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The control of voluntary skeletal muscle contraction relies on action potentials, which send signals
from the motor neuron through the neuromuscular junction (NM]J). Although dysfunction of the
NM] causes various neuromuscular diseases, a reliable in vitro system for disease modeling is
currently unavailable. Here, we present a potentially novel 2-step, self-organizing approach
for generating in vitro human NMJs from human induced pluripotent stem cells. Our simple
and robust approach results in a complex NM] structure that includes functional connectivity,
recapitulating in vivo synapse formation. We used these in vitro NM]Js to model the pathological
features of spinal muscular atrophy, revealing the developmental and functional defects of NM]
formation and NMJ-dependent muscular contraction. Our differentiation system is therefore
useful for investigating and understanding the physiology and pathology of human NMJs.

Introduction

The neuromuscular junction (NMJ) is a specialized synapse that transmits signals from motor neurons
(MNss) to skeletal muscle (1). Its formation is a multistep process that requires coordinated signals
from MNs, skeletal muscle, glial cells, and the extracellular matrix (2, 3). There is growing evidence
that maintaining and altering the development of NMJs or the skeletal muscle itself contribute to the
pathology of NMJ-related diseases (4—6). However, the precise mechanisms of human NMJ (hNMJ)
formation and pathophysiology are largely unknown, in part due to insufficient in vitro models. Sev-
eral attempts have been made to reconstruct in vitro NMJs. For example, coculturing human induced
pluripotent stem cell-derived (hiPSC-derived) MNs and primary muscle cells or cell lines was found
to cluster acetylcholine receptors (AChRs) (6-9). Although the functional connectivity of these cells
proves the ability of hiPSC-derived MNs to form functional NMJs (9), whether the morphological mat-
uration of in vitro hNMJs corresponds to in vivo NMJs has not been elucidated. Furthermore, a mature
and functional model of hNMJs composed of pluripotent stem cell-derived neurons and muscles is
desired for dissecting the precise mechanisms of hNMJ pathologies. hiPSC-derived MNs and myotubes
have also been shown to form NMJ-like connections (10, 11), but again the morphological integrity and
functional maturation await further investigation.

In the current study, we successfully established a potentially novel strategy for generating in vitro
hNMJs by temporarily expressing myogenic differentiation 1 (MYOD1) in hiPSCs. This structure reca-
pitulated early developmental processes, and after 3 weeks of differentiation we could obtain a complex
tissue that contained neurons, myotubes, and Schwann cells and exhibited NMJ function upon optoge-
netic stimulation. Using this approach, we also modeled spinal muscular atrophy (SMA) with isogenic
hiPSCs by knocking down the survival of motor neuron (SMN) protein expression. The knockdown
caused degenerated features in the NMJ and muscle, and the NMJ showed functional defects consistent
with SMA when stimulated chemically or optogenetically. We propose our hNMJ model for investigat-
ing the physiology and pathology of hNMJs and for evaluating related therapeutic molecules.
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Figure 1. Schematic illustration of in vitro hNMJ formation. An illustration of an NM|J formation in a single well.

Results

Formation of hNMJs from iPSCs in a single well. The process of NMJ formation from hiPSCs in this study is
illustrated in Figure 1. The transient expression of MYOD1 by doxycyclineDox-inducible (Dox-inducible)
vectors converts hiPSCs efficiently to mature myotubes (12). We first established the 201B7-iPSC clone with
Dox-inducible MYOD1 and mCherry expression vector (Supplemental Figure 1A; supplemental material
available online with this article; https://doi.org/10.1172/jci.insight.124299DS1) (hereafter referred to as
201B7MYOD), By administering Dox, 201B7MYOP differentiates into myotubes depending on the expression
of exogenous MYOD1 (Supplemental Figure 1D). Upon switching the culture medium to one suitable for
neuronal differentiation and maturation (13) at day 10 (Figure 2A), we detected both myosin heavy chain—
positive (MYH™") myotubes and Tuj1* neurons (Figure 2B). We also detected AChRs clustering on the surface
of myotubes and juxtaposed to the axon terminal on day 21 and day 60, which indicates the emergence of
NMJ-like structures (Figure 2B). The clustering of synaptic nuclei and the formation of end plate structures
were also observed (Supplemental Figure 1B and ref. 14). Distribution of neuronal and skeletal muscle mark-
ers (neurofilaments, SV2, and AChRs) indicated NMJ-like patterns (Figure 2C and Supplemental Figure
1C). Upregulated expressions of genes associated with pre- and postsynaptic NMJ cell types, such as skeletal
muscles (myogenin; Actin, alpha skeletal muscle [ACTA1]; and dystrophin) and MNs (SRY-box transcription
factor 1 [Sox1] and Homeobox HB9 [HB9]), were also detected (Supplemental Figure 1, E-I). Immunostain-
ing confirmed the expression of myocyte-specific enhancer factor 2C (MEF2C) and MYH for myoblasts and
HBY, Isletl, and choline acetyltransferase (ChAT) for MNs (Figure 3, A and B). The Schwann cell marker
S100 was also detected in the culture (Figure 3C and Supplemental Figure 1J). To compare the effect of the
culture condition on NMJ formation and original myogenic induction (12), the NMJ frequency was quan-
tified from different culture conditions at day 30 (see Image quantification in Methods for the definition of
frequency). The areas of the neurons and AChRs in the NMJ condition were significantly higher than in the
myogenic condition (Supplemental Figure 2). Scanning electron microscopy images revealed swelling axon
terminals binding to the myotubes (Figure 4A). Synaptic boutons capped by Schwann cells and myelinat-
ed axons integrated with myotubes in NMJ differentiation culture were confirmed by transmission electron
microscopy (TEM) (Figure 4B). Synaptic vesicles and mitochondria accumulated at the pre- and postsynaptic
sites of NMJs and were clearly separated by electron-dense active zones (Figure 4, C and D). These observa-
tions suggest that our in vitro NMJs expressed major cell types and promising architecture.

Interactions between myotubes and neurons are important for their differentiation. Interactions among different
cell types are prerequisites for developing complicated tissue structures in vivo. In in vitro models, coculturing
pluripotent stem cell-derived sympathetic neurons with primary cardiomyocytes is a critical step for neuron
maturation (15). We therefore wondered whether interactions between myotubes and neurons are important
for their differentiation. We first sorted mCherry* cells to address whether MYOD 1-expressing cells could dif-
ferentiate into neurons (Supplemental Figure 3A). Even after sorting mCherry* cells, Tuj1* neurons emerged,
although the frequency was less than in the unsorted sample (Supplemental Figure 3, B and C). These results
suggest both MYOD1-expressing cells and non-MYOD1-expressing cells differentiate into neuronal cells.
To gain insight into the condition that initiates NMJ formation, we cocultured green fluorescent protein—
tagged (GFP-tagged) iPSCs without the MYOD1 expression vector (201B75") with 201B7MYOP cells (Sup-
plemental Figure 4A). Interestingly, some 201B7°*" cells differentiated into MYH* myotubes in the coculture
(Supplemental Figure 4B). Conditioned medium collected from the myogenic differentiation culture only
rarely induced the myogenic differentiation of 201B75" indicating that cell-cell contacts are required for
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Figure 2. In vitro hNM] formation and morphology. (A) The induction steps for the in vitro hNM) formation from hiPSCs
and temporal events in the culture system. SV2, synaptic vesicle protein 2; BDNF/GDNF, brain-derived neurotrophic
factor/glial cell-derived neurotrophic factor; NT3, neurotrophin-3. (B) Morphologies of pre- and postsynaptic features at
day 21 and day 60 with z axis views. Tujl-labeled neurons in the presynaptic phase. AChR is labeled by a-BTX-647. MYH,
skeletal muscle marker. (C) The morphology of AChR clustering and an NM]J at day 30 and day 60. NF, neurofilaments.
See also Supplemental Figure 1, B and C. Scale bars: 10 um (B and C).

the myogenic differentiation (Supplemental Figure 4, C and D). Interestingly, conditioned medium from
the 201B7MY9P myogenic differentiation culture could produce a comparable number of Tujl* neurons from
201B7°, indicating that a diffusible component, such as a neurotrophic factor, secreted during muscle differ-
entiation facilitates neuronal differentiation and survival (Supplemental Figure 4, C and D). Collectively, the
coexistence of myotubes and neurons facilitates the differentiation of both cell types, which is important for
the development of in vitro NMJs.

hNMJ follows developmental steps in vivo. We then observed whether our hNMJ culture recapitulated
the structural and morphological changes of in vivo synapse formation (16—19). The clustering on day 21
shown in Figure 2B was “plaque like,” suggesting immature NMJs. By day 60, the plaques perforated and
perfectly aligned with MN axon terminals, giving the junction a nummular (coin-shaped patches) appear-
ance. Nummular morphology is a unique morphology of hNMJs that distinguishes them from murine
NMJ morphology (20). In parallel with the AChR morphological change, the AChR subunit shifted from
v (AChRYy) to € (AChRe) (Supplemental Figure 5), which is an important hallmark of adult-type AChRs
(21). In the development of NMJs in vivo, multiple innervations occur at first, but all but 1 axonal input to
each myotube will be removed as a result of neuronal pruning (22-24). In our culture condition, the area
of neurons did not increase in long-term culture, but the area of AChRs and NMJs increased significantly
at the later stage (Supplemental Figure 6). The ratio of Isletl* MNs among neuronal nuclei* (NeuN")
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neurons was 27.4% at day 60 (Supplemental Figure 7A). Flow cytometry analysis showed the percentage
of MNs dropped with time, as 9.75% were HB9* and 13.15% were Isletl* cells in day 30 NMJ culture
and 4.17% were HB9* and 11.1% were Isletl* cells in day 60 NMJ culture (Supplemental Figure 7B).
These results indicated that neuronal selection might occur with the maturation of in vitro hNMJs. TEM
imaging revealed muscle structural fibers, Z lines, multiply branched axon terminals, and necrosis show-
ing synapse elimination (Figure 4, E-G). The axon terminals in the matured NMJs had synaptic vesicles
clustered inside and showed cytomatrix depositions and active zones juxtaposed to the postsynaptic den-
sity (Figure 4, H and I). The protruding space of the subneural clefts was surrounded by the sarcolemma,
which is where AChRs were located (Figure 4J). Overall, we observed a series of hNMJ developmental
stages in our NMJ culture system.

Agrin maintains AChR clustering and hINMJ culture. We next investigated the contribution of the neu-
ronal factor agrin in our in vitro NMJ system because agrin accumulates and stabilizes AChRs at the
synaptic sites (16, 25, 26). Agrin administration had no significant effect on the ratio of NMJs in long-
term culture or vigorous myotubes and junctional folds (Figure 4, K and L, and Supplemental Figure
8). On the other hand, in the presence of antiagrin antibody, the area of NMJs decreased, and only
remnants of myotubes and deteriorated axon terminals were found in the culture (Figure 4, K and L, and
Supplemental Figure 8). These observations indicate agrin plays an important role in the formation and
maintenance of our in vitro hNMJs, which mimics the role of agrin in vivo.
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Figure 4. Fine structures of hNM|s and developmental stage analysis. (A) Scanning electron microscopy images
show swelling axon terminals binding to a myotube. (B) TEM images show a synaptic bouton capped by the terminal
Schwann cell and myelinated axon. (C) The TEM image shows synaptic vesicles (arrowheads) in presynaptic sites,
active zones (arrows), and mitochondria accumulated in postsynaptic sites. (D) Enlarged axon terminals observed
inside a myotube. Junctional folds are seen as electron-dense areas. (E) A neuron innervating a myotube (m) and

an electron-dense area observed on the muscle plasma membrane. (F) Multiply branched axon terminals observed
in a myotube. Electron-dense areas (arrows) locate at each axon terminal. Mitochondria (mt) are found nearby.

(G) Necrosis was observed among the axon terminals (arrows). (H) An active zone (arrowhead) juxtaposed to the
postsynaptic density (PSD, arrow) with a synaptic cleft observed in between. (1) Synaptic vesicles (SV) docked to the
active zone (arrows). (J) A subneural cleft surrounded by sarcolemma with AChRs residing inside. (K) NMJ frequen-
cies with agrin and antiagrin treatment in NM)] cultures at day 30. See also Supplemental Figure 8. (L) Change in NM)
morphology with agrin or antiagrin antibody treatment. Scale bars: 1 um (A-D), 100 nm (E-} and L). (K) *P < 0.05;
**P < 0.01 (1-way ANOVA with Tukey’s test relative to untreated control). Data are shown as mean + SEM; n = 6
(agrin and antiagrin); n = 5 (untreated control). Each dot represents a biologically independent sample.

ACHhR signal—dependent spontaneous synchronized contraction of skeletal muscle in early hNMJ culture. During days
15-30, the entire area of each culture showed spontaneous, synchronized movement that resembled contrac-
tions. Furthermore, the movement synchronized with the intracellular Ca** concentration of the myotubes
(Figure 5, A and B) and was inhibited by the skeletal muscle relaxant dantrolene, confirming that the move-
ment was myotube contractions (Supplemental Figure 9A and ref. 27). Muscle excitation occurred robust-
ly, as we could observe Ca?* oscillations in all wells in a 96-well plate (Supplemental Figure 9, B and C).
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Figure 5. Functional analysis of in vitro hNM] culture at day 20 of NM) differentiation. (A) Ca** transients and move-
ments of the myotube were measured simultaneously in 2 regions of interest (ROIs). (B) Ca?* imaging in 5 ROIs. Ca**
transients increased with the application of calcium and stopped with the application of curare. (C) Motion analysis in 4
ROIs. (D) Motion analysis of myotubes before and after treatment with a gap junction inhibitor, GAP27. GAP27 was not
washed out in the experiment. See also Supplemental Figure 9 and Supplemental Videos 1and 2.

The excitation of myotubes could be diminished by curare, a competitive inhibitor of AChRs (28), indicating
that the Ca?* oscillations were mediated by AChR signaling (Figure 5B and Supplemental Video 1). Therefore,
the muscle excitation was not spontaneous but governed by spontaneous neuronal activity via functional syn-
aptic connections between the neurons and the myotubes. During the development of NMJs, gap junctions,
which are intercellular channels between myotubes that enable the cell-cell propagation of electrical activity,
are transiently expressed (29, 30). By increasing the temporal resolution of the motion vector analysis, we
found the contractions were not completely synchronized but propagated to adjacent regions (Figure 5C and
Supplemental Video 2). The propagation was disrupted by a gap junction inhibitor, GAP27, indicating action
potentials were propagated through gap junctions (Figure 5D). The temporal expression of connexin 43 and
the electrical integration observed in our h(NMJ system was compatible with that of in vivo NMJ development
(Supplemental Figure 9, D-G). In aggregation, these functional analyses indicate that in vitro NMJs at this
phase (days 15-30) recapitulate key features of early in vivo NMJ development.

Optogenetic neuronal excitation controls muscular contraction in mature hNMJ culture. In adult NMJs in vivo,
spontaneous muscle contractions usually do not occur because of the loss of spontaneous neuronal exci-
tation and gap junction—dependent electrical connections in myotubes (31). Although in vitro tracking of
hNMJ development is an advantage of our system, it also causes the spontaneous halting of muscular con-
traction and limits the period of functional evaluation. To overcome these issues and to confirm the function
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of mature in vitro NMJs, we activated neurons by introducing a photoactivating channel into the NMJ
culture by lentivirus infection (Figure 6A). To avoid any interference of the spontaneous contractions at the
early stage of the NMJ culture, we used long-term NMJ culture (beyond day 90) for the photostimulation
study. The engineered neuronal cells were visualized by the expression of channelrhodopsin—enhanced yel-
low fluorescent protein (channelrhodopsin-EYFP) driven by synapsinl promoter at day 100 of the NMJ
differentiation (Figure 6A). Muscle contraction was triggered only by blue light, which confirmed the pho-
toactivated system was established (Figure 6B and Supplemental Video 3). No contraction was observed in
the well without ChR2-EYFP even when the cells were stimulated with blue light. Contractions were com-
pletely inhibited by curare administration in all cultures (3 biologically independent cultures were tested),
confirming muscle contractions were caused by the ACh/AChR route (Figure 6C and Supplemental Video
4). Immunostaining of the samples used for the optogenetic experiments confirmed the formation of NMlJs
(Supplemental Figure 10A). Exposure to pulsed blue light at various frequencies also triggered synchronous
muscle contraction (Supplemental Figure 10, B-E, and Supplemental Videos 5-8). Overall, the optogenetic
NMJ system supported the functional maturation of in vitro NMJs in long-term culture.

Modeling the pathophysiology of SMA with our hNMJ system. To validate the application of our hNMJ sys-
tem, we modeled the pathophysiology of SMA, a congenital neuromuscular disease caused by a decreased
expression of the SMN protein. Classically, SMA is regarded as a motor neuronal disease, but recent ani-
mal and hybrid models have indicated that the earliest morphological defects occur at the NMJ (32, 33),
indicating SMA is an NMJ disease. Because a human model to study NMJ function is lacking, we knocked
down SMN mRNA by shRNA in 201B7MY°P (201B7MYOP-SMNXP) to study the molecular pathology of
SMA on an isogenic background (34, 35). 201B7MYOP.SMNXP iPSCs showed a significant decrease in
mRNA level and a 60% decrease in SMN protein expression (Supplemental Figure 10, F and G). Neurons
and clustered AChRs were detected in NMJ culture of 201B7MYOP-SMNKXP iPSCs at day 30. The area of
the NMJ in 201B7MYOP-.SMNKXP was significantly smaller than in 201B7MYOP (Figure 7A). Scanning elec-
tron microscopy images revealed bunches of myotubes and axons that were well extended and anchored
to the myotubes with enlarged axon terminals in control 201B7MYOP culture but not in 201B7MYOP-SMNKP
culture (Figure 7B). Subcellular details of the myotubes and NMJ-related structures of 201B7MYP-SMNXP
were also distinct from 201B7MYOP (Figure 7C). The mitochondria morphology and integrity were dam-
aged in 201B7MYOP-SMNXP| and myofibers had less integrity in their structure. These results are consis-
tent with recent findings of decreased mitochondrial biogenesis and pathological changes in the muscle of
patients with SMA (36). To evaluate functional variations, we next observed the amplitude and patterns
of NMJ-dependent muscle contractions. 201B7MYOP-SMNXP showed a smaller area of contractions than
control 201B7MY°P (Figure 7D and Supplemental Videos 9 and 10). Furthermore, the synchronicity of
contraction was disrupted, and the maximum speed of muscular contraction was decreased (Figure 7D
and Supplemental Videos 9 and 10). Intriguingly, in 201B7MYOP-SMNXP | myotubes were often observed
to break during muscular contraction, a fragility not found in 201B7MY°P (Supplemental Figure 10H). We
also applied optogenetics to 201B7MYOP-SMINXP but could not detect muscle contraction (Figure 7E and
Supplemental Video 11), indicating the loss of NMJ function in SMA at the later stage. These phenomena
implied the potential susceptibility of SMA myotubes to muscle contraction, which may be associated with
the muscle atrophy seen in patients with SMA. Overall, the suppressed expression of SMN during NMJ
development resulted in decreased AChR clustering with functional deficit and impaired muscular viability.
To conclude, our hNMJ system can be applied to recapitulate the in vivo phenotypes of human neuromus-
cular diseases, such as SMA, allowing us to evaluate the function of NMJ in vitro.

hINMJ features recapitulated with human embryonic stem cells. To substantiate the reproducibility of our
hNMJ culture established with 201B7MYOP| we evaluated hNMJ formation with another human pluripotent
stem cell clone. For this, we introduced the Dox-inducible MYOD1 expression vector into human embryon-
ic stem cell (hESC) line H9 (hereafter referred to as HOMYOP), When HOMYOP was differentiated, the neurons
and clusters of AChRs were observed at day 30 and day 60 (Supplemental Figure 11A). TEM imaging
revealed features of a mature NMJ, including muscle fibers, axon terminals with synaptic vesicles clustered
inside, cytomatrix depositions, and active zones juxtaposed to the postsynaptic density (Supplemental Fig-
ure 11B). Through calcium imaging assays and motion analysis, we observed calcium sparks and muscle
contractions were triggered by Ca?". Further, the contractions could be interrupted with curare treatment
(Supplemental Figure 11C and Supplemental Videos 12 and 13). These results collectively indicate that our
NMJ differentiation strategy is applicable to multiple cell lines.
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Figure 6. Motion analysis of photoactivated in vitro hNM]J culture. (A) Neurons expressing ChR2-EYFP (green) and AChR
(red) in hNM] culture at day 100. (B and C) Motion analysis of the culture. (B) Muscle contraction was triggered only by
blue light (488 nm). Color bar is shown in C. (C) The contraction was inhibited by curare. The yellow dotted area encloses
the muscle, and the green indicates neurons at the left. See also Supplemental Videos 3 and 4.

Discussion

The present study is the first to our knowledge to generate in vitro hNMJs without coculturing 2 types
of cells in a single well. Previous studies generated NMJs by coculturing MNs and skeletal muscle cells
derived from hESCs, iPSCs, or primary cultures (8, 11, 37). Protocols for coculturing require complex media
combinations and time-consuming induction steps that last several months. Even then, the MNs and muscle
are developmentally immature and have short life spans and low cell efficiency (38). Our simple and robust
approach results in a mature NMJ structure that includes functional connectivity, recapitulating in vivo
synapse formation. Although more research is required for understanding the underlying biology of in vitro
NMlJs, our study provides a promising framework for iPSC-based development and pathology of the NMJ.
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Figure 7. hANM] differentiated from 201B7"Y°°-SMNX® iPSCs at day 30. (A) The morphology of AChR clustering and NM|s
from 201B7M¥°° (control) and 201B7MY°°-SMNX? (SMNX?) iPSCs at day 30. **P < 0.01 (unpaired 2-sided Student’s t test).
Data are shown as mean + SEM; n = 6. Each dot represents a biologically independent sample. (B) Scanning electron
microscopy images show the morphology of myotubes and axon terminals in 201B7M°® and SMNX® cultures. (C) TEM
images show subcellular features of myotubes and neuron axons in 201B7"Y°® and SMNX® cultures. (D) The time-series
contraction pattern of myotubes in 201B7M°® and 201B7""°°-SMNX® differentiation culture at day 30. (E) Optogenetics
of SMNX? and motion analysis at day 70. See also Supplemental Figure 10, F-H, and Supplemental Videos 9-11. Scale
bars: 10 pm (A and B), 500 nm (C). M, myotube; L, lipid; Nu, nucleus.

The hNMJ is mainly composed of 3 types of cells: MNs, skeletal muscle, and Schwann cells, all of which
are differentiated by the temporal expression of MYODI1 in iPSCs. Interestingly, we found neurons with
compatible features of MNs without ventralization and/or caudalization, indicating that the microenviron-
ment, such as signals from differentiating myogenic cells, in our culture induces the commitment of neuronal
progenitors toward MNs. We hypothesized that factors involved in promoting the myogenic potential of stem
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cells are produced and secreted by myoblasts to enhance the in vitro differentiation of stem/progenitor cells
into neurogenic lineage. Another possibility is that the temporal expression of MYOD converts some iPSCs
into bipotential stem/progenitor cells. The existence of “bipotential axial stem cells” as precursors of both
posterior neural plate cells and paraxial mesodermal cells has been reported (39). Considering that human
organoids from human pluripotent stem cells usually require 3-dimensional aggregation for their formation,
our culture shows a unique possibility that optimization of the 2-dimensional culture condition enables the
autonomous 3-dimensional organization of organoids from human pluripotent stem cells.

The formation and maintenance of NMJs require complicated reciprocal signals between nerve, muscle,
and Schwann cells. Additionally, action potential activity in presynaptic neurons and postsynaptic myotubes
can profoundly influence the structure and function of synapses. Ultimately, redundant neurons and imma-
ture NMJs are selected out as a result of neuronal pruning (18, 40). Indeed, the decreasing ratio of MNs
in NMJ culture at day 60 suggested progressive synapse elimination at maturing NMJs. In our NMJ mod-
el, muscle contractions triggered by the spontaneous firing of MNs were observed concordantly with the
expression of gap junctions. In the later culture period, we observed more morphologically mature NMJs
with activated synapses, synaptic vesicles, and increased numbers of AChRs. Recent studies have indicated
that hNMJs have a unique morphology that is smaller and more fragmented than murine NMJs (20, 41).
This finding suggests the necessity of in vitro hNMJs for studying NMJ development and disease model-
ing. Although muscle contractions did not occur spontaneously after maturation in our system, optogenetic
neuronal activation controlled the contractions in an AChR-dependent manner. Coculturing optogenetic
hESC-derived MNs with human primary myoblasts has been shown to form in vitro NMJs capable of
muscle contraction dependent on the ACh/AChR axis, but the AChR subunits expressed are fetal y instead
of mature ¢ (9). On the other hand, the ability to trigger synchronous muscle contractions with various fre-
quencies of pulsed blue light in the present study verified our in vitro hNMJs are mature and functional (42).

As a proof of concept of our system for disease modeling, we used an SMN-KD iPSC model of
SMA. We did not use patient-derived iPSCs because interpretation of the data could have been difficult
because of the different genomic backgrounds from the patient and control iPSCs. Since complete SMN
gene knockout is not a useful model, because this condition is lethal early in embryogenesis (43), we select-
ed SMN mRNA KD by shRNA. The characteristics of our SMN-KD iPSC clone when differentiated into
hNMJs echoed previous mouse SMA models but also highlighted a functional impairment of NMJs in
SMA and the fragility of skeletal muscle cells, as too did defective responses to optogenetics. Thus, our
in vitro hNMJs could be applicable to investigating the reciprocal signals required for the formation and
activity-dependent plasticity of synapses. Our hANMJs could also be used to evaluate therapeutic candidates
for neuromuscular diseases in a high-content screening.

To conclude, we described the generation of functional hNMJs derived from hiPSCs. These hNMJs
were established in a simple 2-dimensional culture without cell sorting or passaging. Because the develop-
ment of our hNMJs follows in vivo developmental stages and because our NMJs showed a fully matured
appearance in prolonged culture, we demonstrated they can be used to study the development of NMJ-re-
lated diseases and have potential to evaluate the effects of related pharmacological interventions.

Methods

Cell lines. Human iPSC line 201B7 was provided by Shinya Yamanaka (CiRA, Kyoto University, Kyoto, Japan)
(44), and the hESC line H9 was purchased from a stem cell bank (WiCell) (45). 201B7MYOP and HOMYOP were
constructed by transfecting Dox-inducible MYOD1 expression vector into 201B7 and H9, respectively, as pre-
viously described (12). MYOD1 expression can be monitored by mCherry expression (Supplemental Figure
1D). mTeSR medium (STEMCELL Technologies) was used to maintain the iPSCs and H9. 201B7°* was
constructed by transfecting a GFP expression vector into 201B7. The passage numbers used in this study were
70-90. We checked for mycoplasma contamination every month with the MycoAlert Mycoplasma Detection
Kit (LT07-318, Lonza), and all cultures were persistently negative.

NMJ differentiation. Myogenic differentiation of 201B7MY°P was performed as previously described
(12). Briefly, 201B7MYOP cells (3 x 10%/well/96-well plate) were seeded on a Matrigel-coated Nunc cell
culture plate and differentiated into NMJs by adding Dox to myogenic differentiation medium (minimum
essential medium o [a-MEM] [Thermo Fisher Scientific], 10% KSR [knockout serum replacement] [Ther-
mo Fisher Scientific], 100 mM B-mercaptoethanol [MilliporeSigma], and 50 U/ml penicillin/streptomy-
cin [Thermo Fisher Scientific]). The neuronal differentiation was induced by changing the medium to
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Neurobasal medium (Thermo Fisher Scientific) supplemented with neurotrophic factors (BDNF, GDNF,
and NT3, 10 ng/ml each [R&D Systems], and N2 and B27, 1X each [Thermo Fisher Scientific]) from
day 10. Penicillin/streptomycin (50 U/ml) was added to the medium with neurotrophic factors, and the
medium was changed every 3—4 days thereafter.

Comparison of culture conditions for NMJ formation and for myogenic induction. First, 1 X 104, 3 x 104, 5 X
104, and 7 x 10* 201B7MYOP cells were seeded on a Matrigel-coated, 96-well plate. At day 10, myogenic
differentiation or NMJ differentiation medium was applied. We harvested the samples at day 30 and per-
formed immunocytochemistry labeling for NMJ detection. Images were acquired and analyzed by an In
Cell Analyzer 6000 (GE Healthcare Life Sciences).

RNA isolation and quantitative PCR. Total RNA extraction from the cells was performed using the
RNeasy Mini kit (QIAGEN). One microgram of total RNA was used for reverse transcription with the Pri-
meScript RT Master Mix (TaKaRa). Real-time PCR was performed with SYBR Premix Ex Taq II (TaKa-
Ra) in triplicate using the StepOnePlus system (Applied Biosystems). GAPDH was used as an endogenous
control. The primer sets used for the quantitative PCR assay are described in Supplemental Table 1.

Flow cytometry analysis of HB9* and Islet1* cells in NMJ culture. Cells in NMJ cultures were harvested on
day 30 and day 60. After the cells were permeabilized with Triton X-100, they were labeled with antibodies
against HB9 and Isletl. The labeled cells were analyzed with BD FACSAria (BD Biosciences), and the
FACS results were analyzed and processed with FlowJo software (Tree Star Inc.).

Flow sorting of mCherry* cells. 201B7MYOP cells were seeded on a Matrigel-coated plate and differentiated
into NMJs by adding Dox to myogenic differentiation medium. On day 2 of the differentiation, mCherry*
cells were sorted out using BD FACSAria and FACSDiva software. The sorted cells were replated on a
Matrigel-coated, 96-well plate (8.8 x 10? cells/well) and cultured in myogenic differentiation medium with
or without Dox. On day 20, the ratio of neurons to myotubes was quantified by immunocytochemistry.

Conditioned medium preparation and cell-to-cell contact experiments. Conditioned medium of 201B7MYOP
was collected from the myogenic differentiation culture. 201B7°F was cultured in one of the following
media to induce differentiation: (a) culture medium for myogenic differentiation plus an equal amount of
conditioned medium of 201B7MY°P_ (b) culture medium for neural differentiation (Neurobasal medium +
N2 + B27 + B/GDNF + NT3), or (c) culture medium for myogenic differentiation (10% KSR + DMEM).
On day 20, the percentage of neurons or myotubes to GFP* cells was quantified by immunocytochemistry.

Agrin and antiagrin treatment. During the NMJ differentiation, the culture was treated with agrin (5
ng/ml) (R&D Systems) and antiagrin (10 pg/ml) (R&D Systems) on days 10-15 and days 15-20 in a
96-well plate, respectively. The culture was harvested until day 30 for immunocytochemistry labeling.
Images were acquired and analyzed with In Cell Analyzer 6000 (GE Healthcare Life Sciences). Sam-
ples were also harvested for TEM analysis.

Motion vector analysis. Phase-contrast images with a red-filtered optical source and fluorescence (Fluo-8
[AAT Bioquest]) were captured continuously at 15 fps using a color camera, XCG-5005CR (Sony Corpora-
tion). Motion quantification with the red-separated images and brightness analysis with the green-separated
images in ROIs were performed using the SI8000 Cell Motion Imaging System (Sony Corporation; https://
www.sonybiotechnology.com/us/instruments/si8000-cell-motion), which provides motion vector analysis
based on the block matching method (27). Both moving image capture and motion analysis were performed
using the SI8000 Cell Motion Imaging System at 38 fps. To inhibit muscle contractions, 20 pM dantrolene
(MilliporeSigma) was added to the culture medium. In some experiments, we used extracellular Ca** to
induce muscular contractions. These Ca?*-triggered muscle contractions could be inhibited by curare (data
not shown), confirming the involvement of AChR signaling.

Calcium imaging. 201B7MYOP cells were seeded at a density of 2.2 x 10* cells/well and differentiated into
NMJs in a Costar 96-well black-wall/clear-bottom plate. On day 20, the growth medium was removed, and the
cells were loaded with 100 pl Fluo-8 recording medium at 37°C for 1 hour. The cells were washed twice with
PBS and then imaged with In Cell Analyzer 2000. The fluorescence intensity was expressed as the F/F0 ratio.

Functional drug screening system analysis. 201B7MYOP cells were seeded onto a Matrigel-coated, 96-well,
black-wall/clear-bottom plate at a density of 2.2 x 10* cells/well. Half of the medium in each well was
exchanged every day until the cultures started contracting. Then, the growth medium was removed, and
the cells were loaded with 100 ul Fluo-8 recording medium at 37°C for 1 hour. The cells were washed twice
with PBS, and differentiation medium was added to the wells. Ca?* oscillations were monitored with the
Functional Drug Screening System (FDSS) microplate reader (Hamamatsu Photonics), and data points
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were collected at 1-minute intervals and analyzed using FDSS software (Hamamatsu Photonics) for fre-
quency and amplitude quantification.

TEM. NMJ cultures were prefixed in 2% paraformaldehyde and 2% glutaraldehyde in 0.1 M phosphate
buffer (pH 7.4) at 4°C overnight. Postfixation was done in 1% osmium tetroxide solution for 1 hour at
room temperature. The samples were dehydrated in graded concentrations of ethanol (30%, 50%, 70%,
90%, 95%, and 100%) and embedded in Epon resin. Ultrathin sections (80 nm) were cut and stained with
uranyl acetate and alkaline lead citrate (46). The specimens were examined with a transmission electron
microscope (H-7650, Hitachi).

Scanning electron microscopy. Samples were prefixed in 2% paraformaldehyde and 2% glutaraldehyde at 4°C
overnight. Postfixation was performed with 1% osmium tetroxide solution for 1 hour at room temperature.
The samples were dehydrated in graded concentrations of ethanol (30%, 50%, 70%, 90%, 95%, and 100%) and
dried with a critical point dryer (HCP-2, Hitachi) to remove residues of moisture. The samples were coated
with platinum by cathodic spraying and then imaged with a scanning electron microscope (S-4700, Hitachi).

Immunocytochemistry labeling. For immunocytochemistry, the samples were treated as described pre-
viously (6). The primary antibodies used were antineurofilament (MilliporeSigma MAB5254, 1:500),
anti-synaptic vesicle protein 2 (DSHB SV2, 1:50), anti-AChRy (antibodies-online, ABIN926968, 1:200),
anti-AChRe (Santa Cruz Biotechnology Inc., sc-376826, 1:200), anti-MYH (MilliporeSigma A4.1025,
1:1000), anti-Islet] (DSHB 40.2D6, 1:100), anti-HB9 (DSHB 81.5C10, 1:100), anti-ChAT (MilliporeSig-
ma AB144P, 1:100), anti-S100 (Abcam ab14849, 1:300), anti-Tujl (Covance MRB435P, 1:1000), and
synapsinl (Millipore AB1543, 1:300). a-Bungarotoxin, Alexa Fluor™ 647 conjugate (Thermo Fisher
Scientific) (Molecular Probes, B3545, 0.5 ug/ml) was used to detect AChR. Samples were analyzed with
confocal microscopy (Fluo View-1000, Olympus, or LSM-710, Zeiss).

Optogenetic activation. The plasmid containing a photoactivated domain was obtained from Addgene
[pLenti-Synapsin-hChR2(H134R)-EYFP-WPRE, Addgene plasmid 20945]. To transduce the target gene
into neuronal cells, the lentivirus transduction system (ViraPower HiPerform Lentiviral Expression Sys-
tems, Invitrogen) was used. NMJ cultures were treated with virus-containing medium at 37°C and 5% CO,
for 48 hours. After viral infection, the medium was removed, and the Neurobasal medium was provided
for target gene expression. The medium was refreshed every 3—4 days. EYFP expression was examined
by confocal microscopy (LSM710, Zeiss) with proper optical settings. Photoactivation was performed at
488-nm laser wavelength. In addition to EYFP signals, bright-field images were captured simultaneously
for muscle motion analysis. To inhibit muscle contraction, curare (30 pg/ml) (MilliporeSigma) was added
to the culture medium. Pulsed blue light (450 nm) laser stimulation at 0.1, 0.2, 0.3, and 0.5 Hz was also
performed to evoke the neurons.

Preparation of SMN gene KD iPSCs (B7M7°P-SMNP). shRNA (TR301496, Origene) was used to knock
down mRNA that encodes the SMN protein in iPSCs (B7MYOP), Then, NMJ differentiation was induced as
above. We collected the cells 30 days later for further analysis.

Image quantification. For NMJ quantification, the fluorescence signals of neurons (neurofilaments +
SV2) and AChRs were acquired in a 96-well plate. The number of ROIs depended on the lens magnifi-
cation and was 16 or 25 ROIs/well. The areas of neurons and AChRs were measured with thresholds
and then merged. The NMJ frequency was defined as merged area/neuron area (Supplemental Figure
2E). Image processing and quantification were performed by MetaMorph software (Molecular Devices)
and In Cell Analyzer 6000.

Statistics. Statistics functions in Microsoft Excel 2013 were used for the statistical analyses. Data are
expressed as mean + SEM. Statistical significance was determined using 2-tailed Student’s ¢ test. In Figure
4K and Supplemental Figure 4D, data were analyzed using 1-way ANOVA followed by Dunnett’s test or
Tukey’s test (GraphPad Prism 7.02) (P < 0.05).

Study approval. The study plan for recombinant DNA research was approved by the Recombinant DNA
Experiments Safety Committee of Kyoto University. The use of hESCs was approved by the Ministry of
Education, Culture, Sports, Science and Technology of Japan.
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