
evaluated the effects of splicing modification on SMN2.
Recently, the application of antisense oligonucleotides
to promote SMNZ2 exon 7 retention has been proposed
as an alternative therapeutic approach for SMA (Mitrpant
et al., 2013). For this purpose, we introduced phosphoro-
diamidate morpholino oligonucleotides (PMOs) targeting
the intronic silencing motif in SMN2 intron 7. Conse-
quently, the SMN-specific PMO treatment dramatically
improved AChHR clustering with the patient-derived
MNs (Figures 4A, 4B, and S3D). The PMO treatment
also recovered the expression of SMN-FL (Figure 4C)
and improved, at least partially, the abnormal NF
accumulation (Figure 4A). We consider that these data
indicate the potential therapeutic advantages of PMO
for SMA patients. Overall, the NMJ-LS morphology could
be useful for evaluating new therapeutic approaches
for SMA.
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DISCUSSION

Previous studies regarding the phenotype of MNs differen-
tiated from SMA-iPSCs have focused mainly on the cell
autonomous defects, such as shortened neurite extension,
and the reduced size of the cell body; but, their significance
in relation to the in vivo phenotype remains unclear
(Chang et al., 2011; Ebert et al., 2009). Although motor
neuronal loss during culture also has been reported, this
is not observed in vivo until the end stage of the disease.
We did not observe any progressive motor neuronal loss
during culture, even during the longer time period, which
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Figure 3. VPA Treatment Rescues the
NMJ Pathology in SMA Patient-Derived
Cell Cultures

(A) Representative images of NMJ-LSs
formed with or without VPA. Yellow arrows
indicate abnormal NF accumulation.

(B and C) Quantitative immunocytochem-
ical analysis of the «-BTX area after VPA
treatment (1 mM) (means + SEM, n = 3,
Student’s t test).

(D) The mRNA levels of SMN-FL and SMN-A7
in SMA-iPSC MNs (means + SEM, n = 3,
Student’s t test). See also Figure S3 and
Tables S1 and S2.

is contrary to the previous reports (Chang et al., 2011; Corti
et al.,, 2012; Ebert et al., 2009; Sareen et al., 2012). The
precise reason for this difference is unknown, but a variety
of methodological differences during culture, such as dif-
ference in the timing of the analysis, the protocol of MN
differentiation, and the methods used for the evaluation,
could all have contributed to this phenotypic variation.
Although Corti et al. briefly reported the detection of
NM] defects after co-culturing human myoblasts and
SMA-iPSC-derived MNs in a recent report (Corti et al.,
2012), MN loss was observed without co-culturing the cells
with myotubes in their SMA model, leaving the possibility

Figure 4. PMO Treatment Rescues the
NMJ Pathology in SMA Patient-Derived
Cell Cultures

(A) Representative images of NMJ-LSs
formed with or without PMOs. Yellow arrows
indicate abnormal NF accumulation.

(B) Quantitative immunocytochemical
analysis of the «-BTX area after PMO treat-
ment (means + SEM, n =3, Student’s t test).
(C) The mRNA levels of SMN-FL and SMN-A7
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that preceding motor neuronal death may have led to the
defect in forming the NMJ. In contrast, the patient-derived
iPSCs used in our study yielded a similar ratio of HB9+ MNs
compared to the two control lines. Moreover, we observed
a significant reduction in AChR clustering, with no signif-
icant increases in the number of TUNEL-positive MNs, dur-
ing co-culturing.

Since we focused on the pathology of NM]J, we performed
a detailed examination of our NMJ-LS. To evaluate whether
the developmental status of the MNs affects the NM]
pathology, we evaluated AChR clustering at three different
time points and obtained consistent data. In addition to
impaired AChR clustering, we detected abnormal pre-
synaptic NF accumulation at the endplate in the SMA-
iPSC-derived neurons, which also indicates that synaptic
breakdown precedes motor neuronal death in our model.
These data support a hypothesis that MNs derived from
patient iPSCs are a major contributing factor to the patho-
genesis in the NMJ due to SMA. Based on these obser-
vations, we considered that the morphological defect of
NMJ-LS in our culture was due to functional impairments
of the MNs in target pathfinding and/or in inducing or
maintaining AChR clustering, rather than due to motor
neuronal loss. Considering that the formation and mainte-
nance of NMJs has been indicated to precede the occur-
rence of MN death even in humans, as mentioned above,
the vulnerability of MNs in SMA patients seems to be due
not only to the autonomous cell susceptibility to various
stresses, but also as a consequence of the NM]J defect, which
causes the impairment of neurotrophic factors and sub-
sequent death of MNs (Fidzianska and Rafalowska, 2002;
Fischer et al., 2004).

In summary, we demonstrated that the early SMA pheno-
type in NM]J could be recapitulated with MN differentiated
from SMA-iPSCs. Since the available outcome measures to
assess the drug efficacy in SMA are limited, our findings
that the NMJ is a vulnerable target amenable to rescue by
VPA and PMOs seems to indicate that this system will be
useful for future evaluations of novel therapeutic candi-
dates. Further experiments with patient-derived iPSCs on
the neurodevelopmental aspects of the neuromuscular
system, including specific molecular and cellular functions
of SMN in both muscle and MN, will provide new insights
into the pathophysiology of SMA. We believe that this
approach will also help deepen our understanding of the
pathogenesis of the muscle and MN interactions on the
formation of the NM]J.

EXPERIMENTAL PROCEDURES
Study Approval

Use of human ESCs was approved by the Ministry of Education,
Culture, Sports, Science and Technology of Japan (MEXT). The

6 Stem Cell Reports | Vol. 4 | 1-8 | April 14,2015 | ©2015 The Authors

study plan for recombinant DNA research has been approved by
the recombinant DNA experiments safety committee of Kyoto
University. An experimental protocol was approved by the Animal
Research Committee of CiRA, Kyoto University.

MN Differentiation and Co-culture with C2C12

The iPSCs were dissociated into single cells and quickly re-aggre-
gated in DFK 5% medium (DMEM/F12 medium supplemented
with KSR, NEAA, 2-mercaptoethanol, L-Glutamate, SB431542,
dorsomorphin, and Y27632) (9,000 cells/150 ul/well) using
96-well low cell-adhesion plates (Lipidure-coat U96w from Nunc)
(Eiraku et al., 2008; Morizane et al., 2011). From day 8, the cell
aggregates were treated with Sonic hedgehog (100 ng/ml) and
retinoic acid (1 pM) for 1 week (Wada et al., 2009). On day 20,
the cell aggregates were plated onto poly-l-lysin/laminin-coated
culture dishes in neuronal medium (neurobasal medium [Gibco]
supplemented with the neurotrophic factors GDNF, BDNF, and
NT3 [10 ng/ml, R&D Systems]). The medium was changed every
3 to 4 days thereafter.

For the co-culture with neuronal cells, the fusion of C2C12
myoblasts was induced by switching to the differentiation
medium (DMEM supplemented with horse serum). On day 4,
the MNs that had differentiated from the iPSCs (differentiation
days 34-54) were harvested and plated on the induced myotubes,
and the medium was changed to neuronal medium. Thereafter,
the cultures were fed every 2 days by changing half of the
medium.

VPA Treatment

Co-cultured samples were treated with or without 1 mM VPA by
changing half of the medium every 2 days. After 6 days of drug
treatment, the area of NF and aBTX immunostaining was detected
by immunocytochemistry and was analyzed by the IN Cell
Analyzer 2000 software program.

PMO Treatment

Designed PMOs SMN2E7D(-10-29) for suppressing splice silencing
motifs in intron 7 of SMN2 (Mitrpant et al., 2013) and its negative
control were purchased from Gene Tools. SMN- or Ctrl-PMO
(10 pM in medium) were introduced with the Endo-Porter (Gene
Tools) on day 1 of co-culturing, and the cells were subsequently
cultured for 3 days.

Statistics

Statistic functions in Microsoft Excel 2013 were used for statisti-
cal analyses. Statistical significance was determined using Stu-
dent’s t test and Wilcoxon rank-sum test, p < 0.05 was considered
significant, and n represents the number of independent
experiments.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental
Procedures, three figures, and three tables and can be found
with this article online at http://dx.doi.org/10.1016/j.stemcr.
2015.02.010.
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Supplementary figure legends

Figure S1: Generation and characterization of SMA patient-specific iPSCs, related to Figure 1.

(A) Phase contrast images of SMA-iPSCs (P1, P2) showing typical pluripotent stem cell colony morphology. The
immunocytochemical analysis revealed the expression of embryonic stem cell surface markers, SSEA-4,
TRA-1-81. (B) The NANOG expression normalized to the GAPDH expression in control (C1, C2) and SMA-
iPSCs (P1, P2) relative to hESCs (KhEST). Data are the means +SEM of triplicate samples. (C-E) Microarray
analysis of iPS clones. Control-fibroblasts are commercially available fibroblasts from a healthy volunteer. (C)
Hierarchical clustering and (D) principal component analysis of iPSCs and parental fibroblasts. (E) Heatmap of
gene sets preferentially expressed in pluripotent stem cells. (F) Methylation analysis of OCT3/4 and NANOG
promotor regions. Color boxes indicate methylated while white boxes indicate demethylated allele. (G) Karyotype
analysis of iPSCs. (H) Teratoma formation assay showing successful differentiation of iPSCs into three germ
layers. (I) The results of the quantitative RT-PCR analyses of OCT3/4, SOX2 and L-MYC expression in control
and SMA-iPSCs relative to hESCs (KhES1). “Tg” indicates primers detecting the transgene only, whereas “total”
indicates primers detecting both the endogenous gene and the transgene. Scale bars: 100 ym. The data are the

means +SEM of triplicate samples.

Figure S2: Characteristics of iPSC-derived MNs and AChR clusters, related to Figure 2 '

(A) Immunostaining of SMA-IPSC-derived MNs. MAP2 (red) and Tuj1 (green) stained on day 40. (B) Quantitative
RT-PCR analysis of the OCT3/4 expression in the PSCs and PSC-derived MNs. The data are presented as the
mean +SEM of triplicate samples. (C) Processed black and white images used for automatic area counting of
neurons and AChR clustering. NF+SV2 indicates neuron-positive areas and aBTX indicates AChR-clustering
positive areas. (D) Quantitative analysis of the size of each AChR cluster. (means +SEM, n=3, Wilcoxon
rank-sum test). (E) Quantitative analysis of the number of AChR clusters. (means SEM, n=3, Wilcoxon
rank-sum test). (F) Quantitative RT-PCR analysis of the expression of Myh8 and Myh3 genes in differentiated
C2C12 myotubes. The ratio of Myh8 to Myh3 is shown. The data are presented as the mean +SEM of tfiplicate
dishes. Neurobasal medium; monocultured C2C12 cells were with co-culturing medium. DMEM+FCS;
monocultured C2C12 cells with their maintenance medium. (G) The representative immunostaining image of
iPSC-derived MNs with TUNEL (green) and ChAT (red) and (H) their quantification. The data are presented as the .
mean +SEM of triplicate dishes.

Figure S3: Effect of VPA and PMO treatment on AChR clustering, related to Figure 3 and Figure 4.

(A) Processed black and white images used for automatic area counting of neurons and AChR clustering with or
without VPA treatment. (B) Summary of RNA-seq analysis. (C) Expression levels of splicing factors (SF2/ASF,
Htra2-81, SRp20, hnRNPAT) with VPA treatment. Fold change to the expression levels without VPA treatment
are shown. (D) Processed black and white images used for automatic area counting of neurons and AChR

clustering after PMO treatment.



Table S1: list of genes upregulated by VPA treatment (>2 fold to compared to untreated), related to Figure
3.

TRIM34+TRIM6+TRIM6-TRIM34  |CALCB ARNTL
TMCB+TMC8 FGFR4 PPIC
ALS2CL NCEH1 GSN
ETHE1 TMEM1768B SEMA3C
BLVRB MITF WNT16
FLJ46906 PIK3RS EPOR
PPFIBP2 PPP1R1B MFAP2
PTPN3 CACNA1G SMYD3
NRGN RTBDN MUM1LA1
PAQRS5 RIT2 TAC3
AMBN AKR1C3 TMEM255A
DUX2+DUX4+DUX4L2+DUX4L3+

DUX4L5+DUX4L6+DUX4L7 CXorfs7 STEAP1
PAMR1 PENK CRABP2
FSTLS EGFL7 DENND2C
HOXD8 PLEKHB1 CAV2
DLEU1 GPR50 THEMIS2
CCDC152+SEPP1 NMNAT3 ALPL
CPT1A ITM2A TMCC3
MT2A GLYATL1 GXYLT2
TMEM74 DPYD-+DPYD-AS1 HLA-B
HLA-C GABRE ATP8B3
PRSS12 RAB7L1 LGALS1
CREG1 HLA-F+HLA-F-AS1 DNAJC12
SLC35F2 KCNJ4 IFi6

FXYD1 HEPH IGSF1
DHRS2 ABCB1 CDK18
C4orf32 LRAT TRAMIL1
NPAS1 VAV3 MiR1324
L17RA GPR158+GPR158-AS1 UTS2
PLCL1 SNORD114-8 GPC5
PLCG2 SERPINI PLEKHH2
DAPL1 CHRM4 IRF6

LPA KCNIP2+1.0C100289509 DPP10
NMRK1 CHRDL1 SULT1C4
TSPAN33 C9orf135 STAT4
USH2A TESC PAIP2B
IL16+STARDS PRKCB ARHGAP18
PPAP2C KCTD19+PLEKHG4 C19orf77
TNNT1 TMEM176A PRKCQ
ENPP5S GABRD PPM1J
RASGRP2 CRYM LPCAT2
SNORD61 HOXB7 PRKCG
HAPLN4 PDGFRA Clorf115
FBLN2 ADRA1TA GRAMD1C
ARHGAP26 HPCA+TMEM54 TFEB
COLBA2 HERCS ULBP1
DUSP23 KCNH3 ANOS5
CHRNB4 OSTF1 TEX15
HLA-DPA1+HLA-DPB1 RAB11FIP1 GALNT10
SPAGS MT1F MIR5586
C3orf52 TPD52L1 RXRG
CYP2J2 SLC17A7 CD163L1
GALP GMPR C1QTNFIB+C1QTNFIB-AS1
STEAP1B C4orf33 SLC2A4
SELL CRLF1 TINCR
CRHR2 SNORA74A LOC650368
CLDN86 TSPAN15 JALDH1A1
TMPRSS15 SCPEP1 SUSD3
IL13RA2 EDA MIR3193
CD40 CLGN C170rf36
RGS10 H2AFJ DGAT2
MIR548AQ+MIR548AR CD74 STAC2
c1QL1 MRAP2 SLC18A3
TGAS SYNPR MIR7-3HG
GPX3 MIR4324 RNF128
NDST4 PLA2G4A RLN2
PCBP3 ABCD2 FAM19A4
HLA-DMB FTCD RBM11
COL9A2 IFI30 C100rf128
TNNI3 A4GALT LOC100506013
MICB SLCBA9 RASD2
LOC401074 ARIDSA FAM101B
LOC401074 IMPA2 NRTN
MIR4735 MGARP CcHST9
SCGN GPR37 ANKRD20A19P
TIH5 SPINK2 :




Figure 3.

Table S2: list of genes downregulated by VPA treatment (>2 fold to compared to untreated), related to

EFCAB2 HYH+SZT2 MYD88
LINC00261 C4A+C4B+LOC100293534 LRFN4
TM4SFA1 OBSL1 CLEC18A
BGLAP+PMF1+PMF1-BGLAP GDPD2 SNORD4B
SNORD38B ATP1A2 SNORD21
LPL MIR93 MIR568
SNORD115-11+SNORD115-

29+SNORD115-36+SNORD115- |SERPINH1 ACSS1

43

LANCL2 SLC27A3 . SNORD8SA
AIFM2+H2AFY2 C4A+C4B+L0C100293534 SNORD12C
GLYCTK+MIR135A1 ACTG2 SOCS3
CLEC18C MARVELDA1 HIST1H2BC
MLC1 PDGFRB MIR219-2+MIR2964A
SNORA51 RCBTB2 FADS2
MOV10 MRLET7D TAGLN
GTF2IRD2 MIR4508 MIR1305
MR3175 MIR1068 CLEC18B
GTF2IRD2P1 SLC16A14 GTF2IRD2B




