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Abstract

The morphogenesis of the otic vesicle (OV) to form inner ear organs serves as an excellent 

model system to understand cell fate acquisition on a single cell level. Tbx2 and Tbx3 (Tbx2/3) 

encode closely related T-box transcription factors that are expressed widely in the mammalian OV. 

Inactivation of both genes in the OV (Tbx2/3cKO) results in failed morphogenesis into inner ear 

organs. To understand the basis of these defects, single cell RNA-sequencing (scRNA-seq) was 

performed on the OV lineage, in controls versus Tbx2/3cKO embryos. We identified a multipotent 

population termed otic progenitors in controls that are marked by expression of the known otic 

placode markers Eya1, Sox2, and Sox3 as well as new markers Fgf18, Cxcl12, and Pou3f3. The 

otic progenitor population was increased three-fold in Tbx2/3cKO embryos, concomitant with 

dysregulation of genes in these cells as well as reduced progression to more differentiated states 

of prosensory and nonsensory cells. An ectopic neural population of cells was detected in the 

posterior OV of Tbx2/3cKO embryos but had reduced maturation to delaminated neural cells. 

As all three cell fates were affected in Tbx2/3cKO embryos, we suggest that Tbx2/3 promotes 

progression of multipotent otic progenitors to more differentiated cell types in the OV.
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1. Introduction

The mammalian inner ear consists of the auditory and vestibular systems. The auditory 

system is composed of the organ of Corti, located within the cochlea and is responsible 

for hearing. The vestibular organs are composed of the semicircular canals (SCCs) and the 

ampullae with their respective cristae, as well as the utricle and saccule with their respective 

maculae and are responsible for sensing body movement. There are three main cell types 

in the inner ear, termed the sensory, nonsensory, and neural (Bok et al., 2007; Morsli et 

al., 1998). Sensory hair cells and adjacent nonsensory support cells are located in the organ 

of Corti and crista ampullaris of the vestibular organs. Sound and movement detected by 

sensory cells are transmitted to the cochlear and vestibular branches of the cochleovestibular 

nerve, respectively (Torres & Giráldez, 1998).

Each of the inner ear organs undergoes crucial morphological changes during embryonic 

development and begins with a simple ectodermal thickening lateral to the developing head, 

termed the otic placode, which invaginates and then pinches off from the ectoderm to form 

the otic vesicle (OV) (Chatterjee et al., 2010; Morsli et al., 1998). The development of the 

otic placode into the OV is heavily influenced by anterior-posterior (A-P) and dorsal-ventral 

(D-V) signaling gradients to guide formation of distinct compartments within the OV to 

promote region specific gene expression (Bok, Raft, Kong, Koo, Drager, et al., 2011; Lin 
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et al., 2005; Raft & Groves, 2015; Riccomagno et al., 2002a). The proneurosensory cells 

in the anteroventral domain of the OV give rise to neural progenitors that delaminate and 

develop into the cochleovestibular ganglion (CVG) and prosensory cells that develop into 

sensory hair cells in both anterior and posterior domains of the OV. The proneurosensory 

cells express marker genes such as Fgf10 (Pauley et al., 2003), Gata3 (Duncan & Fritzsch, 

2013; Lilleväli et al., 2006), Six1 (Ahmed et al., 2012; Ozaki et al., 2004; Schlosser et 

al., 2008; Wong et al., 2013; Zhang et al., 2017; Zheng et al., 2003), and Eya1 (Ahmed 

et al., 2012; Freyer & Morrow, 2010; Friedman et al., 2005; Wong et al., 2013). These 

cells have also previously been uncovered by single cell qRT-PCR analysis of OV cells in 

which additional gene markers, Sox2 and Lfng were identified (Durruthy-Durruthy et al., 

2014). The neural progenitor cells prior to and during delamination to form the CVG express 

the transcription factor genes, Neurog1 (Hartman et al., 2015; Ma et al., 1998, 2000) and 

NeuroD1 (Jahan et al., 2010), while more mature, delaminated CVG cells express Rgs4 that 

encodes a protein, which regulates G-protein signaling (Kim et al., 2014). Prosensory cells 

form hair cells of the cochlea and vestibular organs and are marked by continued expression 

of the transcription factor gene, Sox2 (Kiernan et al., 2005) and Gata3 (Economou et al., 

2013; Lilleväli et al., 2006; Luo et al., 2013) as well as prosensory specific expression of 

signaling genes, Jag1 (Adam et al., 1998; Cole et al., 2000; Morrison et al., 1999), Bmp4 
(Blauwkamp et al., 2007; H. Li et al., 2005; Ohyama et al., 2010; Wu & Oh, 1996), and 

Fgf10 (Pauley et al., 2003), for formation of vestibular organs. The dorsal-ventral axis 

arises during invagination of the otic placode (Bok et al., 2007; Wu et al., 1998) in which 

nonsensory homeodomain genes, Dlx5 and Otx2 mark the dorsal and ventral domains of the 

OV, respectively (Morsli et al., 1999; Robledo & Lufkin, 2006). The medial-lateral (M-L) 

axis forms last and is speculated to form as part of the invagination process of the otic 

placode to form the otic cup, as seen by medial expression of Pax2 (Whitfield & Hammond, 

2007).

T-box transcription factors have been identified to be crucial for the development of many 

organs. Tbx2 and Tbx3 act as transcriptional repressors and promote cell proliferation, 

maintain survival, and modulate cell fate during the development of many organs such as 

in the limb, lung, and heart (Farin et al., 2013; Lüdtke et al., 2016; Mesbah et al., 2012). 

We therefore decided to further investigate the functions of Tbx2 and Tbx3 (Tbx2/3), both 

of which are expressed in the OV (Kaiser et al., 2021; Zirzow et al., 2009). Tbx2/3 are 

similar genes formed by a gene duplication event during vertebrate evolution (Papaioannou, 

2014). They retain 95% amino acid similarity in the DNA binding domain and 54% 

similarity overall (National Center for Biotechnology Information-NCBI, BLAST software). 

They also have overlapping patterns of expression, supporting the observation that Tbx2/3 
have significant shared functions in embryogenesis (Coll et al., 2002; Papaioannou, 2014). 

Recently, Tbx2/3 were inactivated in the mouse OV and this severely disrupted inner 

ear morphogenesis. Through analysis of OV domain gene markers and known genetic 

pathways important for organizing inner ear morphogenesis in control and mutant embryos, 

it was suggested that Tbx2/3 functions to restrict neurogenesis in the otic vesicle (Kaiser 

et al., 2021). Although this prior investigation implicated Tbx2/3 functions in restricting 

neurogenesis, this study did not include transcriptomic analysis on a single cell level (Kaiser 

et al., 2021). We furthered this work by validating many of the previous phenotypic findings 
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of the importance of Tbx2/3 in inner ear development using different Tbx2/3 floxed mice. 

These mice were also maintained in a different background, which together may have led 

to the slight differences in phenotypic findings at early stage. However, the major defects 

in morphogenesis were consistent with the previous study. By performing single cell RNA-

sequencing (scRNA-seq) we provide further insights into the cellular and molecular causes 

of failed inner ear morphogenesis in mutant OVs.

To further our understanding of Tbx2/3 functions in early development, we carefully 

analyzed our Tbx2 and Tbx3 double conditional knockout (Tbx2/3cKO) mouse model 

for defects in inner ear morphogenesis in the OV after gene inactivation. We confirmed 

that there was a severe lack of development from the OV stage and found the earliest 

morphological defect was an expansion of the A-P axis of the OV in Tbx2/3cKO embryos 

at stage E10.5. We identified slight changes in the position of apoptotic domains of the 

OV, but did not observe changes in rates of apoptosis or cell proliferation at this stage. We 

then performed scRNA-seq followed by whole mount in situ RNAscope (wmRNAscope) 

analysis to understand how changes detected by scRNA-seq translated to three-dimensional 

expression changes in mutant embryos at E10.5. We uncovered a multipotent population that 

we term otic progenitor cells, localized near the proneurosensory domain of the OV. The 

relative proportion of this otic progenitor population was greatly expanded in Tbx2/3cKO 

embryos, along with dysregulated gene expression leading to failed differentiation into 

mature inner ear cell types.

2. Materials & Methods

2.1. Mouse strains

Pax2-Cre (Ohyama & Groves, 2004) and Pax8-Cre (Bouchard et al., 2004) transgenic mice 

and their lineage contributions to the inner ear have previously been described. To generate 

Tbx2f/f and Tbx3f/f mice, two LoxP sites were inserted into the intronic sequences flanking 

exon 2 (Tbx2) and exons 2-4 (Tbx3), respectively, by gene targeting using homologous 

recombination (Dr. Chenleng Cai, Indiana U.). The reading frame and the T-box domain 

of Tbx2/3 were disrupted following recombination. Primer sequences indicate the position 

of the deleted region (Supplemental File 1). All the mouse lines used in this study were 

maintained in an outbred SwissWebster genetic background. Tbx2f/f;Tbx3f/f mice were 

intercrossed for over 10 generations. Tbx2f/f;Tbx3f/f mice were crossed with Rosa26-GFPf/f 

(RCE:loxP) mice (Sousa et al., 2009) and the Tbx2f/+;Tbx3f/+;Rosa26-GFPf/+ mice were 

intercrossed to generate Tbx2f/f;Tbx3f/f;Rosa26-GFPf/f mice. Primers used for genotyping 

embryos and mice are provided in the Supplemental File 1. Mouse embryos were collected 

in phosphate-buffered saline (PBS). Yolk sac or hind limbs were collected from each embryo 

and used for genotyping. Mouse embryos were staged based on somite counts and vaginal 

plug dates (E0.5). Somite counts for stage E8.5 was 8-11 somite pairs, E9.0 was 18-21 

somite pairs, E9.5 was 24-27 somite pairs and E10.5 was 34-37 somite pairs. E13.5 and 

E15.5 stages were determined based on vaginal plug dates. Female and male embryos 

were used indiscriminately for all experiments, and we did not genotype embryos for 

sex. Both left and right OV’s and inner ears were used for all experiments. All mouse 

studies were conducted according to protocols approved by the Institutional Animal Care of 
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Use Committee at Albert Einstein College of Medicine (#00001034; https://einsteinmed.org/

administration/animal-care-use-committee/).

2.2. Paint filling

Embryos for paint filling at E13.3 and E15.5 were fixed in Bodian’s fixative overnight (O/N) 

at room temperature (RT). Embryos were washed with and placed in 100% ethanol O/N 

at RT. Embryos were cleared in methyl salicylate O/N at RT. Embryo heads were cut in 

half to separate the left and right sides. The brain and brainstem of embryos were carefully 

removed. A 0.2% solution of BiC White-Out in methyl salicylate was used to microinject 

inner ears. The inner ear labyrinths in cleared heads were visualized using a Leica MZ125 

stereo microscope.

2.3. H&E histology

Embryos were collected at E13.5 and E15.5 and fixed in 10% formalin O/N. After fixation, 

embryos were processed through two washes of PBS for 10’ (‘; min) each followed by a 1 

hr (hr; hour) incubation in xylene. The xylene wash was repeated with fresh xylene for 1hr. 

Embryos were then placed in Tissue Prep 2 Paraffin (Fisher Scientific, T555) at 65°C for 1hr 

with one additional exchange of paraffin. Embryos were oriented in paraffin and sectioned 

at 12μm (μm, microns). Sections were incubated at 39°C O/N. Sections were cleared using 

xylene, stained with hematoxylin and eosin (H&E), and mounted using Permount. Stained 

sections were visualized using a Zeiss Axioskop 2 Plus microscope.

2.4. OV measurements

The OV measurements of control and Tbx2/3cKO embryos were performed by imaging 

whole embryos directly after dissections with a Zeiss Stereo Discovery microscope. FIJI 

ImageJ software was used to measure the A-P and D-V axis. The M-L and D-V axes 

were measured using FIJI ImageJ software after immunofluorescence and TUNEL assays. 

Measurements of D-V axes before and after sectioning were used to confirm consistency.

2.5. Immunofluorescence and TUNEL assays

For immunofluorescence, embryos were dissected at E10.5 or E11.5 and fixed in 4% 

paraformaldehyde in PBS at 4°C (C, Celsius) for 1hr. Embryos were washed in PBS 

and dehydrated using 70%/90%/100% ethanol. Embryos were washed twice in xylene for 

1hr at RT. Xylene was removed and embryos were embedded in paraffin and stored as 

described for H&E sectioning. Rabbit anti-phospho-Histone H3 antibodies (1:200; Ser10; 

Millipore, 06-570) was used to mark proliferating cells. Mouse anti-ISL1 antibodies (1:1:98; 

Developmental Studies Hybridoma Bank, 39.4D5-S & 39.4D5-C) was used to identify 

the CVG. Donkey anti-rabbit IgG Alexa Fluor 647 (1:200; Invitrogen, A31573) was 

used as a secondary antibody for anti-PH3 and donkey anti-mouse IgG Alexa Fluor 568 

(1:200; Invitrogen, A10037) was used as a secondary antibody for anti-ISL1. For TUNEL 

experiments, the procedure provided by “In Situ Cell Death Detection Kit, TMR red” Kit 

version 12, Roche March 2016 (Cat. No. 12 156 792 910) was used directly following 

washes after secondary antibody incubation for immunofluorescence as above. Slides were 

cover slipped using VectaSheild®HardSet™ with DAPI (Vector Laboratories, H-1500-10) 
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and stored at 4°C until imaging. Imaging was done using an Apotome Zeiss microscope. 

Counting of the cells was performed using Fiji ImageJ software.

2.6. wmRNAscope

After dissections, embryos at E8.5-10.5 were fixed O/N in 4% Paraformaldehyde in PBS at 

4°C. For storage, embryos were dehydrated using 2 washes of 10’ each of a serial dilution 

of 25/50/75/100% methanol. Embryos were stored in 100% methanol at −20°C. When ready 

for use, embryos were rehydrated in reverse order of serial dilution of methanol into a final 

PBS+0.1% Tween solution. Embryos were further dissected to expose the neural tube by 

cutting the top of the head and cutting just below the forelimb buds. This was done to reduce 

background staining and signal resulting from trapped probes. After rehydration, embryos 

were washed twice in PBS+0.1% Tween for 5’ each. Embryos were then permeabilized at 

RT by incubating in Protease III (provided in kit) for 20’. Embryos were then washed 3 

times in PBS+0.01% Tween for 5’ each. During the permeabilization step, a probe master 

mix was prepared using C1, C2, and C3 as needed (RNAscope probes; Supplemental File 

2). C1, C2, and C3 probes were warmed individually in a hybridization oven for 10’ at 40°C 

and mixed at a 50:1:1 ratio. Embryos were incubated O/N in 100μL (microliters; μL) of 

probe master mix at 40°C. For all following washes, three washes were performed for 5’ 

each at RT using a 0.2X SSC + 0.01% Tween solution. After hybridization, embryos were 

washed and then incubated for 10’ in 4% paraformaldehyde in PBS at RT. Embryos were 

incubated in AMP1 (provided in kit) for 30’ at 40°C followed by AMP2 for 30’ at 40°C 

and then AMP3 for 15’ at 40°C with washes in between each AMP step followed by HRP 

(hydrogen peroxidase) treatment. TSA (Tyramide Signal Amplification) fluorophores were 

prepared at 1:2,000, 1:1,000, and 1:500 dilution for TSA-CY3, TSA-CY5, and Fluorescein 

respectively. Embryos were incubated in HRP-C1 for 15’ at 40°C. Washes were done and 

then embryos were incubated in the selected TSA for the C1 probe for 30’ at 40°C. After 

binding of the TSA to the HRP embryos were incubated in HRP-blocker to prevent future 

reactions with the other TSA. The previous steps from incubation with HRP to HRP-blocker 

were repeated per channel used, with washes in between each step. Embryos were then 

incubated in DAPI for 2 days followed by a final wash and stored at 4°C until ready for 

imaging. Z-stack images were taken (Analytical Imaging Facility; Albert Einstein College of 

Medicine) and 3-D reconstructions of Z-stack images were done using Fiji ImageJ software.

2.71. ScRNA-seq—Two replicates of control, Pax2-Cre;Rosa26-GFPf/+ embryos and 

two replicates of mutant Pax2-Cre;Tbx2f/f;Tbx3f/f;Rosa26-GFPf/+ embryos were used for 

scRNA-seq experiments. Three control embryos and two Tbx2/3cKO mutant embryos were 

collected per replicate at E10.5 (34s-36s). Embryos were dissected in PBS with Ca2+ and 

Mg2+ and placed in ice cold DMEM while embryos were genotyped. After genotyping, 

embryos were placed back into PBS with Ca2+ and Mg2+. Genotyping was optimized using 

Phire PCR mix (ThermoFisher, Cat# F170S) to allow completion within 1hr. The OV with 

CVG were microdissected to remove as much surrounding tissue as possible (adjacent 

neural tube with pharyngeal cells). Microdissected OVs were pooled in DMEM (GIBCO, 

Cat# 11885-084) at 4°C followed by centrifugation at 100 x g for 5’ at 4°C. DMEM was 

removed, and tissues were incubated with 0.25% Trypsin-EDTA (GIBCO, Cat# 25200-056) 

containing DNase I (50U/mL) (Millipore, Cat# 260913-10MU) for 10’ at RT. FBS (heat 
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inactivated, ATCC, Cat#30-2021) was added to terminate DNase I activity. Cells were 

centrifuged at 4°C at 300 x g for 5’, supernatant was removed, and cells were resuspended 

in PBS w/o Ca2+ and Mg2+ (Corning, Cat# 21-031-cv) with 10% FBS and filtered through 

a 100μm cell strainer. DAPI (Thermo Fisher Scientific, Cat# D3571) was added before cell 

sorting was performed to remove the lysed cells. After filtering, the cells were sorted with 

the BD FACS Aria II system (Flow Cytometry Core Facility, Albert Einstein College of 

Medicine). The sorted GFP positive cells were centrifuged in 4°C at 300 x g for 5’ and 

resuspended in 50 μL PBS w/o Ca2+ and Mg2+ with 10% FBS. Cells were loaded onto a 10x 

Chromium instrument (10x Chromium Next GEM Single Cell 3’ GEM, Dual Index Library 

& Gel Bead Kit v3.1; 10x Genomics, Cat# PN-1000121) according to manufacturer’s 

specifications. The total number of cells used for each replicate is represented in Fig. 

S5. The maximum number of cells obtained for the Tbx2/3cKO genotype were used as a 

target for controls, around 4,800 cells. A Qubit®2.0 fluorometer (Thermo Fisher Scientific, 

Waltham, MA) was used to determine the concentration of the resulting cDNA libraries. 

A total of 25uL of cDNA library (25 nMolar; average of 195ng per sample) was used 

for sequencing using the Illumina HiSeq4000 system (Genewiz, South Plainfield, NJ) with 

paired end, 150bp read length. Each sample was sequenced on a separate flowcell to 

maximize reads per sample. A total of 9,415 cells were sequenced with a mean read total of 

48,100 per cell and 3,687 median genes were obtained per cell. Data generated is available 

on NCBI Gene Expression Omnibus, GSE185172.

2.72. Computational analysis of scRNAseq data—After the FASTQ files were 

obtained, the quality of the data was checked using FastQC v0.11.4. After FastQC analysis, 

sequencing reads were aligned to the mouse reference genome (mm10-2020-A) by Cell 

Ranger v3.1.0 (10xGenomics). Seurat v 4.1.0 was used to filter and normalize cells using 

parameters suggested by Seurat software. PCA and UMAPs were generated for each dataset 

separately. Gene markers for the OV and CVG were used to identify and isolate individual 

clusters and subclusters.

Velocyto v0.17.17 software was used to generate loom files. The loom files and UMAP 

information from Seurat were passed to scVelo v0.2.3 to identify cell fates based on 

RNA velocities from a dynamical model. CellRank v1.5.1 was used to generate directed 

single-cell fate maps, calculate absorption probabilities, and identify lineage genes. Anndata 

v0.7.5 was used to calculate velocities. Velocities and expression data were visualized using 

Matplotlib v3.3.4 and Scanpy v1.7.1.

Seurat objects were passed into RISC v1.0 software to integrate the four samples, two 

control and two Tbx2/3cKO datasets. Control 1 was used as reference for integration as 

it had the highest number of clusters through a range of principle components tested, 

which was 11 to 20 PCs. A UMAP was generated using this integrated data to identify 

differentially expressed genes (DEGs) amongst clusters and known markers of the OV and 

CVG. Further, DEGs between control and Tbx2/3cKO embryos were identified using RISC 

software, fold change > 0.5 or < −0.5 and adjusted P-value < 0.05. Since the original 

Seurat cluster identity was retained throughout the datasets processed through Seurat, 

scVelo, CellRank, and RISC analyses, this information was used to identify where cells 

were localized within initial state and terminal state clusters within the RISC UMAPs. Two 
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proportion Z statistical tests were performed to determine significance of cluster and cell 

type proportions.

2.8. Quantitative PCR (qPCR) assays

Cells were isolated and purified from whole embryos with the same procedure used in 

scRNA-seq. After flow cytometry cell sorting, cells were centrifuged at 4°C, 300xg, for 

5’. Supernatants were removed and 700μL of TRIzol (ThermoFisher, Cat# 15596026) was 

added. Samples were pipetted up and down multiple times and incubated for 5’. A total of 

140μL of Chloroform was added and samples were mixed by inverting six times. Samples 

were incubated for 3’ then centrifuged at 4°C, 12,000xg, for 15’. Aqueous phase was 

transferred to a new tube and 350μL isopropanol was added. Samples were incubated at 

4°C for 10’ then centrifuged at 4°C, 12,000xg, for 10’. Supernatants were discarded and 

RNA was resuspended in 700μL of 75% EtOH, vortexed briefly, and centrifuged at 4°C, 

7,500xg, for 5’. Supernatant was discarded and the pellets were allowed to air dry for 10’ 

before resuspending in 20μL of water. A total of 0.4μL of DNase1 was added per sample 

and incubated at 37°C for 15’. DNase1 was inactivated at 75°C for 5’. Superscript IV 

(ThermoFisher, Cat# 18090010) procedure was used for reverse transcription of mRNA 

to cDNA. PowerUP SYBR Green master mix (ThermoFisher, Cat# A25741) was used for 

qPCR reactions using primers for controls and targeted regions within loxP sites of Tbx2/3 
(Supplemental File 1). StepOnePlus Real-Time PCR System was used to run qPCR assays.

2.9. Statistical Analysis

P-values for OV measurements and immunofluorescence cell counting was calculated using 

a Wilcoxon test. P-values of qRT-PCR results were calculated using a two tailed unpaired 

t-test. Means and standard error were plotted in graphs created using Prism 9 software. 

P-values for cluster proportions were calculated by performing two proportion Z tests.

3. Results

3.1. Tbx2/3cKO embryos have failed inner ear morphogenesis

To investigate the function of Tbx2/3 in early mouse inner ear development, we used 

Pax2-Cre to drive recombination of Tbx2 and Tbx3 floxed alleles (Tbx2/3cKO; Fig. S1). 

Validation of knockdown of Tbx2/3 transcripts was confirmed through semi-quantitative 

reverse transcriptase PCR and quantitative PCR (Fig. S1B–C, respectively). The phenotype 

of the inner ear of Tbx2/3cKO embryos was recently reported (Kaiser et al., 2021). 

However, since we planned to follow up with single cell analysis, we first validated their 

phenotypic findings in our mice by paint filling to visualize inner ear structures (E13.5; 

Fig. 1A–D) and H&E staining to observe cellular details (E13.5 and E15.5; Fig. 1C–F). We 

found that the OV of Tbx2/3cKO embryos failed to progress morphologically and did not 

develop mature inner ear structures, consistent with findings in the previous study (Kaiser et 

al., 2021).

Failure of inner ear morphogenesis could be due to changes in OV size, altered proliferation 

or apoptosis in the Tbx2/3cKO embryos. Interestingly, at E10.5, the OVs of the Tbx2/3cKO 

mutants were enlarged in the A-P axis, whilst remaining unchanged in the D-V and M-L 
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axes, suggesting that defects first arose around E10.5 (Fig. 1M). In the previous report, 

a thickening of the OV epithelium was detected, but we did not detect this change (Fig. 

S2), whereas they did not detect the expansion of the A-P axis. At this stage, we did not 

detect changes in rates of proliferation or apoptosis in the OV and CVG (Fig. 1I–J and 

N). In controls, there is a region of apoptosis in the ventral and dorsal domains of the OV 

(Fig. S2). In Tbx2/3cKO embryos, we did not observe the ventral apoptotic region found 

in controls however, we noted a region of apoptosis in the anteroventral OV (Fig. S2). The 

dorsal zone of apoptosis was the same in the control and mutant embryos (Fig. S2). This is 

in contrast to a previous report in which increased apoptosis overall was observed at E10.5 

(Kaiser et al., 2021). The differences we observed could be due to differences in genetic 

background or differences in exact timing of the stages of the embryos. Increased apoptosis 

was detected one embryonic day later at E11.5 in the cochlear duct (Fig. 1K–L and O). 

We observed a cochlear defect in Tbx2cKO and Pax2-Cre;Tbx2f/f;Tbx3f/+ embryos (Fig. 

S3 and S4) that may result from excess apoptosis. Tbx2/3cKO, Pax2-Cre;Tbx2f/f;Tbx3f/+, 

and Pax2-Cre;Tbx2f/+;Tbx3f/f phenotypes were further validated with Pax8-Cre (Fig. S4G–

J). All genotypes and phenotypes from individual and combined Tbx2/3cKO embryos are 

provided (Fig. S3 and S4) but were not pursued further in this study.

3.2. Accumulation of otic progenitor cells and delayed differentiation in Tbx2/3cKO OVs 
identified by scRNA-seq

As a prelude to scRNA-seq, whole mount RNAscope (wmRNAscope) analysis of Tbx2/3 
expression was performed at E8.5-E10.5. Consistent with the previous study (Kaiser et al., 

2021), Tbx2 was expressed in the otic placode at E8.5 and throughout the OV at E10.5 with 

unique expression in the ventral and medial regions of the OV (Fig. 1R–S, arrowhead in 1S). 

Tbx3 had low levels of expression at E9.0 in the otic cup and was dorsolaterally expressed at 

E10.5 with unique expression in the CVG (Fig. 1S, asterisk). Since both genes were strongly 

expressed at E10.5 and the earliest phenotype detected was at this stage, we selected E10.5 

to perform scRNA-seq. This was done on two replicates of control (six OVs from three 

embryos, each) and Tbx2/3cKO (four OVs from two embryos, each) embryos. The OV with 

the CVG was microdissected from embryos with an effort to remove surrounding tissue. 

Individual GFP expressing cells were collected and purified by flow cytometry, and then 

used for scRNA-seq (Fig. S5).

Using the unbiased cell clustering feature in Seurat software, OV and CVG cells were 

identified in each individual sample with gene markers, Oc90 encoding an otoconial protein 

and Fbxo2, encoding a protein for ubiquitination, for the OV as well as NeuroD1 for the 

CVG (Fig. S6 and S6) (Hartman et al., 2015). Homeobox transcription factor genes, Pax6 
and Phox2b were used to identify cell populations in the neural tube (Carbe et al., 2013; Pla 

et al., 2008). Further, the transcription factor gene, Twist1 was used to identify migrating 

neural crest cells (Fan et al., 2021). Homeodomain genes, Hoxa2 and Hoxb3, were used to 

identify cells for cranial nerve VII and cranial nerve IX, respectively (Cordes, 2001). Marker 

genes identified for all clusters of each sample are provided (Supplemental File 3). We next 

performed subcluster analysis to resolve cell populations within the OV and CVG. This 

was carried out on each replicate of control and Tbx2/3cKO datasets using Seurat software, 

and UMAPs were generated to visualize different cell populations (Fig. S6 and S7). The 
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homeobox genes, Dlx5, Dlx6, Otx1, Otx2, and signaling gene, Wnt2b served as nonsensory 

markers (Morsli et al., 1999; Robledo & Lufkin, 2006; Sienknecht & Fekete, 2009). Bmp4, 
Hey2, Fgf10, and Sox2 signaling genes were used as prosensory markers (Blauwkamp et al., 

2007; Huh et al., 2012; S. Li et al., 2008). Gata3, Fgf10, Eya1, Lfng, and Sox2, were used as 

proneurosensory markers (Luo et al., 2013; Pauley et al., 2003; Wong et al., 2013). NeuroD1 
was used as a neural marker (Jahan et al., 2010) (Fig. S6 and S7). Other marker genes used 

to identify OV subclusters are provided (Fig. S6 and S7; Supplemental File 4).

To understand if cell fate progression was altered in Tbx2/3cKO embryos, the scRNA-seq 

data of the OV and CVG of each sample were processed separately through scVelo (Bergen 

et al., 2020) and CellRank (Lange et al., 2022) software. These software take advantage of 

the spliced and unspliced forms of mRNA that can be distinguished and used to generate 

estimation of the gene expression maturation state of cells. The cells are then ordered based 

on their estimated progression through cell fate (la Manno et al., 2018). The results were 

visualized in a directed Partition-based Graph Abstraction (PAGA) plot in which the initial 

and more differentiated terminal cellular states were identified per sample (Fig. 2A–B; Fig. 

S8). The PAGA plots were projected onto individual Seurat cell subcluster UMAPs (Fig. 

S6 and S7) to maintain consistent clustering throughout our analysis of individual samples 

(Fig. 2A–B; Fig. S8). The pie charts in the PAGA plots illustrated the fate potential of 

the different cell types. From the PAGA and UMAP plots, we identified similar initial 

and terminal states, but fewer branches to terminal states in Tbx2/3cKO embryos versus 

controls suggesting that the Tbx2/3cKO embryos may have not differentiated as far along 

as the controls (Fig. 2A–B; Fig. S8). The cells comprising the initial state were termed otic 

progenitor cells (gray in UMAP; Fig. 2A–B). There were three terminal states identified 

in each replicate and they coincided with the three main cell types of the inner ear, which 

are the prosensory, neural, and nonsensory cell types (Fig. 2A–B). Proneurosensory cells 

represented an intermediate state. We next generated circular projection plots from CellRank 

software to easily visualize how cells are progressing to each terminal state (Fig. 2A–B). 

Lack of progress to more differentiated states was apparent in Tbx2/3cKO OVs (lack of blue 

color at tips of circle projection, Fig. 2B) further suggesting that the cells in the Tbx2/3cKO 

embryos were less differentiated. These results were similar in both replicate experiments 

(Fig. S8).

Having gained some insights into the findings from analyzing individual samples, the four 

data sets comprising two control and two Tbx2/3cKO experiments were integrated using 

RISC software (Liu et al., 2021) (Fig. 2C). We identified changes in the distribution of cells 

in Tbx2/3cKO embryos in which there were relatively more cells in the center clusters and 

fewer cells in the outer clusters of the UMAP plot in Tbx2/3cKO embryos compared to 

controls (insert in Fig. 2C). This is consistent with changes in relative proportion of cell 

types in Tbx2/3cKO embryos (Fig. 2D). The central set of clusters with relatively more cells 

in Tbx2/3cKO embryos (Fig. 2C) were detected as cells of the initial state clusters in the 

PAGA plots of the individual data sets (Fig. 2A–B; Fig. S8) and identified as otic progenitor 

cells (clusters 4, 7, 8, 11; Fig. 2D; Fig. S9). Expression of individual gene markers of 

different terminal states as well as Tbx2/3 are shown in Fig. 2E. As noted above, Tbx2 was 

more widely expressed than Tbx3, while Tbx3 was more widely expressed in the neural 
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cell types. Overall, the data is consistent with a failure in cell fate progression from otic 

progenitors to more differentiated states in Tbx2/3cKO mutant OVs.

3.3. Delayed progression of prosensory and nonsensory lineages in Tbx2/3cKO OVs

To further investigate changes in cell fate progression in Tbx2/3cKO OVs, we examined the 

probability of fate progression to each differentiated terminal state of prosensory, neural, 

and nonsensory cell types, for each cell per sample using CellRank software (Lange et al., 

2022) and projected this onto the integrated RISC UMAP (Fig. 3A–C; Fig. S8). All three 

terminal states were affected with prosensory and nonsensory states having the greatest 

changes in Tbx2/3cKO OVs. The terminal state of the prosensory lineage retained an otic 

progenitor state as seen in the shift of the yellow cells to the otic progenitor cell clusters 

(Fig. 3A). This in concert with the results from the PAGA plots and circular projections 

(Fig. 2A–B; Fig. S8A–B) signifies that the terminal states in the Tbx2/3cKO samples are 

less mature and integrate to the less differentiated cell clusters of the control, which further 

suggested that they are immature. On the other hand, the nonsensory and neural cells had 

fewer differentiated cells as seen by a reduction of the relative amount of yellow cells (Fig. 

3B–C). Some cells of the neural lineage were also present in the otic progenitor clusters, 

implying dysregulation of gene expression.

To examine gene expression differences that may be causing delayed differentiation between 

control and Tbx2/3cKO OVs, we further processed the scRNA-seq data through RISC 

software and identified DEGs. We also calculated lineage drivers for each terminal state 

through CellRank and plotted the genes that overlapped between the two sets of genes in 

a miniaturized heat map of the scaled expression of each gene vs developmental time as 

cells progress from initial to terminal states termed, latent time (Fig. 3D–F). The genes in 

the heat map were ordered based on their scaled expression (highest is in yellow) to give 

insight as to when lineage specific DEGs were expressed in terms of latent time. In the heat 

maps for prosensory and nonsensory lineages, many of the DEGs that were expressed as 

cells transitioned from their initial to terminal states in controls were expressed as terminal 

state genes in the OVs from Tbx2/3cKO embryos causing the terminal state of Tbx2/3cKO 

cells to mirror the transitioning intermediate states in control cells (Fig. 3D and F). This 

further suggests that the terminal states in the Tbx2/3cKO cells were not as mature as the 

terminal states of the control cells, and supports the findings presented above, that cells in 

mutant OVs failed to differentiate to their individual cell fates. We did not detect obvious 

differences in the heat map of the neural lineages.

Example lineage specific DEGs were plotted in graphs with expression versus latent time 

to better illustrate how the expression of genes that mark further differentiation of these 

cell lineages was delayed. These graphs plot the expression value from each cell along the 

path from initial to each terminal state. In the graphs for prosensory cells, Bmp4, Gata2, 

and Gata3 showed delay in expression as detected as a shift to the right of the graph 

(Fig. 3D). Additionally, when these cells were co-clustered with the controls in the RISC 

integrated UMAPs, they clustered with the otic progenitors, further implicating their delay in 

maturation (Fig. 3A). These lineage DEGs were further investigated through wmRNAscope 

analysis. Bmp4, a gene crucial for prosensory lineage differentiation (Chang et al., 2008; H. 
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Li et al., 2005), was more diffusely localized in the anterior domain (Fig. 3G arrowhead) 

and expanded in the posterior domain of the OV (Fig. 3G asterisk), indicating significant 

changes in the patterning of the OV. Similarly, Bmp4 expression was also changed in the 

UMAP plots, in which expression was slightly decreased in the prosensory domain (Fig. 

3H arrowhead) and increased in the otic progenitor cells (Fig. 3H asterisk), suggesting 

consistency between methods. Gata2 expression was reduced in the prosensory domains 

of the OV as observed in the wmRNAscope and feature plot images (Fig. S10A). Gata3 
expression was reduced in the prosensory domain and increased in the ventral region of the 

OV, consistent with UMAP results and suggesting that there was an accumulation of cells 

with Gata3 expression in the otic progenitor populations (Fig. S10B). Fgf10, was expanded 

in the ventral and posterior domain of the OV and was expressed in otic progenitors in 

Tbx2/3cKO OVs (Fig. S10C). Due to dimension reduction afforded by scRNA-seq data, the 

localization of genes within the OV by wmRNAscope analysis was more complex than was 

indicated in the UMAPs.

The neural lineage cells were more mildly affected in mutant embryos as compared to the 

prosensory lineages, as detected by scRNA-seq and in the heat map as indicated above. 

Here, we found that expression of the three neural marker genes, NeuroD1, Neurog1, and 

Rgs4 were delayed in the expression versus latent time plots (Fig. 3E). As previously 

reported (Kaiser et al., 2021), expression of NeuroD1 was expanded into the posterior 

portion of the ventral OV (Fig. 3I). In contrast, neural clusters from scRNA-seq analysis 

were not expanded in Tbx2/3cKO embryos. However, NeuroD1 was expressed in the otic 

progenitor cells, and perhaps this could explain the presence of more NeuroD1 expressing 

cells, but of a different cell state (Fig. 3I–J).

The nonsensory domains were reduced in size as detected in the UMAPs (Fig. 3C) and 

representative genes, Dlx5, Otx1, and Otx2 showed delayed or reduced expression in the 

latent time graphs (Fig. 3F). Expression of Dlx5, a marker of dorsal nonsensory cells, was 

reduced in the anterior domain of the OV as determined by wmRNAscope analysis. This is 

consistent with reduced expression observed in the UMAPs (Fig. 3L). Additionally, there 

was also expression of Dlx5 in otic progenitor cells (Fig. 3K–L). The loss of expression 

in Dlx5 was in the regions that overlapped prosensory domains of the OV in both the 

scRNA-seq and wmRNAscope data (Fig. 3K). The ventral expression domains of Otx1 
and Otx2 were lost, with Otx1 retaining some expression in the lateral OV (Fig. S10D–E), 

consistent with loss of cells in the ventral region in the UMAPs (Fig. 3C). Therefore, 

the ventral nonsensory domain was more dramatically affected than the dorsal nonsensory 

domain.

Examination of Bmp4, NeuroD1, Dlx5, and Otx2 in the OVs in which two alleles of Tbx3 
and one allele of Tbx2 was inactivated or vice versa, showed that inactivation of Tbx2 led to 

more patterning defects, similar to Tbx2/3cKO OVs (Fig. S11A–L). This is consistent with 

the wider expression domain of Tbx2 (above).

3.4. Otic progenitor cell population was expanded in the OV of Tbx2/3cKO embryos

We next wanted to identify marker genes of the otic progenitor cells and determine their 

location in the OV by wmRNAscope analysis. Otic progenitor (gray tones; clusters 4, 
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7, 8 and 11), prosensory (pink tones; clusters 5 and 9), neural (yellow tones; clusters 

2 and 6), proneurosensory (green, cluster 3) and nonsensory (blue tones; clusters 1, 10, 

12, 13) clusters were consolidated separately (Fig. 4A). Cell fate progression of initial 

developmental states in otic progenitor cells to the three main inner ear cell types are 

indicated in Fig. 4A, while the relative proportions of each group is shown in Fig. 4B. 

The otic progenitors constituted a relatively low proportion of cells in controls but had 

a three-fold increase in proportion in Tbx2/3cKO OVs (Fig. 4B and Supplemental File 

5). The increased proportion of otic progenitor cells in Tbx2/3cKO was followed by a 

reduction in the proportion of neural, proneurosensory, prosensory and nonsensory cells. 

We then identified and examined expression of markers of otic progenitors. The genes, 

Fgf18, Cxcl12, Sox3, and Pou3f3 are representative markers for the otic progenitors and 

are also DEGs in Tbx2/3cKO embryos (Supplemental File 6 and 7). Fgf18 was expressed 

very slightly in the medioventral domain of control OVs, but its expression was expanded 

throughout the ventral region of the OV in Tbx2/3cKO embryos (Fig. 4C; and insert of 

digital sections; see larger size in Fig. S12A). This is consistent with expression of three 

other marker genes, Cxcl12, Sox3, and Pou3f3 (Fig. 4D–F; large sized digital sections in 

Fig. S12B–D). Expression of Sox3 and Pou3f3 was also encroaching on the dorsal half 

of the OV (Fig. 4E–F; Fig. S12C–D). Similar findings were observed with known otic 

markers Eya1, Six1, and Sox2 that generally have broader expression domains but were 

also expressed in otic progenitor cells in Tbx2/3cKO embryos (Fig. S10F–H; Fig. S12E–F). 

Their expression in the posterior dorsal prosensory domain overlapped with the expanded 

Bmp4 expression (Fig. 3G).

We next generated a co-expression heat map of marker genes within the otic progenitor 

cells (initial state) versus cells in the proneurosensory (intermediate), prosensory, neural, 

and nonsensory (terminal states) cells in integrated scRNA-seq data of control versus 

Tbx2/3cKO OVs (Fig. 4G). As above, Fgf18, Sox3, Cxcl12, and Pou3f3 are marker genes 

of otic progenitor cells; Cxcl12 and Pou3f3 were also expressed in some proneurosensory 

cells. Marker genes of other cell types were also expressed at low levels in otic progenitor 

cells in controls. In contrast in Tbx2/3cKO embryos, genes from other terminal populations 

were expressed in otic progenitor cells. For example, the proneurosensory marker gene 

(Fgf10) and neural marker genes (Neurog1 and NeuroD1; Fig. 4G; Fig. S13) were detected 

in otic progenitor cells, which might explain why there is ectopic neural cells in the 

posterior ventral OV in Tbx2/3cKO embryos. We found that several Fgf genes were 

expressed in the expanded otic progenitor population (e.g. Fgf10, Fgf18), suggesting that 

there is upregulation of FGF signaling in the mutant embryos (Supplemental File 6 and 7). 

There was also reduced expression of prosensory and nonsensory marker genes in mutant 

embryos, demonstrating reduced expression among fewer cells (Fig. 4G). Overall, this data 

is consistent with the possibility that otic progenitors are a source of multipotent cells in 

the OV needed to progress to more differentiated states at a key developmental time during 

which the OV begins to undergo morphological changes to form inner ear organs. When 

Tbx2/3 are inactivated, the otic progenitors accumulate along with dysregulation of gene 

expression leading to fewer cells differentiating properly.
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3.5. Dysregulation of Neurog1 and NeuroD1 leads to an ectopic zone of neurogenesis in 
Tbx2/3cKO OVs

To understand why there is a duplicated CVG but yet the neural cell clusters from scRNA-

seq data were not enlarged, we compared the expression pattern of Neurog1/NeuroD1 in 

the OV, with that of Rgs4 that is expressed in more mature delaminated neurons (Kim et 

al., 2014). Surprisingly, we did not observe an expansion of Rgs4 expression in the CVG in 

the posterior region of the OV where Neurog1 was ectopically expressed (Fig. 5). We also 

noted that Neurog1 expression was detected in the otic progenitor cells (Fig. 5B, arrow) as 

was NeuroD1 (Fig. 3H, arrow). The significant increase in the number of cells expressing 

Neurog1 and NeuroD1 were quantified and shown in Fig. S13A. There were also cells with 

overlapping expression of both Neurog1 and NeuroD1 in the posterior OV where Rgs4 was 

not expressed (Fig. 5A; Fig. S13B). This further supports that the cells in the posterior OV, 

of which some are delaminating (Fig. S13B), are immature and in an otic progenitor cell 

state (lime green color in model in Fig. 5B, arrow).

We also further investigated NeuroD1 and Neurog1 expression at E9.5 to identify if at an 

early stage, these genes were ectopically expressed in the posterior OV. Interestingly, they 

were restricted to the anterior region of the OV as they are in controls at this stage (Fig. 5C). 

Thus, the defects in patterning of the OV occurred in multipotent otic progenitor cells after 

the axes have formed and initial patterning has taken place.

4. Discussion

In this report we identified a multipotent otic progenitor cell population that provides 

a continuous source of precursors needed for morphogenesis of inner ear cell types in 

the OV. From scRNA-seq analysis of Tbx2/3cKO embryos at E10.5, we found a three-

fold expansion of otic progenitor cells to the detriment of more differentiated states 

in the absence of changes in rates of proliferation or apoptosis. We additionally found 

dysregulation of gene expression in otic progenitors, including that of Neurog1 and 

NeuroD1. We suggest that these cells may contribute to the ectopic zone of neurogenesis in 

the posterior OV in mutant embryos. Overall, Tbx2/3 may function to restrict self-renewal of 

the otic progenitor population and gene expression within, thereby promoting differentiation.

4.1 Model of inner ear development and disruption by loss of Tbx2/3

A model for inner ear development is shown in Fig. 6. In this model, the main axes 

of the inner ear are indicated (black lines in Fig. 6A–B). These axes are established 

during the early otic placode to early otic vesicle stages of inner ear development. Once 

axes are established, the compartmentalized OV expresses genes that mark prosensory 

(pink), neural (orange), and nonsensory (turquoise) cell lineages (Fig. 6A, 6C). We now 

identified otic progenitor cells (Fgf18, Sox3, Cxcl12; gray color) that may function at 

E10.5, upstream of proneurosensory cells (Eya1, Six1; light green; Fig. 6A, 6C). These 

otic progenitors, may contribute cells to the three main cell type lineages as shown in the 

model of cell fate specification (Fig. 6A, 6C; green arrows, for increase in cell number; 

red arrows for decreased expression). From the data presented in this report, we suggest 

that Tbx2/3 functions to promote fate progression of otic progenitor population, while 
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restricting ectopic gene expression (Fig. 4, summarized in Fig. 6B; 6D). From analysis of 

expression of otic progenitor markers versus latent time (Fig. S14 summarized in Fig. 6E–F) 

the data is consistent with delayed differentiation to more terminal states and expansion 

otic progenitors in Tbx2/3cKO OVs. We did not observe increased rates of proliferation or 

apoptosis at E10.5. We suggest that the relative excess in otic progenitors is due to failure of 

cells to progress to more mature states resulting in cell accumulation, rather than more cell 

division. Tbx2/3 are widely expressed in the OV and function as transcriptional repressors in 

many developmental contexts (Farin et al., 2013; Lüdtke et al., 2016; Mesbah et al., 2012; 

Suzuki et al., 2004; Zirzow et al., 2009). Therefore, we suggest that Tbx2/3 may directly or 

indirectly repress expression of genes in otic progenitors.

The zone of neurogenesis was expanded in the OV and neural progenitor cells delaminated 

from the posterior ventral region in Tbx2/3cKO embryos, yet the relative number of cells 

in neuronal clusters from scRNA-seq experiments were not increased. It is possible that the 

ectopic zone of neurogenesis is a result of dysregulated gene expression in otic progenitor 

cells. The otic progenitors in control and Tbx2/3cKO embryos expressed Eya1 and Six1 
at E10.5 (Fig. 6C–D). EYA1 and SIX1 form transcriptional activation protein complexes 

(Wong et al., 2013) and have important functions in directing neurogenesis and promoting 

neural differentiation in the OV (Ahmed et al., 2012). We found that Eya1 and Six1 were 

broadly expressed in otic progenitors in control and Tbx2/3cKO embryos. We observed 

delayed expression of Eya1 and Six1 in the more differentiated, terminal states of the OV 

(Fig. S14, summarized in Fig. 6C–D). This is consistent with continued expression of neural 

markers, Neurog1 and NeuroD1, in the otic progenitor cells, as Eya1-Six1 act upstream 

of proneurosensory markers, Fgf10 and Gata3 to promote neurogenesis (Zou et al., 2006). 

Fgf10 and Gata3 were expressed in otic progenitor cells in Tbx2/3cKO embryos and these 

might act upstream of ectopic expression of Neurog1 and NeuroD1. It was recently shown 

that Tbx2/3 are required upstream of FGF signaling in the OV to restrict neural development 

(Kaiser et al., 2021). In our report, many Fgf genes (e.g. Fgf10 and Fgf18) were expressed 

in the expanded otic progenitor population, consistent with upregulation of FGF signaling 

in the mutant embryos (Supplemental File 6 and 7). This increase in FGF signaling could 

also explain the observed alterations of gene expression and morphogenesis of the OV, 

including Neurog1 and NeuroD1. Sox3 encodes a homeodomain transcription factor and is 

one of the marker genes for otic progenitor cells that is a downstream target of Fgf8 and 

promotes neurogenesis (Evsen et al., 2013; Kaiser et al., 2021). It is possible that Sox3 plays 

an important role in this progression. When taken together, delayed maturation by gene 

dysregulation of otic progenitor cells from loss of Tbx2/3 disrupts morphogenesis of the OV.

4.2 Tbx2 and Tbx3 potential functions in regulating signaling required for 
morphogenesis.

In addition to the FGF signaling discussed above, there are additional signals in the OV 

that may act downstream of Tbx2/3. We have shown that Tbx2/3 are required for the proper 

differentiation of cells as they progress from otic progenitor to prosensory and nonsensory 

cell fates. Both the prosensory and nonsensory cell fates are dependent on the WNT/Sonic 

hedgehog (SHH) signaling gradients (Żak & Daudet, 2021). This was demonstrated by a 

reduction of Dlx5 expression in the dorsal region (Fig. 3K) and loss of Otx2 in the ventral 
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region of the OV in Tbx2/3cKO embryos (Fig. S10D). These two genes have been shown 

to function downstream of WNT and SHH signaling respectively (Rakowiecki et al., 2013; 

Riccomagno et al., 2002b, 2005). Furthermore, some Wnt related genes were dysregulated 

in the scRNA-seq data from Tbx2/3cKO mutant embryos, such as Wnt2b, Wnt4, and Wnt5a. 
Additionally, some SHH related genes were also dysregulated in the Tbx2/3cKO mutant 

embryos such as Gli1, Sufu, and Kif7 (Supplemental File 7). This suggests that Tbx2/3 may 

regulate these signaling pathways during the development of the inner ear. Another signaling 

pathway that is important for specifying the anterior-posterior axis of the inner ear is retinoic 

acid (RA) that has been shown to function upstream Tbx1 (Bok, Raft, Kong, Koo, Dräger, 

et al., 2011) and is required for the restriction of the neurogenic domain of the OV. It is 

possible that Tbx2/3 functions to maintain the RA signal within the OV as some RA genes 

were dysregulated such as Rdh10, Aldh1a2, and Cyp26a1 (Supplemental File 7). Future 

studies will shed light onto the potential functions of Tbx2/3 in these signaling pathways.

4.3 Strengths and limitations of integrating whole mount in situ hybridization and single 
cell analyses

In this report, we gained insights into the shared early functions of Tbx2/3 by performing 

single cell transcriptomics. Unfortunately, this method does not provide spatial insights into 

gene expression changes. We attempted to gain spatial insights and validate gene expression 

changes using wmRNAscope in situ hybridization methods. However, wmRNAscope 

analysis provided spatial but not quantitative insights. Therefore, both techniques have 

strengths and limitations. By scRNA-seq analysis, we identified an expanded otic progenitor 

population of which some cells expressed Neurog1 and NeuroD1, and reduced prosensory 

and nonsensory populations (Fig. 6). The wmRNAscope analysis enabled us to localize 

the otic progenitor population (Fig. 4, summarized in Fig. 6). We found that the anterior 

and posterior prosensory domains were difficult to differentiate from one another in the 

scRNA-seq data, but these were discerned in the wmRNAscope data. Further, we identified 

an ectopic zone of neurogenesis in the posterior OV by wmRNAscope analysis, but by single 

cell RNA-seq analysis, the main differences in the mutant embryos were a relative sparing of 

the neurogenesis domain co-occurring with an increase of expression in the otic progenitor 

population. Understanding the role of otic progenitor cells using techniques in the future, 

such as spatial transcriptomics will provide single cell resolution in spatial context. Further, 

we may gain insights in mechanisms of gene regulation by identifying changes in chromatin 

accessibility on a single cell level in the context of RNA changes.

Conclusions

Overall, we identified a population of otic progenitor cells that are restricted in size by 

Tbx2/3 during morphogenesis of the OV to form the main cell types in the inner ear. These 

otic progenitor cells, expressing marker genes, are largely localized to the ventral domain 

of the OV. Inactivation of Tbx2/3 leads to an accumulation of these otic progenitor cells 

along with disruption of patterning observed by in situ analysis in embryos. This provides 

new insights, at a single cell level, into the normal developmental processes that take place 

to form the inner ear and explains the molecular basis of the phenotypes that occurred in 

Tbx2/3cKO embryos.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Single-cell RNA sequencing reveals otic progenitor cells in otic vesicle (OV)

• Tbx2 and Tbx3 promotes cell fate maturation of the OV

• Tbx2 and Tbx3 double conditional knockout OVs accumulate otic progenitor 

cells
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Fig. 1. Tbx2/3cKO embryos have failed inner ear morphogenesis; Tbx2 and Tbx3 are co-
expressed in the OV.
(A-B) Paint filling and H&E staining (C-D) of E13.5 (N=6) and (E-F) H&E staining of 

E15.5, (N=4) control and Tbx2/3cKO embryos as indicated. (G) Anteroposterior axis (A-P; 

orange line) and dorsoventral axis (D-V; green line) was used for measurements of the 

OV at E10.5. Orientation of the OV with respect to the embryo is shown (A-anterior; 

D-dorsal). There was no significant difference in the mediolateral axis in Tbx2/3cKO 

(N=9 OVs) versus controls (N=6 OVs). (H) Elongation of the A-P axis of the OV in 
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Tbx2/3cKO embryos was observed. No significant difference was found in the D-V axis. 

(I) Measurements of the OV (mediolateral axis, blue line; dorsoventral axis, green line) at 

E10.5. Orientation of the OV is shown (D-dorsal, M-medial). (I-L) Immunofluorescence 

of sections using anti-pH3 (blue) and TUNEL (red) assays of control and Tbx2/3cKO 

embryos at E10.5 (I-J) and at E11.5 (K, L); DAPI in gray, anti-ISL1 in green. (M) Size 

comparison of OVs in Tbx2/3cKO embryos (N=14 OVs) and controls (N=18 OVs) shows 

significant expansion of the anterior-posterior, A-P axis in Tbx2/3cKO embryos (three 

stars; P-value=4.667e-05). Dorsal-ventral (D-V) and medial-lateral (M-L) is indicated. (N) 
Proliferation and apoptosis rates of OV and CVG, marked by anti-ISL1 in controls (N=6 

OVs) and Tbx2/3cKO (N=6 OVs) OVs at E10.5. (K, L) Gross increased apoptosis in the 

cochlear duct was observed in the OVs of Tbx2/3cKO embryos at E11.5 (control N=5 OVs, 

Tbx2/3cKO N=6 OVs). (O) Significant increase in apoptosis was found in the cochlear 

ducts of Tbx2/3cKO embryos as quantified by TUNEL assays (P-value =1.79e-07). No 

significant difference in proliferation was detected in the cochlear duct at E11.5. (P-S’) 
wmRNAscope experiments show the spatiotemporal expression pattern of Tbx2 (magenta) 

and Tbx3 (green) from E8.5 through E10.5. (P, P’ and R, R’) Tbx2 expression was initiated 

at E8.5 in the otic placode and was expressed throughout the OV at E9.5. (Q, Q’ and R, 
R’) Tbx3 expression was initiated at E9.0 and E9.5 in the lateral otic cup (R’, arrowhead). 

(S) Expression of Tbx2/3 is shared in most but not all domains of the OV. Note unique 

expression of Tbx2 was in the ventral (S, arrowhead) and medial domains of the OV, and 

Tbx3 had unique expression in the CVG (S, asterisk). N=4 for each timepoint. Orientation of 

the OV with respect to the embryo is shown (A-anterior; D-dorsal). A-B scale bar: 100μm; 

C-F scale bar: 200μm; I-L scale bar: 200μm; P-S’ scale bar: 100μm.
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Fig. 2. Loss of Tbx2/3 causes accumulation of otic progenitor cells and delayed differentiation.
(A-B) Directed PAGA plots of RNAvelocity and circular projections of fate probabilities 

for prosensory, nonsensory, and neural terminal developmental states. Otic progenitor cells 

that are expanded in Tbx2/3cKO embryos, are indicated (gray in UMAP). (C) UMAP of 

integrated control and Tbx2/3cKO data distribution and clusters. (D) Proportion of clusters 

between control and Tbx2/3cKO embryos. Proportions of clusters per genotype. P-values 

were calculated for each cluster using the two proportion Z test at a confidence interval of 

95%: Clusters 2 to 5 and 7 to 12, had a P-value < 0.00001, Cluster 1, P-value = 0.25848, 
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Cluster 6, P-value =0.03078, Cluster 13, P-value = 0.2246. (E) Markers used to identify 

clusters of the OV. Dlx5 for dorsal nonsensory, Otx1 for ventral nonsensory, Fgf10 and Lfng 
for proneurosensory, Bmp4 for prosensory, and NeuroD1 for neural clusters. The expression 

of Tbx2/3 is also shown.
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Fig. 3. Delayed differentiation of sensory and nonsensory lineages in Tbx2/3cKO OVs.
(A–C) Absorption probabilities representing the progression of each cell to more 

differentiated terminal states for control and Tbx2/3cKO embryos (purple to yellow, low 

to high). (D–F) Miniaturized heat maps of lineage genes that were also identified as 

DEGs between control and Tbx2/3cKO embryos for prosensory, neural and nonsensory 

cells as indicated. Example of representative lineage markers for each terminal state were 

shown in more detail on expression vs developmental latent time, referred to as latent 

time for each cell type. (G-H) Bmp4 (control, N = 7; Tbx2/3cKO, N = 5) expression at 
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E10.5 was ventrally expanded in Tbx2/3cKO embryos (arrowhead, G). Lateral expansion 

of the posterior prosensory expression domain of Bmp4 is indicated (asterisk, G). Bmp4 
was slightly decreased in the prosensory domain (arrowhead, H) and increased in otic 

progenitors (asterisk, H) in the UMAP plots. (I-J) Expression of NeuroD1 (control, N = 

6; Tbx2/3cKO, N = 4) in Tbx2/3cKO OVs was posteriorly expanded (arrowhead, I) and 

expanded in the otic progneitors (arrowhead, J). (K-L) Dlx5 (control, N = 4; Tbx2/3cKO, 

N = 4) expression regressed dorsally; loss of Dlx5 expression in the prosensory domain is 

indicated (arrowhead). Scale bar: 200 μm.
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Fig. 4. Dysregulation of gene expression in otic progenitors in Tbx2/3cKO embryos.
(A) Summary of compiled cell lineage types identified in the integrated scRNA-seq data 

from Fig. 2A–B and Fig. S8A–B. (B) Distribution of cell lineage types in control vs 

Tbx2/3cKO embryos with colors indicated in A. Two proportion Z test at a confidence 

interval of 95% indicated significant difference for the populations of cell types in control 

vs Tbx2/3cKO with a P-value < 0.00001. (C) Fgf18 expression was increased in the OVs in 

Tbx2/3cKO embryos as observed by wmRNAscope (arrowhead). Insert shows three digital 

sections of the whole mount images, from the lateral to medial regions of the OV (L-M, 
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arrow). Expression in the otic progenitors was identified in the UMAP of Tbx2/3cKO OVs 

(arrowhead). (D) Cxcl12 expression was expanded to the posterior OV (wmRNAscope; 

digital images are shown in insert) and in the otic progenitors (UMAP), arrowhead. (E) 
Sox3 expression was increased in the CVG (three digital images are shown), asterisk, and 

in the otic progenitors in the posterior OV (UMAPs) of Tbx2/3cKO mutant embryos. (F) 
Pou3f3 expression is expanded dorsally from its original ventral expression, including in 

the CVG, asterisk, and the otic progenitors, arrowhead. (G) Heat map of co-expression of 

representative marker genes for the otic progenitor, proneurosensory, prosensory, neural and 

nonsensory cell types, indicated by color above the map. Expression levels are indicated in 

the bar on the right with strongest expression in red and weakest in blue.
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Fig. 5. Delayed differentiation of neural cells in ectopic posterior domain of the OV.
(A) Rgs4 (Control, N=4; Tbx2/3cKO, N=4) expression in the CVG in both control 

and Tbx2/3cKO embryos is similar, asterisk indicates delaminated CVG cells in the 

wmRNAscope and UMAP images. In the wmRNAscope image, there was some expression 

posterior to the OV but this is cranial nerve IX (glossopharyngeal nerve). The CVG is 

indicated in the cartoon in orange. (B) Expression of Neurog1 (Control, N=9; Tbx2/3cKO, 

N=10) in the anterior CVG region was similar between control and Tbx2/3cKO, asterisk 

in wmRNAscope, cartoon (orange) and UMAP images. Expression was expanded in the 
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ventral and posterior OV region as visualized by wmRNAscope (arrowhead). Expression 

was detected in the otic progenitor region of the UMAPs, which may correspond to the 

ventral and posterior OV region in the embryo. Cartoon is shown indicating comparable 

position as by wmRNAscope with altered color indicating that these cells are in a different 

developmental state (lime green). (C) NeuroD1 (Control, N=4; Tbx2/3cKO, N=4) and 

Neurog1 (Control, N=4; Tbx2/3cKO, N=4) were expressed only in the anterior ventral OV 

region in control and Tbx2/3cKO embryos at E9.5.
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Fig. 6. Model of inner ear development and Tbx2/3 function in restricting cell fate progression of 
otic progenitors.
(A-B) Cartoon representing normal development of major cell types in the inner ear in 

control and Tbx2/3cKO OVs at E10.5. Colors indicate different cell types and states (muted 

colors of prosensory and neural states in B). Axes are indicated (D, dorsal; P, posterior). 

(C-D) Normal differentiation of the otic progenitors (colored cartoons of cells, nuclei are 

white) into the three terminal states, nonsensory, neural, and sensory. Green arrows indicate 

increased expression in pseudotime, while red arrows indicate decreased expression. There 

was continued expression of otic progenitor genes and loss of cells of terminal fates in 

Tbx2/3cKO OVs as determined by pseudotime analysis. Arrow below cartoon indicates 

relative increase of otic progenitors in mutant embryos. (E-F) Summarized expression vs 

latent time graph representing marker genes (otic progenitor markers, gray; neural markers, 
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orange; prosensory markers, pink; nonsensory markers, blue) of otic progenitors and each 

terminal lineage in control and Tbx2/3cKO OVs.
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