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Abstract

Store-operated Ca®" entry (SOCE) is indispensable for intracellular Ca** ho-
meostasis in skeletal muscle, and constitutive activation of SOCE causes tubular
aggregate myopathy (TAM). To understand the pathogenesis of TAM, we in-
duced pluripotent stem cells (iPSCs) from a TAM patient with a rare mutation
(c.1450_1451insGA; p. Ile484ArgfsX21) in the STIM1 gene. This frameshift muta-
tion produces a truncated STIM1 with a disrupted C-terminal inhibitory domain
(CTID) and was reported to diminish SOCE. Myotubes induced from the pa-
tient's-iPSCs (TAM myotubes) showed severely impaired SOCE, but antioxidants
greatly restored SOCE partly via upregulation of an endoplasmic reticulum (ER)
chaperone, BiP (GRP78), in the TAM myotubes. Our observation suggests that
antioxidants are promising tools for treatment of TAM caused by reduced SOCE.
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1 | INTRODUCTION

Store-operated Ca** entry (SOCE) is a fundamental mech-
anism required for Ca®* homeostasis in skeletal muscle.
Depletion of Ca®* stores in the endoplasmic and sarco-
plasmic reticulum (ER/SR) is sensed by a single-pass
transmembrane ER protein, STIM1, via its luminal Ca’*-
binding EF-hands (cEF and hEF) and sterile alpha motif
(SAM) domain."* Ca** depletion induces conformation
changes of STIM1 and promotes its oligomerization.
The conformation changes also expose the channel ac-
tivation domain (CAD), which interacts with a Ca**-
release-activated Ca** (CRAC) channel, ORAI1, located
in transverse tubules to trigger extracellular Ca®* entry.*
Elevated cytosolic Ca®" is then taken up into the ER/SR by
the sarco/endoplasmic reticulum Ca®*-ATPase (SERCA)
pump. To prevent Ca** overload, fast (~10-20ms) and
slow (~1-3min) Ca**-dependent inactivations (FCDI and
SCDI, respectively) are triggered upon elevation of cy-
toplasmic Ca®*. SCDI is facilitated by SOCE-associated
regulatory factor (SARAF) binding to the STIM1-Orail
activating region (SOAR) of STIM1, and its binding is
controlled by acidic residues in the C-terminal inhibitory
domain (CTID).” The CTID also inactivates STIM1 in rest-
ing conditions by interacting with the coiled-coil domainl
(CC1).b

Gain-of-function mutations in the STIMI and
ORAI1 genes cause tubular aggregate myopathy (TAM;
OMIM#160565 and 615883) with constitutively active
SOCE.”'? In contrast, recessive loss-of-function mu-
tations in the STIM1 gene result in insufficient SOCE
and cause severe immunodeficiency.'*> TAM is charac-
terized by progressive muscle weakness with reduced
resistance to fatigue, muscle atrophy, myalgia, and
pathologically by the appearance of tubular aggregates,
which appear red on Gomori trichrome staining and ex-
hibit a honeycomb structure of densely packed tubules
on electron microscopy in skeletal muscle. To date, al-
most all TAM-related STIM1 mutations are missense
mutations in the Ca**-binding EF-hand (cEF and hEF)
motif of the luminal region and the cytoplasmic coiled-
coil domain 1 (CC1).** Mutations in EF-hands disrupt
Ca** binding and therefore constitutively activate Ca**
entry through ORAIL. The STIM1®**V mutation in
the CC1 domain destabilizes the tight conformation of
STIM1, promotes the exposure of the SOAR domain,
enhances the CC1-CCl homodimerization, and acti-
vates ORAI1 even when there is enough Ca*" stock in
the ER/SR."

In 2016, Okuma et al.'® reported a novel au-
tosomal dominant mutation in the cytoplasmic
domain of STIM1, creating a truncated STIM1 pro-
tein (c.1450_1451insGA; p. Ile484ArgfsX21) with a

disrupted CTID. The patient showed no Stomorken
syndrome signs, such as miosis, thrombocytopenia, hy-
posplenism, ichthyosis, short stature, or dyslexia, and
no history of repetitive infections indicative of immu-
nodeficiency. Although the phenotype was similar to
TAM caused by common gain-of-function mutations of
STIM1, the mutant STIM1 gene reduced SOCE when
overexpressed in C2C12 cells or HEK293 cells. Recently,
Kim et al.'® reported that the same mutation enhanced
SOCE when co-expressed with wild-type ORAI1 in
human primary myoblasts or HEK293T cells. Here, we
established induced pluripotent stem cells (iPS cells)
from the patient, because skeletal muscle derived from
the patient-iPSCs is expected to express both the wild-
type and the mutant STIM1 together with wild-type
ORAI1 at physiologic levels. Myotubes induced from
the patient-iPSCs showed a weak SOCE response. We
also found that BiP expression is reduced in TAM myo-
tubes, and that antioxidants can restore SOCE partly
via upregulation of BiP. Our results suggest that antiox-
idants could be therapeutic tools for TAM patients with
reduced SOCE.

2 | MATERIALS AND METHODS

2.1 | Control human iPS cells

409B2, 454E2, and 201B7 iPSC lines established from
healthy donors were provided by Prof. Shinya Yamanaka
at the Center for iPS Cell Research and Application
(CiRA), Kyoto University.'”** 201B7-PAX7-Venus was
provided by Dr. Hidetoshi Sakurai at CiRA.*

2.2 | Establishment of TAM-iPSCs

TAM-specific iPSCs were established following the
CiRA protocol (https://www.cira.kyoto-u.acjp/j/resea
rch/img/protocol/Episomal_Blood_Protocol.pdf). In
brief, peripheral blood mononuclear cells (PBMCs)
from the TAM patient'®> were cultured in StemSpan
H300 (Stem Cell Technologies) with 100 pg/mL of IL-6
(Pepro Tech), 300 pg/mL each of SFC (Pepro Tech), TPO
(Pepro Tech), FIt3 ligand (Pepro Tech), and 10 pg/mL
of IL-3 (Pepro Tech). After a 6-day culture, a cocktail of
episomal plasmids (pCE-hOCT3/4, pCE-hSK, pCE-hUL,
pCE-mp53DD, and pCXB-EBNA1) was transfected to
PBMCs by using a Nucleofector II Device (Lonza). Four
weeks later, colonies were picked up and cultured in
StemFit AKO2N medium (Ajinomoto) on iMatrix-511
(Nippi Inc.)-coated 6-well plates. Induced iPSC-like cells
were immunostained with OCT3/4, SOX2, and NANOG
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antibodies (Cell Signaling). Mycoplasma infection was
routinely tested using a PCR Mycoplasma Detection
Set (Takara). For plasmid vector integration checks,
genomic DNAs were extracted by a DNeasy Blood &
Tissue Kit (QIAGEN) and amplified by PCR prim-
ers (pEP4-SF1: 5-TTCCACGAGGGTAGTGAACC-3/,
pEP4-SR1: 5-TCGGGGGTGTTAGAGACAAC-3') using
Ex-Taq (Takara).?! G-band karyotyping was performed
by Nihon Gene Research Laboratories Inc. (http://ngrl.
co.jp/). The gene mutation was confirmed by Sanger
sequencing at Eurofins Genomics (http://eurofinsge
nomics.jp). More information on antibodies is shown
in Table S1. For teratoma formation tests, 1-2x 10°® iPS
cells were subcutaneously injected into the backs of
anesthetized Nod-Scid mice. Formed teratomas were
dissected, fixed with 4% paraformaldehyde (PFA), and
sectioned. Frozen sections 8 um-thick were incubated
with a-fetoprotein (Santa Cruz), BIII-tubulin (Abcam),
a-smooth muscle actin (Dako), or with anti-human spe-
cific Lamin A/C antibody (Leica). The paraffin embed-
ded sections were stained with hematoxylin and eosin.
TAM-iPS cells passaged fewer than 10 times were used
for analysis.

2.3 | Derivation of skeletal muscle
progenitors from human iPS cells

Muscle induction from human iPSCs was performed
as previously described®® with modification. hiPSCs
were plated on iMatrix-511-coated 6-well plates at a
density of 240,000 cells/well and cultured in Di-CL me-
dium (DMEM/F12 supplemented with 1% v/v Insulin-
Transferrin-Selenium; ITS, Gibco), 3uM CHIR-99021
(Tocris), and 0.5uM LDN-193189 (Stemgent) for 3 d
and then in Di-CLF medium (Di-CL medium supple-
mented with 20ng/mL FGF-2; Pepro Tech) for 3 d.2324
Then, cells were detached using a cell scraper (Iwaki)
and transferred to ultra-low attachment surface flasks
(Corning) in Stemline medium (S-3194; Sigma-Aldrich)
supplemented with 100ng/mL bFGF (Pepro Tech),
100ng/mL EGF (Pepro Tech), 5pg/mL heparin sodium
salt (Sigma-Aldrich), and 1% v/v penicillin/strepto-
mycin/amphotericin B (PSA; Wako).?> After 6weeks
floating culture, the medium was changed to Stemline
supplemented with 1 pM SB431542 and 1% v/v PSA and
cultured for 4weeks. After 4-week culture in growth
factor-free medium, spheres were again cultured for
2weeks in the growth factor-rich medium. During float-
ing culture, spheres were weekly chopped into 200 pm
cubes by a MclIlwain tissue chopper (Mickle Laboratory
Engineering).
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2.4 | FACS analysis and cell sorting

FACS analysis and sorting were performed as de-
scribed.?*?® In brief, after a 1-week adhesion culture
of spheres in the differentiation medium (10% fetal bo-
vine serum and 1pM SB431542 in Dulbecco's modified
Eagle's medium; DMEM), cells detached from dishes
using 0.05% trypsin were incubated with the following
antibodies: CD82-APC (Miltenyi Biotec), ERBB3-APC
(BD Pharmingen), CD271-BB515 (BD Pharmingen),
or isotype control antibodies (1:200 dilution each)
for 30min at 4°C. After washing with 0.2%FBS/PBS
(—) buffer, cells were analyzed and sorted by using
BD FACSAria Fusion. Data were analyzed by FACS
Diva (BD Bioscience, v8.0) and FlowJo software (BD
Biosciences). CD2717CD82* cells were collected by
FACS as myogenic cells. For myotube formation, cells
were plated onto collagen-coated dishes (Iwaki) in 10%
FBS/DMEM/PSA/1 pM SB431542. More information on
antibodies is shown in Table S1.

2.5 | Immunocytochemistry

Cells were fixed by 4% PFA (Nacalai Tesque) for 15min
at room temperature (RT) and permeated with 0.1%
TritonX-100 (Sigma-Aldrich) for 10min. After blocking
with 5% goat serum (Cedarlane)/2% bovine serum al-
bumin (Sigma-Aldrich) in PBS for 15min at 37°C, cells
were incubated with primary antibodies overnight at
4°C. The next day, the cells were washed with PBS and
incubated with secondary antibodies for 2h at RT. Nuclei
were stained with DAPI (Tokyo Chemical Industry) at
1:10,000 dilution. Images were taken using a KEYENCE
BZ-X810 microscope and analyzed by cell count software
(Keyence) and ImageJ Fiji (NIH). The antibodies used are
listed in Table S1.

2.6 | RT-qPCR

RT-qPCR was performed as previously described.***® In
brief, total RNA was extracted from cells with a RNeasy
Mini Kit (Qiagen) and reverse transcribed into cDNA
using PrimeScript RT reagent kit (Takara). cDNA was
amplified with SYBR Premix EX Taq II (Til RNaseH
Plus, Takara) and the primers listed in Table S2. The sig-
nal was recorded with a CFX Connect Real-Time System
(Bio-Rad) and analyzed using the comparative C;, method
(274AC), Raw C, values of target genes were normalized to
C, values of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). Then, the Delta-Delta C, value was calculated
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by normalizing the C; value of each gene to that of the
human skeletal muscle total RNA (Clontech, Cat#636534;
lot 1502315A).

2.7 | Time-lapse Ca’" imaging

Ca** in ER/SR was labeled by lentiviral transduction of
pLV-CAG-R-CEPIAler-IRES-Puro (Sirion Biotech). For
cytosolic Ca®* imaging, myotubes cultured for 10days
in differentiation medium were loaded with 4uM
Fura-2/AM (Dojindo Laboratories) in imaging solution
(107mM NaCl, 6 mM KCI, 1.2mM MgCl,, 2mM CacCl,,
11.5mM glucose, and 20 mM HEPES pH 7.4) for 40 min
at 37°C. Images were captured using an inverted micro-
scope (IX83; Olympus) with a perfusion system at 10-s
intervals. Fura-2 (excitation filters D340X and D380X/
emitter D510/40) and rCEPIAler (TRITC/Cy3 filter)
fluorescence images were recorded with MetaMorph
Imaging Software (Molecular Devices). The images
were analyzed by Image] Fiji software (NIH). SOCE
was induced by a Ca**-free imaging solution containing
0.5mM EGTA or 5pM thapsigargin (Nacalai Tesque).
Ca** release from the ER/SR via RyR was stimulated by
50mM caffeine in the imaging solution.

2.8 | Immunoblotting

Cells were lysed in a lysis buffer containing 316 mM
NacCl, 20 mM Tris-HCI (pH 7.2), 2mM EGTA, 0.2% SDS,
2% sodium deoxycholate, and 2% Triton X-100 with
cOmplete Mini protease inhibitor cocktail (Roche) and
PhosSTOP EASYpack (Roche). After centrifugation
at 10,000g, 4°C for 5min, the supernatant protein was
quantified by the Bradford method (Bio-Rad Protein
Assay Dye Reagent, Cat#500-0006). Sample buffer (x6)
(0.35M Tis-HCI (pH6.8), 10% SDS, 30% glycerol, and
9.3% DTT) was added to the cell lysate and heated at
100°C for 5min. Proteins were resolved on a 10% Tris-
glycine gel (Bio-Rad Protean TGX gel, Cat#4561033)
and transferred to polyvinylidene difluoride (PVDF)
membranes (Merck Millipore). The membranes were
then blocked in TBS-0.1% Tween20 (TBST) containing
3% non-fat dry milk (Wako, Cat#190-12865) for 1h at
RT and incubated with primary antibodies overnight at
4°C. After washing in TBST, the membranes were in-
cubated with secondary antibodies diluted 1:2000, for
30min at RT. After washing, the membranes were re-
acted with the ECL Prime Western Blotting Detection
Reagent (GE Healthcare) or SuperSignal West Dura
Extended Duration Substrate (Thermo Scientific). The
signals were detected by a ChemiDoc MP Imaging

System (BioRad). For analysis of ER stress, an ER stress
antibody sampler kit (Cell Signaling) was used accord-
ing to the manufacturer's instructions.

2.9 | Quantification of protein carbonyls
Protein carbonyl levels in myotubes were evaluated with
an OxyBlot protein oxidation detection kit (Millipore)
according to the manufacturer's protocol. In brief, car-
bonyl groups in the protein side chains were derivatized
by 2,4-dinitrophenylhydrazine (DNPH). Immunoblotting
was then performed with an antibody against DNP.
a-Tubulin (T6199; Sigma-Aldrich) was used as a loading
control.

210 | Immunoprecipitation

Cells were lysed in a NP40 lysis buffer, containing 10 mM
Tris-HCI (pH7.4), 150 mM NacCl, 0.5mM EDTA, and 1%
Nonidet P40 (Nacalai Tesque) with cOmplete Mini pro-
tease inhibitor cocktail (Roche) and PhosSTOP EASY
pack (Roche). The lysates were incubated with an anti-
STIM1 antibody (sc-166840; Santa Cruz) overnight at 4°C
on a rocking platform. After 16h, lysates were incubated
with protein G-Sepharose beads (Amersham Biosciences)
for 1h at 4°C. The beads were then collected by centrifu-
gation at 12,000 g for 5min. The proteins were dissolved by
NP40 lysis buffer containing with 2% p-mercaptoethanol
for OxyBlot.

2.11 | Measurement of intracellular
reactive oxygen species (ROS) level

The intracellular ROS level was measured using the
fluorescent oxidant-sensitive probe 2’'7-dichlorofluo-
rescenin diacetate (DCFDA; Invitrogen). After myotube
formation, 20 uM DCFDA was added to the culture and
incubated for 30min at 37°C. The ROS signals (green
fluorescence) were detected with a Keyence BZ X-810
fluorescence microscope. As a positive control, 0.5 mM
H,0, was added to the culture and incubated for 30 min
at 37°C.

212 | MTT assay

MTT (3-[4,5-dimethylthiazol-2-yl1]-2,5 diphenyl tetra-
zolium bromide) was assayed as described in a previ-
ous report.”” In brief, cells were plated at a density of
2x10* cells/well in 96-well collagen-coated plates. After
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myotube formation, 0.05mg/mL MTT was added to the
culture, and it was incubated for 3h in a CO, incubator.
After aspiration of the medium, acid isopropanol was
added to each well, and the well contents were transferred
to 1.5mL tubes and centrifuged. ODsq, of the superna-
tant was measured by a Synergy HTX Multi-Mode Reader
(BioTek). Untreated wells were used as a control.

213 | Proximity ligation assay (PLA)

In situ PLA was performed with Duolink In Situ PLA
Probes (Sigma-Aldrich) according to the manufacturer's
protocol. SOCE was induced using 5pM thapsigargin,
and cells were and immediately fixed with 4% PFA in
PBS (Nacalai Tesque) for 15min at RT. Then, the cells
were washed with PBS and permeabilized by 0.5% Triton
X-100 in PBS for 10 min. Following washing with 0.05%
Tween 20 in TBS, the cells were blocked with the block-
ing buffer for 1h at 37°C. Then, cells were incubated
with mouse anti-STIM1 antibody (sc-166840; Santa
Cruz) and rabbit anti-ORAI1 antibody (08262, Sigma-
Aldrich) diluted 1:100 in Duolink Antibody Diluent so-
lution overnight at 4°C. After washing with Wash Buffer
A, the cells were incubated with PLA probes, Anti-Mouse
MINUS and Anti-Rabbit PLUS, conjugated to unique ol-
igonucleotides. After the second antibody reaction, the
cells were incubated with a Ligation-Ligase solution for
30min at 37°C and incubated with amplification poly-
merase solution for 100 min at 37°C. The cells were then
washed in Wash Buffer B and stained with Alexa Fluor
594 Phalloidin (Molecular Probes, A12381) for 15 min.
The cells were mounted using Vectashield Antifade
Mounting Medium with DAPI (Vector Laboratories,
Inc., H-1200). PLA signals were detected with a Keyence
BZ X-810 fluorescence microscope equipped with a xX60
oil-immersion objective and quantified by ImageJ Fiji
software (NTH).

2.14 | siRNA knockdown

Muscle progenitors were cultured in 24-well plates at the
density of 5x10* cells per well. The next day, the cells
were transfected with 10pmol of siRNA (Invitrogen)
using the Lipofectamine RNAiIMAX Reagent (Invitrogen)
according to the manufacture's protocols. Two days
later, the cells were harvested for immunoblot analysis
or PLA. Two small-interfering RNA (siRNA) sequences
targeted toward STIM1 (Sense strand siRNA: STIM1S-1
5'-GGGAUCUCAGAGGGAUUUGtHt-3’, and siSTIM1S-2
5'-CAGAGGGAUUUGACCCAUULtt-3’) were designed
using Silencer Select (Invitrogen) based on a previously
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published report.”® For ORAI1, one Silencer Select Orail
siRNA (Sense strand siRNA: 5-GCAACGUGCACAAU
CUCAALtt-3") was used. The Silencer Select Negative
Control No.1 siRNA (Invitrogen) was used as a negative
control.

2.15 | Measurement of ATPase activity
ATPase activity was evaluated as described previously.”
In brief, cells were homogenized in lysis buffer (0.25M
sucrose, 2mM Tris-HCI (pH7.4), 1mM DTT, and com-
plete protease inhibitor cocktail (Roche)). After a series
of centrifugations (800g for 15min, 6000g for 15min,
and 100,000g for 60min), the pellet was resuspended in
250mM sucrose as the microsome fraction. ATP hydrol-
ysis activity of microsomal membranes was measured
using a colorimetric ATPase Assay Kit (Abcam) according
to the manufacturer's instructions.

2.16 | Statistical analysis

We used R version 4.0.3. For comparison between
two groups, unpaired, two-tailed Welch's t-test was
performed. For more than three groups, Dunnett's
or Tukey's multiple comparison test was performed.
p Values < 0.05 were considered statistically significant:
*p<0.05; **p<0.01; ***p<0.001. N.S., not significant
(p>0.05). Data are presented as mean + SEM with the
mean value of each clone obtained from 2 to 7 experi-
ments. Detailed information on raw data, statistical
tests, and p values are provided in the Source Data file
(Excel file).

3 | RESULTS

3.1 | Generation of iPS cells from a TAM
patient with a frameshift mutation in the
CTID coding region of the STIM1 gene

TAM patient-derived iPS cells were generated from the
blood of a TAM patient with a c.1450_1451insGA muta-
tion in the STIM1 gene, a two-base insertion mutation in
the C-terminal inhibitory domain (Figure 1A)."> Three
clones with high proliferative potential and pluripotency
(TAM#4, TAM#9, and TAM#11) were selected for this
study. Each clone formed iPSC-like colonies (Figure 1B),
had a normal karyotype (46, XY), expressed OCT3/4,
NANOG, and SOX2, and formed teratomas in immu-
nodeficient NOD-Scid mice (Figure SIA-E). Sanger se-
quencing confirmed that the TAM patient-derived iPSCs
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FIGURE 1 Derivation of skeletal muscle progenitors from control and TAM-iPSCs. (A) The structures of the STIMI gene and STIM1
protein of the patient. The TAM patient has an autosomal dominant mutation (c1450_1451insGA; p. Ile4584ArgfsX21) in the C-terminal
inhibitory domain (CTID). CAD/SOAR, channel-activating domain/the STIM/ORAI activating region; CC1, conserved cytosolic coiled-coil
domain 1; CC2, conserved cytosolic coiled-coil domain 2; CC3, conserved cytosolic coiled-coil domain 3; cEF, canonical EF-hand motif;
hEF, hidden EF-hand motif; K, Lys-rich domain; S/P, Pro/Ser-rich domain; SAM, sterile a-motif; SP, signaling peptide; TM, transmembrane;
TRIP, Thr-Arg-Ile-Pro sequence. (B) Phase contrast images of TAM-iPSCs (TAM#4, TAM#9, and TAM#11) and control-iPSCs (409B2)
colonies on feeder-free iMatrix511-coated dishes. Scale bar =500 pm. (C) Schematic description of a new protocol for induction of skeletal
muscle progenitors. Detailed protocol is described in Materials and Methods. C: CHIR-99021, L: LDN-193189, F: bFGF. (D) Representative
plot of flow cytometry of iPSC-derived myogenic cells. CD827/CD271* double positive cells were sorted as skeletal muscle progenitors. (E)
Representative images of myotubes formed by muscle progenitors derived from control-iPSCs (409B2, 454E2, and 201B7) and TAM-iPSCs
(TAM#4, TAM#9, and TAM#11). Scale bar =100 pm. (F) Fusion index of (E). Experiments were performed 4 times. Data are mean + SEM
with the averaged value of each clone. Welch's t-test (two-tailed). (G) a-Actinin staining of myotubes (Control: 409B2, TAM: TAM#4) formed
after 1-week culture in differentiation medium. Right panels are enlarged images of the yellow squares in the left panels. Scale bar =25 um.



SAKAI-TAKEMURA ET AL.

retained the parental two-base insertion at CTID in the
STIM1 gene in one allele (Figure S1F).

3.2 | Derivation of skeletal muscle
progenitors from patient iPSCs

Previously, we reported a modified EZ sphere method
for induction of skeletal muscle progenitors from human
iPSCs.* A recent study showed that longer cultures are
necessary to induce skeletal muscle cells in the later devel-
opmental stage.’® Therefore, we prolonged the induction
period from 6 to 12weeks (Figure 1C). Myogenic progeni-
tors grew more slowly than non-myogenic cells (data not
shown). To avoid loss of myogenic cells during the long in-
duction process, we investigated several culture conditions
and found that removal of FGF2 (bFGF) and EGF from the
culture medium in a later step (6-10weeks) significantly
enriched PAX7-positive myogenic progenitors (Figure S2).
After 12weeks induction culture, we sorted CD271TCD82"
cells® as muscle progenitors by flow cytometry (Figure 1D)
and cultured them in a differentiation medium. We in-
duced myogenic cells from three TAM-iPS cells (TAM#4,
TAM#9, and TAM#11) and control iPS cells from a healthy
donor (409B2, 454E2, and 201B7).17‘19 The fusion index
(numbers of nuclei in myotubes/total nuclei X100 (%)), a
commonly used quantitative metric to assess myogenesis,
for TAM-iPSC-derived myogenic cells tended to be lower
than that of control ones, although there was no statistical
significance (Figure 1E,F). Both control and TAM-derived
myotubes spontaneously contracted (Videos S1 and S2) and
showed a sarcomere-like structure when immunostained
with an anti-a-actinin antibody (Figure 1G). No significant
difference was observed in the expression of myosin heavy
chain isotypes (MYH1, MYH2, MYH3, MYH7, and MYHS)
between TAM and control myotubes (Figure S3).

3.3 | STIM1and ORAI1 mRNA levels
were maintained but protein levels were
reduced in TAM iPSC-derived myotubes

To assess whether myotubes induced from patient-iPSCs can
be used for in vitro disease modeling of TAM, the expressions
of STIMI1, ORAIl1, RYR1, SERCAs (SERCAIla, SERCAID,
SERCA2a, SERCA2b), and calsequestrin 1 (CASQI1) were
examined by RT-qPCR (Figure 2A; Figure S3). STIMI and
ORAI1, molecules responsible for SOCE, and RyR1, a Ca*t
release channel in the ER/SR membrane, were expressed
at almost the same level in myotubes from control-iPSCs
and TAM-iPSCs. In general, when a premature stop codon
(PTC) was located within 50-55nt upstream of the exon
junction of the most 3’ side, nonsense-mediated mRNA
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decay (NMD) did not occur.*>*3 The mutated STIM1 seems
to evade NMD, because the premature stop codon locates
31ntupstream of the exon 11 and exon 12 junction (the exon
junction of the most 3’ side; Figure S4). SERCA1b (fetal type)
was abundantly expressed in iPSC-derived myotubes, but
the mRNA level of SERCAIa (adult fast type) was around
one-twentieth of that of adult skeletal muscle tissue. This
expression pattern was also found in myotubes formed by
primary myoblasts (data not shown), indicating that myo-
tubes formed in culture are not fully matured. Interestingly,
CASQI a major Ca®*-binding protein in the SR tended to
be upregulated in TAM myotubes, although there was no
statistically significant difference (Figure S3).

Next, we assessed the STIM1 and ORAI1 protein ex-
pression by immunoblotting. An antibody recognizing the
N-terminus of STIM1 revealed that myotubes derived from
TAM-iPSCs expressed a long splice variant of STIM1 with
an extended C-terminal domain (STIM1-L; 115 kDa),28
STIM1 (84kDa), and a truncated, disease-causing STIM1
(58kDa; Figure 2B; Figures S5 and S6). The STIM1 pro-
tein level was reduced to approximately 30% of the control
level (Figure 2C). On ORAI1 blotting, the band appeared
broad due to the glycosylation of ORAI1 (Figure 2B).***
There was no difference in the ORAI1 protein level be-
tween control and TAM myotubes (Figure 2C).

3.4 | c¢.1450_1451insGA mutation altered
subcellular localization of STIM1 in TAM
iPSC-derived myotubes

Okuma et al." reported that overexpression of mutant
STIM1 (c.1450_1451insGA) in C2C12 cells resulted in accu-
mulation of STIM1 around nuclei and exhibited an aggre-
gation-like appearance in shrunken cytoplasm. In control
iPSC-derived myotubes, the STIM1 signals were distrib-
uted in the cytoplasm, but the signals were only weakly
detected in the patient iPSC-derived myotubes (Figure 2D;
Figure S7). On the contrary, ORAI1 signals were distributed
in the cytoplasm and not decreased on the immunofluores-
cent images of patient-iPSC-derived myotubes (Figure 2D).

3.5 | TAM iPSC-derived myotubes had
low Ca’* levels in both cytoplasm and
ER/SR in a resting state and showed
blunted SOCE

The STIM1 mutation (p. Ile484ArgfsX21) is reported to
show impaired SOCE when overexpressed in C2C12 cells
or HEK293 cells." To examine SOCE in iPSC-derived my-
otubes, first we depleted Ca** from the extracellular fluid
(0mM Ca®"; Figure 3A-C). In the second experiment, we
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analysis of STIM1 and ORAII in myotubes differentiated from control iPSCs (409B2, 454E2, and 201B7; black columns) and TAM-iPSCs
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(C) from control iPSCs and TAM-iPSCs. CBB staining is shown as a loading control. (C) Quantification of the signal intensities of STIM1
(left) and ORAI1 (right). Sample preparations and immunoblotting were performed four times. (D) Representative confocal images of
control (454E2) and TAM#11 myotubes stained with anti-STIM1 antibody recognizing the N-terminus of STIM1 (BD 610954). Scale
bar=25pm. Uncropped images of B, and negative controls (siRNA experiments) are shown in Figure S6. Data are mean + SEM with the
average value of each clone. Two-tailed Welch's ¢ test.

FIGURE 3 TAM myotubes show lower levels of cytosolic Ca’+ and shortage of Ca®+ in ER/SR compared with controls, and show
blunted SOCE. (A) Representative recording of cytosolic Ca’+ changes induced by perfusing 2mM Ca’+ and 0mM Ca?+ solutions on
control (454E2, black, 12 cells) and TAM (TAM#11, red, 24 cells) myotubes. Data are mean + SEM. Myotubes derived from control and
TAM iPSCs were loaded with Fura-2/AM to monitor changes in cytosolic Ca’+ concentration. (B) Comparison of the resting cytosolic

Ca’+ in A. (C) Maximal cytoplasmic Ca®+ rise after re-addition of 2mM Ca’+. (D) Representative cytosolic Ca®+ change by treatment of
thapsigargin in control (454E2, black, 12 cells) and TAM (TAM11, red, 12 cells) myotubes. Data points are mean + SEM. (E) Comparison

of the resting cytosolic Ca+ in D. (F) The maximal cytoplasmic Ca®+ rise after addition of 2mM Ca®+ with 5pM thapsigargin. In A-F, the
experiment was performed three times. More than 10 cells were recorded per clone in each experiment. (G) Cartoon to explain experiments
in H-L. Myotubes were lentivirally transduced with rCEPIAler, an ER/SR-specific Ca’+ indicator. (H) Trace showing rises in cytosolic Ca’+
induced by Ca’+ release from the ER/SR by exposure to 50 mM caffeine. (Control: 22 cells, TAM#9: 26 cells). (I) The Ca’+ release to the
cytoplasm, the range of F,,/F4, elevation from no caffeine (basal) to 50 mM caffeine (peak), in H. (J) Comparison of the CEPIA intensity
in each myotube at a resting state. More than 20 cells per experiment (2-3 experiments). (K) Trace showing changes in the ER/SR Ca*+
induced by 50mM caffeine in control (black, 22 cells) and TAM myotubes (red, 26 cells). Values were normalized to F,. (L) Ca’+ reduction
of the ER/SR, the range of F/F; depression from no caffeine to 50 mM caffeine addition in K. Experiments were performed twice (3 times
for 201B7). In each experiment, more than 20 cells/clone were recorded and averaged. Data are mean +SEM with the average value of each
clone. Two-tailed Welch's ¢-test.
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added a SERCA inhibitor, thapsigargin (Figure 3D-F).
The cytoplasmic Ca** level was monitored using Fura-2/
AM. Importantly, resting [Ca®*] levels, the mean value
of Fs4y/Fsq, within the first minute of the experiment,
were lower in TAM myotubes than in control myotubes
(Figure 3A,B,D,E). In both experiments, the elevation of
the cytoplasmic Ca** evoked by Ca®" depletion was al-
most undetectable in TAM myotubes in all three TAM
clones tested (Figure 3A,C,D,F).

Next, cytoplasmic Ca** level and Ca** stores in ER/SR
were simultaneously monitored using rCEPIAler,* an
ER-specific Ca** indicator, and Fura-2/AM (Figure 3G).
Caffeine was used to stimulate RyR1-mediated Ca®* release
from ER/SR. Compared with controls, caffeine had less ef-
fect on the elevation of cytosolic Ca*" in TAM myotubes
(Figure 3H,I). In the resting state, TAM myotubes showed
a slightly lower intensity of rCEPIAler signals than the
control, suggesting less Ca** storage in ER/SR (Figure 31J).
The decrease in fluorescence intensity of rCEPIAler in
ER/SR after caffeine treatment was smaller in the TAM
myotubes than in control myotubes (Figure 3K,L). The re-
sults suggested that the TAM myotubes in a resting state
had lower Ca** concentrations in both the cytoplasm and
ER/SR compared to the control myotubes.

3.6 | Antioxidants rescued SOCE of
TAM myotubes

Dysregulation of intracellular Ca®* causes oxidative
stress and ER stress, which further impair Ca’* handling
in muscular disorders.>” Therefore, we next tested the ef-
fects of two well-characterized free radical scavengers,
MCI-186 (Edaravone), and NAC (N-acetyl-L-cysteine) on
SOCE in the TAM myotubes (Figure 4A). Antioxidants
did not improve the fusion index in TAM myotubes
(Figure 4B,C). Importantly, the two antioxidants signifi-
cantly restored SOCE of TAM myotubes to the control
level (Figure 4E).

Caffeine-induced Ca®" release from the ER/SR tended
to be increased by the antioxidants, although there
was no statistically significant difference (Figure 4F,G;
Figure S8). Interestingly, untreated TAM myotubes re-
sponded poorly to caffeine, compared with controls
(AF34/F340>0.03 was judged as “responded”). NAC
treatment (p =0.024) or MCI-186 (p =0.052) increased the
percentage of responders in TAM myotubes (Figure 4I).
On the contrary, MCI-186 or NAC did not improve SOCE
in control iPSC-derived myotubes (Figure S9). The an-
tioxidants showed a tendency to increase the ATPase
activity of SERCA in TAM myotubes, although not statis-
tically significantly (Figure S8).

3.7 | Antioxidant treatment
improved STIM1-ORAIl interaction in
TAM myotubes

To understand the mechanisms by which antioxidants
rescued SOCE, the levels of STIM1 and ORAI1 proteins
in TAM myotubes were examined. The antioxidants
did not increase the expression of STIM1 and ORAI1
(Figure 5A-C). The interaction of STIM1 and ORAI1 after
induction of SOCE was examined by a proximity ligation
assay (PLA). PLA signals of myotubes were increased by
antioxidants, but there was no statistically significant dif-
ference between untreated and antioxidant-treated TAM
myotubes, due to the much larger number of signals in the
control (Figure 5D,E).

3.8 | TAM myotubes are vulnerable to
H,0, treatment

The augmentation of SOCE by antioxidants in TAM myo-
tubes suggested increased oxidative stress in TAM myo-
tubes. To test this hypothesis, we examined ROS levels in
control and TAM myotubes using H2DCFDA. The levels
were unexpectedly low in TAM myotubes (Figure S10A).
Oxyblots revealed no clear difference in protein oxi-
dation levels between control and TAM myotubes
(Figure S10B-E). Importantly, TAM myotubes were more
sensitive to H,O, than control myotubes (Figure SI0F-H).
These results suggest the possibility that protective mech-
anisms against free radicals are not fully functional in
TAM myotubes.

3.9 | Antioxidant treatment restored
SOCE via upregulation of BiP, a major
ER chaperone

In the skeletal muscle of TAM patients, a honeycomb-like
tubular structure is observed by electronic microscopy,
which resembles the stacked ER cisternae observed in
cells under ER stress.*® Therefore, the restoration of SOCE
by antioxidants suggested that antioxidants reduced ER
stress in TAM myotubes. To examine whether reduction
of ER stress by antioxidants improved SOCE, we evalu-
ated the expression of ER stress-related proteins (BiP, PDI,
IREla, PERK, ATF-6, ATF-4, CHOP, and XBP-1) by im-
munoblotting. BiP, an ER Hsp70 chaperone, and PDI, a
family of protein disulfide isomerases, that play important
roles in ER quality control and repair of misfolded pro-
teins. These two molecules were abundantly detected in
myotubes (Figure 6A). Unexpectedly, the expression of
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Representative images of myotubes stained for MYHC (MF20, red), MYOGENIN (green), and DAPI (nuclei, blue) after antioxidant
treatment. Scale bar =100 pm. (C) Fusion index. The mean value of each clone was obtained from 2 to 3 experiments. SR Ca** depletion was
induced by thapsigargin (5 uM). Intracellular Ca®* of TAM-derived myotubes was measured by Fura-2/AM. (D) Comparison of the SOCE
value in control and TAM myotubes in D. SOCE value was calculated as 2mM Ca** peak - 0mM Ca*" base. (E) Representative recording of
Ca®* release to the cytoplasm by 50 mM caffeine in TAM#4-myotubes treated with 0.5 pg/mL MCI-186 (blue, 30 cells), 30mM NAC (green,
30 cells), and untreated control (black, 27 cells). (F) The maximal cytoplasmic Ca*" rise after addition of 50mM caffeine. (G) Percentage

of myotubes that responded to caffeine (AFs,/F55,>0.034). More than 40 myotubes per group were analyzed and averaged. Experiments
(D-H) were repeated twice (three times for 201B7). Data are the mean of three clones + SEM with the average value of each clone. Dunnett's
test versus untreated TAM myotubes (C), or versus control myotubes (E, G, and H). *p <0.05.
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BiP was suppressed in TAM myotubes but significantly
restored by antioxidant treatment (Figure 6B). PDI was
not increased by antioxidants (Figure 6C). PKR-like en-
doplasmic reticulum kinase, PERK, was not found to
be expressed differently in TAM and control myotubes
(Figure S11). The expression of other ER stress-related
markers, IREla, ATF-6, ATF-4, CHOP, and XBP-1, was
all below the detection limit (data not shown), question-
ing the presence of ER stress in TAM myotubes. Based on

these results, we hypothesized that the antioxidants res-
cued SOCE in TAM myotubes by upregulating BiP.

To test the hypothesis, we examined the effects of BiP
Inducer X (BIX) on SOCE in TAM myotubes. BIX activates
transcription of the BiP gene in a dose-dependent man-
ner.* Interestingly, the BIX treatment of TAM myotubes
for 4days greatly improved SOCE, whereas it did not aug-
ment SOCE in control myotubes (Figure 6D,E). Caffeine-
induced Ca®" release from ER/SR in TAM myotubes
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tended to be increased by BIX, although the difference
was not statistically significant (Figure 6F,G).

4 | DISCUSSION

We generated iPS cells from a TAM patient with a rare mu-
tation (p.Ile484ArgfsX21) in the STIM1 gene and induced
myogenic cells using our new 12-week-floating culture
method. Growth factor-free culture medium drastically
enriched PAX7-positive muscle progenitors (Figure S2).
Our new protocol is applicable to a wide-range of muscle
diseases.

Our TAM-iPSC-derived myotubes showed severely re-
duced SOCE and deficiency in Ca®* stores in the ER/SR
(Figure 3A-F). This result is consistent with a previous
report by Okuma et al."> using C2C12 cells or HEK293
cells overexpressing the mutant STIM1. Immunostaining
showed poor expression of STIM1 protein in the cy-
toplasm of TAM-iPSC-derived myotubes (Figure 2D).
Immunoblotting analysis showed lower levels (30% of the
controls) of STIM1 protein in patient-iPSC-derived myo-
tubes than in control myotubes (Figure 2B,C). Our PLA
assay demonstrated that STIM1 does not efficiently in-
teract with ORAI1 on Ca** depletion in ER/SR in patient
muscle, but antioxidants partially restored the interaction
(Figure 5D,E).

The mutation of the patient we analyzed is a
heterozygous insertion mutation of STIMI gene,
c.1450_1451insGA, which results in a frameshift and
generates a premature stop codon (p.Ile484ArgfsX21).
STIM1"®*R resides in the cytosolic CTID domain, and
the mutant protein lacks the downstream residues of
STIM1 including the C-terminal part of CTID, S/P, and
K domains (Figure 1A). The K domain, also known as
the polybasic domain, interacts with phospholipids in
plasma membrane (PM), concentrates STIM1 at ER-PM
junctions, and improves the efficiency with which
STIM1 interacts with ORAI1.**"*? Therefore, whereas
the K domain is reported to be not absolutely necessary
for SOCE in overexpression studies, it may be more crit-
ical at endogenous protein levels, in which individual
STIM1 may be too sparse to effectively interact with
ORAI1.** STIM1 is present as a dimer and oligomeri-
zes upon Ca** depletion. The TM domain as well as the
CC1 and CC3 domains contribute to the oligomeriza-
tion.*** Because the STIM1"***® mutant possesses these
domains and the mutant protein is expressed at a com-
parable level to the wild-type protein (Figure 2B), it is
expected that the mutant STIM1 is incorporated into the
STIM1 oligomers at a similar ratio to that of the wild-
type protein. Thus, the reduction of approximately 70%
in STIM1 protein levels in TAM myotubes (Figure 2B,C)

may be partly due to the instability and degradation of
STIM1 dimers including truncated STIM1. In addition,
structurally defective STIM1 is thought to destabilize
the STIM1/ORAI1 complex at the plasma membrane.
Because antioxidants cannot correct the structural de-
fect of the truncated STIM]1, it is reasonable that an-
tioxidants only partially restored the STIM1/ORAI1
interaction in the TAM myotubes. Therefore, how anti-
oxidants significantly improved SOCE in the TAM myo-
tubes without upregulating STIM1 expression is unclear
and needs further investigation.

Recently, Kim et al.'® reported that the same
STIM1¥®  mutation (p.Ile484ArgfsX21) augmented
ORAI1 channel function and hypothesized that the mu-
tant STIM1 protein can interact with ORAI1 more effi-
ciently than wild-type STIM1. However, their conclusion
is based on experiments in which YFP-STIM1 (wild-type
or mutant) and mCherry-ORAI1 were overexpressed in
HEK-293T cells or primary myoblasts, and these may not
fully mimic the skeletal muscle of the patient. In sharp
contrast, we utilized myotubes differentiated from iPSCs
derived from the STIM1'*%*R patient. These cells are ex-
pected to express both the wild-type and mutant STIM1
together with the wild-type ORAI1 at a physiologic level
very close to the patient's skeletal muscle, and therefore
provide a good disease model to gain deeper mechanistic
insight into the pathogenesis of the mutation.

Tubular aggregate myopathy is usually associated
with gain-of-function mutations in the STIMI or ORAII
gene.” ' However, tubular aggregates are known to form
in many conditions. Tubular aggregates were first de-
scribed in patients with periodic hypokalemic paralysis,*
and later in several pathological conditions such as in-
flammatory myopathy, malignant hyperthermia, congen-
ital myasthenic syndromes, alcohol myopathy, prolonged
anoxia, diabetes, and endocrine disorders.'* Chronic inhi-
bition of the mitochondrial ATP synthesis also facilitates
formation of tubular aggregates.*® Interestingly, tubular
aggregates also develop in type-IIB fibers of physiologi-
cally aging male mice.*”* Therefore, tubular aggregate
formation is not specific to the constitutive activation
of Ca*" entry caused by gain-of-function mutations in
the STIM1 or the ORAII gene, and it is possible that the
chronic disruption of Ca** homeostasis observed in our
patient also caused the tubular aggregate formation.

In the present study, we showed that antioxidants re-
stored SOCE in TAM myotubes via restoration of BiP ex-
pression. The mechanisms by which the BiP protein level
was reduced in TAM myotubes and how antioxidants
upregulated BiP remain to be determined. For the resto-
ration of SOCE by BiP, one possibility is that BiP improved
the folding of STIM1 protein and its proper distribution,
thereby restoring interaction with ORAIL. Interestingly,
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the affinity of BiP to unfolded proteins is reported to be de-
creased in low Ca®* conditions,” suggesting that restored
SOCE and Ca®" stores in the ER/SR further augmented
BiP function. In addition to its chaperone function, BiP
serves as a high-capacity Ca**-binding protein to store
Ca** in the ER and is involved in regulation of Ca** ho-
meostasis.’’* Therefore, restoration of BiP might also
improve Ca*" handling in TAM myotubes.

There was no clear difference in the intracellular ROS
levels and the levels and patterns of oxidative proteins
in a resting state between control and TAM myotubes
(Figure S10). These observations do not support our orig-
inal hypothesis that a deficiency of Ca®" stores in ER/
SR causes oxidative stress and impairs SOCE in TAM
myotubes. Intriguingly, however, TAM myotubes showed
decreased cell viability compared to control myotubes in
low H,0, concentrations (Figure S10). These observa-
tions suggest that TAM myotubes are vulnerable to low
levels of ROS, and that BiP recovery by antioxidants re-
stored the resistance of TAM myotubes to ROS. Thus, the
vulnerability of TAM myotubes to ROS might be a major
contributor to the pathogenesis of TAM.

In summary, we optimized the protocol to induce mus-
cle progenitor cells from human iPSCs and established an
in vitro disease model for TAM caused by a rare mutation
(p. lle484ArgfsX21). Our analysis showed that SOCE was
severely impaired in the TAM myotubes, and antioxidants
significantly rescued the defect mainly by restoring the
expression of the major ER chaperone BiP. Therefore, be-
sides antioxidants, restoration of BiP expression and func-
tion by low molecular weight compounds is a potential
therapeutic tool for TAM with low SOCE.
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