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a b s t r a c t

Introduction: Efficient induction of the otic placode, the developmental origin of the inner ear from
human pluripotent stem cells (hPSCs), provides a robust platform for otic development and sensorineural
hearing loss modelling. Nevertheless, there remains a limited capacity of otic lineage specification from
hPSCs by stepwise differentiation methods, since the critical factors for successful otic cell differentiation
have not been thoroughly investigated. In this study, we developed a novel differentiation system
involving the use of a three-dimensional (3D) floating culture with signalling factors for generating otic
cell lineages via stepwise differentiation of hPSCs.
Methods: We differentiated hPSCs into preplacodal cells under a two-dimensional (2D) monolayer culture.
Then,we transferred the inducedpreplacodal cells into a3Dfloatingcultureunder the controlof thefibroblast
growth factor (FGF), bonemorphogenetic protein (BMP), retinoic acid (RA) andWNTsignallingpathways.We
evaluated the characteristics of the induced cells using immunocytochemistry, quantitative PCR (qPCR),
population averaging, and single-cell RNA-seq (RNA-seq) analysis. We further investigated the methods for
differentiating otic progenitors towards hair cells by overexpression of defined transcription factors.
Results: We demonstrated that hPSC-derived preplacodal cells acquired the potential to differentiate into
posterior placodal cells in 3D floating culture with FGF2 and RA. Subsequent activation of WNT signalling
induced otic placodal cell formation. By single-cell RNA-seq (scRNA-seq) analysis, we identified multiple
clusters of otic placode- and otocyst marker-positive cells in the induced spheres. Moreover, the induced
otic cells showed the potential to generate hair cell-like cells by overexpression of the transcription
factors ATOH1, POU4F3 and GFI1.
Conclusions: We demonstrated the critical role of FGF2, RA and WNT signalling in a 3D environment for
the in vitro differentiation of otic lineage cells from hPSCs. The induced otic cells had the capacity to
differentiate into inner ear hair cells with stereociliary bundles and tip link-like structures. The protocol
will be useful for in vitro disease modelling of sensorineural hearing loss and human inner ear devel-
opment and thus contribute to drug screening and stem cell-based regenerative medicine.
© 2022, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
CHIR, CHIR-99021; EGF, epidermal growth factor; FGF, fibroblast growth factor; hESCs, human embryonic stem cells;
t serum replacement; LDN, LDN-193189; OCT, optimal cutting temperature; PBS, phosphate-buffered saline; qPCR,
RNA-seq, single-cell RNA-sequencing; SEM, scanning electron microscope; SF, serum free; TGFb, transforming growth
l.
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1. Introduction
 To overcome the limitations of both 2D and 3D culture systems,
Sensorineural hearing loss is caused by cochlear cell defects.
Physical or pharmacological damage to mammalian cochlear sen-
sory cells, such as spiral ganglion and hair cells, is irreversible and
results in permanent hearing loss [1,2]. Pluripotent stem cells
(PSCs) offer a potential resource for regenerative therapies of
sensorineural hearing loss, as they can undergo unlimited prolif-
eration and have the potential to differentiate into all three germ
cell layers. Induction of cochlear cells from human PSCs (hPSCs)
paves the way for inner ear disease modelling and drug develop-
ment. To facilitate the exploitation of hPSCs for inner ear disease
research, rapid, efficient and highly reproducible methods for
differentiating hPSCs into otic cell lineages are indispensable.

The development of the early otic lineage has been well studied
in various model organisms [3,4] (Fig. 1A). During gastrulation, the
ectoderm divides into neural and nonneural segments, and the
latter give rise to Six1-and Eya1-positive preplacodal ectoderm,
which is the progenitor of all the cranial placodes. Subsequently,
the preplacodal region is subdivided into anterior and posterior
territories. The anterior placodes develop into the adenohypophy-
seal, olfactory, lens, and trigeminal placodes, while the posterior
placodes become the otic and epibranchial placodes. The otic pla-
code is a thickened epithelium marked by the expression of tran-
scription factors such as Pax8, Pax2, and Dlx5 [5]. Various inner ear
cell types, including hair cells, supporting cells, cochlear and
vestibular ganglion neurons, and nonsensory cells, are derived from
the otic placode.

Generation of the otic cell lineage from human PSCs has been
achieved by using two-dimensional (2D) monolayer and 3D culture
methods [6e17]. Of all the published protocols, one approach in-
volves stepwise differentiation to recapitulate intravital otic pla-
code development. Ealy et al. used a 2Dmonolayer culture protocol
in combination with cytokine/inhibitor-based control of trans-
forming growth factor-b (TGFb)/WNT and fibroblast growth factor
(FGF)/WNT/bone morphogenetic protein (BMP)/retinoic acid (RA)
signalling pathways [11]. However, this protocol resulted in amixed
phenotype of both anterior and posterior placodal cells even after
treatment with posteriorizing factors (FGF/WNT/RA). This outcome
emphasizes the importance of precise temporal control of critical
signals. Moreover, several studies have demonstrated efficient
differentiation of hPSCs into SIX1þ preplacodal ectoderm under 2D
conditions followed by further differentiation of anterior placode-
derived cells such as lens, trigeminal, and anterior pituitary cells
[18e20]. However, the ability of preplacodal ectoderm cells to
differentiate into posterior placodes, including otic placodes, has
not been fully investigated.

In contrast to 2D culture methods, 3D culture systems using
mouse and human PSCs can generate PAX8þ preotic posterior
placodal cells without treatment with CHIR-99021 (CHIR: a clas-
sical WNT signal agonist) and RA, which are important for otic
placode development [14,21]. These results imply that the 3D
environment itself, or contamination by other lineage cells, such
as cranial neural crest cells and/or neuroectoderm-derived cells
may contribute to the lineage commitment of posterior placodal
cells. Although 3D culture systems offer a promising strategy for
otic cell differentiation, the reported induction efficiencies have
been variable owing to the spontaneous formation of anterior-
posterior, dorsal-ventral, and medialelateral axes in the floating
cell aggregates. The cellular heterogeneity frequently observed in
3D culture imposes limitations on the directed differentiation of
otic cells.
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we sought to devise a culture protocol harbouring the advantages
of both 2D and 3D environments for otic cell differentiation. Here,
we describe the differentiation of hPSCs into a preplacodal ecto-
derm via stepwise 2D monolayer culture followed by 3D culture of
the preplacodal cells to differentiate into the otic cell lineage. We
confirmed the characteristics of the induced otic cells by multi-
modal analyses, including qPCR, immunocytochemistry and single-
cell RNA-seq (scRNA-seq). Our data demonstrated the importance
of three signalling pathways (FGF, RA andWNT) in human inner ear
development. Furthermore, the induced otic cells showed the po-
tential to differentiate into MYO7Aþ hair cells with F-actin-rich
protrusions by overexpression of the transcription factors ATOH1,
POU4F3 and GFI1. Our protocol holds promise for further investi-
gation of the pathophysiology of sensorineural hearing loss and
drug screening for related diseases.

2. Materials and methods

2.1. Human PSCs culture

We used the human embryonic stem cell (hESC) line H9. These
PSCs were maintained on mitomycin-C-treated SNL feeder cells in
DMEM/F12 (FUJIFILM Wako Pure Chemical) hESC medium con-
taining 20% KnockOut serum replacement (Life Technologies), 1%
nonessential amino acids (Sigma), 2 mM L-glutamine (Nacalai
Tesque), 0.1 mM 2-mercaptoethanol (Sigma), 4 ng/mL FGF2
(PeproTech), 100 U/mL penicillin and 100 mg/mL streptomycin. Cells
were passaged onto feeder cells or into feeder-free culture using a
dissociation solution containing 0.25% trypsin, 100 mg/mL colla-
genase type IV (Invitrogen), 1 mM CaCl2 and 20% KnockOut serum
replacement (KSR). For feeder-free culture, cells were passaged on
Matrigel (Corning, #354277)-coated dishes in SNL feeder-
conditioned hESC medium containing 5 ng/mL FGF2.

2.2. Differentiation of otic placodal cells

PSCs in feeder-free culture were dissociated into single cells
using Accutase (Nacalai Tesque), resuspended in SNL cell-
conditioned hESC medium with 5 ng/mL FGF2 and 10 mM Y-
27632 (ROCK inhibitor; FUJIFILM Wako Pure Chemical), and
passaged on Matrigel-coated dishes at 15,000e18,000 cells/cm2.
After 24 h, the medium was changed to SNL cell-conditioned
hESC medium containing 5 ng/mL FGF2 (Day 0). Differentiation
was initiated on Day 1 by exchanging the total medium for
serum-free (SF) DMEM/F12 medium containing 1x N2 supple-
ment (Invitrogen), 1x B27 supplement (Invitrogen), 1% nones-
sential amino acids, 1% GlutaMAX (Life Technologies), 0.1 mM 2-
mercaptoethanol and 100 mg/mL ampicillin and supplemented
with 10 mM SB-431542 (Sigma). From Day 3, the cells were
cultured in SF medium supplemented with 10 mM SB-431542 and
2 ng/mL BMP4 (PeproTech). From Day 5, the cells were cultured
in SF medium supplemented with 50 ng/mL human FGF2 and
200 nM LDN-193189 (StemRD). Until Day 7, the total medium
was changed every day. On Day 7, the cells were dissociated into
single cells by Accutase and cultured in an ultra-low-adhesion-6-
well plate (Corning) at a density of 150,000 cells/well in DMEM/
F12 medium supplemented with N2, B27-vitamin A (Thermo
Fisher Scientific), 1% Matrigel, 10 mM Y-27632, 50 ng/mL FGF2,
50 ng/mL FGF3 (R&D Systems), 50 ng/mL FGF10 (PeproTech),
20 ng/mL EGF (PeproTech), 200 nM LDN193189 (StemRD), 50 ng/
mL heparan sulfate (Nacalai Tesque) and 200 nM RA (Sigma). On



Fig. 1. Induction of preplacodal ectoderm from hPSCs. (A) Schematic diagram of otic placode development based on studies on nonprimate animal models. Differentiation of the
nonneural ectoderm from pluripotent stem cells is mediated by TGFb signal inhibition with BMP signal activation. Subsequent activation of FGF signalling and inhibition of BMP
signalling are necessary for preplacode development. The preplacodal ectoderm is subdivided into anterior and posterior portions. The anterior placode gives rise to the adeno-
hypophyseal, lens, olfactory and trigeminal placodes, while the posterior placode develops into the epibranchial and otic placodes. TGFbi; TGFb signalling inhibitor, BMPi; BMP
signalling inhibitor, FGFi; FGF signalling inhibitor. (B) Schematic figure of preplacodal ectoderm induction via manipulation of TGFb, BMP, and FGF signalling. Two different culture
conditions were compared (with or without BMP4 from Day 3 to Day 5) by analyses of the expression of nonneural ectoderm and preplacode marker genes by qPCR and
immunocytochemistry. (C) qRTePCR of DLX3, DLX5, EYA1, SIX1, and TFAP2A in the human ESC line H9 on Day 7 with or without BMP4 supplementation. The relative gene expression
was normalized against that in undifferentiated hESCs. The bars and error bars represent the mean ± SEM (three independent experiments). Asterisks indicate significant dif-
ferences (*p < 0.05, **p < 0.01, two-tailed unpaired Student's t tests). (D) Bright field images of preplacode differentiation on Days 1, 3, 5, and 7 of culture. The cells were treated with
SB from Day 1 to Day 2, with SB and BMP4 from Day 3 to Day 4, and with FGF2 and LDN from Day 5 to Day 7 of differentiation. Scale bars, 100 mm. (E) Representative immu-
nocytochemical images for the nonneural ectoderm marker TFAP2A and the preplacode marker SIX1 in H9 hESC-derived preplacodal cells on Day 7 with or without BMP4 sup-
plementation. The nuclei were stained with Hoechst 33,342. Scale bars, 50 mm. (F) Quantitative analysis of TFAP2Aþ cells, SIX1þ cells and TFAP2Aþ/SIX1þ cells among H9 hESC-
derived preplacodal cells on Day 7 with or without BMP4 supplementation. The bars and error bars represent the mean ± SEM (three independent experiments). Asterisks
indicate significant differences (**p < 0.01, two-tailed unpaired Student's t test).
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day 10, all spheres in the medium were collected in a 15 mL tube
and centrifuged at 120�g for 3 min. After removal of the su-
pernatant, fresh medium was added to the 15 mL tube with
gentle pipetting, and the spheres were transferred to a 96-well
plate. The spheres in 2 wells of an ultra-low-adhesion 6-well
plate were transferred to 96 wells of an ultra-low-adhesion 96-
well plate (Corning), and the total medium was changed to
DMEM/F12 medium supplemented with 1x N2, 1x B27-vitamin A
(Invitrogen), 1% Matrigel, 50 ng/mL FGF3, 50 ng/mL FGF10, 20 ng/
mL EGF, 200 nM LDN, 50 ng/mL heparan sulfate, and 500 nM RA.
On Day 14, the total medium was replaced with DMEM/F12
medium supplemented with 1x N2, 1x B27-vitamin A, 1%
Matrigel, 50 ng/mL FGF3, 50 ng/mL FGF10, 20 ng/mL EGF, 200 nM
LDN, 50 ng/mL heparan sulfate, 1 mM RA, and 3 mM CHIR (Focus
Biomolecules). On Day 18, the total medium was replaced with
DMEM/F12 medium supplemented with 1x N2, 1x B27-vitamin
A, 1% Matrigel, 50 ng/mL FGF3, 50 ng/mL FGF10, 20 ng/mL EGF,
200 nM LDN, 50 ng/mL heparan sulfate, 1 mM RA, and 3 mM CHIR.
On Days 14 and 18, the spheres were transferred to 96-well
plates at an equal ratio. All spheres in medium were first
collected in a 15 mL tube. Then, the 96-well plate was rinsed
once with PBS, and the rinses were also collected into the same
tube and centrifuged at 120�g for 3 min. After removal of the
supernatant, fresh medium was added to the 15 mL tube with
gentle pipetting, and the spheres were transferred to a 96-well
plate.
2.3. Differentiation of inner ear hair cells

Based on the results of scRNA-seq, for hair cell differentiation,
the concentrations of FGF3 and FGF10 were reduced from 50 ng/
mL to 25 ng/mL (from Day 7 to Day 22), and the concentrations of
RA were optimized to 200 nM (from Day 7 to Day 14) and 20 nM
(from Day 14 to Day 22). From Day 22, the total medium was
replaced with DMEM/F12 medium supplemented with 1x N2, 1x
B27-vitamin A, 1% Matrigel, 20 ng/mL EGF, 200 nM LDN, and 3 mM
CHIR. From Day 26, the total medium was replaced with DMEM/
F12 medium supplemented with 1x N2, 1x B27-vitamin A, 1%
Matrigel, 20 ng/mL EGF, 200 nM LDN, and 1.5 mMCHIR. On Days 22
and 26, the spheres were transferred to 96-well plates at an equal
ratio. All spheres in medium were first collected in a 15 mL tube.
Then, the 96-well plate was rinsed once with PBS, and the rinses
were also collected into the same tube and centrifuged at 120�g
for 3 min. After the removal of supernatant, fresh medium was
added to the 15 mL tube with gentle pipetting, and the spheres
were passed to a 96-well plate. On Day 28 or 30, the spheres were
dissected with a tungsten needle, and the epithelial parts of the
spheres were collected. The isolated epithelial aggregates were
embedded in 25 ml of 100% Matrigel by the hanging drop method
on prewarmed 24-well plates. After 30 min, DMEM/F12 medium
supplemented with 1x N2, 1x B27-vitamin A, 1% Matrigel, 20 ng/
mL EGF, and 1.5 mM CHIR was added to each well, and the spheres
were cultured under hyperoxia. The total medium was changed
every other day. After 10 days of Matrigel embedding culture, the
spheres were dissected to remove Matrigel and the over-
proliferated nonepithelial cells using a tungsten needle. Then, the
dissected spheres were dissociated into single cells using TrypLE
Express at 37 �C for 40 min. The dissociated cells were resus-
pended in DMEM/F12 medium supplemented with 1x N2, 1x B27-
vitamin A, 20 ng/mL EGF, 1.5 mM CHIR and 10 mM Y-27632 and
seeded onto a polyornithine-fibronectin-coated 8-well chamber
(IWAKI) at 7.2 � 104e9.6 � 104 cells/well. The cells were infected
with lentivirus (MOI ¼ 5). After 2 days, the total medium was
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changed to DMEM/F12 medium supplemented with 1x N2, 1x
B27-vitamin A, 20 ng/mL EGF, and 1.5 mM CHIR. Half of the me-
dium was changed every other day.

2.4. Immunocytochemistry

Monolayer-cultured cells and floating spheres were fixed in 4%
paraformaldehyde at 4 �C overnight. The fixed spheres were cry-
oprotected in a solution of 30% sucrose and embedded in optimal
cutting temperature (OCT) compound (Sakura Finetek). The frozen
samples were sectioned into 20 mm sections using a cryostat. For
immunostaining, the cells were subjected to antigen retrieval in
10 mM citrate buffer (pH 6.0) for 20 min at 80 �C and permeabilized
with 0.3% Triton-X in phosphate-buffered saline (PBS) for 5 min. The
cells were blocked with 10% normal donkey serum (Nacalai Tesque)
in PBS for 1 h and incubated overnight at 4 �C with the following
primary antibodies: mouse anti-SIX1 (Atlas Antibodies;
AMAb90544; 1:200), mouse anti-E-cadherin (BD; 610,182; 1:500),
rabbit anti-PAX8 (Abcam; ab191870; 1:500), rabbit anti-TFAP2A
(Abcam; ab108311; 1:200), rabbit anti-PAX2 (Abcam; ab79389;
1:500), rabbit anti-PAX6 (MBL; PD022; 1:200), goat anti-SOX2 (Santa
Cruz; sc-17320; 1:100), goat anti-SOX2 (R&D; AF2018; 1:500), rabbit
anti-FOXG1 (Abcam; ab196868; 1:200), mouse anti-EPCAM (Cell
Signaling; 5198S; 1:500), rabbit anti-JAG1 (Abcam; ab109536;
1:200), and mouse anti-MYO7A (DSHB; 138e1; 1:50). On the
following day, the cells were washed with PBS and incubated with
secondary antibodies conjugated with Alexa Fluor 488, 555, or 647
(Thermo Fisher Scientific; 1:1,000) for 1 h at room temperature.

For F-actin labelling, the cells were incubated with Alexa Fluor
555 phalloidin (Invitrogen; A34055; 1:400) with other secondary
antibodies for 1 h at room temperature. For coimmunostaining
with PAX2 and PAX8 antibodies, after labelling with the PAX2
antibody and secondary antibody, the cells were incubated with an
Alexa Fluor 555-conjugated rabbit anti-PAX8 antibody (Abcam;
ab217733; 1:500) overnight at 4 �C. The nuclei were stained with
Hoechst 33,342 (Thermo Fisher Scientific; 1:1,000). The samples
were analysed using an LSM700 confocal laser scanning micro-
scope (Carl Zeiss).

2.5. Quantitative RT-PCR (qPCR)

RNA was isolated using an RNeasy Mini Kit (QIAGEN) according
to the manufacturer's instructions. PolyA þ RNA was reverse-
transcribed by Prime Script II (Toyobo). cDNA was synthesized
from 500 ng of RNA. qRTePCR was performed using TB Green
Premix Ex Taq II (TaKaRa Bio) on the ViiA 7 Real-Time PCR System
(Thermo Fisher Scientific) according to the manufacturer's in-
structions. The sequences of the primers used in this study are
listed in Table 1. ACTB (Figs. 1B, 2B-D, 3B, 5B, Fig. S1B-D) and HPRT1
(Fig. 5B) expression was used for normalization.

2.6. Single cell dissociation and single-cell RNA sequencing

On Day 22, spheres with or without RA treatment were washed
once with PBS, incubated with Accutase for 35 min at 37 �C and
dissociated into single cells by tapping and pipetting. The cells were
spun down at 120�g for 5 min, resuspended in PBSwith 1% BSA, and
checked for cell viability. For scRNA-seq, dissociated cells were pro-
cessed with a 10x Genomics Chromium platform following the
manufacturer's instructions.Briefly, ~13,200cellswere loaded toyield
an estimated recovery of 8,000 cells per sample onto a Chromium
Single Cell G Chip (10xGenomics), andGEMs (Gel Beads in Emulsion)
were generated using the Chromium Controller. Libraries were



Table 1
The primer sequences for qPCR analysis

Transcript Forward Reverse

PAX2 TCAAGTCGAGTCTATCTGCATCC CATGTCACGACCAGTCACAAC
PAX8 GCCCAGTGTCAGCTCCATTA GCTGTCCATAGGGAGGTTGAA
GATA3 CCTAAGGTGGTTGTGCTCGG CACAGGCTGCAGGAATAGGG
SIX1 ACAAGAACGAGAGCGTACTCA CTCCACGTAATGCGCCTTCA
DLX3 TACCCTGCCCGAGTCTTCTG TGGTGGTAGGTGTAGGGGTTC
DLX5 GTCTTCAGCTACCGATTCTGAC CTTTGCCATAGGAAGCCGAG
FBXO2 GTGTCGCAAAGCACAGGTC CGGACAGTAGCTTAACGGTGAG
EYA1 GGACTATCCGTCTTATCCCAGT GCTGCTGGTCATATAATGTGCTG
ACTB TGAAGTGTGACGTGGACATC GGAGGAGCAATGATCTTGAT
GBX2 GACGAGTCAAAGGTGGAAGAC GATTGTCATCCGAGCTGTAGTC
JAG1 CGGGAACATACTGCCATGAAAATA ATGCACTTGTAGGAGTTGACACCA
OTX2 CAAAGTGAGACCTGCCAAAAAGA TGGACAAGGGATCTGACAGTG
TFAP2A CTCCGCCATCCCTATTAACAAG GACCCGGAACTGAACAGAAGA
PAX6 TGGGCAGGTATTACGAGACTG ACTCCCGCTTATACTGGGCTA
SOX2 GCTGGCAGACCTACATGAAC GGGAGGAAGAGGTAACCACA
HPRT1 TGACACTGGCAAAACAATGCA GGTCCTTTTCACCAGCAAGCT
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constructedwith a ChromiumNextGEMSingle Cell 30 Kit ver. 3.1 (10x
Genomics) and sequenced on a HiSeq X instrument (Illumina).

2.7. scRNA-seq data analysis

The Cell Ranger pipeline (v6.0.2) was used to map reads to the
GRCh38 human reference genome and generate cell-by-gene
unique molecular identifier (UMI) count matrices. The count
matrices were analysed using the Seurat (v4.0.5) R (v4.1.2) package.
Cells with a total UMI count >64,819 (RA-), 62,106 (RAþ), or cells
with a mitochondrial read percentage >18% (RA-), 12% (RAþ) were
excluded. Doublets were detected by the scDblFinder (v1.8.0)
package and subsequently removed. The gene UMI counts were
normalized by the total UMI counts per cell, multiplied by a scaling
factor of 10,000, and log-transformed. The top 3,000 variable genes
were used for principal component analysis. Leiden clustering with
the default cut-offs and uniform manifold approximation and
projection (UMAP) visualization were performed on the first 30
principal components. Genes specifically expressed in each cell
cluster were identified using the FindAllMarkers function. Then,
the cluster cell types were manually annotated based on the
cluster-specific gene lists.

2.8. Cloning of plasmids and lentivirus production

To construct the CAG-APG (ATOH1, POU4F3 and GFI1) lentiviral
vector, the hATOH1-P2A-hPOU4F3-T2A-hGFI1 sequence from pPB-
TRE3G-APG (customized by VectorBuilder) was cloned into CS-CA-
MCS (kindly provided by Dr. Hiroyuki Miyoshi, Keio University) by
a restriction enzyme-based method. The CAG-APG lentivirus was
produced as described previously. Briefly, packaging vectors such as
pCAG-HIVgp, pCMV-VSV-G-RSV-Rev (both kindly provided by Dr.
Hiroyuki Miyoshi, Keio University) and CAG-APG lentivirus vector
were transfected into HEK293T cells using polyethyleneimine at
subconfluency in DMEM with high glucose (Thermo Fisher Scienti-
fic) supplemented with 10% FBS (Sigma Aldrich) and 1% penicillin/
streptomycin (Nacalai Tesque). After 24 h, the mediumwas replaced
with 10% FBS DMEM with high glucose containing 10 mM forskolin
(Sigma Aldrich). Two days after the medium was changed, the su-
pernatant was collected, ultracentrifuged at 25,000 rpm for 2 h at
4 �C, and concentrated by ultrafiltration using Amicon Ultra 0.5 mL
filters (Millipore). The titres were determined with a qPCR Lentivirus
Titration Kit (Applied Biological Materials).

2.9. Scanning electron microscopy (SEM)

Cells were fixed in 2.5% glutaraldehyde for 12 h at 4 �C, washed in
0.1 M PB, and postfixed in 1% OsO4 for 2 h at 4 �C. The cells were
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dehydratedwitha series of increasing concentrations of ethanol (50%,
70%,80%,90%,95%and100%), freeze-driedwith100%t-butyricalcohol
(VFD-21S, vacuum device), and coatedwith platinum-palladium by a
heavy metal coater (SC-701, Sanyu Electron). The samples were ana-
lysed using field emission scanning electron microscopy (SU6600
Hitachi High-Technologies) with 7.0 keV acceleration.

2.10. Statistical analysis

All values are expressed as the mean ± SEM. The relative gene
expression levels and the number of placode marker-positive cells
in each groupwere compared statistically with two-tailed unpaired
Student's t tests or one-way ANOVA followed by a post hoc Tukey's
test. A p value of <0.05 was considered to indicate statistical
significance.

3. Results

3.1. Differentiation of preplacodal ectoderm from human PSCs

Initially, we sought to differentiate hPSCs (H9 ESCs) into pre-
placodal ectoderm in a 2D monolayer culture by manipulating
TGFb, BMP, and FGF signalling. Previous studies have demonstrated
that the TGF-b inhibitor SB-431542 (SB) supplemented with BMP4
can promote nonneural ectoderm differentiation from PSCs
[18,20,22,23]. After the specification of nonneural ectoderm, FGF
activation and BMP inhibition promote the induction of preplacodal
cells [13,14,20,21] (Fig. 1A). To differentiate hPSCs into preplacodal
ectoderm, we initially treated the cells with SB for 2 days and then
treated them with SB and BMP4 for 2 days to induce nonneural
ectoderm. From Day 5, we treated the cells with FGF2 and the BMP
inhibitor LDN-193189 (LDN) to derive preplacodal ectoderm
(Fig. 1B). qPCR analysis showed that supplementation with BMP4
from Day 3 to Day 5 triggered significant upregulation of the
nonneural ectoderm marker TFAP2A and the preplacodal markers
SIX1 and EYA1 [24,25] on Day 7 (Fig. 1C). The expression levels of
the nonneural ectoderm markers DLX5 and DLX3 [24,25] were
dramatically upregulated in both BMP4-treated and untreated
conditions (Fig. 1C). In the process of differentiation, we observed
dynamic morphological changes in the cultured cells from Day 3 to
Day 7 (Fig. 1D). In particular, the cells changed from having a high
nucleus/cytoplasm ratio with prominent nucleoli to having a
polygonal shape. Moreover, immunocytochemical analysis showed
that supplementation with BMP4 during preplacodal induction
(Day 3 to Day 5) significantly increased the number of SIX1þ cells
(eBMP4, 11.3 ± 3.41%; þBMP4, 46.8 ± 3.76%; p ¼ 0.005), TFAP2Aþ

cells (eBMP4, 23.3 ± 6.15%; þBMP4, 69.8 ± 3.49%; p ¼ 0.006) and
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SIX1þ/TFAP2Aþ cells (eBMP4, 7.83 ± 1.56%; þBMP4, 38.2 ± 2.55%;
p ¼ 0.001) (Fig. 1E and F). These results demonstrated that efficient
preplacode induction from hPSCs was successfully achieved by
transient activation of BMP signalling.

3.2. FGF2 and RA treatments are critical for deriving posterior
placodal cells from induced preplacodal cells in a 3D culture

Previous studies have shown that the expression of anterior
placodal markers does not decrease after preplacode induction
under 2D conditions using posteriorizing cues such as FGF, WNT,
and RA [11]. 3D culture systems permit induction of PAX8þ poste-
rior placodal cells after supplementation with FGF2 and LDN [14],
suggesting that the 2D monolayer culture system tends to promote
anterior placode differentiation from preplacodal cells. We there-
fore postulated that the 3D culture condition might facilitate the
posteriorization of preplacodal cells derived from 2D culture.
Various studies have shown that posterior placodal fate, including
the otic placode fate, is determined by FGF and RA signalling
[26e33]. Therefore, to enhance posterior placode differentiation,
we used a 3D floating culture systemwith FGF2 and RA treatments.
During the 3D floating culture, we added Matrigel and epidermal
growth factor (EGF) to support epithelial cell survival and prolif-
eration. On Day 7, we transferred the induced preplacodal cells to a
single-cell suspension culture with differentiation medium con-
taining Matrigel, EGF, and LDN (Fig. 2A).

To assess the effects of the initial FGF2 and RA treatment, the
cells were cultured in the presence or absence of 50 ng/mL FGF2
and 200 nM RA. Then, we compared the expression levels of the
preplacode markers SIX1, EYA1, and DLX5; the posterior placode
markers GBX2, GATA3, PAX2, and PAX8 [3,34]; and the anterior
placode markers PAX6 and OTX2 [3] on Day 10 (Fig. 2B). We
generated approximately 7,480 ± 1,121 spheres (n ¼ 5 independent
experiments, ± S.D.) per well in a 6-well ultra-low-attachment
plate from the start of culture (Fig. 2C). We found that FGF2- and
RA-treated cells showed significant increases in the expression of
the posterior placode markers GBX2, GATA3, and PAX8 (Fig. 2D).
Treatment with either FGF2 or RA alone did not significantly in-
crease the expression of these markers (Fig. 2D). One of the otic
placode markers, PAX2, did not show a significant change in
expression after FGF2 and RA treatment (Fig. 2D). We found that
the expression of the anterior placode markers PAX6 and OTX2was
decreased in FGF2- and RA-treated cells compared to untreated
cells (Fig. 2E).

We also found that the expression of the preplacode markers
SIX1, EYA1, and DLX5 was downregulated upon RA treatment
(Fig. 2F). Next, to confirm the sensitivity of preplacode cells to RA,
we compared marker gene expression after treating the cells with
different RA concentrations (20 nM, 200 nM, 2,000 nM; Fig. 3A).
qPCR analysis showed that the highest concentration of RA
(2,000 nM) inhibited the expression of the pretreatment markers
SIX1 and DLX5 (Fig. 3B), while PAX2 expression was upregulated by
RA treatment in a concentration-dependent manner (Fig. 3D).
While the expression of posterior placode markers did not show
further upregulation at the highest RA concentration (2,000 nM)
compared to the 200 nM RA-treated condition (Fig. 3D), the
expression of the anterior placode marker OTX2 was down-
regulated at the highest RA concentration. In contrast, the expres-
sion of another anterior placode marker, PAX6, did not decrease
upon treatment with 2,000 nM RA compared to 200 nM RA
(Fig. 3C). These results suggest that floating culture with FGF2 and
RA supplementation promotes the posteriorization of PSC-derived
preplacodal cells. Although the highest RA concentration tested
(2,000 nM) negatively affected the expression of several otic pla-
codal marker genes, treatment with a high concentration of RA
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enhanced the gene expression of PAX2 (Fig. 3). Therefore, we
gradually increased the RA concentration or withdrew RA at the
time of medium change (on Day 10 and/or Day 14) for the subse-
quent experiments.

3.3. 3D floating culture with BMP inhibition is important for
maintaining several otic placodal marker expression

During otic development, the activation of FGF signalling and
the inhibition of BMP signalling play significant roles in otic lineage
specification (Fig. 1A). The BMP signal is important for anterior
placode and epibranchial placode differentiation [35e38], and
specific FGF ligands such as FGF3 and FGF10 are important for otic
placode development in mice [5,39]. Therefore, in addition to
supplementationwith FGF2 and RA, we investigated the effects of a
BMP inhibitor and FGF3/FGF10 from Day 7 to Day 14 of the 3D
floating culture. The expression of posterior placode marker genes
was compared on Day 14 among 3 different culture conditions, as
follows: control conditions (without LDN and FGF3/FGF10 supple-
mentation), LDN treatment, and LDNþ FGF3/FGF10 treatment from
Day 7 to Day 14 (Fig. 4A). Inhibition of BMP signalling from Day 7
allowed the cells to maintain the expression of several otic placode
markers, SIX1, FOXG1, and JAG1 [40,41], on Day 14 (Fig. 4B). LDN
supplementation did not significantly affect the expression of EYA1,
PAX8, or GBX2 but did reduce the expression of PAX2, GATA3, and
DLX5. Supplementation of both LDN and FGF3/FGF10 from Day 7 to
Day 14 did not induce any detectable changes in the expression of
posterior placode marker genes. These results indicate that BMP
inhibition is critical for the expression of several otic placode
marker genes. However, FGF3 and FGF10 did not further increase
otic placode marker expression.

3.4. 3D floating culture with CHIR treatment is important for otic
placodal marker upregulation

Although the expression of several otic placodal genes was
upregulated by Day 10 to Day 14, one of the otic placodal markers,
PAX2, was not significantly upregulated after treatment with FGF3
and FGF10, which induce otic differentiation. WNT signalling is
required to differentiate the posterior placode into the PAX2þ otic
placode, while inhibition of the WNT signal results in epibranchial
placode development [26,42]. Therefore, to differentiate PAX2þ otic
placodal cells from hPSC-derived posterior placodes, we treated the
cells with the WNT agonist CHIR from Day 14. Since BMP inhibition
from Day 7 to Day 14 enhanced the expression of several otic pla-
codal markers at Day 14 (Fig. 4B), we exposed the cells continuously
to the BMP inhibitor LDN. Another candidate factor for the upre-
gulation of PAX2 is FGF signalling. FGF10 is expressed in the
ventromedial part of the otocyst, which is a PAX2-positive area, and
hindbrain-derived FGF3 is important for the development of the
cochlea [43]. Therefore, to investigate the possible roles of FGF3 and
FGF10 in otic placode induction, we started to culture Day 14 cells
in the presence of FGF3/FGF10 as well as LDN and CHIR. To evaluate
the necessity of these factors in otic placode induction, we
compared four different culture conditions to evaluate otic gene
expression at Day 22, as follows: control conditions, LDN treatment,
LDN þ CHIR treatment, and LDN þ CHIR þ FGF3/FGF10 treatment
from Day 14 to Day 22 (Fig. 5A and B). The expression of the otic
lineage markers SIX1, EYA1, PAX8, PAX2, GATA3, FBXO2, JAG1, GBX2,
DLX5, and FOXG1 [5,40,41,44e47] was analysed on Day 22 by qPCR
(Fig. 5C). With the exception of GATA3, we did not detect upregu-
lation of the otic marker genes in LDN-treated conditions compared
to the control condition. CHIR treatment resulted in upregulation of
SIX1, PAX8, PAX2, FBXO2, and DLX5, although GATA3 and GBX2 were
downregulated. LDN þ CHIR þ FGF3/FGF10-treated spheres



Fig. 2. Generation of posterior placodal cells from preplacodal ectoderm using a 3D floating culture system. (A) Schematic figure of the differentiation of posterior placodes
from hPSC-derived preplacodal cells. (B) Specification of anterior and posterior placodal cells from preplacodal cells. Representative pre-, anterior, and posterior placodal marker
genes are shown. (C) Representative bright field images of floating spheres on Day 10. Scale bars, upper 100 mm, lower 50 mm. (DeF) qPCR analysis of posterior placode markers
(PAX8, PAX2, GATA3, GBX2) (D), anterior placode markers (OTX2, PAX6) (E), and preplacode markers (EYA1, SIX1, DLX5, TFAP2A) (F) on Day 10 of culture. The relative gene expression
levels were normalized against those of undifferentiated hESCs. The bars and error bars represent the mean ± SEM (three independent experiments). Asterisks indicate significant
differences (*p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA with Tukey's post hoc test).
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Fig. 3. Effect of RA on otic placode marker expression. (A) Schematic figure of differentiation of the posterior placode from hPSC-derived preplacodal cells. Three different culture
conditions (20 nM RA, 200 nM RA, and 2,000 nM RA) were compared to investigate the effect of RA on posterior placode marker expression. (BeD) qPCR analysis of preplacode
markers (EYA1, SIX1, and DLX5) (B), anterior placode markers (OTX2 and PAX6) (C), and posterior placode markers (PAX8, PAX2, GATA3, and GBX2) (D) on Day 10 of culture. The
relative gene expression levels were normalized against those of undifferentiated hESCs. The bars and error bars represent the mean ± SEM (three independent experiments).
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showed significantly greaterDLX5 expression than cultureswithout
FGF3/FGF10. These results show that CHIR enhances the differen-
tiation of posterior placodal cells into otic placodal cells in 3D
floating culture. However, LDN and FGF3/FGF10 supplementation
did not further enhance the expression of most otic marker genes.

3.5. Effect of RA treatment in the otic placode differentiation from
posterior placodal cells

We found that RA is necessary to induce the differentiation of
posterior placodal cells from hPSC-derived preplacodal cells. Pre-
vious studies have demonstrated that RA also has a significant role
in otocyst development. In zebrafish, ectopic RA generates otocyst-
like structures in the preplacodal domain. In contrast, inhibition of
RA signalling results in failure to maintain otic placodal fate [32].
These observations suggest that RA might further increase otic
placode gene expression beyond the increase achieved with CHIR
treatment.

To examine the effect of RA on otic placode differentiation from
posterior placodal cells, we cultured the cells in the presence of RA
with the addition of LDN, CHIR, and FGF3/FGF10 fromDay 14 to Day
22 (Fig. 6A). We found that RA-treated spheres showed significant
increases in the expression of PAX2 and GATA3. In contrast, RA
treatment reduced the expression of SIX1 and DLX5 (Fig. 6B). These
results confirm that the expression of the otocyst genes SIX1, DLX5,
GATA3, and PAX2 can be controlled by RA signalling.
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3.6. Immunocytochemical analysis of otic placode markers in the
induced cells

Next, we performed immunocytochemical analysis of the
induced cells at various timepoints to assess the presence of otic
marker proteins (Fig. 6A). From Day 14, the cells were cultured
under treatment with LDN, CHIR, and FGF3/FGF10 and with or
without RA. The presence of otocyst marker proteins was evaluated
by coimmunostaining for SIX1, PAX8, PAX2, ECAD, FOXG1, and
SOX2. On Day 12, tiny epithelial cell spheres were positive for SIX1,
PAX8 and SOX2 (Fig. 7A and B). We detected a gradual increase in
the size of SIX1-, PAX8-and SOX2-positive cell aggregates during a
floating culture fromDay 14 to Day 20 (Fig. 7). On Days 16,18 and 20
of sphere formation with or without RA treatment, we identified
epithelial cell structures under bright field microscopy (Fig. 6C,
Fig. 7AeB). We found that PAX8þ/SOX2þ cells were also positive for
the epithelial cell marker ECAD (Fig. 6C). Immunostaining for
various otocyst markers on Days 18 and 22 with RA treatment
revealed that ECADþ epithelial cells were also positive for the otic
placode markers PAX8, PAX2, and SOX2 (Fig. 6D and E). SIX1þ

placodal cells also showed positive staining for the otic placode
markers PAX8, FOXG1, and SOX2 (Fig. 6D and E).

Next, to determine whether the differentiation of SIX1þ/
PAX8þ cells resulted from the posteriorization of preplacodal
cells, we performed an immunocytochemical analysis of otic
marker proteins in spheres that had not been cultured with FGF2



Fig. 4. Differentiation of posterior placodal cells via manipulation of BMP and FGF signalling. (A) Schematic figure of the culture conditions used to investigate the roles of BMP
and FGF signalling in the differentiation of the posterior placode. Three different culture conditions (Ctrl, þLDN, þLDN þ FGF3/FGF10) were compared to explore the effects of
manipulating BMP and FGF signalling on posterior placode marker expression. (B) qPCR analysis of the preplacodal ectoderm and otic placode genes SIX1, EYA1, PAX8, PAX2, GATA3,
JAG1, GBX2, DLX5, and FOXG1 on Day 14 of culture with or without LDN or FGF3/FGF10 from Day 7 to Day 14. The relative gene expression levels were normalized against those of
undifferentiated hESCs. The bars and error bars represent the mean ± SEM (three independent experiments). Asterisks indicate significant differences (*p < 0.05, ***p < 0.001, one-
way ANOVA with Tukey's post hoc test).
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Fig. 5. Differentiation of otic placodes from hPSCs via manipulation of BMP, WNT, and FGF signalling. (A) Schematic figure of the culture conditions used to investigate the
roles of BMP, WNT, and FGF signalling in the differentiation of the otic placode. Four different culture conditions (Ctrl, þLDN, þLDN þ CHIR, þLDN þ CHIR þ FGF3/FGF10) were
compared to analyse the effects of BMP, WNT, and FGF signal manipulation on otic placode marker expression. (B) Signalling pathways important for deriving otic cell lineages from
preplacodal cells and representative marker genes of each cell lineage. (C) qPCR analysis of the otic plate markers SIX1, EYA1, PAX8, PAX2, GATA3, FBXO2, JAG1, GBX2, DLX5, and FOXG1
on Day 22 of culture with or without LDN, CHIR, or FGF3/FGF10 from Day 14 to Day 22. The relative gene expression levels were normalized against those of undifferentiated hESCs.
The bars and error bars represent the mean ± SEM (three independent experiments). Asterisks indicate significant differences (*p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA
with Tukey's post hoc test).
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Fig. 6. Otic placode marker expression of the induced cells in the presence or absence of RA from Day 14. (A) Schematic figure of the culture conditions used to investigate the
role of RA in the differentiation of the otic placode. The cells were treated with LDN, CHIR, and FGF3/FGF10 from Day 14 to Day 22 of differentiation. Culture conditions with or
without RA (1 mM) treatment were compared. (B) qPCR analysis of the otic placode markers SIX1, PAX8, PAX2, DLX5, and GATA3 on Day 22 of cultures with or without RA treatment
from Day 14 to Day 22. The relative gene expression levels were normalized against those of undifferentiated hESCs. The bars and error bars represent the mean ± SEM (three
independent experiments). Asterisks indicate significant differences (*p < 0.05, two-tailed unpaired Student's t test). (C) Representative bright field images and low-magnification
immunocytochemical images on Day 18 of spheres with or without RA treatment. The nuclei were stained with Hoechst 33,342. Scale bars, bright field images, 100 mm; immu-
nostaining images, 100 mm. (D) Representative immunocytochemical images of induced cells on Day 18 in cultures treated with RA. The cells were coimmunostained for multiple
otic placodal markers (ECAD/PAX8/SOX2, SIX1/PAX8/SOX2, or SIX1/FOXG1/SOX2). The nuclei were stained with Hoechst 33,342. Scale bars, 50 mm. (E) Representative immuno-
cytochemical images of induced cells on Day 22 of culture treated with RA. The cells were coimmunostained for multiple otic placodal markers (ECAD/PAX2/SOX2, SIX1/PAX8/SOX2,
or PAX8/PAX2/SOX2). The nuclei were stained with Hoechst 33,342. Scale bars, 50 mm.
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Fig. 7. Immunocytochemical analysis of the posterior placodal and otic placodal cells induced from H9 hESCs. (A) Representative bright field images of floating spheres on
Days 12, 14, 16 and 20. Scale bars, 100 mm. (B) Representative immunocytochemical images of induced cells on Days 12, 14, 16 and 20 of culture. The cells were coimmunostained for
the otic placodal markers SIX1, PAX8 and SOX2. The nuclei were stained with Hoechst 33,342. Scale bars, Days 12, 14 and 16, 50 mm; Day 20, 100 mm.
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Fig. 8. Requirement for FGF2 and RA during the initial phases of floating culture for the induction of otic placodal cells. (A) Representative immunocytochemical images of
SIX1, PAX8, and SOX2 in spheres at Day 18. Four different culture conditions (with or without FGF2 and RA on Day 7 to Day 10, with or without RA on Day 10 to Day 14) were
compared to analyse the effects of FGF2 and RA signal manipulation on otic placode marker expression. The nuclei were stained with Hoechst 33,342. Scale bars, 50 mm. (B)
Representative immunocytochemical images of SIX1, PAX6, and SOX2 in spheres at Day 18. Three different culture conditions (with or without FGF2 and RA on Day 7 to Day 10, with
or without RA on Day 10 to Day 14) were compared to analyse the effects of FGF2 and RA signal manipulation on anterior placode marker expression. The nuclei were stained with
Hoechst 33,342. Scale bars, 50 mm.
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and RA during the initial phase of 3D floating culture. From Day
14, the cells were cultured as described in Fig. 6A. In the absence
of FGF2 and RA, several SIX1þ cells were identified, but few cells
were colocalized with PAX8þ cells at Day 18 (Fig. 8A). In contrast,
most SIX1þ cells were coimmunostained for the anterior placode
177
marker PAX6 (Fig. 8B). In cultures with FGF2 but without RA,
several SIX1þ cells were present; however, PAX8þ cells were
rarely observed, while most PAX6þ cells were colocalized with
SIX1þ cells. As expected from the qPCR analysis of Day 10 spheres
(Fig. 2C), we did not detect PAX6þ cells in spheres at Day 18 after



Fig. 9. Identification of otocyst cell populations in the induced spheres by scRNA-seq. (A) UMAP plot of integrated datasets from RA-treated and untreated RA cells. Overlaid
UMAP plots of RA-treated and untreated sphere data are shown in the left panel. The cell cluster identities are coloured and annotated based on the expression of markers for otic
placodes/otocysts, otocyst-derived neuroblasts, mesenchymal cells, epidermal progenitors and anterior placodes (right panel). (B) UMAP plots for the otic placode/otocyst or
otocyst-derived neuroblast markers SIX1, EYA1, EPCAM, SOX2, GATA3, PAX8, PAX2, FBXO2, NEUROG1 and DLX5 showing enriched expression patterns. Each dot is coloured according to
the selected gene expression level. (C) The dot plot shows the expression of selected otic placode/otocyst, otocyst-derived neuroblast and off-target lineage (mesenchyme,
epidermal cells, neurons, anterior placode, epibranchial placode, cranial neural crest and peri-otic mesenchyme) marker genes. The spot size represents the percentage of cells
expressing a selected gene, and the colour intensity indicates the z score-scaled gene expression level.
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Fig. 10. Comparison of otic placode/otocyst marker gene expression levels in otocyst cell clusters between RA-treated and untreated RA cells by scRNA-seq. The violin plot
shows the expression of selected otic placode/otocyst (SIX1, EYA1, PAX8, PAX2, SOX2, FBXO2, GATA3, DLX5, JAG1 and FOXG1), otocyst-derived neuroblast (NEUROG1 and NEUROD1),
mesenchyme (PRRX1, PDGFRA, TWIST1 and SNAI2) and epidermal cell (TP63 and WNT6) marker genes.
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treatment with either FGF2 or RA (Fig. 8B). These
results demonstrate that activation of FGF and WNT signalling is
not sufficient to induce SIX1þ/PAX8þ otic placodal cells. Sup-
plementation of RA at early phases of the 3D floating culture is
necessary for the induction of SIX1þ/PAX8þ posterior placodal
cells.
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3.7. scRNA-seq analysis of the induced otic placodal cells

Furthermore, to gain insights into the cellular heterogeneity in
the induced spheres, we carried out scRNA-seq on Day 22 of
sphereswith or without RA treatments fromDay 14 to Day 22. After
excluding low-quality cells, we obtained the gene expression
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profiles of 7,155 and 6,277 cells with and without RA treatment,
respectively. We then integrated the two datasets, clustered the
cells (Methods; Fig. 9A) and annotated the cell type of each cluster
based on manual curation of cluster-specific genes against the
known marker genes of otic and other cell lineages.

One of themajor cell types represented otic placode/otocyst-like
cells and was composed of 11 clusters (anteromedial otocyst-1e4,
anteroventral otocyst-1e3, medial otocyst-1e4 in Fig. 9A). These
cells were positive for the markers SIX1, EYA1, PAX2, PAX8, FBXO2,
SOX2, DLX5, FOXG1, JAG1, EPCAM, NOTCH1, LFNG, SOX9, AP1M2 and
TBX2 [41,44,45,48e52]. We observed heterogeneous expression of
various otocyst marker genes among these clusters (Fig. 9B and C).
For example, we found that otocyst marker genes such as SIX1, EYA1,
PAX8, SOX2, DLX5, FBXO2, JAG1 and EPCAMwere highly expressed in
anteroventral otocyst-1e3. In medial otocyst-1e4, PAX8, PAX2,
GATA3 and JAG1 were highly expressed, while the gene expression
of SIX1, EYA1, SOX2, DLX5, and FBXO2was downregulated compared
with that in the anteromedial and anteroventral otocyst clusters. In
otocyst-derived neuroblasts-1e4, NEUROG1, NEUROD1, SIX1, EYA2,
FOXG1 and ISL1 [50] were highly expressed. Several cells of these
neuroblast clusters were also positive for otocyst markers, such as
EPCAM, FBXO2 and DLX5. Therefore, these neuroblast clusters
(otocyst-derived neuroblasts-1e4) were seemingly the delami-
nated cell populations from the otic epithelial cells. Of note, cells in
anteromedial otocyst-1e4, anteroventral otocyst-1e3 and otocyst-
derived neuroblasts-1, 3, and 4 expressed FBXO2, a specific marker
of otocysts in E10.5 mice [46,50].

Off-target cell populations were detected in spheres with or
without RA treatment (Fig. 9C), including a PRRX1þ/
PDGFRAþ mesenchymal cell cluster (mesenchyme-1e6), a TP63þ/
WNT6þ epidermal cell cluster, a PAX3þ/PAX6þ anterior placode-like
cell cluster and one unknown cell cluster. The mesenchymal cell
clusters were also positive for THY1, TWIST1, SNAI2, ETS1, TPM2, and
COL3A1, but the cranial neural crest cell populations positive for
TFAP2A and SOX10 or the peri-otic mesenchymal cell clusters
expressing POU3F4 and TBX18 were not identified in either culture
condition.

We revealed the differences in expression patterns of several
otic marker genes in the otocyst cell clusters between RA-treated
and untreated cells, such as SIX1, EYA1, PAX2, GATA3, DLX5, SOX2,
FBXO2, JAG1 and AP1M2 (Figs. 10 and 11). In particular, cells without
RA treatment showed increased expression of the anterior and
ventral otocyst markers SIX1, SOX2, FBXO2 and JAG1, while the
number of PAX2-expressing medial otocyst cells was increased
among RA-treated cells. These data suggested that a large number
of cells were categorized in otic cell lineages but that the otic gene
expression profiles were variable among clusters. Additionally,
treatment with RA affected the cell populations positive for various
otocyst genes such as SIX1, DLX5, GATA3, FBXO2, SOX2 and PAX2.

3.8. Differentiation of sensory epithelial cells from the induced otic
placodal/otocyst cells

Finally, we attempted to differentiate the induced otic placo-
dal/otocyst cells into prosensory and sensory epithelial cells. We
used a cocktail of recombinant proteins and chemicals during a
floating culture from Day 7, with partially modified culture con-
ditions based on the gene expression profiles (Fig. 6 and 9e11).
First, the qPCR data suggested that treatment with FGF3 and
FGF10 only enhanced the expression of the dorsal otocyst marker
DLX5. Although FGF3 and FGF10 are important for otic placode
development in mice, considering that these factors are potential
nonsensory epithelial cell inducers, we slightly modified the
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concentrations of both recombinant proteins from 50 ng/mL to
25 ng/mL during the floating culture from Day 7 to Day 22. Second,
our scRNA-seq data suggested that RA affected the marker gene
expression of the population of anterior otocysts on Day 22. We
initially aimed to derive PAX2-positive cells by gradually
increasing the concentration of RA from Day 7 to Day 22. However,
this method downregulated the neurosensory anterior otocyst
markers SIX1, SOX2 and FBXO2 (Figs. 10 and 11). According to the
qPCR and scRNA-seq data, complete withdrawal of RA from Day 14
resulted in reduced PAX2 gene expression and an increased DLX5þ

cell population. Therefore, to achieve prosensory cell differentia-
tion from the induced otic placodal/otocyst cells, we validated the
concentration of RA during a floating culture from Day 7 to Day 22
(Fig. 12). First, we fixed the concentration of RA from Day 7 to Day
14 at 200 nM. In development, low-concentration and transient
RA exposure support the development of anterior otocysts [53];
thus, we evaluated the conditions of no RA treatment (RAe), low-
concentration RA (20 nM) treatment and high-concentration RA
(200 nM) treatment during differentiation from Day 14 to Day 22.
From Day 22, we continuously treated the cells with LDN and CHIR
to guide the cells towards prosensory cell lineages, since BMP
signalling is important for the development of dorsal otocysts [54]
and WNT activity is critical for the specification of the prosensory
domain in the chick otocyst [55]. Due to the overproliferation of
nonepithelial cells and increased debris caused by 3 mM CHIR
treatment after Day 26, we decreased the concentration of CHIR to
1.5 mM from Day 26 of differentiation. We compared EPCAM-,
JAG1-, SIX1-, PAX2-and SOX2-immunopositive cells
[44,47,51,56,57] on Day 25 under treatment with various con-
centrations of RA (Fig. 12). We found that the number of SIX1þ/
SOX2þ cells was decreased by treatment with a high concentra-
tion of RA (200 nM); in contrast, we detected more SIX1þ/SOX2þ

cells or JAG1þ/SOX2þ cells in spheres treated with 20 nM RA or not
treated with RA than in spheres treated with 200 nM RA (Fig. 12B
and C). We also found that the PAX2 signal intensity was reduced
in SIX1þ/SOX2þ cells under RA-untreated conditions on Day 25
(Fig. 12B), while under 20 nM RA treatment, most PAX2-positive
cells merged with SOX2-positive cells. These data suggest that
low-concentration RA (20 nM) treatment from Day 14 to Day 22
can maintain the protein expression of prosensory domain
markers such as SIX1, JAG1, PAX2 and SOX2 during the additional
period of floating culture from Day 22.

Because continuous degradation of spheres from the surface
was frequently observed and since these degraded nonepithelial
cells seemed to be off-target mesenchymal cells or neuroblasts, we
dissected and isolated the epithelial cell populations using a
tungsten needle without enzymatic dissociation (Fig. 13B). To
support the growth of isolated epithelial cell aggregates, we
embedded the spheres into Matrigel and cultured them under
hyperoxic (40% O2) conditions (Fig. 13A). Through this method, we
maintained the expression of both SOX2 and JAG1 in EPCAMþ

epithelial cells (Fig. 13C). Continuous floating culture without
dissection reduced the population of JAG1þ/SOX2þ cells (Fig. 13C).
We also examined the expression of the inner ear hair cell markers
BRN3C and MYO7A. However, cells positive for these hair cell
markers were not observed on Day 60 (data not shown). We
inferred that there may have been a lack of important secretion
factors or environmental factors for the generation of sensory hair
cells in our culture system.

Finally, to explore the potential of hair cell differentiation of the
induced JAG1þ/SOX2þ prosensory cells, we overexpressed defined
transcription factors, ATOH1, POU4F3 and GFI1 [58e60], via lenti-
viral transduction. After 10 days of Matrigel embedding culture, we



Fig. 11. Comparison of otic placode/otocyst marker gene expression levels in otocyst cell clusters between RA-treated and untreated RA cells by scRNA-seq. (A) The dot plot
shows the expression of selected otic placode/otocyst and otocyst-derived neuroblast and off-target lineage (mesenchyme, epidermal cells, neurons, anterior placode, epibranchial
placode, cranial neural crest and peri-otic mesenchyme) marker genes. The spot size represents the percentage of cells expressing a selected gene. The blue and red spots indicate
non-RA-treated cells (RA-) and RA-treated cells (RAþ), respectively. (B) The bar plot shows the relative proportions of cells with and without RA treatment in each cluster. The blue
and red bars indicate non-RA-treated cells (RA-) and RA-treated cells (RAþ), respectively.
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Fig. 12. Immunocytochemical analysis of the otocyst-like cells induced from H9 hESCs. (A) Schematic figure of the culture conditions used to differentiate prosensory cells from
induced otic placodal/otocyst cells. The cells were grown in culture with 25 ng/mL FGF3, 25 ng/mL FGF50 from Day 7 to Day 22, and 200 nM RA from Day 7 to Day 14. Three different
culture conditions were compared (20 nM RA, 200 nM RA or no RA treatment from Day 14 to Day 22). (B) Representative immunocytochemical images of induced cells on Day 25 of
culture. The cells were coimmunostained for the otic placodal markers SIX1, PAX2 and SOX2. The nuclei were stained with Hoechst 33,342. Scale bars, 50 mm. (C) Representative
immunocytochemical images of induced cells on Day 25 of culture. The cells were coimmunostained for the otic placodal markers EPCAM, JAG1 and SOX2. The nuclei were stained
with Hoechst 33,342. Scale bars, 50 mm.
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Fig. 13. Inner ear sensory epithelial cell differentiation from induced otic progenitor cells. (A) Schematic figure of the culture conditions used to differentiate inner ear hair
cells. From Day 28 or 30, the spheres were dissected, the epithelial cell aggregates were isolated and cultured under 100% Matrigel embedding conditions. After 10 days, the Matrigel
was removed using a tungsten needle and dissociated into single cells. The cells were infected with lentivirus (MOI ¼ 5) to overexpress ATOH1, POU4F3 and GFI1. (B) Representative
bright field images of induced cells on Day 28 and 30 of culture. The epithelial parts of the spheres were marked by white dotted line. Scale bars, 100 mm. (C) Representative
immunocytochemical images of induced cells on Day 38 of culture. The spheres were dissected, and epithelial cells were isolated on Day 28. The continuous floating culture was
compared with Matrigel-embedded culture. The cells were coimmunostained for prosensory cell markers (EPCAM/JAG1/SOX2). The nuclei were stained with Hoechst 33,342. Scale
bars, 50 mm. (D) Schematic diagram of the differentiation of prosensory and sensory hair cells from hPSC-derived otic placodal/otocyst cells. Representative otocyst and hair cell
marker genes are shown. (E) Representative immunocytochemical images of induced cells on Day 52 of culture. The spheres were dissected, and epithelial cells were isolated on Day
28. The cells were coimmunostained for the hair cell marker MYO7A and immature or vestibular hair cells and the supporting cell marker SOX2. The nuclei were stained with
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recovered the spheres from Matrigel by dissection, dissociated the
spheres into single cells and infected the cells with lentivirus under
2D culture conditions (Fig. 13D). After 14 days of lentivirus infec-
tion, we detected MYO7Aþ/SOX2þ cells, indicating the differentia-
tion of immature hair cells or vestibular hair cells (Fig. 13E). We also
observed F-actin rich stereociliary bundle-like structures in
MYO7Aþ cells (Fig. 13F). Scanning electron microscopy analysis
showed that stereociliary bundle protrusions had tip link or side
link-like structures (Fig. 13G) [75]. These data demonstrate that
sensory epithelial cells such as hair cells can be generated by
transgene overexpression in induced prosensory cells.

4. Discussion

In this study, we examined the temporal dynamics of pre-,
posterior, and otic placodal marker gene expression to explore the
capacity of hPSC-derived preplacodal cells to undergo otic lineage
differentiation. Following efficient induction of preplacodal cells
from hPSCs by 2D culture, 3D suspension culture of the preplacodal
cells enabled further otic lineage differentiation. We also demon-
strated that activation of FGF and RA signalling in the 3D cultures
enhanced the expression levels of posterior placode marker genes.
Subsequent activation of WNT signalling increased the expression
levels of the otic pathway and otocyst markers. In both cells with
and cells without RA treatment from Day 14 of culture, the pop-
ulations of otic placodal/otocyst cells and otocyst-derived neuro-
blast marker-expressing cells were identified by scRNA-seq
analysis. Although the otic placode/otocyst cells were themajor cell
populations in the induced spheres, we found heterogeneity in
these otic epithelial cells upon comparison of multiple otocyst
marker genes. We finally demonstrated the hair cell differentiation
capacity of the induced otocyst-like cells by forced expression of
defined transcription factors, such as ATOH1, BRN3C and GFI1.

The FGF and WNT signalling pathways play pivotal roles in otic
placode development from the preotic posterior placodal region
(Fig. 1A). The induction of the preotic region is initiated by FGF
signalling; WNT activation mediates otic placode specification and
inhibits epibranchial placode differentiation [26,42]. Before the
differentiation of the otic placode, WNT signalling suppresses
preplacodal development [61]. After the differentiation of the
preplacode, WNT signalling mediates trigeminal placode differen-
tiation [62,63]. Therefore, to induce otic differentiation from the
preplacode, it is necessary to activate WNT signalling in the critical
time window of posterior placode differentiation.

The segregation of the anterior-posterior axis in the preplacodal
domainisdeterminedbythehomeoboxtranscriptionfactorsGbx2and
Otx2.WhileGbx2 isnecessary for otic specification,Otx2 is important
for the specification of anterior placodes, including the trigeminal
placode [64]. However, the signalling that regulates the expression of
Otx2 andGbx2 in the preplacodal domain is largely unknown.

In the present study, we demonstrated that a 3D suspension
culture provides a supportive environment for the efficient differ-
entiation of the posterior placode from preplacodal cells. Our qPCR
data showed that a suspension culture supplemented with FGF2
and RA dramatically upregulated GBX2, GATA3, and PAX8 expres-
sion and downregulated OTX2 and PAX6 expression. We speculate
that previous reports of mixed cellular phenotypes, including both
anterior and posterior placode marker gene expression, in induced
placodal cells might result from increased expression levels of OTX2
Hoechst 33,342. Scale bars, 20 mm. (F) Representative immunocytochemical images of the in
isolated on Day 28. The cells were coimmunostained for the hair cell marker MYO7A and F-
Hoechst 33,342. Scale bar, 10 mm. (G) Representative scanning electron microscopy (SEM)
dissected, and epithelial cells were isolated on Day 30. After 10 days, the epithelial aggregat
link or side link-like structures were visible between stereocilia (white arrows). Scale bars,
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in 2D culture [11]. In contrast, FGF2 may enhance GBX2 expression
in hPSC-derived preplacodal cells of cellular aggregations [14].
Although a study using an invertebrate model has proven the ne-
cessity of RA for the development of the homologous organ of the
vertebrate posterior placode [33], a direct role of RA in the speci-
fication of anterior-posterior placodal identity has not been
confirmed in vertebrates, especially mammalian species. Our
findings suggest that both FGF and RA signalling regulate the po-
sitional identity of the preplacode during the differentiation of
human PSCs into the cranial placode.

We examined the identity of the induced cells on Day 22 using
scRNA-seq analysis. Cell clustering analysis revealed that, with or
without RA treatment from Day 14, the majority of the cells were
identified as otic placode/otocyst or otocyst-derived neuroblasts,
despite their heterogeneous expression patterns of otocyst
marker genes. Since the expression of known otocyst marker
genes, such as DLX5, GBX2, PAX8, and PAX2, is spatially and
temporally restricted in rodents [5], our scRNA-seq data may
represent the presence of different regions of otocyst cells in each
cluster. Importantly, in most otocyst cell clusters, we detected the
expression of FBXO2, which is expressed specifically in the mouse
otocyst at E10.5 and is highly expressed in the anteromedial
portion of the otocyst [46,50]. Further optimization of the culture
method may be required to decrease the heterogeneity of the
otocyst lineage cell populations. One difficulty in evaluating the
spatiotemporal identity of the induced otic cells is the lack of
scRNA-seq data from human in vivo counterparts. In the future,
the accurate regional identity of each otocyst cluster derived
in vitro should be clarified by comparisonwith transcriptome data
from in vivo human otic placode/otocyst cells.

Although the continuous floating culture failed to maintain
prosensory marker gene expression around Day 30, we succeeded
in culturing SOX2þ/JAG1þ cells containing aggregates until Day 38
with several optimizations of the floating culture from Day 7 to Day
22. However, we did not observe hair cell marker-positive cells in
these epithelial cell aggregates in the continuous floating culture. A
previous study described the generation of early placodal cell lin-
eages from hPSCs using 3D culture at a single-cell resolution [65].
The scRNA-seq data from that study showed that the organoid
contained major off-target ectodermal cell lineages, such as neu-
roectoderm, cranial neural crest, epidermis and anterior placode
lineages. We expect that these off-target cells may be supportive
and help to guide the differentiation of otic placode/otocyst cells
and further differentiation of sensory epithelial cells via self-
organization-based culture [14]. On the other hand, based on our
scRNA-seq analysis (Figs. 9 and 11), the induced spheres in this
study did not contain high percentages of major ectodermal lineage
cells other than posterior placodal cells, and the mesenchymal cell
clusters seemed to be off-target cells. Therefore, the indispensable
factors that guide the otocyst cells towards a sensory hair cell fate
may have been missing in our floating sphere system. Because of
the lack of knowledge about the mechanisms of cochlear and
vestibular prosensory domain specification and hair cell differen-
tiation from prosensory cells, especially for the vestibular system,
the generation of inner ear hair cells from induced otocyst cells
without self-organization-based culture is still challenging. The
specification mechanisms may involve currently unknown key
secretion factors, appropriate mechanical stimuli, and cell-to-cell
contacts or conjugations.
duced cells on Day 56 of culture. The spheres were dissected, and epithelial cells were
actin and labelled with Alexa 555-conjugated phalloidin. The nuclei were stained with
image of the induced cells on Day 57 of culture. In this experiment, the spheres were
es were collected and infected with lentivirus to express ATOH1, POU4F3 and GFI1. Tip
left 500 nm, right 300 nm.
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For substitution of secretion factor-based differentiation, we
switched to using transgene-based differentiation of hair cells
from the induced otocyst cells. Three transcription factors, ATOH1,
POU4F3 and GFI1, are important for inner ear hair cell differenti-
ation, survival and maturation [66e74]. Several reports have
shown the direct induction of inner ear hair cells from PSCs or
fibroblasts via overexpression of these transcription factors
[58e60]. Although MYO7Aþ cells have been observed among cells
directly converted from human fibroblasts, stereociliary bundle-
like structures have not been detected in inner ear hair cell-like
cells via a direct conversion approach [59]. In this study, we
confirmed the generation of inner ear sensory epithelial cells with
stereocilia-like protrusions from the induced otocyst cells by
overexpression of ATOH1, POU4F3 and GFI1. According to previ-
ously reported hair cell differentiation protocols, we started to
express transcription factors at the expected time (around Day 40)
of hair cell marker upregulation [7,14]. Future studies regarding
the process of human inner ear hair cell differentiation will help us
formulate chemically defined culture conditions or more sophis-
ticated transcription factor-based methods for rapid induction of
hair cells.

5. Conclusions

In summary, we have established a novel differentiation
method for generating otic placodal cells and sensory epithelial
cells from hPSCs. We have demonstrated that the combination of
initial 2D culture and subsequent 3D culture with FGF2 and RA
supplementation successfully induces an otic placode fate. Further
studies are required to improve the protocol to enable morpho-
logically and functionally mature inner ear sensory hair cell dif-
ferentiation from hPSCs. Nevertheless, we believe that the method
described here will enable significant progress in research on
human inner ear development and disease modelling of sensori-
neural hearing loss.
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