
















generation of roof plate-like organizing centers along with the
neuroepithelium. The generation of the roof plate-like structure
might be a key factor for the patterned formation of dorsal
progenitor domains. We suggest a possible mechanism as follows.
First, a small region of the epithelial structure begins to express
Lmx1a. The Lmx1a+ domains then go on to express inductive
factors, including BMPs and Wnts, allowing them to function as a
dorsalizing organizing center. Finally, these inductive factors
affected the surrounding neuroepithelium, making it possible to

induce several dorsal domains with pattern formation, which is
consistent with in vivo tissue. Previous in vivo studies have shown
that Lmx1a is sufficient for roof plate induction and several
components of roof plate signaling, including BMP4, GDF7 and
Wnt1 (Chizhikov and Millen, 2004a). These signals are all essential
for dorsal spinal cord patterning, but their roles depend on the factors
and their downstream targets, such as MSX1-3 (Duval et al., 2014;
Chizhikov andMillen, 2005; Liu et al., 2004). A future investigation of
hPSC-derived spinal cord induction should focus on the mechanistic

Fig. 6. Dissociated neurons showed expression patterns of somatosensory neurons and spinal motor neurons. (A) Schematic showing the expression
pattern of neurotransmitters. (B) Schematic of the protocol for dissociation culture. (C) Phase-contrast images in the early days after dissociation showing neurite
extension and the emergence of flat-shaped cells. (D) Phase-contrast image under SAG 0 nM. (E) Immunostaining revealed the presence of both Tuj1+ neurons
and GFAP+ glial cells. (F,G) Vglut2+/Tuj1+ glutamatergic neurons were detected. (H) Vglut2+ neurons expressing Brn3a or Islet1 were suggested to be
somatosensory relay neurons derived from dI1-3. (I,J) GABA+/Tuj1+ neurons were detected. (K,L) GAD67+ and GABA+ neurons expressing PAX2 were
suggested to be dI4-derived somatosensory associative neurons or dI6 interneurons. (M) Phase-contrast image under SAG 50 nM. (N) Both Tuj1+ neurons and
GFAP+ glial cells were generated. (O) Vglut2+/Chx10+ neurons were suggested to be V2a interneurons. (P,Q) Calbindin+/MafB+ neurons and GABA+/Foxp2+

neurons were suggested to be V1 Renshaw interneurons and non-Renshaw V1 interneurons, respectively. (R) Phase-contrast image under SAG 500 nM.
(S) Both Tuj1+ neurons and GFAP+ glial cells were generated. (T) ChAT+/Tuj1+ cholinergic neurons were detected. (U,V) ChAT+ neurons expressed Islet1 or
Hb9, or both, suggesting the generation of spinal motor neurons. Scale bars: 100 �m in C-F,I,M,N,R,S; 50 � m in G,H,J-L,O,Q,T-V; 25 �m in P.
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analysis, especially with regards to the factors that determine the self-
organization of patterned spinal cord neuroepithelium.
Our 3-DiSC condition is also applicable to the induction of

ventral spinal cord, including ventral interneurons. Because V0-V3
interneurons constitute the core elements of the local locomotor
circuitry, they have been studied from a variety of viewpoints
(Goulding, 2009; Benito-Gonzalez and Alvarez, 2012; Borowska
et al., 2013; Bikoff et al., 2016). Some recent studies have described
the efficient generation of V2a interneurons frommouse and human
PSCs (Brown et al., 2014; Butts et al., 2017). In comparison with
these studies, which focused on single populations, the advantage of
our condition is that multiple ventral progenitor domains can be
orderly induced in a single 3D structure. Because little is known
about the mechanism regulating the distribution of interneuron and
motor neuron subclasses within the developing spinal cord, our
approach will provide novel insights on the development, patterning
and overall organization of human ventral spinal cord tissue.
Our approach mimics the core aspects of human spinal cord

development, but it also comes with important limitations. First, it is
difficult to induce entire spinal cord tissues that contain all domains
ranging from the dorsal side to ventral side. Because our culture
system cannot provide concentration gradients of small molecules in
the culture medium, it is difficult to induce two organizing centers
with opposing roles at the same time. To overcome this problem,
sophisticated microfluidic culture systems might be necessary.
Second, induced spinal cord-like tissues showed inverted
organization, with the neural progenitor cells on the outside of the
structure where they formed the apical side and differentiated neural
cells on the inside of the structure. A similar inversion was observed
in other hPSC-derived in vitro neural tissues (Sakaguchi et al., 2015;
Muguruma et al., 2015; Kuwahara et al., 2015). The mechanism
regulating apico-basal polarity remains to be clarified, however,
because these inverted structures were seen only in human PSC-
derived tissues, differences in species or PSC state (e.g. primed
versus naive) should be considered as candidate causes. Third, it is
difficult to caudalize the positional identity of the induced spinal
cord-like tissues toward lumbosacral levels. This result is consistent
with a previous study showing that GDF11 is necessary to activate
lumbosacral HOX genes (Lippmann et al., 2015). Modifications of
the protocol to promote further caudalize positional identity is being
considered. Fourth, we could not observe a clear formation of motor
columns. One of the reasons might be the fact that the specification
of motor neuron columns is related to not only dorso-ventral
patterning but also complex cross-interactions with HOX effectors
(Dasen et al., 2008; Philippidou et al., 2012; Mendelsohn et al.,
2017). Our future challenge will be the recapitulation of motor
neuron column formation in 3D and proper formation and regulation
of the R-C axis.
The spinal cord is an essential tissue that connects the brain with

other parts of the body. Although early developmental processes
associated with spinal cord formation have been well studied using
chick and mouse embryos, it still remains to be clarified how these
complex network systems are correctly constructed during human
development. Recently, tissue generation using hPSCs has been
rigorously studied, including in vitro models of human central
nervous system development (Muguruma et al., 2015; Kadoshima
et al., 2013; Jo et al., 2016; Sakaguchi et al., 2015; Kuwahara et al.,
2015). A combination of our 3D model of human spinal cord tissue
development with cutting-edge technologies will likely contribute
to a better understanding of the mechanisms and core principles
underlying human neuronal network formation, especially of the
ascending somatosensory and descending corticospinal system.

MATERIALS AND METHODS
Maintenance culture of human iPSCs
This study was approved by the ethics committees of Kyoto University,
Kyoto, Japan. Human iPSCs (1039A1, 1231A3 and 1383D6) were
maintained and cultured as previously described (Nishimura et al., 2016).
Briefly, hiPSCs were maintained on LN511-E8-coated dishes with StemFit
medium (Ajinomoto). For each passage, the cells were dissociated to single
cells with Accumax (Innovative Cell Technologies) and replated at a density
1.3×104 cells into each well of a six-well plate.

Maintenance culture of hESCs
Human ESCs (KhES-1) were used in accordance with ‘The Guidelines for
Derivation and Utilization of Human Embryonic Stem Cells’ of the Ministry
of Education, Culture, Sports, Science and Technology of Japan after approval
by the Institutional Review Board. hESCs were maintained and cultured
as previously described (Sakaguchi et al., 2015). In brief, hESCs were
maintained on a feeder layer of mouse embryonic fibroblasts inactivated by
mitomycin C treatment in DMEM/F12 (Wako) supplemented with 20%
knockout serum replacement (KSR, Invitrogen), 2 mM glutamine, 0.1 mM
nonessential amino acids (Invitrogen), 5 ng ml−1 recombinant human basic
fibroblast growth factor (bFGF) (Wako) and 0.1 mM 2-mercaptoethanol
under 2%CO2. For passaging, hESC colonieswere detached and recovered en
bloc from the feeder layer by treating them with 0.25% (weight/vol) trypsin
and 1 mg ml−1 collagenase IV in PBS containing 20% (vol/vol) KSR and
1 mM CaCl2 at 37°C for 7-8 min. The detached hESC clumps were broken
into smaller pieces (several dozens of cells) by gentle pipetting. The passages
were performed at a 1:4 to 1:6 split ratio every 4-5 days.

Differentiation culture of human iPSCs
The differentiation culture for spinal motor neurons (SMN protocol) was
performed as described previously (Maury et al., 2015). Human iPSCs were
dissociated to single cells using Accumax and quickly reaggregated using
low cell adhesion U-bottomed 96-well plates (Lipidure-Coat Plate A96-U,
NOF corporation) in differentiation medium (9000 cells per well, 100 μl).
The differentiation medium was N2B27 [DMEM/F-12 (Wako), neurobasal
medium (Gibco) (1:1), 0.5% (vol/vol) N2 supplement (ThermoFisher) and
1% (vol/vol) B27 supplement without vitamin A (Invitrogen)]
supplemented with 1 mM L-glutamine (L-Glu, Sigma-Aldrich), 0.1 mM
2-mercaptoethanol (2-ME, Wako) and 0.5 μM ascorbic acid (Towa). Half
the medium was changed once every 3 days. Defining the day on which the
differentiation culture was started as day 0, 10 μM Y-27632 (Wako),
20 ng ml−1 recombinant human basic fibroblast growth factor (bFGF,
Wako) and 3 μM CHIR99021 (Stemgent) were added from day 0 to day 3,
and 10 μM SB431542 (Tocris) and 0.2 μM LDN193189 (Stemgent) were
added from day 0 to day 6. Retinoic acid (RA, 100 nM, Sigma-Aldrich) and
500 nMSmoothened agonist (SAG, Enzo) were added from day 3 to day 15.

For the induction of spinal cord tissues (3-DiSC condition), LDN193189
and SAG were removed from the SMN condition, and 10% (vol/vol)
knockout serum replacement (KSR, Invitrogen) was added to the
differentiation medium. Half the medium was changed once every 3 days.
As for the differentiation culture of 1383D6, CHIR99021 treatment was
reduced to 1.5 μM. As for the differentiation culture of Kh1, bFGF
20 ng ml−1 and 50 μM Y-27632 were added to the differentiation medium
for the first 3 days. After day 3, the same differentiation protocol used for
human iPSCs was applied.

On day 15, the floating aggregates were transferred from a 96-well plate to
a 6 cm Petri dish (non-cell adhesive) and further cultured in suspension with
N2B27 medium supplemented with 1 mM L-Glu, 0.1 mM 2-ME, 0.5 μM
ascorbic acid, 10 ng ml−1 BDNF (Wako), 20 ng ml−1 GDNF (Wako) and
100 nM RA.

For dorsalization, 15 ng ml−1 BMP4 (R&D) was added from day 15 to
day 24 (Fig. 2A). For ventralization, 50 nM or 500 nMSAGwas added from
day 3 to day 15 (Fig. 3A). For the inhibition of Notch signaling, 1 μMDAPT
(Sigma-Aldrich) was added from day 15 to day 24 (Fig. 4B).

Neuronal dissociation culture
Neuronal dissociation culture was performed as previously described
(Sakaguchi et al., 2015). The aggregates were dissociated to single cells
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using the neural tissue dissociation kit (Sumitomo Bekelite, MB-X9901) on
days 32-48 and plated onto poly-D-lysine/laminin/fibronectin-coated 2-well
glass dishes at a density of 500,000 cells per well in neurobasal medium
supplemented with 2% (vol/vol) B-27 supplement without vitamin A,
2 mM L-glutamine (Invitrogen), 10 ng ml−1 BDNF and 20 ng ml−1 GDNF.
The medium was changed every 3 days.

Histological study of mouse embryonic spinal cord
The experiments were performed according to the Guidelines for Animal
Experiment of Kyoto University, the Guide for the Care and Use of
Laboratory Animals of the Institute for Laboratory Animal Resources
(Washington, DC, USA), and the Animal Research: Reporting in vivo
Experiments (The ARRIVE guidelines). Histological studies of mouse
embryonic tissues were performed as previously described (Samata et al.,
2016). Pregnant mice (C57BL/6NCrSlc) were obtained from Shimizu
Laboratory Supplies (Kyoto, Japan). E11.5 embryos were removed and
fixed in 4% paraformaldehyde (4°C, 2 h). Following cryostat sectioning, the
cervical spinal cord was assessed using IHC.

Immunohistochemistry
IHCwas performed as previously reported (Sakaguchi et al., 2015). In brief,
aggregates were fixed in 4% paraformaldehyde, frozen in optimum cutting
temperature (OCT) embedding medium and sectioned at 10 μm using a
cryostat microtome. Serial sections of aggregates were attached onto slide
glasses and incubated with primary antibodies (at 4°C overnight) following
incubation with secondary antibodies conjugated with Alexa 488, 594 and
647 (at room temperature for 2 h). For the detection of GABA, 0.05%
glutaraldehyde (Nacalai Tesque) was included in the fixative. All images
were obtained using a confocal laser microscope (Olympus FV1000),
except for wide-field images, which were obtained using a BioRevo
fluorescence microscope (BZ-X710 Keyence). The primary antibodies used
and their dilutions are listed in Table S1.

Quantitative analysis of immunohistochemistry
For quantitative analysis of IHC, nine aggregates from three independent
culture experiments were examined. Cell counting was performed using
ImageJ. Regarding Fig. 3R, the number of Brn3a+/Lhx9+ (dI1), Brn3a+/
Lhx1+ (dI2), Brn3a+/Islet1+ (dI3), PAX2+/Lhx2+ (dI4) and DAPI+ cells
were counted in two high-magnification field images covering one side of
each aggregate. The percentage of individual neuronal types among total
DAPI+ cells were calculated. For Fig. 5K, Chx10+ (V2a) and GATA3+

(V2b) cells were counted in one representative high-magnification field
image of each aggregate. The percentage of each individual neuronal type
among total V2 interneurons (V2a+V2b) was calculated.

Quantitative PCR
qPCRwas performed as previously described (Nishimura et al., 2016). Each
total RNA sample was extracted from 8-12 aggregates using RNeasy Plus
Mini Kit (Qiagen), after which 1 μg of total RNA was used for reverse
transcription by Super Script III First-Strand Synthesis System with
Olig(dT)20 primer (Invitrogen). Amplification was performed with Power
SYBR Green PCR Master Mix (ThermoFisher). qPCR was performed on a
StepOne detection system (Applied Biosystems). The data were normalized
to GAPDH expression. Primer sequences are listed in Table S2.

For quantitative analysis, three independent differentiation culture
experiments were performed. One or more total RNA samples were
prepared in each differentiation experiment. For Fig. 1H, six total RNA
samples from three independent culture experiments were examined.
For Fig. 3C, seven total RNA samples from three independent culture
experiments were examined. For Fig. 4C-E, seven total RNA samples
from three independent culture experiments were examined. For
Fig. S7C,D, five total RNA samples from three independent culture
experiments were examined.

Bright field view time-lapse imaging of cell aggregation
The differentiation culture of hPSCs was performed as aforementioned
with U-bottomed conical wells (Sumilon PrimeSurface plate;

Sumitomo Bakelite) under 3-DiSC condition. The original imaging data
were taken by IncuCyte S3 Spheroid Software Module (Essen Bioscience)
every 2 h for 66 h from the start of differentiation. Images were processed
by WCIF ImageJ software and Adobe Premiere Pro CC 2017.

Statistical analysis
All data are shown as the mean±s.e.m. Statistical tests were performed with
PRISM software (GraphPad version 5). For single comparisons, the
statistical significance was tested by unpaired t-test or unpaired t-test with
Welch’s correction. For multiple comparisons, statistical significance
was determined by one-way analysis of variance followed by Tukey’s
post hoc test.
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