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Abstract

The inner ear is derived from the otic placode, one of the numerous cranial sensory placodes that emerges from the pre-placodal ectoderm
(PPE) along its anteriorposterior axis. However, the molecular dynamics underlying how the PPE is regionalized are poorly resolved. We used
stem cell-derived organoids to investigate the effects of Wnt signaling on early PPE differentiation and found that modulating Wnt signaling
significantly increased inner ear organoid induction efficiency and reproducibility. Alongside single-cell RNA sequencing, our data reveal that
the canonical Wnt signaling pathway leads to PPE regionalization and, more specifically, medium Wnt levels during the early stage induce (1)
expansion of the caudal neural plate border (NPB), which serves as a precursor for the posterior PPE, and (2) a caudal microenvironment that is
required for otic specification. Our data further demonstrate VWWnt-mediated induction of rostral and caudal cells in organoids and more broadly
suggest that Wnt signaling is critical for anterior-posterior patterning in the PPE.
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Significance Statement

We found that early Wnt activation significantly enhances the induction of hair cell-baring inner ear organoids via cell caudalization. The
resulting high yield of otic progenitor cells (and later hair cells) will benefit future inner ear organoid applications, such as high-throughput
drug screening and cell therapy. Furthermore, we comprehensively profiled gene expression across various \Wnt levels at different times,
and these data demonstrate \Wnt-mediated induction of cells resembling a rostral and caudal head in organoids and provide valuable
information to the fields of stem cell, inner ear, and developmental biology of cranial sensory systems.

Introduction

Stem cell-derived 3D inner ear organoids are derived through
sequential modulation of complex signaling pathways based
on what we know about in vivo inner ear development.! Inner
ear epithelia and the surrounding neurons are derived from
otic vesicles (OVs) and neural crest cells. A key step in the
development of the inner ear sensory epithelia is the forma-
tion of the OVs that are invaginated from the otic placode,
which, along with other cranial sensory placodes, is derived
from a common precursor, the pre-placodal ectoderm (PPE),
in a region adjacent to the anterior neural plate known as
the neural plate border (NPB).? Specifically, the otic and
epibranchial placodes arise from the posterior PPE (pPPE),
while the adenohypophysis, trigeminal, lens, and olfactory
placodes arise in the anterior PPE (aPPE). Currently, it is un-
clear how the PPE is regionalized along the anterior-posterior
(A-P; ie, rostral-caudal) axis.

Most studies on the early development of sensory placodes
have been undertaken in non-mammalian organisms. The
small sizes and difficulty in culturing post-gastrulation
mammalian embryos contribute to technical obstacles for
studying the development of placodal lineages using tradi-
tional techniques such as tissue grafting. Alternative models
for studying the early development in mammals, especially
for scarce tissue types such as placodes, are of need. Stem cell-
based systems have shown potential in advancing our under-
standing of mammalian development,>* and we explored the
potential of the stem cell-derived inner ear organoid system
herein for studying early mammalian placode induction.

One major limitation of the inner ear organoid system is the
highly variable and inconsistent yield of organoids. Current
organoid derivation protocols>® manipulate the TGF, BMP,
and FGF pathways during early induction. Wnt activation
was used in the later differentiation stage to promote the otic
placode specification from the pPPE.” However, Wnt signaling
pathways also play dynamic and critical roles earlier in devel-
opment (ie, prior to otic placode specification). During late
gastrulation, Wnt signals reduce rostral gene expression in
the NPB.? Inhibition of Wnt is not initially required but is
later involved in PPE induction in birds.!° In stem cell-based
culture systems, initial Wnt antagonists have been used to en-
hance the induction of the non-neural ectoderm and PPE.!""!3
Herein we focused on the early induction period and explored
the effects of Wnt pathways in the induction and regionaliza-
tion of the PPE using the mouse embryonic stem cell (mESC)-
derived inner ear organoid system with the overarching goal
of improving the efficiency of the inner ear organoid system.

We hypothesized that Wnt signaling will improve pPPE in-
duction, thereby leading to improved organoid efficiency. We
performed stage-specific single-cell RNA-seq (scRNA-seq),
and our findings suggest that (1) Wnt activation promotes
caudalization of the NPB and (2) Wnt signaling plays an im-
portant role in shaping the cellular microenvironment nec-
essary for the specification of the otic placode. Lastly, our

data demonstrate that the mESC-derived inner ear organoid
system shows similarities with in vivo models in terms of
Wnt-mediated induction of rostral-caudal cell types in the
head and the early otic development.

Materials and Methods

mESC Culture and Induction of Inner Ear Organoids

Three mESC lines—R1/E, Pax8-tdTomato reporter cell line,
and Atoh1-2A-nGFP reporter cell line''—were used; all
were maintained under feeder-free conditions using mod-
ified LIF-2i media, which was changed every other day.
Induction followed® but with modifications. For details, see
Supplementary experimental procedures.

Wnt Modulation

We used the Wnt activator/GSK3 inhibitor CHIR99021
(CHIR) on the R1/E mESC line to activate the canonical Wnt
pathway by increasing active [ catenin levels in the nuclei,
while simultaneously reducing endogenous paracrine Wnt
signaling activity by inhibiting the secretion of Wnt ligands
with TWP2.'* We refer to this approach as “Wnt modulation”
(S1A-C). Because all Wnt modulation treatments include the
same concentration of IWP2, we only refer to treatments
by their CHIR concentration hereafter. We performed time-
course experiments between induction day (D) 0 and DS,
but only those treated on D3 for R1/E mESC line and D2
for Pax8-tdTomato reporter cell line subsequently generated
inner ear organoids.

OV Productivity

We designed a scoring system to quantify the productivity
of OVs. Details of this novel system can be found in the
Supplementary experimental procedures. All values have been
presented as mean = SD unless stated otherwise, and all error
terms for all other measurements correspond to SD unless
stated otherwise.

Generation and Characterization of the Pax8-
tdTomato Cell Line

The Pax8-tdTomato reporter cell line was generated using
CRISPR/Cas9 technology as described in Supplementary ex-
perimental procedures.

Quantitative PCR

Total RNAs were extracted using the PureLink RNA extraction
kit following the manufacturer’s instructions (Thermo-Fisher
Scientific [TFS]). cDNAs were generated using SuperScript IV
(TFES). Reactions were carried out on an ABI QuantStudio 5
(Applied Biosystems). Tagman assays from TFS were used to
measure the expression of Six1, Eyal, and Pax8. Expression
of Otx2, Gbx2, Pax6, and Pax8 (Supplementary Table S2)
was detected using SYBR green I chemistry (mastermix
from Applied Biosystems). Thp (Tagman assay) and L27
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(Supplementary Table S2) were used as housekeeping genes in
the Tagman and SYBR green assays, respectively.

Immunohistochemistry (IHC)

Samples were fixed in 4% paraformaldehyde (PFA) in PBS for
a duration that was dependent on the size of the aggregates.
The fixed samples were immersed in a sequential gradient
of 10%, 20%, and 30% sucrose before being embedded in
“tissue freeze media” (Electron Microscopy Sciences [EMS]).
Frozen samples were sectioned into 10-12-um cryosections
using a Leica CM1860 cryostat. Sections were incubated in
a blocking buffer comprised of 10% goat or horse serum
(Rockland) and 0.1% Triton X-100 (Acros) in PBS for 1 h
at room temperature (RT). Primary and secondary antibodies
(Supplementary Table S3) were diluted in PBS containing 3%
goat or horse serum and 0.1% Triton X-100. After blocking,
specimens were incubated in primary antibodies for 1 h,
washed thrice with PBS, incubated in Alexa Fluor secondary
antibody for 1 h, washed thrice with PBS, and embedded in
ProLong Gold containing DAPI (Life Technologies). Images
were taken using a Leica DMi8 Microscope or a Leica TCS
SP8 confocal imaging system.

Western Blots

Two hundred and sixteen organoids from the same ex-
periment were combined to serve as one sample for pro-
tein isolation. The nuclear fraction was isolated using the
Nuclear/Cytosol Fractionation Kit (BioVision) following the
manufacturer’s recommendations. Proteins were stored at
-80 °C. Details of SDS-PAGE and Western blots can be found
in the Supplementary experimental procedures.

Wnt Reporter Assay

R1/E cells were transfected with the Wnt reporter plasmid
7TFC on DO of culture; the plasmid was a gift from Roel
Nusse (Addgene plasmid # 24307)."> Aggregates were treated
with various levels of Wnt modulation. Batches of 8 aggregates
were collected 24-h post-Wnt treatment. Luciferase activity
was measured using the Firefly Luciferase Assay Kit 2.0
(Biotium) on a Gen5 microplate reader (BioTek).

scRNA-seq Sample Preparation

Organoids were dissociated, and samples were submitted
to the Center for Medical Genetics (CMG) at the Indiana
University School of Medicine. For details please see the
Supplementary experimental procedures.

scRNA-seq Data Analyses

The Cell Ranger pipeline (10x Genomics) was used to perform
alignment, filtering, barcode counting, and UMI counting. We
then used the R package Seurat (V3; Stuart et al, 2019'°) to
filter out cells that had unique feature counts >6000 or <100,
as well as those with >5% mitochondrial counts (calculated
from a cell-by-gene matrix). For details, see Supplementary
experimental procedures.

Results

Early Modulation of Wnt Signaling Enhances the
Induction of Inner Ear Organoids

We first determined the effects of canonical Wnt signaling
pathways by the Wnt modulation during the early stage of
inner ear organoid induction. Western blotting showed that
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the active B-catenin ratio in the nuclear fraction increased with
increasing levels of CHIR (Supplementary Fig. S1D, S1E). We
also implemented the Wnt reporter assay to measure the ac-
tivation of canonical Wnt pathways' and found increasing
TCF/LEF-dependent luciferase activity with increasing CHIR
dosing (Supplementary Fig. S1F). These results indicate ac-
tivation of canonical Wnt pathways in response to Wnt
modulation. There was an effect of Wnt modulation on cell
composition, from predominantly OTX2* ectodermal cells
in samples of lower Wnt levels, to a mixture of ectodermal
and Brachyury* mesodermal cells in higher Wnt-modulated
samples by D4 (Supplementary Fig. S1G).

Next, we tracked the induction of placodal progenitors in
response to Wnt modulation by quantifying the expression
of 2 PPE markers: Six1 and Eyal. We noticed a very low ex-
pression of these genes on D4, but significantly increased ex-
pression from D5 onwards (Fig. 1A). On DS and D6, higher
expression levels of Six1 were seen in 0 and 1.5 pM CHIR
treatments. By D7 and D8, the higher levels of Six1 and Eyal
were observed under 1.5 pM and 3 pM CHIR conditions.
High levels of CHIR (6 pM) led to significantly lower ex-
pression levels of both genes across all culture days (Fig. 1A).
Spatially, both markers labeled the outer layer of aggregates,
suggesting that the PPE is located at their outer ruffle borders
(Fig. 1B-1D).

We then examined the effects of various Wnt levels on OV
formation and observed more OV structures in the 3 pM
CHIR group on D10 compared to 1) DMSO controls, which
were cultured using published protocols®>*” groups with other
CHIR levels (Fig. 1E). The 3 pM CHIR group consistently
produced the highest yield of OVs by D20 (96.0 = 4.6%; n=
8 experiments; Fig. 1F and Supplementary Fig. STH-S1]J). To
verify that the increased quantity of OVs also contained sen-
sory epithelia, we performed IHC and qPCR for the hair cell
marker myosin 7a (Myo7a) and compared the data to those
obtained from DMSO controls. Hair cells were seen in most
vesicles in the 3 pM CHIR group (Fig. 1G-11), and the expres-
sion of Myo7a was significantly higher in 3 pM CHIR samples
compared to controls (Fig. 11). Additionally, we measured the
percentage of hair cell-baring OVs (GFP* OVs/total vesicles)
using the Azoh1-2A-nGFP reporter cell line. We observed
both embedded and protruding GFP* OVs (Supplementary
Fig. S1K-S1M) and confirmed that 90.3 = 8.5% of all vesicles
were GFP* OVs (n = 55 aggregates across 3 experiments). Our
data demonstrate that Wnt modulation with 3 pM CHIR sig-
nificantly increased the productivity of inner ear organoids.

Induction of the aPPE and pPPE is Related to the
Level of Wnt Modulation

Because there were consistently more OVs in the 3 pM
CHIR treatment, despite higher expression levels of Six1 and
Eyal in 0 pM CHIR samples on D5 and 6, we investigated
mechanisms underlying this pronounced OV induction. Given
(1) the role of Wnt signaling in A-P patterning within the ver-
tebrate head!'”" and (2) that the otic placode arises from the
pPPE adjacent to the r5/caudal region,?® we hypothesized that
a medium level of Wnt modulation (3 pM CHIR) enhances
pPPE induction. A previous study showed that repression
between Otx2 and Gbx2 defines the boundary of the aPPE
and pPPE.?' OVs arise from the pPPE, as evidenced by the
expression of Pax8,%2 with the presence of Pax6 signifying
aPPE. We, therefore, measured the expression of these 4 genes
under various Wnt levels. Given our prior observations that
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Figure 1. Early Wnt modulation improves inner ear organoid induction. (A) Mean (+SD) expression levels of 2 pre-placodal ectoderm (PPE) marker
genes, Six7 and EyaT, under various Wnt levels during the early induction of inner ear organoids (n = 4-6 independent differentiation experiments).
Two-way ANOVA: day*** and treatment***. Representative immunohistochemistry (IHC) images of SIX1 (B) and EYA1 (C) signals at the outer layer of
samples under various Wnt levels on D5 and 7. (D) Representative bright field (BF) images of aggregates on D5 and D7. (E) Representative BF images
of aggregates on D10. More prominent otic vesicles (OVs; white triangles) were seen in 3 uM CHIR samples. (F) Significant increase in the production
of OVs in 3 uM CHIR samples. Each dot indicates one 96 well-plate experiment (n = 5-8 independent differentiation experiments). One-way ANOVA of
treatment (P = .005) followed by post hoc tests. (G-H) Representative IHC images of D20 OVs in the DMSO control and 3 uM CHIR treatment. (I) Mean
(+SD) gene expression levels of the hair cell marker myosin 7A in D20 DMSO controls and the 3 uM CHIR treatment (n = 3 independent differentiation
experiments). Scale bars: 100 ym. *, ** and *** denote P < .05, <.001, and <.0001, respectively.
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samples of the 6 pM CHIR treatment (1) were composed of
more Brachyury* mesodermal cells (Supplementary Fig. S1F),
(2) showed significantly lower levels of PPE gene expression
(Fig. 1A), and (3) failed to generate inner ear organoids (Fig.
1F), this condition was excluded from further analysis.

qPCR results revealed significantly higher O#x2 expression
in the 0 pM CHIR group (Fig. 2A-2D) alongside significantly
higher Gbx2 expression in the 3 pM CHIR group on D5 (Fig.
2E-2H). Suppression of the expression of Pax6 was seen in
3 pM CHIR samples compared to samples with lower Wnt
levels (Fig. 2I). In contrast, significantly elevated expression
of Pax8 was observed in the 1.5 and 3 pM CHIR treatments,
and both peaked on D7 (Fig. 2J). We noticed weak PAX6
signals in the center of the aggregate in 0 and 1.5 pM CHIR
samples (Fig. 2K-M). PAX6 was only observed in the outer
placodal epithelium in 0 pM CHIR samples when additional
FGF8 was supplemented alongside FGF2 and LDN-193189
on D4 (Supplementary Fig. S2A-S2B). In contrast, PAXS8
localized to the ruffled outer epithelia in 1.5 and 3 pM CHIR
samples (Fig. 2K-2M), where a SIX1 signal was also observed
(Fig. 1B). This suggests that Wnt activation elicits induction
of the pPPE.

To validate our findings, we replicated the Wnt dosing
experiments in a Pax8-tdTomato reporter line (Supplementary
Fig. S3-S4). Consistent with results seen in the R1/E mESCs,
the 3 pM CHIR group yielded significantly more hair cell-
baring OVs (88.0 = 7.4%) compared to DMSO controls
(39.2 + 10.1%; Supplementary Fig. S4A-S4C). Pax8 gene
expression (qQPCR-derived) displayed a similar pattern as
for samples derived from R1/E mESCs (Supplementary Fig.
S$4D). We also documented live images of Pax8 expression
in aggregates throughout the induction (Supplementary Fig.
S4E-S4P). Spatially, Pax8-tdTomato signals were observed
in the outer epithelia of aggregates in 1.5 and 3 pM CHIR
treatments but not in the 0 pM CHIR samples. These data are
consistent with the results observed in the R1/E mESCs and
suggest that the pPPE was only induced in the 1.5 and 3 pM
CHIR samples.

Wnt Modulation Promotes Induction of Caudal NPB
Cells

To investigate how Wnt modulation affects the induction of
the pPPE, we first conducted scRNA-seq on samples collected
on D5, when the PPE first appeared, for both 0 and 3 pM CHIR
samples (Fig. 3A-3C). Ten cell subtypes were identified via
unbiased clustering, and we annotated the following clusters
based on the expression of marker genes (Supplementary
Table S1): epiblast (28.5%), surface ectoderm (SE; 11.1%),
NPB (13.4%), PPE (9.2%), neuroectoderm (20.7%), and
cycling cells (13.3%; Fig. 3A-3C and Supplementary Fig.
SSA-SSF). The 3 pM CHIR treatment was associated with
a higher percentage of cells within the NPB cluster (24.7%
in 3 pM CHIR vs. 2.2% in 0 pM CHIR) along with a de-
crease in cells within the neuroectoderm clusters (clusters 3
and §; Fig. 3A-3C). Overlapping IHC signals between MSX1
and SIX1 were only seen in 3 pM CHIR samples on D6 (Fig.
3D-3E), which suggests a transition from MSX1* NPB to
SIX1* placodal cells.

In agreement with our qPCR results, more Six1-expressing
cells were observed in the 0 pM CHIR samples relative to
the 3 pM CHIR samples on DS (cluster 4 [PPE cluster]:
10.%1 vs. 8.3%, respectively; Fig. 3C and Supplementary
S5G-S5H). Eyal was expressed in both the PPE and NPB
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clusters in 3 pM CHIR samples (Supplementary Fig. SSH). In
the PPE cluster, differentially expressed genes (DEGs; P < .1
& log, fold change > 1) can be found in Fig. 4F. 0 pM CHIR
samples possessed more cells with high expression levels of 2
anterior placodal genes, O#x2 and Six3 (Fig. 3G-3H), while
more cells with the posterior markers Gbx2 and Irx2 were
present in 3 pM CHIR samples (Fig. 3I-3]). Hoxb2, which
is expressed in the hindbrain region (with strong expression
adjacent to r3 and r5%23-%%; Trainor, 2003%¢), was observed in 3
pM CHIR samples across several clusters but rarely in 0 pM
samples (Fig.3K). We noted the expression of Egr2 (Krox20)
and Mafb (Kreisler), which are also expressed around r35, in
3 pM CHIR samples (Fig. 3L-3M). Collectively, our data
suggest that Wnt modulation with 3 pM CHIR gives rise to
more cells resembling the caudal NPB, from which the pPPE
is derived.

Wnt Modulation Induces the pPPE and a Caudal
Head-Like Microenvironment in D8 Inner Ear
Organoids

The 3 pM CHIR condition generated significantly more OVs
than the 1.5 pM CHIR group (Fig. 1F) despite no signifi-
cant difference in the expression of Pax8 genes. We explored
the cause of this discrepancy by comparing scRNA-seq data
among the 3 Wnt modulation levels on DS8. Specifically,
we investigated the cell constituents in aggregates among
the Wnt treatments. Sixteen subtypes were annotated into
7 major cell groups based on commonly expressed gene
signatures (Fig. 4A and Supplementary Fig. S6A-S6G): un-
differentiated epiblast (16.9%), neural progenitors (16.9%),
differentiating neurons (3.9%), mesenchyme (8%), sensory
placode (23%), SE (21.5%), and transitional cells (15%).
The distributions of these major cell types varied according
to Wnt modulation level (Fig. 4B). Specifically, 25%-33% of
cells were of the placodal lineage in the 1.5 and 3 pM CHIR
groups compared to only 10% of cells in 0 pM CHIR con-
dition (Fig. 4B). On the other hand, 18%-20% of cells were
of the neuronal lineage in the 0 and 1.5 pM CHIR groups,
but only 9% of neural cells were seen in the 3 pM CHIR
condition (Fig. 4B). In sum, similar levels of placodal cells
were seen in the 1.5 and 3 pM CHIR treatments while more
neuronal-like cells were present in the 0 and 1.5 pM CHIR
samples.

According to the expression of the Six and Eya genes, 3
clusters-3, -6, and -9 were of the placodal lineage (Fig. 4C).
Among these, the pPPE marker Pax8 was more prevalent
in cluster 3 of the 1.5 and 3 pM CHIR samples compared
to the 0 pM CHIR group, whereas the aPPE marker Pax6
was mainly present in cluster 3 of the 0 pM CHIR group
(Fig. 4D). Noticeable expression of Pax6 was also seen in
neuronal progenitors (cluster 2). Interestingly, the early otic
placodal marker Pax2 was observed in cluster 3 of the 3 pM
CHIR group, but rarely in the other treatments (Fig. 4E-4G).
Placodal clusters 6 and 9 featured the expression of several
neurogenic markers, including Is/1, Neurogl, Neurodl, and
Tubb3, suggesting the presence of neurogenic placodes (Fig.
4C, 4H; Supplementary Fig. S6H). Within the presumed
neurogenic placode regions, 2 epibranchial placodal genes,
Phox2b and Neurog2, were seen in cluster 6 (Fig. 4I and
Supplementary Fig. S61). The expression of Pou4f1, a sensory
neuron marker, was only documented in cluster 9 (Fig. 4]).
These data suggest the induction of 2 pPPE derivatives, the
otic and epibranchial placodes.
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Figure 2. \Wnt modulation regulates the presence of anterior and posterior placodal cells during inner ear organoid induction. Mean (+SD) gene
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were significant effects (2-way ANOVA) of day (***) and treatment (¥#¥).

Hoxb2 was the most highly expressed anterior Hox
gene in the 3 pM CHIR group (Fig. 4K and Supplementary
Fig. S6]-S6N). We, therefore, explored whether any rostral
head markers were expressed in response to Wnt modu-
lation and documented decreased expression of Pitx1,
Foxgl, Six3, and Lhx2 at higher Wnt levels (Fig. 4L-4M,
Supplementary S60-S6P). Taken together, our results in-
dicate that the cell composition shifted from the anterior
neuronal lineage to the posterior placodal lineage with
increasing Wnt levels.

A Specific Level of Wnt Modulation (3 uM CHIR) is
Required to Create the Optimal Microenvironment
for Derivation of the Otic Placode from the pPPE
Because we noticed that Pax2 was only present in 3 pM CHIR
on D8, we hypothesized that the derivation of the otic placode
from the pPPE only occurs under 3 pM CHIR conditions. We
compared the scRNA-seq data between 1.5 and 3 pM CHIR
samples on D10. Fourteen subgroups were identified and
annotated according to key marker genes (Fig. SA). The otic
markers Oc90 and Fbxo2 were mainly seen in the placodal
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CHIR group. Representative IHC image of MSX1 and SIX1 staining in 0 uM CHIR (D) and 3 pM CHIR (E) samples on D6. Triangle heads indicate the
co-staining of MSX1 and SIX1. (F) Volcano plot of differentially expressed genes (DEGs) between 0 and 3 uM CHIR samples on D5. Seven genes

with higher expression in the 3 uM CHIR treatment relative to the 0 pM CHIR group (average log, fold change > 1) were identified. (G-H) Expression
of 2 anterior marker genes: Otx2 and Six3. (I-J) Expression of 2 posterior marker genes: Gbx2 and Irx2. (K-M) Expression of 3 marker genes for the

rhombomere 5 region: Hoxb2, Egr2, and Mafb.

cluster (cluster 3) of the 3 pM CHIR samples but not in the
1.5 pM CHIR group (Fig. 5B-5D). More PAX2* OVs were
observed in 3 pM CHIR samples than in the 1.5 pM CHIR
group (Fig. SE-5F). The percentage of cluster 3 in the 3 pM
CHIR group (13.9%) was double that of the 1.5 pM CHIR
group (6.6%; Fig. 5G). This suggests that despite the presence
of Pax8* pPPE in both 1.5 and 3 pM CHIR samples on D8,
subsequent differentiation from the pPPE to the otic placode
only occurred in the 3 pM CHIR treatment.

Eleven DEGs were identified between the 1.5 and 3 pM
CHIR treatments within placodal cluster 3 alone (Fig. SH).
Three of the upregulated genes—Gata2, Gbx2, and Cthrc1—
in 3 pM CHIR were annotated as “inner ear morphogenesis-
related.” Furthermore, we noticed that several otic genes

uncovered in prior analyses of mouse otocysts—Lmx1a,
Hmx2, Sox10, and Fbx02* - were upregulated in 3 pM CHIR
samples, although the average log, fold change was <1 and so
they were not deemed DEGs (Fig. SH). Indeed, some of these
otic-related proteins are labeled OVs (Fig. 5C-5D, 5I-5]). In
the 1.5 pM CHIR group, we documented more mesenchymal
cells expressing higher levels of 3 rostral genes- Dix5, Pitx1,
and Barx1- related to oral development*®?’; this implies
that the 1.5 pM CHIR condition leads to more rostral cells
compared to the 3 pM CHIR treatment (Fig. 5K). We con-
clude that, despite the presence of pPPE under both 1.5 and 3
pM conditions, the microenvironment required for the transi-
tion from the pPPE to the otic placode was only present in 3
pM CHIR samples.
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Figure 4. \Wnt modulation induces pPPE cells and caudalization in D8 inner ear organoids. (A) UMAP of D8 scRNA-seq samples featuring 16 clusters.

Seven major groups- epiblast, surface ectoderm (SE), placode, mesenchyme, transitional cells, neural progenitor, and neuron- were annotated. (B)

Differential distribution of cells among the 0, 1.5, and 3 uM CHIR treatments on D8. (C) Dot plot of 4 placodal markers (Six7, Six4, Eyal, and Eya2), 3
A-P placodal markers (Pax6, Pax3, and Pax8), and 3 neurogenic markers (/s/1, Neurog1, and Tubb3). The hypothesized placodal clusters are shaded in

pink. (D) Expression of the aPPE marker Pax6 and the pPPE marker Pax8 across 3 \Wnt levels. (E-G) Expression of the otic placodal marker, Pax2, in
cluster 3, suggesting a transition from the pPPE to the otic placode. (H-J) Representative placode marker genes. Expression of the neurogenic placodal
markers Is/1 (H), Phox2b (1), and Pou4f1 in cluster 9 (J). (K-M) Increasing the CHIR concentration leads to 1) increasing number of cells expressing
Hox2b across multiple cell clusters (K), 2) decreased expression of the rostral head marker Pitx7 (L), and 3) decreased expression of the forebrain

marker Foxg1 (M).
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Modeling the OticTrajectory in the mESC-Derived
Organoid System

We reconstructed the differentiation trajectory of inner ear
organoids. To examine the otic trajectory of cells induced
by the optimal Wnt level (3 pM CHIR) from epiblasts to
OVs, samples were collected every 24-48 h between D4 and
10 for scRNA-seq analyses. Seventeen cell subtypes were
identified, which were annotated and sorted into 7 major
groups based on the expression of conventional marker
genes (Supplementary Table S1): epiblast, cycling cells,
SE, placodal cells, mesenchymal cells, neural progenitors,
and differentiating neurons (Fig. 6A-6B). Cell composi-
tion shifted over time, and cells exhibiting gene signatures
of otic and neurogenic placodes arose around D6-7 (Fig.

6C). Six1 expression represented the distribution of PPE
over time (Fig. 6D). Consistent with the qPCR results, the
expression of Pax8 increased from D5 and peaked at D7
before decreasing by D8 and 10 (Fig. 6E). While Pax8 ex-
pression decreased, the expression of Pax2 began increasing
(Fig. 6E-6F). Interestingly, a potential regulator of Pax2,
Lmx1a, presented a similar expression pattern as Pax2 (Fig.
6F-6G).

We then focused on the otic lineage and performed pseudo-
temporal ordering. Along pseudo-time, we observed a simple,
early-to-late transition from the epiblast (Nanog) to the pPPE
(Six1 & Pax8) followed by a transition to the otic placode
(Pax2; Fig. 6H). Msx1, an early-stage NPB marker, was
expressed broadly with higher expression at the lower left
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Figure 6. \Wnt modulation drives the development of the otic placode from the caudal neural plate border (NPB) to the posterior PPE (pPPE). (A) UMAP
visualization of 3 uM CHIR samples across induction days (D4 through D10). (B) Dot plot of marker genes of different lineages. (C) Feature plots of
samples from each induction day demonstrating that cell composition shifted over time. The black boxes indicate the placodal clusters. The expression

of critical otic lineage genes Six7 (D), Pax8 (E), Pax2 (F), and LmxT7a (G) across induction days. (H) Kinetic plot showing relative gene expression levels

of otic placode and pluripotency (Nanog) markers across developmental pseudotime. (I) The expression of select genes associated with the NBP (Msx1)
and PPE (EyaT). (J) Trajectory of the otic lineage colored by inferred pseudotime. (K) Putative placodal trajectories (black lines with arrowheads). The red
lines indicate the otic trajectory. Schematics of inner ear organoid induction (L) and hypothetical ectodermal cell differentiation (M).
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side of cluster 0 (Fig. 61). Eyal was expressed broadly and
overlapped with both Msx1-and Six1-expressing cells (Fig.
6D, 61). The progression from cells expressing Msx1 (lower
left) to Six1 (lower right) indicates a trajectory from the NPB
to the pPPE, as also evidenced by the Pax8 data (Fig. 6D-6E,
61). Finally, we reconstructed the lineage trajectories followed
by extracting the otic trajectory using Monocle3 (Fig. 6]). This
analysis revealed that the otic trajectory undergoes differen-
tiation from (1) pluripotent stem cells through (2) the caudal
NPB, and (3) the pPPE, and then to the (4) otic placodes in the
inner ear organoid system (Fig. 6K).

Discussion

Previously, Wnt activation on D8 was reported to improve the
inner ear organoid induction from ~20 to ~50% efficiency,
although the variability was nevertheless high.>7*° Our study
showed that exogenous Wnt modulation during the early
induction stage facilitates the formation of hair cell-baring
OVs through caudalization of the NBP, which subsequently
gives rise to pPPE and otic placode (Fig. 61-6]). Among the
various Wnt modulation treatments, we identified that the
combination of 3 pM CHIR and 4 pM IWP2 produced inner
ear organoids in ~90% of cultures. Reproducibility was
improved, as the SD dropped from 31.9% in the DMSO
controls to only 4.6% in 3 pM CHIR samples. Wnt modu-
lation during early induction therefore drastically improved
the consistency and productivity of the inner ear organoid
culture protocol.

Consistent with previous studies,'3 we showed that, under
lower Wnt levels, relatively more PPE cells were present. On
DS, the presence of the early anterior marker gene O¢x2 in
the PPE cluster suggests that 0 pM CHIR samples primarily
consisted of aPPE. Furthermore, by supplementing with ad-
ditional factors, i.e., Fgf8, this induction protocol generates
Pax6* anterior placodal epithelium by D8. Though the 1.5 pM
CHIR condition generated an equivalent number of, or more,
Pax8+Six1* cells, these cells failed to give rise to the Pax2* otic
lineage. We observed that cells exhibited more rostral char-
acteristics in 1.5 pM CHIR samples based on the scRNA-seq
data. The microenvironment critically influences the induc-
tion trajectories. Overall, we demonstrated subsequent differ-
entiation from the PPE into each specific placodal derivative
requires the manipulation of specific signaling pathways and/
or a suitable microenvironment.

Our THC images and scRNA-seq data indicate that Gbx2
was expressed in neuroectodermal rather than PPE clusters.
Gbx2 plays an important role in defining the mid-hindbrain
boundary?®'; expression of Gbx2 in the neuroectodermal
clusters, therefore, implies hindbrain cell fate in the 3 pM
CHIR treatment. Furthermore, more cells expressing Hoxb2,
Egr2, and Mafb, which are known to be expressed in the
hindbrain r3-r5 region,’?3* were present in the 3 pM CHIR
group. Samples of the lower Wnt treatments (0 and 1.5 pM
CHIR) instead expressed rostral genes. For instance, the ex-
pression patterns of O¢x2 and Six3 in D5 0 pM CHIR neural
lineages suggest a forebrain identity. Moreover, more rostral
cell types, ie, putative oral mandibular mesenchyme (Pitx1*
and Barx1*) and forebrain (Foxg1*, Six3*, and Lhx2*) cells,?>
3% increased in abundance at lower Wnt levels.

Wnt signaling pathways have been known to be critical for
A-P patterning, even within the head region.**" The rostral
portion of the head is formed upon the negative regulation
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of the Wnt pathway,*! which could explain our observation
of gene signatures of the forebrain in samples with lower
levels of Wnt activity. Collectively, lower Wnt levels appear
to provide a more rostral environment, whereas 3 pM CHIR
samples were composed of cells more characteristic of those
of the r§ region (near where OVs are found in vivo). Our
results signify that the 3 pM CHIR treatment gives rise to a
microenvironment that is critical for proper cell derivation
toward the otic placode and demonstrates that the induc-
tion of rostral-caudal cell types in this organoid system are
Wnt-dependent.

Significantly more Irx2+ NPB cells were seen in 3 pM
CHIR samples compared to 0 pM CHIR samples on DS,
highlighting that Wnt activity is required for the caudalization
of the NPB during late gastrulation®; Fig. 6]). These caudal
NPB cells likely serve as precursors for the pPPE; this could
explain the continuously increased pPPE presence in 3 pM
CHIR samples on D7 and 8 (Fig. 61-6]). In mouse embryos,
Six1 around the PPE region has been seen as early as em-
bryonic day (E) 8.*> In addition, the expression of Pax8 has
been detected near the location of the future otic placode
around E8-8.5 in mice.*> We first detected the expression of
Six1 on DS5. We also detected the expression of Pax8 from
DS onwards, with a peak on D7. This suggests that D5-7 in
our in vitro system corresponds to ~E8-8.5 in vivo. The otic
markers, Oc90, Fbxo2, and Sox10, were seen in D10, which
is consistent with findings in mouse E10.5.* In addition to the
otic placode, there was evidence for induction of neurogenic
placodes (clusters 6 and 9 on D8 and cluster 7 on D10) during
inner ear organoid induction. The epibranchial placode is
also derived from the pPPE*; therefore, it is unsurprising that
Phox2b* epibranchial placodal cells (cluster 6 on D8) were
present in our cultures. Additionally, we observed that the po-
tential Pou4f1* otic neuron*® was exclusively expressed in the
neurogenic placodal cluster 9 on D8. This suggests the likely
existence of otic neurons in the inner ear organoid systems.

Conclusion

Our data revealed that Wnt levels coordinate the induc-
tion of anterior and posterior PPE. In addition, this study
showed that the inner ear organoid system exhibits (1) mul-
tiple ectodermal derivatives, including 2 pPPE derivatives—
epibranchial and otic placodes, and (2) similarities in early
otic placode development with those steps documented in
vivo. Finally, our results show that caudalization of placodal
cells is Wnt-dependent and is a critical step for inner ear
development.
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