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Figure S1. Wnt modulation during the early induction of inner ear organoids. Related to figure 1. 

A-C. Schematic of the Wnt modulation process. A. Supplementation with the Wnt inhibitor IWP2 

inhibits the secretion of Wnt ligands. B. When Wnt ligands bind to frizzle receptors, there is an 

intracellular increase in β-catenin. C. Supplementation with the Wnt activator CHIR99021 

(CHIR) activates the canonical Wnt signaling pathway by inhibiting the degradation of β-catenin. 

D-E. Representative Western blot image (D) and data (E) showing a positive association 

between CHIR level and β-catenin concentrations. Lamin B was the reference (control) protein 

for the nuclear fraction. The lack of GAPDH signals indicates no contamination from the 

cytoplasmic fraction. Data in E were normalized to total nuclear protein (mean±SD). Each dot 

represents individual differentiation experiment. F. Aggregates were treated with various levels 

of Wnt activations and TCF/LEF-mediated luciferase activity was used to examine the 

responses to Wnt modulation. E & F. One-way ANOVA (p<0.001) followed by post-hoc tests: 

*p<0.05, **p<0.001, ***p<0.0001. G. Representative immunohistochemistry (IHC) images of the 

germ layer cells in aggregates of the three Wnt modulation treatments (day four). Ectodermal 

marker: OTX2. Mesodermal marker: Brachyury. H-J. Representative bright field (BF) images of 

aggregates. E: “embedded” otic vesicle (OV). P: protruding OV. Scores of 0, 0.5, and 1 were 

given when there were no visible OVs, when only embedded OVs were seen, and when 

protruding OVs were observed, respectively. L-M. Representative BF images of immature hair 

cells with Atoh1-2A-GFP fluorescent signals in OVs. E and P: as in the prior panel. N: OV 

without GFP signal. Scale bar=100 µm. (n=3-8 independent differentiation experiments) 

  



 

Figure S2. Expression of the anterior marker PAX6 in day-8 (D8) samples. Related to figure 2. 

Representative immunohistochemistry image of PAX6 and the epithelial marker E-cadherin 

(ECAD). A more pronounced PAX6 signal was seen in the outer layer of 0 µM CHIR samples 

when another FGF recombinant protein, FGF8, was added on D4 of induction. Scale bar=50 

µm. (n=3 independent differentiation experiments) 

  



 

Figure S3. Validation of the Pax8-tdTomato reporter mouse embryonic stem cell (mESC) line. 

Related to figure 1-2. A. Sequence confirming successful insertion of the td-Tomato cassette 

(yellow) into the 3’ end of the Pax8 coding sequence. B. PCR results showing mESC colonies 

with homozygous tdTomato inserts (colonies 16.3-16.5). Colony 16.5 was used for all 

subsequent experiments. C-H. Representative immunohistochemistry images of two 

pluripotency markers: Oct4 and Sox2. Scale bar = 100 µm. 

  



 

Figure S4. Wnt modulation increases generation of otic vesicles (OVs) in the Pax8-tdTomato 

reporter cell line. Related to figure 1-2. A. A higher percentage of OVs per differentiation 

experiment was documented in 3 µM CHIR samples than in the DMSO controls (t-test 

***p<0.0001). Representative IHC image of a D20 inner ear organoid of DMSO controls (B) and 

3 µM CHIR group (C). D. Mean (±SD) gene expression levels of Pax8 among various Wnt 



levels. E-P. Representative BF images of Pax8-tdTomato signals across three Wnt levels during 

the early inner ear induction period. More prominent Pax8-tdTomato fluorescent signals were 

seen in the outer layers of 1.5 and 3 µM CHIR samples from D6 onwards. Scale bars=100 µm. 

n=3-5 independent differentiation experiments. 

  



 

Figure S5. Single-cell RNA-sequencing (scRNA-seq) analyses on day-5 (D5) of the induction of 

inner ear organoids. Related to figure 4. A. Dot plot of cell lineage markers. B-E. Expression of 

lineage marker genes from the uniform manifold approximation and projection (UMAP). F. Violin 

plot of the cycling marker Mki67 across induction days. G-H. Expression of two pre-placodal 

ectoderm (PPE) marker genes, Six1 and Eya1, in the UMAP of the 0 and 3 µM CHIR 

treatments. More Six1+ PPE cells were seen in 0 µM CHIR samples on D5.  

  



 



Figure S6. scRNA-seq analyses of samples of each of the three Wnt treatment groups during 

inner ear organoid induction (day-8 [D8]). Related to figure 5. A. Uniform manifold 

approximation and projection (UMAP) of D8 samples of the 0, 1.5, and 3 µM CHIR treatments; 

15 clusters were manually annotated based on lineage markers. NNE: non-neural ectoderm. 

SE: surface ectoderm. B. Dot plot of lineage markers. C-G. Feature plots of selected lineage 

markers. H. The neural placodal marker Neurod1 was seen in placodal clusters 6 and 9. I. 

Expression of Neurog2 in the presumably epibranchial placode cluster (#9). J. Feature plot of 

Hoxb2, which was found in the largest number of cells. K-M. Feature plots of anterior Hox 

genes. N. Dot plot of expression trends of anterior Hox genes among clusters of the 0, 1.5, and 

3 µM CHIR treatments. O-P. Feature plots of two forebrain markers in samples of the three Wnt 

treatments. Forebrain marker gene expression levels decreased as the Wnt activation level 

increased. 

 

  



Table S1. Marker gene list 

Cell type Gene Citations 

Pluripotency/Epiblast Nanog (Baker, 2009; Mitsui et al., 2003; Silva et al., 2009) 

Pluripotency/Epiblast Dppa5a (Kim et al., 2005; Morgani et al., 2017) 

Pluripotency/Epiblast Pou5f1 (Masui et al., 2007; Okamoto et al., 1990) 

Pluripotency/Epiblast Sox2 
(Adachi et al., 2010; Avilion et al., 2003; Masui et al., 

2007) 

Non-neuroectoderm/ 

Surface ectoderm 
Wnt6 

(Geetha-Loganathan et al., 2006; Lee et al., 2020; 

Tchieu et al., 2017) 

Non-neuroectoderm/ 

Surface ectoderm 
Trp63 

(Koster and Roop, 2007; Soares and Zhou, 2018; 

Tchieu et al., 2017) 

Non-neuroectoderm/ 

Surface ectoderm 
Hand1 (Lee et al., 2020; Mokry and Pisal, 2020) 

Non-neuroectoderm/ 

Surface ectoderm 
Gata2 

(Sheng and Stern, 1999; Streit, 2007; Thawani and 

Groves, 2020) 

Non-neuroectoderm/ 

Surface ectoderm 
Gata3 (Qu et al., 2016; Sheng and Stern, 1999; Streit, 2007) 

Non-neuroectoderm/ 

Surface ectoderm 
Dlx3 

(Feledy et al., 1999; Luo et al., 2001; Pieper et al., 

2012) 



Non-neuroectoderm/ 

Surface ectoderm 
Dlx5 (Luo et al., 2001; Pieper et al., 2012; Streit, 2007) 

Non-neuroectoderm/ 

Surface ectoderm 
Cdh1 (Nikolopoulou et al., 2019; Qu et al., 2016) 

Non-neuroectoderm/ 

Surface ectoderm 
Krt8 

(Aberdam et al., 2007; Kogut and Bilousova, 2019; 

Qu et al., 2016) 

Non-neuroectoderm/ 

Surface ectoderm 
Krt18 

(Aberdam et al., 2007; Kogut and Bilousova, 2019; 

Qu et al., 2016) 

PPE Six1 
(Christophorou et al., 2009; Litsiou et al., 2005; 

Thawani and Groves, 2020) 

PPE Six4 
(Christophorou et al., 2009; Litsiou et al., 2005; 

Thawani and Groves, 2020) 

PPE Eya1 
(Christophorou et al., 2009; Streit, 2007; Thawani and 

Groves, 2020) 

PPE Eya2 
(Christophorou et al., 2009; Streit, 2007; Thawani and 

Groves, 2020) 

NPB Msx1 
(Pla and Monsoro-Burq, 2018; Roellig et al., 2017; 

Thawani and Groves, 2020) 

NPB Tfap2a 
(de Crozé et al., 2011; Roellig et al., 2017; Rothstein 

and Simoes-Costa, 2020) 



NPB Pax3 
(de Crozé et al., 2011; Milet and Monsoro-Burq, 2012; 

Thier et al., 2019) 

Neuroectoderm/neural 

progenitor 
Hes5 (Edri et al., 2015; Ohtsuka et al., 2001) 

Neuroectoderm/neural 

progenitor 
Sox1 (Edri et al., 2015; Venere et al., 2012) 

Neuroectoderm/neural 

progenitor 
Pax6 (Edri et al., 2015; Tchieu et al., 2017) 

Neuroectoderm/neural 

progenitor 
Sox3 (Streit, 2007; Venere et al., 2012) 

Neuroectoderm/neural 

progenitor 
Nestin (Bernal and Arranz, 2018; Hendrickson et al., 2011) 

Neuron Tubb3 (Latremoliere et al., 2018; Wright et al., 2021) 

Neuron Nefl (Kim et al., 2021; Smits et al., 2020) 

Neuron Nefm (Kim et al., 2021; Smits et al., 2020) 

Mesenchyme Twist1 
(Bildsoe et al., 2016; Chen and Behringer, 1995; 

Soldatov et al., 2019) 

Mesenchyme Prrx1 
(Fazilaty et al., 2019; Guo et al., 2015; ten Berge et 

al., 2001) 



Mesenchyme Prrx2 
(Carr et al., 2019; Higuchi et al., 2015; ten Berge et 

al., 2001) 

Mesenchyme Snail1 
(Batlle et al., 2013; Fazilaty et al., 2019; Rowe et al., 

2009) 

 

  



Table S2. Primer list. 

Gene Host 

Otx2 
forward: GCTCTGTTTGCCAAGACCCG  

reverse: ACCATACCTGCACCCTGGAT 

Gbx2 
forward: GGATGCGGAAGACGGCAAAG  

reverse: CGGACAGCCCCGACGAG 

Pax 6 
forward: TGGTGTCTTTGTCAACGGGC 

reverse: TTTTGCATCTGCATGGGTCTGC 

Pax8 
forward: AATCATCCGGACCAAAGTGCAGC 

reverse: CTGAGCTGGGGATCAGTGTGTGT 

L27 
forward: CGTCATCGTGAAGAACATTG 

reverse: CATGGCAGCTGTCACTTTC 

  



Table S3. Antibody list. IHC=immunohistochemistry. W=western blot.  

Primary 

antibodies 
Host Supplier Cat. no Application Dilution 

Brachyury Goat R&D AF2085 IHC 1:20 

Active β-catenin Rabbit Millepore 05-665 W 1:1000 

E-Cadherin Mouse BD Biosciences 610181 IHC 1:50 

EYA1 Rabbit Proteintech 22658-1-AP IHC 1:100 

FBXO2 Rabbit Proteintech 14590-1-AP IHC 1:50 

GAPDH Rabbit CST 5174 W 1:1000 

GBX2 Goat Abcam Ab109726 IHC 1:125 

Lamin B1 Rabbit CST 13435 W 1:500 

MSX1  Mouse DSHB 4G1 IHC 1:5 

Myosin-VI Rabbit Proteus 25-6791 IHC 1:100 

Myosin-VIIA Rabbit Proteus 25-6790 IHC 1:100 

Oct-3/4 (C-10) Mouse Santa Cruz sc-5279 IHC 1:100 

OTX2 Goat R&D AF1979 IHC 1:20 

PAX6 Mouse DSHB Pax6 IHC 1:5 

PAX8 Rabbit Abcam ab97477 IHC 1:100 



SIX1 Rabbit Sigma-Aldrich HPA001893  IHC 1:250 

SOX2 Mouse BD Biosciences 561469 IHC 1:50 

SOX10 Rabbit Abcam Ab155279 IHC 1:50 

 

 

  



Supplemental experimental procedures. 

mESC culture and induction of inner ear organoids. The LIF-2i media contained a 1:1 ratio 

of Advanced DMEM-F12 (Gibco) and Neurobasal medium (Gibco), 1X N2 supplement (Thermo-

Fisher Scientific [TFS]), 1X B-27 supplement without vitamin A (TFS), 1X Glutamax (Gibco), 1X 

normocin (Invivogen), 1000 unit of Lif (Millepore), 3 µM CHIR99021 (Stemcell Technologies), 

and 1.5 µM CGP77675 (Sigma). 

Briefly, ESCs were dissociated in Accutase (Stemcell Technologies) and re-suspended in 

differentiation media (DMLK). On D0, 1,500 or 3,000 cells (depending on cell lines) in 100 µl 

DMLK per well were plated in low-binding, 96-well U-bottom plates (TFS). Half of the media was 

exchanged with fresh DMLK containing Matrigel (Corning; 2% final concentration) on D1. BMP4 

(PromoKine), SB-431542 (Reprocell), 4 µM IWP2 (Stemcell Technologies), and various 

concentrations of CHIR99021 were added on D2 or D3 depending on cell lines. After 24 hr, 

FGF2 (Stemcell Technologies) and LDN-193189 (Reprocell) were added. On D8, aggregates 

were washed twice in Advanced DMEM/F12 before transfer to a new, 96-well U-bottom plate 

with 100 µl N2 media (containing Advanced DMEM/F12, 1X N2, 1X Glutamax, & 1X normocin) 

containing 1% Matrigel and 3 µM CHIR99021 (optional). After 48 hr, aggregates were 

transferred to 24-well low-binding plates with fresh N2 media until D20. Half of the media was 

changed every other day during this long-term culture period. 

OV productivity Embedded OVs were scored as 0.5, and protruding OVs were scored as 1 

(Figure S1G-I). Scores of 0 were given to aggregates without any visible OVs. The percentage 

of OVs per culture was calculated as the total score divided by the total number of aggregates in 

one culture. Each independent culture therefore served as one biological replicate. The 

percentage of hair cell-bearing OVs was conducted using the Atoh1-2A-nGFP reporter cell line. 



The numbers of GFP+ OVs and total vesicles were counted in each culture (Figure S1 J-L), and 

the percentages of hair cell-bearing OVs were reported as GFP+ OVs/total vesicles x 100. 

Cloning of Pax8 sgRNA and Cas9 co-expression construct and donor plasmid repair 

template A Pax8 guide RNA was inserted into the pSpCas9(BB)-2A-Puro (pX459) vector (Ran 

et al., 2013) (Addgene plasmid #48139) as follows. Briefly, the pX459 vector was digested with 

BbsI (NEB) and treated with T4 PNK (NEB); the linearized vector was then gel purified. A pair of 

oligos for the Pax8 target site (sense: CACCGTGACAACTACAGATGGTCAA; antisense: 

AAACTTGACCATCTGTAGTTGTCAC) was annealed, phosphorylated, and ligated to the 

linearized PX459 vector. Next, we cloned a plasmid-based (pcDNA3.1) donor repair template 

that contained 1-kb homology arms flanking a p2A-tdTomato coding sequence. The two 

homology arms were designed around the Pax8-targeting site. Both the SpCas9 plasmid 

containing the Pax8 sgRNA and the donor plasmid repair template were verified by sequencing.  

Co-transfection of Cas9-Pax8, the sgRNA plasmid, and a homology-directed repair (HDR) 

template for the Pax8-tdTomato cell line We seeded 5 x 104 cells/well on a 24-well plate for 

transfection. The following day, we co-transfected 500 ng of SpCas9 plasmid containing Pax8 

sgRNA along with 1 µg of linearized donor repair template into cells using Lipofectamine 3000 

Reagent (TFS). At 48 hr post-transfection, cells were dissociated with Accutase (Corning) and 

resuspended gently in a 5X volume of stem cell media; 50 ml of this media included 24 ml 

Advanced DMEM/F12, 24 ml Neurobasal media, 250 µl N2 supplement, 500 µl B-27 

supplement (TFS), 500 µl glutamine (TFS), 50 µl 2-mercaptoethanol (TFS), and 500 µl 

penicillin-streptomycin (TFS) after which the following were added freshly to create a single-cell 

suspension: 1 µM PD0325901 (Reprocell), 3 uM CHIR99021, and 1000 units/ml Lif. The cells 

were seeded on a 60-mm dish to form single cell colonies. The next day, puromycin selection 

was initiated to select transfected cells by replacing the media with fresh media containing 0.5 

µg/ml puromycin (TFS). The selection process continued for five days in puromycin-containing 



media after which the media was changed to regular media. The media was changed every 2-3 

days once the colonies began to form and proliferate. Once the colonies were large enough to 

be picked, they were carefully marked for picking and transferred into 96-well plates (one 

well/colony). Once the stem cell colonies reached 60% confluency, they were passaged to 

prepare replicate plates. The colonies were dissociated by treating them briefly with Accutase 

and pipetting up and down vigorously by adding 100 µl media directly into the wells. We plated 

20% of each of the resuspended volumes into the replicate wells to keep the clonal lines 

growing, using the remaining 80% of the cells for DNA isolation and genotyping. 

Validation of the Pax8-tdTomato cell line We analyzed all colonies for presence of the 

tdTomato knock-in sequence by performing a simple PCR-based screening technique. For this, 

we designed a pair of PCR primers both upstream and downstream of the left and right 

homology arms (used to create the repair donor template), respectively, of the Pax8 genomic 

loci: Pax8 genomic F (CAGCTCTACATCAAGGCCAAG) and Pax8 genomic R 

(GGAAAGTGAATGACTGGCATG). This primer pair yielded a 1,278-bp fragment from the wild 

type allele and a 2,769-bp fragment from the Pax8-td tomato knock-in allele. We performed this 

PCR screen for all clones, and the knock-in colonies were selected for further experimentation. 

Western blots SDS-PAGE was conducted using 4-20% TGX stain-free mini gels (Bio-Rad). 

Stain-free gels prior to transfer were imaged as total protein references using the ChemiDoc 

Touch Imaging System (Bio-Rad). The transfer was conducted using the Trans-BlotTurbo 

transfer system (Bio-Rad) under the program “1 TGX-mini gel.” The blot was blocked in 5% non-

fat milk (Rockland) in TBST (0.005% Tween 20 [Sigma] in 1X TBS [Bio-Rad]) at RT for 1 hr 

followed by incubation in the primary antibody solution (Table S3) at 4°C overnight on the 

shaker. The next day, the blot was washed thrice with TBST for 5 min followed by a 1-hr 

incubation in the secondary antibody solution with HRP-conjugated secondary antibody (Bio-

Rad) at RT. The blot was then washed thrice in TBST for 5 min before signal development using 



Clarity ECL Western Substrates (Bio-Rad). Imaging was acquired using the ChemiDoc Touch 

Imaging System. 

scRNA-seq of inner ear organoids Approximately 12-48 organoids (depending on culture day) 

were dissociated in TrypLE Express (TFS) at 37˚C with shaking for 30-45 min. During 

dissociation, samples were mixed via pipetting every 5-10 min. Dissociated cells were filtered 

through a 40-μM cell strainer (Flowmi) followed by three washes with DPBS+2% BSA. Single 

cell 3’ RNA-seq experiments were conducted using the Chromium single cell system (10X 

Genomics) and Illumina sequencers at the Center for Medical Genetics (CMG) of the Indiana 

University School of Medicine. Each cell suspension was first inspected on the Countess II FL 

(TFS) and under a microscope for assessment of cell number, viability, and size. Depending on 

the quality of the initial cell suspension, the single-cell preparation included centrifugation, re-

suspension, and filtration to remove cell debris, dead cells, and cell aggregates. Single-cell 

capture and library preparation were carried out according to the Chromium Single Cell 3’ 

reagent kits (V3) user guide (10X Genomics). The appropriate number of cells were loaded on a 

multiple-channel micro-fluidics chip of the Chromium Single Cell Instrument (10X Genomics) 

with a targeted cell recovery of 10,000. Single-cell gel beads in emulsion containing barcoded 

oligonucleotides and reverse transcriptase reagents were generated with the single-cell reagent 

kit (V3; 10X Genomics). Following cell capture and lysis, cDNA was synthesized and amplified. 

Illumina sequencing libraries were then prepared with the amplified cDNA. The resulting 

libraries were assessed with an Agilent TapeStation or Bioanalyzer 2100. The final libraries 

were sequenced using a custom program on an Illumina NovaSeq 6000, which generated a 26-

bp cell barcode followed by a UMI barcode followed by the 91-bp RNA read. 

scRNA-seq data analyses We normalized and scaled the matrix using Seurat’s NormalizeData 

and ScaleData functions, respectively, and defined the top 2,000 highly variable genes for each 

sample using Seurat’s FindVariableFeatures function. To integrate multiple samples across 

different days and conditions, we used Seurat’s FindIntegrationAnchors function to find the 



anchors and integrate all samples using the IntegrateData function based on the identified 

anchors. The highly variable genes were used for principal components analysis via Seurat’s 

RunPCA function. The first 30 principal components were used for UMAP visualization and 

Louvain clustering using the RunUMAP and FindClusters functions, respectively. Annotation of 

clusters was done manually based on the expression of marker genes (Table S1). We then 

used Seurat’s FindConservedMarkers function to identify the canonical cell type-specific gene 

markers conserved between sample groups, and the FindMarkers function was used to identify 

cell type-specific DEGs between treatments on each day. 
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