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Abstract

therapeutic target for SBMA.

Endoplasmic reticulum

Spinal bulbar muscular atrophy (SBMA) is an adult-onset, slowly progressive motor neuron disease caused by
abnormal CAG repeat expansion in the androgen receptor (AR) gene. Although ligand (testosterone)-dependent
mutant AR aggregation has been shown to play important roles in motor neuronal degeneration by the analyses of
transgenic mice models and in vitro cell culture models, the underlying disease mechanisms remain to be fully
elucidated because of the discrepancy between model mice and SBMA patients. Thus, novel human disease
models that recapitulate SBMA patients’ pathology more accurately are required for more precise
pathophysiological analysis and the development of novel therapeutics. Here, we established disease specific iPSCs
from four SBMA patients, and differentiated them into spinal motor neurons. To investigate motor neuron specific
pathology, we purified iPSC-derived motor neurons using flow cytometry and cell sorting based on the motor
neuron specific reporter, HB9***:Venus, and proceeded to the genome-wide transcriptome analysis by RNA
sequences. The results revealed the involvement of the pathology associated with synapses, epigenetics, and
endoplasmic reticulum (ER) in SBMA. Notably, we demonstrated the involvement of the neuromuscular synapse via
significant upregulation of Synaptotagmin, R-Spondin2 (RSPO2), and WNT ligands in motor neurons derived from
SBMA patients, which are known to be associated with neuromuscular junction (NMJ) formation and acetylcholine
receptor (AChR) clustering. These aberrant gene expression in neuromuscular synapses might represent a novel
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Introduction

Spinal bulbar muscular atrophy (SBMA) is an adult-
onset slowly progressive lower motor neuron (MN) dis-
ease caused by abnormal CAG repeat expansion in the
androgen receptor (AR) gene. SBMA is characterized by
weakness and atrophy of limbs and bulbar muscles
caused by the degeneration of spinal and bulbar MNs
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[1-3]. Through analysis using transgenic mice models
harboring mutant AR with expanded polyglutamine tract
(AR-97Q) and in vitro cell culture models, mutant AR
has been shown to form nuclear aggregation in a ligand
(testosterone)-dependent manner, causing neuronal cell
death through transcriptional dysregulation, impaired
axonal transport, and other mechanisms [4, 5]. However,
mechanisms underlying neuronal degeneration in SBMA
are not yet fully elucidated, as SBMA model mice exhibit
several discrepancies with human SBMA patients. For
instance, the number of CAG repeat required for the
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onset of the disease is 38 or more in patients [6, 7], but
more than 90 in transgenic mice models [8]. Moreover,
the skeletal muscle degeneration is more prominent in
model mice than in human patients [8]. From the aspect
of therapeutics, although leuprorelin acetate, a
luteinizing  hormone-releasing  hormone  (LHRH)
analogue, dramatically improved symptoms of AR-97Q
mice [9], it could not ameliorate the symptoms of hu-
man SBMA patients, as had been observed in model
mice, and induced an antianabolic action of skeletal
muscle as an adverse effect [10, 11]. Therefore, a novel
human disease model that more accurately recapitulates
SBMA patients’ pathology has been expected for more
precise pathophysiological analysis and the development
of novel therapeutics.

Interestingly, recent analyses have shown that phenotypes
and MN pathology of transgenic mice models were unex-
pectedly rescued by muscle-specific silencing of mutant
AR, suggesting the involvement of muscle pathology in
motor neuronal degeneration [12, 13]. In addition, impaired
transmission of neuromuscular synapses was observed in
SBMA mice models [14]. These results strongly indicate
muscular pathology, which causes neurodegeneration in
SBMA. However, the molecular pathology underlying
neuromuscular interactions has not been sufficiently inves-
tigated, due to the lack of appropriate disease models.

Disease specific human induced pluripotent stem cells
(hiPSCs) provide valuable disease models for neurode-
generative disorders [15, 16]. They are able to give rise
to otherwise unavailable neural cells, which more accur-
ately model patients’ pathology and provide us with new
platforms for pathophysiological analysis and drug dis-
covery [17]. For instance, a-synuclein accumulation ob-
served in PARK2 iPSC-derived dopaminergic neurons
well corresponded to the pathological findings of the
Lewy body pathologies observed in autopsied brain spec-
imens of the same patient [18]. In addition, MNs derived
from sporadic amyotrophic lateral sclerosis (ALS)-iPSCs
exhibited a time course of neuronal degeneration con-
sistent with the clinical course observed in correspond-
ing ALS patients [19].

On the other hand, iPSC-derived disease models still
have issues to overcome, including time and labor re-
quired for the establishment and differentiation of iPSCs,
heterogeneities of differentiated neural cells, and large
variations among iPSC clones. In particular, the pheno-
types or molecular changes may be masked by variations
of the differentiation efficiency among iPSC clones, indi-
cating the necessity of a method to purify target cells.
To overcome these issues, we previously established
rapid, efficient, and simple MN differentiation system
from hiPSCs, in which MN progenitors could be ob-
tained within two weeks with the induction efficiency of
HB9"-MNs of approximately 40-50%. Moreover, MNs
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could be enriched by flow cytometry and cell sorting
with MN specific HB9°**::Venus reporter lentivirus [20].

In this study, we established iPSCs from four SBMA
patients, differentiated them into MNs, and investigated
molecular pathology behind the motor neuronal degen-
eration in SBMA. We focused on common molecular
changes among multiple iPSC clones derived from dif-
ferent patients. Differentiated MNs were purified using
the lentiviral reporter system to overcome clonal varia-
tions of iPSCs, and to elucidate MN specific pathology.
Furthermore, genome-wide transcriptome analyses by
RNA sequences revealed the involvement of the key mo-
lecular pathology associated with synapses, epigenetics,
and endoplasmic reticulum (ER) in SBMA. Pathology as-
sociated with neuromuscular synapses such as Synapto-
tagmin proteins, RSPO2, and WNT ligands were
particularly highlighted, which may serve as novel thera-
peutic targets for SBMA.

Results

Establishment of SBMA disease specific iPSCs

We first established iPSCs from skin fibroblasts isolated
from four SBMA patients (SBMAL, 2, 3, and 4), and three
healthy age-matched control adults (TIG114, YF, KN)
(Table 1), by introducing OCT4, SOX2, KLF4, L-MYC,
LIN28, and shTP53 via episomal vectors. Three of the
control iPSC clones, TIGE-9, YFE-16, and EKN3, have
already been described previously [20, 21] (Table 1). All
the SBMA and control iPSC clones showed characteristic
human embryonic stem cell-like morphology and
expressed pluripotent stem cell markers, Oct4 and Nanog,
as revealed by immunocytochemical analysis (Fig. 1a and
Additional file 1: Figure S1). The expressions of OCT4
and NANOG were also confirmed by quantitative RT-
PCR, which showed comparable expression to KhES1
(human embryonic stem cells) [22] in all the clones exam-
ined (Fig. 1b). We also examined teratoma forming cap-
acity, which showed differentiation potentials into all
three germ layers (Fig. 1c and Additional file 1: Figure S1),
and normal karyotypes by G-banding (Fig. 1d and

Table 1 Characterization of iPSCs

Name  Race Gender Age CAG iPSC clones
repeat
SBMA SBMA1  Japanese male 42 52 SBMA1E-12, 18
SBMA2  Japanese male 46 47 SBMA2E-16, 44
SBMA3  Japanese male 33 50 SBMA3E-10, 11
SBMA4  Japanese male 38 49 SBMA4E-5, 21
Control  TIG114  Japanese male 36 24 TIGE-9, 22
YF Japanese  male 24 21 YFE-16° 19
KN Japanese  male 39 20 EKN3P

All SBMA patients were not treated with leuprorelin at the time of skin biopsy
? 1201, [21]
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Fig. 1 Establishment of iPSCs from SBMA patients and controls. a Immunocytochemical analysis of YFE-19 and SBMA3E-10 iPSCs for pluripotent
markers OCT4 (green) and NANOG (red). Scale bar, 100 um. The established iPSC clones were positive for OCT4 and NANOG. b Quantitative RT-
PCR analysis of the expression of pluripotent makers OCT4 and NANOG in the established iPSC clones. Data are normalized to -ACTIN and
presented as the relative expressions to KhEST (hESC). All established iPSC clones expressed OCT4 and NANOG. ¢ Hematoxylin and eosin staining
of teratomas derived from YFE-19 and SBMA3E-10 iPSCs. Scale bar, 200 um. The established iPSC clones were able to differentiate into 3 germ
layers. d Karyotype analysis of YFE-19 and SBMA3E-10 iPSCs via G-banding analysis. The established iPSC clones showed normal karyotypes, 46,

J

Additional file 2: Figure S2). These results suggest that we
have established iPSC clones with the quality necessary
for pathophysiological analysis.

Stability of CAG repeat numbers during reprogramming
To determine the stability of expanded CAG repeat during
reprogramming, we next examined the length of the CAG
repeat in the AR gene by fragment analysis. As expected,
the length of the CAG repeat in each iPSC clone was
stable during reprogramming, except for SBMAI1E-18,
whose number of CAG repeat increased from 52 to 55
(Fig. 2a). These results were confirmed by direct Sanger
sequencing, as shown in Fig. 2b (representative images of
YFE-19 and SBMAS3E-10 are shown) and Table 1. These
results suggest that the CAG repeat number was main-
tained during the reprogramming process in SBMA.

Differentiation of SBMA disease specific iPSCs into MNs

To confirm the differentiation potentials of established iPSC
clones, control and SBMA iPSC clones were induced to dif-
ferentiate into MNs by the previously reported method [20].
After 2weeks of embryoid body (EB) formation,
which contains MN progenitors, the EBs were dissoci-
ated into single cells and adherently differentiated and
maturated on poly-L-ornithine- and laminin-coated
cover glasses or plates for 1-4 weeks (maturation cul-
ture) (Fig. 3a). In one week, we confirmed differenti-
ation into HB9" and ISL-1" MNs from all SBMA and

control iPSC clones by immunocytochemistry (Fig. 3b).
According to quantitative RT-PCR analysis, the expres-
sions of HB9 and ISL-1 in SBMA iPSC-derived MNs were
higher than those in control iPSC-derived MNs, while ma-
ture MN markers ChAT and AR did not show significant
differences at 4 weeks of maturation culture (Fig. 3c).
These results suggest that all the established clones have
the potential to sufficiently differentiate into MNs, and ex-
hibit some clonal variations for the differentiation propen-
sity among hiPSC clones.

Purification of HB9***3::Venus positive MNs by flow
cytometry and cell sorting

For the transcriptome analysis using purified/enriched pop-
ulations of MNs, MNs were infected with the HB9***%:
Venus reporter lentivirus four days after the initiation of the
maturation culture, and were cultured for a further four
weeks in the presence of 10nM dihydrotestosterone
(DHT), which is a ligand of AR, to detect ligand-dependent
pathology of SBMA. The cells were then detached and dis-
sociated into single cells, and purified by flow cytometry
and cell sorting based on HBY**:Venus fluorescence
(Fig. 4a). The cells were divided into 3 fractions, a negative
fraction (NF: gated by the fluorescence intensity of unin-
fected controls, gray peak), positive fraction (PF: green
peak), where the top 2/3 of PF was determined as high-
positive fractions (HPF; purified MN fraction), and others
(Fig. 4b), following previously reported protocol with some
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Fig. 2 Stability of CAG repeats in the AR gene during reprogramming. a CAG repeat determination by fragment analysis. CAG repeat number in
the AR gene was stable during reprogramming in the established iPSC clones, except for SBMATE-18, which showed 55 CAG repeats. b Direct
sequence analysis of CAG repeats in genomic DNA from YFE-19 and SBMA3E-10 iPSCs showed 21 and 50 CAG repeats, respectively. Repeat

sequencing was read from the 3’ side

modifications [20]. We also examined the expression of
Venus fluorescent protein from a reporter lentivirus con-
taining the same vector backbone, but without the HB9***
enhancer element (background reporter lentivirus; blue
peak in Fig. 4b) and found that the fluorescence observed
in the HPF of HBY**:Venus reporter-transduced cells
overlapped minimally with the fluorescence generated by
the background reporter. We further confirmed the expres-
sion of the MN markers, HB9, ISL-1 and ChAT, and astro-
cyte maker, GFAP, by quantitative RT-PCR using NF and
HPF. We observed significant increases in the expression of
MN markers and a decrease in the astrocyte maker in HPF.
The expression levels of HB9, ISL-1, and ChAT in HPF
were 7.7+ 3.1-folds, 5.0+0.7-folds, and 3.4 +0.7-folds
higher than those in NF (1 =4, p < 0.05) (Fig. 4c), respect-
ively, suggesting HPF was highly purified MN fraction.
Although the expressions of HB9 and ISL-1 were higher in
SBMA iPSC-derived MNs compared with those of control

iPSC-derived MNs before purification, which indicates
clonal variation of the differentiation efficiencies (Fig. 3c),
they were equally expressed in all the clones after purifica-
tion, suggesting that the clonal variation was corrected by
the purification of MNs by flow cytometry and cell sorting
based on HBY**%::Venus. The significant decrease in the ex-
pression of GFAP indicated the elimination of non-MNs/
astrocytes from MN cultures by purification (0.56 +0.12-
folds, n =4, p <0.05). AR expression was comparable in the
NF and the HPF, consistent with the finding that AR ex-
pression was not specific to MNS.

Differentially expressed genes between SBMA- and
control-MNs by RNA sequencing

To investigate disease-associated genes in SBMA-MN:s,
total RNA was extracted from both unpurified MNs
(NT) and purified MN fraction (HPF) from MNs derived
from 4 SBMA-iPSCs and 4 control-iPSCs, and processed
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Fig. 3 Differentiation of SBMA disease specific iPSCs into motor neurons. a Schematic presentation of the culture protocol for the differentiation
of iPSCs. LSC, LDN-193189 (L), SB4315342 (S), CHIR99021 (C); RA, retinoic acid; PM, purmorphamine. b Immunocytochemical analysis of HB9, ISL-1,
and Blll-Tubulin after 1 week of monolayer differentiation with 10 nM DHT. Scale bar, 100 um. ¢ Quantitative RT-PCR analysis of HB9, ISL-1, ChAT,

and AR expressions at 4 weeks (n =4, mean + SEM). HB9 and ISL-T expressions were higher in SBMA than controls in the presence of 10 nM DHT

for RNA sequencing analysis. As a result, 119 genes
showed adjusted p-values less than 0.05 in NT, and 79
genes in HPF (Fig. 5a). In total, of these differentially
expressed genes (DEGs) in NT and HPF, 107 genes were

upregulated and 73 genes were downregulated in
SBMA-MNs (Fig. 5b). The heatmap of the DEGs showed
that the majority of DEGs in NT were upregulated genes
in SBMA-MNs, while the majority of DEGs in HPF were
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downregulated genes (Fig. 5c, d). All the ranked genes
were shown in Additional file 3: Tables S1 and S2.
Among these DEGs, CXC motif chemokine ligand 14
(CXCL14), Insulin-like growth factor-1 (IGF-1),
Neurotrophin-3 (NTF3, NT-3), Glutamate ionotropic re-
ceptor delta type subunit 2 (GRID2), Glutamate ionotro-
pic receptor kainate type subunit 1 (GRIK1), Glutamate
metabotropic receptor 2 (GRM?2), Regulator of G protein
signaling 4 (RGS4) and Regulator of G protein signaling 5
(RGS5) are markedly upregulated, and Family with
sequence similarity 135 member B (FAMI135B) and
Membrane-type frizzled-related protein (MFRP) are
prominently downregulated, as shown in Fig. 5¢, d, and
Fig. 6d. As dysregulation of these DEGs are also previ-
ously shown to be associated with neurodegeneration,
they could also be involved in the pathology of SBMA.

Involvement of synapse pathology in SBMA shown by
GSEA

To investigate important pathways and signals involved
in SBMA pathology, we next performed gene set enrich-
ment analysis (GSEA) [23]. The dataset has 58,825 na-
tive features. After collapsing features into gene symbols,
there are 57,238 genes remaining. In the gene ontology
(GO) analysis, gene set size filters (minimum =15,

maximum = 500) resulted in filtering out 4652 / 9996
gene sets. The remaining 5344 gene sets were used in
the analysis. In the pathway analysis, gene set size filters
resulted in filtering out 1406 / 5501 gene sets. The
remaining 4095 gene sets were used in the analysis. The
numbers of gene sets either up- or down-regulated in
SBMA is listed in Additional file 3: Table S3.

GO analysis revealed that the gene sets that were
enriched in SBMA-MNss included gene sets related to syn-
apse in both NT and HPF; those related to synaptic vesi-
cles, calcium ions, and exocytosis in HPF (Fig. 6a).
Pathway analysis revealed that gene sets related to neuro-
transmitters were enriched in SBMA-MNs in both NT
and HPF (Fig. 6b). Among these gene sets, acetylcholine
neurotransmitter release cycle could be closely associated
with synaptic pathology in MNs, and all gene sets were as-
sociated with the synaptic function and development of
NMyJs. In addition, the gene sets associated with histone
methylation, including H3K4me2 and H3K27me3, were
also enriched in SBMA in HPF, and located at higher
ranks, suggesting that epigenetics was also involved in the
pathogenesis of SBMA, as previously reported [24]. Repre-
sentative enrichment plots which were significantly
enriched in SBMA with regards to synapse, neurotrans-
mitter, exocytosis, and epigenetics are shown in Fig. 6¢
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HPF

Control SBMA

(upper 4 panels). The members of each gene set (black
lines) appear close to SBMA (red zone). This distribution
indicates significant enrichment in SBMA.

As for negatively enriched gene sets in SBMA-MNs in
GO analysis, chromosome and ribosome related gene
sets were occasionally detected in both NT and HPF.
Furthermore, in HPF, in addition to the gene sets of
mRNA catabolic processes and ribosomes, the gene sets
of endoplasmic reticulum (ER) are positioned at higher
ranks (Additional file 3: Tables S4 and S5), suggesting
that there is decreased protein synthesis in SBMA-MNs
and the involvement of ER in SBMA pathology (Add-
itional file 3: Tables S4-S7). Representative enrichment
plots which were significantly enriched in control-MN:s,
including ribosome and ER are shown in Fig. 6¢ (lower 2
panels). The members of the gene set (black lines) ap-
pear close to the control (blue zone).

Finally, we investigated genes that are particularly ele-
vated in SBMA-MNs, among gene sets detected by GO
and pathway analyses, using a FDR q-value <0.2, fold
change 2 2, and p< 0.05. As a result, 96 genes were ex-
tracted (Additional file 3: Table S8), including Calci-
tonin-related polypeptide o (CALCA), which has
previously been reported to be involved in SBMA patho-
genesis [25], GRID2, GRIKI, R-spondin 2 (RSPO2),

Synaptotagmin6 (SYT6), Synaptotagmin9 (SYT9), Wnt
family member 2B (WNT2B) and Whnt family member
3A (WNT3A), most of which are involved in the synaptic
functions in NM]Js independent of agrin (Fig. 6d). Agrin
(AGRN), which induces acetylcholine receptor (AChR)
clustering at NMJs, did not show significant alteration
(Fig. 6d), suggesting that neuromuscular pathology, inde-
pendent of agrin, plays crucial roles in the pathogenesis
of SBMA (Fig. 6d).

Discussion

Stability of CAG repeat numbers in SBMA disease specific
iPSCs

Some of the triplet repeat diseases exhibit trinucleotide
repeat instability, which results in the increase of repeat
numbers, earlier disease onset, and increased severity of
the disease in successive generations, known as anticipa-
tion. In SBMA, such an instability of the CAG repeat
has not been observed in somatic and germ cells [26],
and the anticipation is rare [7]. These observations are
consistent with our results, in which CAG repeat expan-
sions in the AR gene were relatively stable during repro-
gramming to establish iPSCs. Similar results were
obtained in the previously established SBMA disease
specific iPSCs, in which CAG repeat numbers were
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unaltered during reprogramming, long-term mainten-
ance of iPSCs, and differentiation [27, 28], except for
one report that showed variations in the repeat num-
ber, possibly due to the mosaicism of parental fibro-
blasts [29].

However, the consistency between the trinucleotide re-
peat instability in patients’ tissues and those in iPSCs is
still not clear in other triplet repeat diseases, such as
Huntington disease (HD), caused by CAG repeat expan-
sion in the Huntingtin (HTT) gene, and myotonic dys-
trophy (DM1), caused by CTG repeat expansion in the
3" UTR of the DMPK gene, both of which exhibit som-
atic instability of the repeats, and significant anticipation
[30]. Although the augmentation of the CAG repeat ex-
pansion was not observed during reprograming into
iPSCs, the long-term maintenance of iPSCs, and the
neural differentiation in HD disease-specific iPSCs [31,
32], all 41 iPSC clones established from DMI1 patients’

fibroblasts showed different CTG repeat length as ex-
pected [33]. Thus, trinucleotide repeat instability during
reprogramming does not completely correspond to that
observed in patients’ tissues, and the details remain yet
to be elucidated.

Identification of cytokines and neurotrophic factors
involved in motor neuron degeneration

Since mutant AR is known to translocate into the nu-
cleus of MNs in a ligand (testosterone)-dependent man-
ner, causing transcriptional dysregulation and MN
degeneration in SBMA [5, 8], iPSC-derived MNs were
treated with 10 nM DHT for 4 weeks to detect ligand-
dependent pathogenesis. A previous report has shown
that SBMA iPSC-derived MNs demonstrated relatively
mild cellular phenotypes without mutant AR aggrega-
tions for up to 30 days of MN differentiation culture in
the presence of DHT [34]. Since our SBMA iPSC-
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derived MNs were also cultured for up to 4 weeks in this
study, they may have recapitulated similar molecular
changes to those observed in the above-mentioned
pathological stages without mutant AR aggregations.
Through RNA sequence analysis of four SBMA-MNs
and four control-MNs, we identified 79 and 119 DEGs
in purified (HPF) and unpurified (NT) MNs, respect-
ively. Only 18 genes were commonly identified, suggest-
ing the purification of MN enabled the detection of
MN-specific pathology (Fig. 5b). More importantly, sev-
eral molecules which have been previously reported to
be associated with SBMA pathology, such as CALCA
and FAM135B, were also identified [25, 34], indicating
reproducibility of the previous findings in our iPSC-
derived SBMA model. Among DEGs, several cytokines
and neurotrophic factors were upregulated in SBMA-
MN:s, including CXCL14, IGF-1, and NTF3. CXCL14 is
known to be upregulated in mice exhibiting similar phe-
notypes to ALS [35], suggesting that it may also be in-
volved in MN degeneration in SBMA. IGF-1 is shown to
suppress apoptosis of a mutant AR expressing MN cell
line (MN-1) by phosphorylating AR via Akt, which in-
hibits ligand-dependent translocation of the mutant AR
into the nucleus [36]. IGF-1 and Pituitary adenylyl cy-
clase activating polypeptide (PACAP) rescued the re-
duction of depolarizing current and electro-
physiologically improved MN-1 cells that express mu-
tant AR (AR100Q) [37]. Moreover, muscle specific
overexpression of IGF-1 rescued the phenotypes of
SBMA model mice, which include mutant AR aggre-
gations through Akt-dependent phosphorylation of
the mutant AR [38]. Thus, the upregulation of IGF-1
in SBMA-MNs could be attributable to the compen-
satory negative feedback of rescuing the pathology of
SBMA. NTF3 (NT-3) is primarily known to be
expressed and involved in the development of pro-
prioceptive neurons in dorsal root ganglia [39, 40].
NT-3 also promotes survival and regeneration of
MNs [41, 42], and formation and function of NMJs,
including neuromuscular transmission [43, 44]. Thus,
the upregulation of NTF3 in SBMA-MNs could in-
duce increased synapse density or could be the result
of compensatory negative feedback, associated with
neuronal or neuromuscular synapse degeneration.

GSEA revealed core gene sets involved in the
pathogenesis of SBMA

According to GSEA, upregulation of (1) synapse-, (2)
neurotransmitter-, (3) calcium-related exocytosis-, and
(4) epigenetics-related gene sets, and downregulation of
(5) ER-related gene sets were identified as involved in
the pathogenesis of SBMA-MNs. Notably, in purified
MNs (HPF), gene sets related to activated synapse

Page 9 of 15

function or those related to epigenetics were more sig-
nificantly enriched in SBMA-MNs.

Regarding epigenetics, the gene sets of high-CpG-
density promoters (HCP) bearing the methylation mark
at K4 and K27 (H3K4me2 and H3K27me3) were
enriched in the HPF of the SBMA-MNs. Although ab-
normal histone modification has never been reported,
DNA methyltransferasel is known to be strongly
expressed in SBMA model mice and patients’ spinal
cords, which could be rescued by its inhibitor through
the suppression of Hes5 [24]. As the role of epigenetics
is also reported in the etiology of ALS [45], epigenetics
may play important roles in the neurodegeneration
present in SBMA.

As negatively enriched gene sets, ER-related gene sets
are identified. ER plays crucial roles in the unfolded pro-
tein response (UPR), which is the ER protein quality
control pathway. The deficiency of the UPR mediator,
CHOP, was shown to activate macro-autophagy, which
is a lysosomal protein quality control pathway and which
accentuated phenotypes of SBMA model mice [46].
Moreover, ER-associated calcium homeostasis was
shown to be disturbed in cultured embryonic MNs using
SBMA model mice [47]. Therefore, down-regulation of
ER-related gene sets suggests dysregulation of UPR in
the SBMA-MN:s.

Pathology in neuromuscular synapses were highlighted
to cause neurodegeneration in SBMA

Most highlighted differences between the SBMA- and
control-MNs were within synapse-related gene sets. Re-
cently, the skeletal muscle specific overexpression of
IGF-1, or the silencing of mutant AR, was shown to res-
cue the phenotypes of SBMA model mice, suggesting
the involvement of skeletal muscles in the neurodegen-
eration in SBMA [12, 13, 38]. Moreover, by analyzing
NMyJs in the SBMA model mice, pathological fragmenta-
tion of NMJs and abnormal synaptophysin distribution,
as well as defects in the neuromuscular synaptic trans-
mission, were demonstrated, which is consistent with
the previously reported insufficient synaptic functions in
SBMA [14, 48]. Interestingly, our transcriptome analysis
of iPSC-MNs revealed upregulation of synapse-related
gene sets in the SBMA-MNs, including activation of
intracellular signaling via calcium ions, formation of syn-
aptic vesicles, and the release of neurotransmitters such
as acetylcholine. Similarly, analysis of DEGs, synapse-
related genes were abundantly enriched and were found
to be upregulated in the SBMA-MNs (Figs. 5¢, d, and
6d). For instance, glutamate receptors GRID2, GRIKI,
and GRM?2 could be involved in glutamate toxicity in
MN:s, a phenomenon reported to occur in ALS. Upregu-
lation of these genes in the SBMA-MNs suggests the
involvement of similar glutamate toxicity in SBMA.
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Another example is that RGS proteins, including RGS4
and RGS5, negatively regulate G protein-coupled recep-
tor (GPCR) signaling, and work in coordination to regu-
late key aspects of neurotransmitter release, synaptic
transmission, and synaptic plasticity at neuronal
synapses [49]. Increased expressions of RGS4 and RGS5
inactivate GPCR signaling, which could induce neurode-
generation [50]. Moreover, the synaptotagmin family, in-
cluding SYT6 and SYT9, plays important roles in
calcium-dependent exocytosis of synaptic vesicles, and
SYT9 has been shown to be involved in the pathology of
ALS [51].

As for the neuromuscular synapse formation, RSPO2
is highly expressed in MNs and directly binds to its re-
ceptor, leucine-rich repeat-containing G-protein coupled
receptor 5 (Lgr5) at the neuromuscular synapse. RSPO2
not only activates canonical Wnt pathways, but also pro-
motes AChR clustering via muscle-specific tyrosine kin-
ase (MuSK) and low-density lipoprotein receptor-related
protein 4 (Lrp4) [52, 53]. Similarly, some of the Wnt li-
gands (Wnt4, Wnt7a, Wnt7b, Wnt9a, Wnt9b, Wnt10b,
Wntll, and Wntl16) also promote AChR clustering inde-
pendent of Agrin [54—-56], but WNT3A negatively regu-
late NM]J formation [57]. Thus, increased expression of
RSPO2, and Wnt ligands in SBMA-MNs, could induce
abnormal neuromuscular synapse formation, or could be
caused by compensatory negative feedback of patho-
logical synaptic degeneration.

In this study, SBMA disease-specific iPSCs provided a
valuable disease model that enabled elucidation of previ-
ously unknown pathologies underlying neurodegenera-
tion. Comprehensive transcriptome analysis using
purified MNs revealed MN-specific and patient-specific
pathologies that have never been investigated in detail.
Notably, this analysis further highlighted synaptic path-
ologies in SBMA. In contrast to most of the previous
studies which focused on muscular pathology causing
non-cell autonomous neurodegeneration and NMJ dys-
functions, we demonstrated that neuromuscular synap-
ses and synaptic functions of NMJs could be affected by
MN pathology in SBMA, and also identified alteration of
gene expressions in MNs, such as Synaptotagmin,
RSPO2, and WNT ligands. Through these analysis, iden-
tification of novel therapeutic targets focusing on neuro-
muscular synapses is expected.

Materials and methods

Isolation of human skin fibroblasts and generation of
iPSCs

Human dermal fibroblasts (HDFs) were obtained from 4
Japanese SBMA patients and 3 controls: a 36-year-old
Japanese male from the Japanese Collection of Research
Bioresources (JCRB) Cell Bank (TIG114), a 24-year-old
Japanese male (YF), and a 39-year-old Japanese male
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(KN). HDFs were cultured in DMEM (Sigma-Aldrich,
USA), 10% fetal bovine serum (FBS; Sigma-Aldrich,
USA), 2mM L-glutamine, and 1% penicillin/strepto-
mycin. Then, 6 x 10° HDFs were transfected with 1 ug of
each of the following: pCXLE-hOCT3/4-shp53 (OCT4
and shTP53), pCXLE-hSK (SOX2 and KLF4), and
pCXLE-hUL (L-MYC and LIN2S; a gift from Dr. Yama-
naka). Plasmid transfection was performed using the
Neon transfection system (Thermo Fisher Scientific,
USA). After 6days, the cells were harvested and plated
on mitomycin-C-treated SNL murine fibroblast feeder
cells in 0.1% gelatin-coated tissue culture dishes in hu-
man fibroblast medium. On the next day, the medium
was changed to standard human embryonic stem cell
(hESC) medium containing DMEM/F-12 (Wako, Japan),
20% knockout serum replacement (KSR) (Thermo Fisher
Scientific, USA), 2 mM L-glutamine, 1% non-essential
amino acids (NEAA) (Sigma- Aldrich, USA), 0.1 mM 2-
mercaptoethanol (2-ME) (Sigma- Aldrich, USA), 0.5%
penicillin/streptomycin, and 4 ng/mL recombinant hu-
man fibroblast growth factor-2 (FGF-2) (Peprotech,
USA). When the colonies had grown to a sufficiently
large size, they were picked and expanded in the same
way as hESCs and hiPSCs. The properties of the estab-
lished iPSC clones were evaluated, as described previ-
ously (Fig. 1, Additional files 1 and 2: Figure S1 and
Figure S2). Control iPSC clones, which were TIGE-9,
TIGE-22, YFE-16, YFE-19, and EKN3, and the SBMA
iPSC clones, which were SBMAIE-12, SBMAIE-18,
SBMA2E-16, SBMAZ2E-44, SBMA3E-10, SBMAS3E-11,
SBMA4E-5, and SBMAA4E-21, were established. The
control iPSC clones (TIGE-9, YE-16, and EKN3) were
previously reported [20, 21]. For the RNA sequence ana-
lysis, control iPSC clones (EKN3, TIGE-9, YFE-16 and
YFE-19) and SBMA iPSC clones (1E-12, 2E-16, 3E-10,
and 4E-5) were used and the data are presented as the
average of four clones for the controls and SBMA.

iPSC culture and differentiation

iPSCs were differentiated into spinal MNs, as previously
described [20]. iPSCs were maintained on mitomycin-C-
treated SNL murine fibroblast feeder cells in 0.1%
gelatin-coated tissue culture dishes in hESC medium
and were used for MN induction. For differentiation,
hiPSC colonies were detached using a dissociation solu-
tion (0.25% trypsin, 100 pg/ml collagenase IV (Gibco), 1
mM CaCl,, and 20% KSR) and cultured in suspension in
bacteriological dishes in standard hESC medium, after
the removal of SNL feeder cells, with incubation for 1-2
h in gelatin-coated dishes. On day 1, the medium was
changed to human embryoid body (hEB) medium con-
taining DMEM/F-12, 5% KSR, 2 mM L-glutamine, 1%
NEAA, and 0.1 mM 2-ME with 300 nM LDN-193189
(Sigma-Aldrich, USA), 3 uM SB431542 (Tocris, UK), and
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3uM CHIR99021 (FCS, USA). On day 2, the medium
was changed to fresh hEB medium containing 300 nM
LDN-193189, 3 uM SB431542, and 3 uM CHIR99021,
and 1pM retinoic acid (RA) (Sigma-Aldrich, USA).
From day 4 to day 14, hEBs were cultured in hEB
medium containing 1 pM RA and 1 uM purmorphamine
(Calbiochem, Germany), and the medium was changed
every 2—3 days. On day 14, hEBs were enzymatically dis-
sociated into single cells using TrypLE Select (Thermo
Fisher Scientific, USA). The dissociated cells were plated
on poly-l-ornithine (PO) and recombinant mouse Lam-
inin (Thermo Fisher Scientific, USA), or growth-factor-
reduced Matrigel (33 x dilution, thin coated; Corning)-
coated dishes at a density of 5x 10*~1 x 10° cells/cm?
and cultured in motor neuron medium (MNM) consist-
ing of media hormone mix (MHM) or KBM Neural
Stem Cell medium (Kohjin Bio, Japan) [58] supple-
mented with 2% B27 supplement (Thermo Fisher Scien-
tificc, USA), 1% NEAA, 50nM RA, 500nM
purmorphamine, 10 uM cyclic AMP (cAMP) (Sigma-Al-
drich, USA), 10 ng/mL recombinant BDNF (R&D sys-
tems, USA), 10ng/mL recombinant GDNF (R&D
systems, USA), 10ng/mL recombinant human IGF-1
(R&D systems, USA), and 200 ng/mL L-ascorbic acid
(Sigma-Aldrich, USA) for up to 4 weeks in 5% O, atmos-
phere. 10nM DHT (Sigma-Aldrich, USA) was added to
MN culture at the day of lentiviral infection (4 days after
monolayer differentiation). Half of the medium was
changed every 2-3 days.

Immunocytochemistry

Cells were fixed in 4% paraformaldehyde for 15-25 min
at room temperature. After blocking in blocking buffer
(PBS containing 10% FBS and 0.3% Triton X-100), the
cells were incubated with primary antibodies overnight
at 4 °C. The cells were then rinsed with PBS three times
and incubated with Alexa 488-, Alexa 555-, or Alexa
647- conjugated secondary antibodies (Thermo Fisher
Scientific) for 1h at room temperature. Nuclei were
stained with 10 pg/ml Hoechst 33258 (Sigma-Aldrich,
USA). The cells were then rinsed with PBS three times,
mounted on slides, and examined using IX83 (Olympus,
Japan). The primary antibodies used in these analyses
were listed in Additional file 3: Table S9.

Teratoma formation assay

Each iPSC clone was harvested in dissociation solution,
collected into tubes, and centrifuged, and the resulting
pellets were suspended in hESC medium with 10 uM Y-
27632 (Wako, Japan), which is a Rho-associated coiled-
coil forming kinase (ROCK) inhibitor. Then, 1 x 10°-5 x
10° cells were injected into the testes of NOD/ SCID
mice (Charles River, USA). At 8-10 weeks after injec-
tion, the tumors were dissected and fixed with PBS
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containing 4% PFA. Paraffin-embedded tissue was sliced
and stained with hematoxylin and eosin. Images were
obtained using a BZ-9000 microscope (Keyence, Japan).

CAG repeat sizing

DNA was extracted using DNeasy Blood & Tissue kits
(Qiagen, Germany). PCR amplification of the CAG re-
peat in the AR gene was performed using a fluorescent-
labeled forward primer (5'-TCCAGAATCTGTTC
CAGAGCGTGC-3") and an unlabeled reverse primer
(5'-GCTGTGAAGGTTGCTGTTCCTCAT-3"). Detailed
PCR conditions were described previously [58]. For de-
termining the CAG repeat numbers of each PCR prod-
uct, capillary electrophoresis and direct sequencing were
performed using the 3730x]I DNA Analyzer (Thermo
Fisher Scientific, USA). Fragment analysis was per-
formed using Peak Scanner™ Software v1.0. Sanger se-
quencing was performed from both 5" and 3’ sides
using a forward sequence primer (5'- TGCGCGAAGT
GATCCAGAAC-3") and a reverse sequence primer (5'-
TTGGGGAGAACCATCCTCAC-3").

RNA isolation and quantitative RT-PCR analysis

RNA was isolated using a RNeasy mini kit (Qiagen,
Germany) and then converted into ¢cDNA using Super-
Script III reverse transcriptase (Thermo Fisher Scientific,
USA) and Oligo dT primers as described previously [58,
59]. Real-time quantitative RT-PCR were performed as
previously described using SYBR Premix ExTaq II and the
StepOnePlus or the QuantStudio 7 Real-Time PCR system.
The amount of cDNA was normalized to that of human-
specific S~ACTIN mRNA. The primer sequences and PCR
cycling conditions are listed in Additional file 3: Table S10.

Generation of the HB9°**%::Venus lentivirus

Lenti-X™ 293T cells cultured in DMEM supplemented
with 10% FBS in 150 mm dishes were transfected with
16 pug of pSIN2-HB9***®-Bglo-Venus (a variant of yellow
fluorescent protein (YFP) with fast and efficient matur-
ation [60]) or pSIN2-Bglo-Venus and 10 pg of each of
two packaging vectors (pCMV-VSV-G-RSV-Rev and
pCAG-HIVgp, kindly provided by Dr. Hiroyuki Miyoshi)
with 200 uL. of polyethylenimine (Polysciences, Inc.,
USA), and the medium was changed to the Freestyle 293
expression medium (Thermo Fisher Scientific, USA) the
next day. Three days after the medium change, the cul-
ture supernatant was harvested and centrifuged at 25,
000 rpm for 90 min at 4 °C in an Optima LE-80 K ultra-
centrifuge (Beckman Coulter, USA). After discarding the
supernatant, 80 uL. of PBS/150 mm dish was added to
the pellet, which was resuspended by repeated pipetting
to obtain the HB9“**%::Venus reporter lentivirus. Lenti-
viral infection was performed on the day 4 of monolayer
MN differentiation. For lentiviral infection, HB9***%:
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Venus in Opti-MEM (Thermo Fisher Scientific, USA)
was added to a MN culture, followed by incubation for
2 h, after which the total medium was changed to MNM.

Flow cytometry

For flow cytometric analysis and cell sorting, iPSC-
derived MNs were dissociated 4 weeks after infection
with the HB9***®:Venus lentivirus using Tissue Dissoci-
ation Kits (Miltenyi Biotec) according to the manufac-
turer’s instructions. The dissociated cells (5 x 10*~1 x
10° cells) were suspended in 50—-100 ul of Hanks' bal-
anced salt solution (HBSS) (Thermo Fisher Scientific,
USA) containing 2% FBS, 10 mM HEPES, and 1 pg/ml
7-AAD. The cells were then analyzed and sorted based
on the expression of the HB9***%::Venus reporter using a
FACSAria III cell sorter (BD Biosciences, USA).

RNA sequencing and data analysis

The yield and quality control of total RNA were measured
using Nano Drop 2000c (Thermo Fisher scientific, USA)
and Agilent RNA6000 Nano Kit (Agilent technologies,
USA), respectively. The 2100 Bioanalyzer system (Agilent
technologies, USA) was used to qualify RNA integrity
number (RIN). RNA samples with sufficient RIN values
(more than 9.2) were subjected to the generation of
mRNA libraries using Illumina TruSeq protocols for poly-
A selection, fragmentation, and adaptor ligation, according
to the manufacturer’s instructions (TruSeq RNA Sample
Prep Kit v2). Quantification of libraries was performed
using Qubit3.0 (Thermo Fisher), Agilent 2200 TapeStai-
tion System (Agilent), and qPCR analysis by Kapa Library
Quantification Kit (TakaRa). The multiplexed libraries
were sequenced as 75nt pair end runs on an Illumina
NextSeq500 system (San Diego, CA). Sequence reads were
mapped to the reference human genome (GRCh38/hg38)
using STAR (2-pass mode, version2.7.1a). We then ex-
cluded reads mapped to rRNA and tRNA regions.
Annotation of the rRNA and tRNA regions were obtained
from the UCSC Table Browser. Read counts of transcripts
(feature counts [61]) were calculated using FeatureCounts
of the Rsubread package. Ensembl gene annotation
(Homo_sapiens.GRCh38.96.chr.gtf) was used for the tran-
script counts. DEGs based on the Wald test were analyzed
using DESeq2 [62]. The expression data were grouped
using a hierarchical clustering algorithm in Cluster 3.0
software  (http://bonsai.hgc.jp/~mdehoon/software/clus-
ter/software.htm) [63] by average linkage with the Euclid-
ean distance, and visualized by Java TreeView software
(http://jtreeview.sourceforge.net/) [64].

Gene set enrichment analysis (GSEA)

GSEA is a computational method that determines if a
priori defined set of genes show statistically significant,
concordant differences between two biological states
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[23], and is accessible at http://www.broadinstitute.org/
gsea/index.jsp. The expression profile data were analyzed
using GSEA 4.0.1. The gene sets were downloaded from
the Molecular Signatures Database (MSigDB) and C2
(curated gene sets: chemical and genetic perturbation
(CGP) and Canonical pathway (CP)) and C5 (Gene
ontology gene sets) were used for the GSEA.

Statistical analysis

For the statistical analysis in the quantitative RT-PCR,
either the Student’s t-test or the Welch’s t-test was used.
For the differential analysis of mRNAs between control
and SBMA MNs using DESeq2, adjusted p-value for a
false discovery rate (FDR) correction was performed by
the Benjamini-Hochberg (B-H) method. The gene set
enrichment analysis was performed using the Fisher’s
exact test and corrected with the B-H FDR.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/513041-020-0561-1.

Additional file 1: Figure S1. Evaluation of established iPSCs. Related to
Fig. 1. (A) Immunocytochemical analysis of the established iPSC clones
for pluripotent markers OCT4 and NANOG. Scale bar, 100 um. (B)
Hematoxylin and eosin staining of teratomas derived from the
established iPSC clones. Scale bar, 200 um.

Additional file 2: Figure S2. Karyotype analysis of the established iPSC
clones via G-banding analysis. Related to Fig. 2. All clones showed normal
karyotypes, 46, XY.

Additional file 3: Table S1. DEGs in heatmap (NT). Related to Fig. 5C.
Table S2. DEGs in heatmap (HPF). Related to Fig. 5D. Table S3. Profiles
of GSEA. Table S4. Gene ontology terms (down in NT). List of GO terms
negatively enriched in SBMA-MNs of NT (FDR < 0.2). Table S5. Gene
ontology terms (down in HPF). List of GO terms negatively enriched in
SBMA-MNs of HPF (FDR < 0.01). Table S6. Pathway terms (down in NT).
List of pathway terms negatively enriched in SBMA-MNs of NT (FDR <
0.01). Table S7. Pathway terms (down in HPF). List of pathway terms
negatively enriched in SBMA-MNs of HPF (FDR < 0.01). Table S8. The ex-
tracted upregulated genes in SBMA-MNs in GSEA. List of 96 genes that
were significantly upregulated in enriched GO and pathway terms with
p <0.05 and significantly higher (> 2-fold) expression levels in SBMA-MNs
than in control-MNs. Table S9. Primer sequences and cycling conditions
for quantitative RT-PCR. Table S10. Antibodies for immunocytochemistry.
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