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Time-resolved quantitative proteomic analysis
of the developing Xenopus otic vesicle reveals
putative congenital hearing loss candidates

Aparna B. Baxi,1 Peter Nemes,2 and Sally A. Moody1,3,*

SUMMARY

Over 200 genes are known to underlie human congenital hearing loss (CHL). Although transcriptomic ap-
proaches have identified candidate regulators of otic development, little is known about the abundance of
their protein products. We used a multiplexed quantitative mass spectrometry-based proteomic
approach to determine protein abundances over key stages of Xenopus otic morphogenesis to reveal a
dynamic expression of cytoskeletal, integrin signaling, and extracellular matrix proteins. We correlated
these dynamically expressed proteins to previously published lists of putative downstream targets of
human syndromic hearing loss genes: SIX1 (BOR syndrome), CHD7 (CHARGE syndrome), and SOX10
(Waardenburg syndrome). We identified transforming growth factor beta-induced (Tgfbi), an extracel-
lular integrin-interacting protein, as a putative target of Six1 that is required for normal otic vesicle for-
mation. Our findings demonstrate the application of this Xenopus dataset to understanding the dynamic
regulation of proteins during otic development and to discovery of additional candidates for human CHL.

INTRODUCTION

The vertebrate inner ear is an intricate sensory organ comprising a fluid filled labyrinth containing sensory hair cells that detect sound (hear-

ing), rotation (spatial orientation), and acceleration (balance). Defects in the development of the inner ear commonly lead to congenital hear-

ing loss (CHL), a prevalent birth defect in which about 20–30% of children have inner ear malformations. Although more than 200 genes are

already implicated as causative for CHL, it is estimated that hundreds more remain to be identified.1 Recent studies in mammals, have pri-

marily focused on the development of inner ear sensory patches and hair cell differentiation because these structures are essential for audi-

tion.2–7 However, advancing our understanding of the molecular programs that orchestrate earlier aspects of inner ear development, such as

otic morphogenesis and patterning, is likely to reveal additional candidates that underlie unexplained causes of human CHL.

An important step toward understanding how the inner ear develops is to evaluate how its transcriptome and proteome change over time

as it develops from a fluid-filled otic vesicle (OV) into a complex, three-dimensional, labyrinth housing both vestibular and auditory sensory

organs. Early studies cataloged a number of protein-coding genes expressed in different regions of the fetal and adult inner ear, many of

which caused an otic defect when mutated.8–10 These studies assisted in identifying genes that are essential for inner ear function but lack

information on their dynamic expression during otic development. More recent transcriptomic analyses of purified inner ear cell types pro-

vided important insights into inner ear and hair cell developmental processes,2,6,11,12 but similar reports during early otic morphogenesis are

not yet available. In addition, although transcriptomic studies provide a sensitive measure of gene expression, proteomic analyses represent

gene product maturation and a measure of functioning pathways at a given time. Since there are several examples in developing systems in

which mRNA and protein levels do not correlate,13,14 we chose to directly measure protein abundance levels over developmental time to

provide information regarding the molecular dynamics involved in the early steps of otic morphogenesis.

To accomplish this, we performed a time-resolved quantitative proteomic analysis for five stages of otic development of Xenopus: from a

simple, larval OV to a complex tadpole inner ear that contains both vestibular and auditory domains, semicircular canals, and differentiated

hair cells. Xenopuswas chosen as an excellent model in which to conduct this analysis because, as a tetrapod, its inner ear elements are highly

homologous to human, its genome and proteome are well defined, and its transparency at the stages chosen allows a simple, non-protease–

based dissection of the OV. We report the dynamic expression and enrichment of extracellular matrix (ECM) and cytoskeletal proteins as the

OV undergoes morphogenetic patterning to form a complex labyrinth.

To identify potential candidates for human CHL, our comprehensive Xenopus protein dataset was mined for putative downstream targets

of causative genes for branchiootorenal (BOR), CHARGE, andWaardenburg syndrome, leveraging publicly available differential datasets.We

show that one such candidate, transforming growth factor beta-induced (Tgfbi), is: an ECM integrin-interacting protein whose expression is
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upregulated over the course of otic morphogenesis; a putative downstream target of the BOR gene Six1; and is required for normal OV gene

expression and size. These results demonstrate the application of our Xenopus dataset to understanding the dynamic expression of proteins

during otic morphogenesis and to the discovery of additional candidates for understanding the causes of human CHL.

RESULTS

Time-resolved high-resolution mass spectrometry based proteomic analysis over the course of early otic morphogenesis

To assess proteome dynamics during the course of Xenopus otic morphogenesis, we manually dissected the entire OV, including its internal

fluid, from the surrounding head mesoderm with sharpened forceps. Because larvae and tadpoles are nearly transparent and the OVs are

encapsulated in a reflective ECM, no protease treatment was necessary to manually dissect OVs cleanly from the surrounding tissue. We

collected samples from 5 distinct stages of otic morphogenesis and hair cell differentiation: (1) simple, fluid-filled OVs with a nascent endo-

lymphatic duct starting to emerge (stage 3415); (2) polarized OVs with distinguishable pars superior (vestibular) and pars inferior (auditory)

(stage 40); (3) OVs containing pouches in the pars superior that presage the horizontal, anterior, and posterior semicircular canals (stage

42); (4) OVs in which the protrusions that will form the horizontal canal grow further inward and stereocilia bundles on hair cells are very distinct

(�5 mm in length) (stage 45); and (5) OVs in which the axial protrusions are fused to form the horizontal, anterior, and posterior semicircular

canals and the sensory patches in the sacculus, utricle, semicircular canals, and auditory lagena are recognizable and stereocilia bundles are

established (stage 47)16,17 (Figure 1). These stages were chosen because they include the simplest structure displaying onset of tubular duct

growth (st 34), the initial polarization and compartmentalization of the OV into distinct functional regions and the appearance of otoliths (st

40), the onset of semicircular canal formation (st 42), the onset of sensory hair cell formation (st 45) and the completion of semicircular canal

formation, sensory patch formation and hair cell differentiation (st 47). Five biological replicates from these 5 distinct stages were subjected to

high-resolution mass spectrometry (HRMS) based proteomic analysis.

Overall, combining the results from all 5 stages of otic development, about 6,000 proteins were identified. To assess the depth of

coverage, we compared our Xenopus dataset to previously published transcriptomic data from Xenopus inner ears as well as proteomic

data from dissected postnatal mouse inner ear tissues.4,18 From our dataset of �6000 proteins, 178 proteins were previously shown to be

present in inner ear tissues (n = 164) and hair cells (n = 14) (Figure 2A), including proteins that play important roles in proper functioning

of the inner ear such as alpha-tectorin (Tecta), a protein present in the tectorial membrane that connects the stereocilia bundles of hair cells

Figure 1. Workflow for time-resolved proteome analysis of otic morphogenesis

Xenopus larvae and tadpoles from stages 34–47 were selected for otic proteome analysis. These stages were chosen because they include the simplest structure

displaying onset of tubular duct growth (st 34), the initial polarization and compartmentalization of the OV into distinct functional regions and the appearance of

otoliths (st 40), the onset of semicircular canal formation (st 42/43), the onset of sensory hair cell formation (st 45) and the completion of semicircular canal

formation, sensory patch formation and hair cell differentiation (st 47). Insets show stage associated optical coherence tomography-based images of the otic

vesicle. Otolith (o), pouch and protrusions for the horizontal canal (h), anterior canal (a), sacculus (s). Bar indicates 100 mm. Otic vesicles were dissected and

processed using a bottom-up proteomic workflow. Peptides were tagged with isobaric mass tags to quantify relative changes in protein abundances during

the course of otic morphogenesis. Tagged peptides were fractionated offline using RP spin columns at a high pH and then analyzed by LC-HRMS.

Quantification of select proteins was verified using targeted (PRM) HRMS.
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(Table S1). We also compared our Xenopus dataset to known human deafness genes reported onOMIM andmatched >70 proteins to genes

that are associated with syndromic CHL such as SIX1 (associated with BOR syndrome, OMIM entry 601205) and CHD7 (associated with

CHARGE syndrome, OMIM entry 608892). The identification of a large number of proteins known to have functional roles in inner ear and

hair cell development, as well as proteins that are associated with human CHL syndromes indicates that the depth of coverage in our analysis

is sufficient to gain meaningful insights from our temporal dataset into pathways that regulate otic morphogenesis.

Identified proteins were annotated for function using the PantherDB gene list analysis, which showed an over-representation (>5-fold

enrichment) of biological processes relating to mRNA splicing, processing, translation and protein transport to the membrane across all

stages (Figure 2B). This indicated active transcription, mRNA processing, and protein expression during otic morphogenesis, as would be

expected for a tissue undergoing dramatic growth and differentiation. Pathway enrichment analysis indicated a significant over-representa-

tion (>5-fold enrichment) of important metabolic and signaling pathways (Figure 2C), including proteins related to: (1) energy metabolism

such as glycolysis and the TCA cycle; (2) ubiquitin proteasome and proteasome assembly proteins that play key roles during mouse hair

cell development19–21; (3) Wnt and FGF pathways that are essential for proper patterning of the OV19,22; (4) integrin signaling proteins;

and (5) cytoskeleton regulation pathways, many of which are important for the specialized differentiation of cell types in the inner ear.23

The otic proteome is remodeled over developmental time

To assess the dynamics of protein expression across the 5 distinct stages of otic morphogenesis and hair cell differentiation, we performed a

hierarchal cluster analysis (with Kmeans clustering, k = 10), and generated 10 clusters that represented distinct protein abundance patterns as

otic development temporally progressed (Figure 3). Cluster 10 primarily represented yolk proteins that decrease in abundance from stage 34

to stage 47; the representative results for two yolk protein (vitellogenin) fragments, Vtga2 and Vtgb1, are shown in Figure 3B. In Xenopus,

intracellular yolk proteins are depleted as an energy source supporting embryonic metabolism until tadpoles begin to feed (after stage

45). Therefore, the expected decrease in the abundance of yolk proteins represented in our dataset confirmed the quantitative accuracy

of our time-resolved analysis.

Cluster 2 also represented proteins that decrease in abundance between stages 34 and 47. Theywere stable or showed amodest decrease

in abundance (�1.5-fold) between stages 34 and 43 and a larger decrease (>3-fold) by stage 47. The proteins in Cluster 2 were over-repre-

sented in glycolysis and pyruvatemetabolism. Experiments using human embryonic stem cells have demonstrated that dynamic regulation of

glycolytic metabolism is critical for neural differentiation.24,25 These experiments primarily indicate a modification of the glycolytic pathway

such that pyruvate is shunted away frommitochondrial respiration in favor of lactate synthesis even in the presence of free oxygen. In addition,

aerobic glycolysis and lactate synthesis have been shown to promote neurosensory development in the OV via activation of FGF signaling.26

For example, phosphoglycerate kinase 1 (Pgk1) is co-expressed with FGF ligands in themouseOV and promotes FGF signaling by promoting

synthesis and secretion of lactate.26 Lactate in turn activates MAPK and basal levels of Etv5b, an important effector of FGF signaling, and pro-

motes cell responsiveness to dynamic FGF signaling during otic development. It is interesting in our dataset that Pgk1 abundance increased

between stages 34 and 40 and decreased at later stages, suggesting an important developmental window for FGF signaling. An enrichment

Figure 2. Characterization of the global proteome

(A) Approximately 6,000 proteins were identified from otic tissues across all analyzed developmental stages and the five biological replicates. Proteins correlated

with publicly available proteomic and transcriptomic datasets from inner ear tissues. A number of proteins previously reported in inner ear tissues (red) and hair

cells (blue) were included in our dataset. Additional proteins correlated with deafness genes reported on OMIM (green).

(B) Over-representation analysis (PantherDB) for biological processes demonstrating a fold enrichment >5 indicated an enrichment of processes such as mRNA

processing and splicing in the otic proteome.

(C) Over-representation analysis (PantherDB) for pathways demonstrated an enrichment in pathways such as Integrin, Wnt, and FGF signaling.
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of glycolysis and pyruvatemetabolism proteins in earlier stages (34–40, 40–42) over the course of otic development could indicate ametabolic

switch from aerobic respiration (TCA cycle) to lactate synthesis and metabolism as the inner ear develops.

Clusters 4–6 represent proteins that were stably expressed across all stages of otic development with a <1.5-fold change in abundance

between stages 34 and 47. These proteins included ribosomal proteins and other proteins such as Sod1 and Prdx2 that are associated

with regulating cellular oxidative state. Housekeeping proteins such as Gapdh were also represented in these Clusters.

Clusters 3 and 8 represented proteins that became enriched at intermediate stages (stage 40, 42, 43, 45), when OV wall protrusions form

and grow centrally, and decreased by stage 47 when the protrusions have fused and all compartments of the inner ear fully form.16 Proteins

involved in mRNA processing and translation increased during these intermediate stages of otic morphogenesis. For example, mRNA

splicing proteins such as Prpf3 and Snrpa were more abundant at stages 42 and 45 relative to stage 34. Translation initiation and elongation

factors (e.g., Eif5a, Eif3b, Etf1, Eef2), ribosomal proteins (e.g., Rps20, Rplp1, Rplp2, Rpl7, Rpl9), as well as tRNA ligases (e.g., Sars2, Iars2, Farsb)

showed a similar dynamic pattern. These data suggest upregulation in translational activity as development progresses from stage 34–45

during which the size of the otic tissue dramatically increases, OV wall protrusions form and grow centrally, and sensory patches form.

Clusters 1 and 9 represent proteins that increased in abundance by later stages of otic development with a >3-fold increase in abundance

in the inner ear (stages 45 and 47) compared to stage 34. Proteins grouped in Cluster 1 showed a 5-fold increase in abundance at stage 47

compared to stage 34 and included proteins that regulate the cytoskeleton, Wnt signaling, integrin signaling, chemokine signaling, actin

binding, calcium binding, and contribute to the ECM. Cluster 1 included actin proteins (Acta1, Actb) and actin-binding proteins. b-actin is

important for stereocilia maintenance and mutations in human b-actin are associated with deafness.27–29 Our quantitative analysis also re-

vealed that skeletal and cardiac myosin proteins (Myh1, Myh6) increase during hair cell differentiation and stereocilia growth from stage

34 to stage 47 otic tissues. These dynamic changes are expected since these cytoskeletal proteins are involved in tissue growth as well as

inner ear cell type differentiation.

Cluster 1 also included proteins regulated byWnt signaling (e.g., Acta1, Actb, Myh3). An increase in abundance over developmental time

is consistent with the observations that canonicalWnt signaling is required for the fusion of the protrusions from theOVwall to form the semi-

circular canals,30 regulates proliferation in the prosensory domain and maintains hair cell numbers.31 In addition, cytoskeletal remodeling

through the Wnt-PCP pathway is required for proper orientation of hair cell bundles in the mouse cochlea.32 However, in our dataset the

Figure 3. Temporal proteome dynamics during otic development

(A) Hierarchical clustering analysis supplemented by k-means clustering, cluster numbers indicated in adjoining black bars. Overrepresented GO categories for

dynamic clusters for protein class (blue) and pathway (yellow) are shown.

(B) Relative quantification of yolk protein fragments Vtga2 and Vtgb1 over developmental stages when maternal yolk proteins are metabolized. *, p < 0.05

(ANOVA). See also Table S1.

ll
OPEN ACCESS

4 iScience 26, 107665, September 15, 2023

iScience
Article



abundance of b-catenin was similar across all stages of otic development, the secreted frizzled related protein 1 (Sfrp1), an antagonistic in-

hibitor of Wnt signaling, was highest during intermediate stages (stages 40–45), and Wnt ligands were not detected.

Cluster 9 (�4-fold increase at stages 45 and 47 compared to stage 34) also included integrin signaling and ECM proteins (Figure 3A).

Notable amongst the ECM proteins are: (1) a number of collagens (Col2a1, Col3a1, Col9a2, Col9a3, Col11a1, Col11a2, Col12a) that were

significantly more abundant at stages 45 and 47 compared to stage 34, some of which are associated with CHL syndromes and (2) proteins

found in cochlear sensory epithelia (Aggrecan (Acan), hyaluronan and proteoglycan link proteins 1 (Hapln1)), that were significantly more

abundant at stage 47 (Figure 3A).

STRING analysis of ECM and integrin-interacting proteins present within Cluster 1 and Cluster 9 suggest a functional interaction network

with enrichment of biological processes associated with ECM organization (e.g., Tgfbi, Lum, Col1a2), anatomical structure formation (e.g.,

Acan, Hapln1, Fbn2, Pxn), as well as sensory organ morphogenesis (e.g., Fbn2, Mapk1, Map2) (Figure 4). These results would be expected

for a tissue undergoing significant morphological changes in which ECM proteins function as adhesive substrates to guide cell migration,

control the spatial distribution of growth factors and cytokines and define tissue boundaries.33 Therefore, it is likely that ECM proteins

have important roles in regulating the functional compartmentalization of the OV, the rapid growth of its wall protrusions that contribute

to the complex labyrinthine morphology, and formation of sensory patches during stage 45 and 47.

CHL candidate genes are dynamically expressed

The genetic etiologies of many human syndromes that include hearing loss are not fully understood. To identify genes that might cause of

CHL, we correlated the set of dynamically expressed proteins (DEPs = 206 (144 unique proteins)) in our Xenopus dataset to genes that are

putative binding partners, downstream targets, effectors, and/or regulators of other genes that are known to be causative for three human

CHL syndromes: BOR (SIX1), CHARGE (CHD7), andWaardenburg (SOX10) (Figure 5A; Table S2). To identify Six1-related genes, we manually

curated lists of putative downstream targets of Six1 previously identified in the preplacodal ectoderm34,35 and the cochlear sensory epithe-

lium.36 To identify Chd7-related genes, we compiled a list of proteins that are putatively regulated by CHD7 via epigenetic regulation of their

Figure 4. Integrin and ECM protein interaction networks

STRING analysis and pathway enrichment analysis using the Xenopus interaction database show enrichment of processes related to ECM organization (yellow),

anatomical structure development (pink), and sensory organ development (green). Interactions among proteins are reported with medium to highest confidence

represented by thickness of lines.
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enhancers in granule cell precursors and cerebellarmorphogenesis.37 To identify genes related toWaardenburg syndrome, we comparedour

list of DEPs to putative downstream targets of two genes SOX10 and MITF in human iPSC derived neural crest cells and human melanoma

cells.38,39 The majority of Six1-related genes (86%) did not overlap with Chd7-related or Sox10-related genes. There were �550 genes that

overlapped between Six1- and Chd7-related genes, 22 genes that overlapped between Six1- and Sox10-related genes, and 7 genes that

overlapped between Chd7- and Sox10-related genes. Our DEP dataset overlapped with 70 Six1-related, 7 Chd7-related and one Sox10-

related proteins, indicating that the DEP dataset highly represents Six1-related genes.

Mutations in SIX1 is one genetic cause of BOR, which is an autosomal dominant syndrome characterized by defects in the development

of hyoid tissues, external, middle, and inner ear, and kidney.40 We found that of 7366 putative downstream targets of Six1, 70 overlapped

with our DEP set (Figure 5A). These included ECM proteins such as Acan and Hapln1, which have been shown to be necessary for mouse

otic and hair cell development.41 We then compared this list of 70 DEPs that overlap with Six1 to currently known human hearing loss

genes to identify potential candidate genes that may be useful in identifying unexplained cases of BOR. This correlation indicated

ECM proteins such as Fbn2, Lum, Mfap2 and Tgfbi, which have not yet been studied in the context of otic development and hearing

loss, as potential BOR candidates (Figure 5B). This analysis also identified cytoskeletal proteins known to be hearing loss genes (Acta1,

Actb) as Six1 targets in the DEP dataset, and Dynll1, Ldb3, Myoz1, Tpm1 and Tmp2 as potential BOR candidates (Figure 5C). Other pu-

tative BOR candidates were identified as proteins involved in calcium binding, e.g., Anxa4 that is expressed in auditory and vestibular hair

cells42 (Figure 5D).

CHARGE syndrome is primarily caused bymutations inCHD7, which encodes an ATP-dependent chromatin remodeling protein. This is an

autosomal dominant syndrome inwhich patients present with complex phenotypes, including coloboma, heart defects, choanal atresia, retar-

dation in growth and development in addition to inner ear defects resulting in hearing loss and vestibular dysfunction. Of the 870 Chd7-

related genes, only 7 overlapped with our DEP dataset, including ECM proteins (Col9a3, Tnc) that are associated with hearing loss in humans

(Figure 5B). This list also included Ldha, which plays a role in lactate metabolism and also is a putative downstream target of Six1 (Figure 5E).

There was no overlap between Chd7-related genes and our DEP dataset in the cytoskeletal or calcium binding categories (Figures 5C

and 5D).

Waardenburg syndrome is caused by mutations in SOX10 andMITF, resulting in abnormalities in neural crest cell proliferation, migration,

and differentiation.43 It is characterized by neurosensory hearing loss and pigmentation abnormalities, often presented in hair, eyes, skin, and

the neural crest derivedmelanocytes of the cochlear stria vascularis. Comparison of our DEP dataset to putative downstream targets of Sox10

or MITF revealed only two overlapping proteins: Col11a1, an ECMprotein that is a putative downstream target of Sox10 in human iPSCs (Fig-

ure 5B),39 and Apoe, an apolipoprotein that is a putative downstream target of MITF in human melanoma cells.38 No targets of Sox10 or Mitf

overlapped with our DEP dataset in the other categories (Figures 5C–5E).

Figure 5. Dynamically expressed proteins overlap with putative downstream targets of CHL genes

(A–E) (A) Venn diagrams show overlap between dynamically expressed proteins (DEPs) and BOR (Six1), CHARGE (Chd7) and Waardenburg (Sox10) associated

genes (B–E) Dynamically regulated ECM (B), cytoskeletal (C), calcium binding (D), and glucose metabolism (E) proteins that are putative downstream targets of

CHL genes. Filled pink boxes are based on human data whereas the hatched pink boxes are based onmouse knockout data. Yellow boxes indicate genes in these

categories found in the datasets analyzed in A. See also Table S2.
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Transforming growth factor beta-induced (Tgfbi) is an ECM protein required for normal otic development

The correlation of upregulated ECM proteins with putative downstream targets of Six1 indicated four potential BOR candidates that are not

well characterized in the context of inner ear development or function: Fbn2, Lum,Mfap2, and Tgfbi (Figure 5C).We chose to further analyze the

expression of Tgfbi because several observations suggested a link to hearing loss. First, ChIP-sequencing experiments in mouse OVs showed

that Six1 bound in close proximity to Tgfbi.36 Second, we find that at the transcript level Tgfbi is significantly reduced in OVs dissected from

E10.5 Six1-null mice compared to OVs dissected from wild type littermates (Figure 6A). Together these findings indicate that Tgfbi is likely a

direct target of Six1 in the developing inner ear. Third, tgfbimRNA is expressed in theXenopus larval OV44 (confirmed by us, Figure 6B). Fourth,

Tgfbi is secreted into the perilymph of the human inner ear.45 Therefore, we characterized Tgfbi protein abundance over the course ofXenopus

otic morphogenesis and determined whether it is required for normal OV development. Tgfbi is a secreted protein containing four fasciclin 1

(FAS1) domains and anRGDmotif that facilitates cell adhesion andmigration via interactionswith integrins (e.g.,avb3 andavb5)46,47 (Figure 6C).

Figure 6. Characterization of Tgfbi expression

(A) Tgfbi is a putative downstream target of Six1. RNA-seq of E10.5 mouseOVs from Six1+/+ and Six1�/� embryos was done to evaluate gene expression changes

in the absence of Six1. Expression of Tgfbi significantly decreased in Six1-null OVs compared to wild type (WT) OVs of littermates (*, p < 0.05).

(B) Expression pattern of Tgfbi as assessed by in situ hybridization at stage 32 (lateral view). Bar indicates 200 mm. Inset shows Tgfbi expression in otic vesicle. Bar

indicates 100 mm.

(C) Xenopus laevis Tgfbi contains one EMI domain, four FAS1 domains and the RGDmotif. (source Uniprot). Domain visualization generated using DOG (version

2).48 Numbers indicate amino acid residues.

(D) Label based (TMT) abundance for Tgfbi, Gapdh, and Pa2g4 between stage 34 and 47 otic vesicles (paired Student’s t test for unequal variance, *, p < 0.05).

(E) Summed and normalized peak intensities for Tgfbi, Gapdh, and Pa2g4 between stage 34 and 47 otic vesicles (paired Student’s t test for unequal variance, *,

p < 0.05). n.s., not significant.
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Relative quantification basedmass spectrometrymeasurements showed that Tgfbi protein increases in abundance between stages 34 and

47 (Figures 3 and 6D). This was confirmed by using parallel reaction monitoring mass spectrometry (PRM-MS/MS) wherein proteotypic pep-

tides of proteins are assayed using a targeted approach and peptide quantity is assessed based on area under the curve of extracted ion

chromatograms. Two independent peptides of Tgfbi from OVs dissected from stage 34 and stage 47 were assayed alongside peptides

from the reference gene Gapdh. This approach also showed that Tgfbi increased in abundance between stages 34 and 47 OVs

(Figures 6D and 6E). With both proteomic assays, the housekeeping protein Gapdh and Pa2g4, a Six1 co-factor expressed in the otic placode

and OV,49 showed similar abundances at both stages (Figures 6D and 6E).

To determine whether Tgfbi is required during the early stages of Xenopus OV development, we knocked-down (KD) the levels of

endogenous Tgfbi protein in neural crest and preplacodal ectoderm by microinjecting two different translation-blocking antisense morpho-

lino oligonucleotides (MOs) into their precursor blastomeres (Figure 7A). The MOs were designed to target the 50 UTR and the ATG trans-

lational start site of tgfbi mRNA encoded at loci on both the long (.L) and short (.S) Xenopus laevis chromosomes (Figure 7A). MOs were

Figure 7. Loss-of-function experiments for tgfbi in the context of otic development

(A) Xenopus 16-cell blastomeres that are fated to primarily contribute to neural crest (NC) and pre-placodal ectoderm (PPE) are labeled in green, and were

microinjected with antisense morpholino oligonucleotides (MO) with or without mRNA encoding human TGFBI to which the MOs do not bind. Left (L) and

right (R) sides of embryo. Uninjected half of the embryo was used as control for phenotype assessment. In the right panel, sequences of the two alleles of

Xenopus laevis tgfbi on the long (.L) and short (.S) chromosomes and human TGFBI are aligned. Red and blue regions indicate sites for MO binding, blue

arrow marks the translation start site (ATG). hTGFBI 50 sequence cannot bind the MOs and therefore could be used to rescue the effects of the MOs.

(B and C) Targeted MS analysis shows Tgfbi protein is not detected in OVs dissected from the MO injected sides of stage 34 larvae. Abundance of the reference

protein Gapdh does not change significantly following Tgfbi KD (paired Student’s t test, p > 0.05) (C) MO injected embryos cultured to stage 32 and processed by

ISH for dlx5 and pax2. While OV gene expression was normal on the control side (black arrow), it was greatly reduced on theMO-injected side (red arrow) of same

larva in a large percentage of the cases (n = 63 larvae for dlx5, n = 39 larvae for pax2). Embryos injected with Tgfbi MOs plus the MO-insensitive human TGFBI

mRNA showed a significantly reduced percentage of reduced dlx5 expression (p < 0.05, Chi-Squared test), demonstrating rescue of the morphant phenotype.

MO: morpholino injection; MO Rescue: MOs + hTGFBI mRNA injection. Bar indicates 200 mm.

(D) Larvae were vibratome sectioned to measure OV and luminal volumes. In the image shown, dlx5 expression was reduced in the OV on the MO injected side

(red arrow) compared to the control side (black arrow). hb, hindbrain.

(E) Otic and luminal volumes ofMO injected sides represented as percent change in otic volume compared to control (uninjected) sides of the same larvae (paired

Wilcoxon signed rank test, *, p < 0.05, Data are represented as mean G SEM).
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injected on one side of the embryo so that the uninjected side of the same embryo served as an internal control. KD of Tgfbi was confirmed

using PRM-MS/MS: Tgfbi peptides were not detected inOVs dissected from theMO injected sides compared to the control sides of the same

embryos, indicating the efficacy of the MOs, whereas there were no significant effects on the expression of Gapdh or Pa2g4, indicating the

specificity of the MOs (Figure 7B). Next, we assessed the expression of two genes that are known to be expressed in larval OVs (dlx5, pax2) in

Tgfbimorphants. Dlx5 plays a major role in specification of the endolymphatic duct and vestibular structures during otic development50 and

pax2 deletion results in multiple inner ear defects.51–53 The OV expression domain of dlx5 was reduced in 68% (n = 62) of larvae (Figure 7C);

this phenotype was reduced to 15% (n = 38), i.e., was rescued, by co-injecting mRNA encoding human TGFBI to which the MOs cannot bind

(Figures 7A and 7C), further indicating that the MOs are specific to tgfbi. The OV expression domain of pax2 also was reduced by KD of Tgfbi

(40%; n = 39; Figure 7C). To determine whether the phenotype was caused simply by gene expression changes or might include effects on

morphogenesis, a subset of larvae stained for dlx5 expression was serial sectioned (n = 10). In addition to a smaller dlx5 expression domain

(Figure 7D), the overall volume of the OV and the volume of the OV lumen were significantly decreased compared to paired control OVs

(Figure 7E). These experiments demonstrate that Tgfbi is required for early stages of OV gene expression and initial morphogenesis.

DISCUSSION

CHL is a common birth defect worldwide with an estimated incidence of six cases per 1,000 live births.54 Of these, �30% are syndromic,

i.e., are accompanied by additional clinical features such as craniofacial and renal anomalies.55,56 Because the genetic etiology of many

CHL cases is not yet known, efforts to fully delineate the molecular programs that regulate otic morphogenesis are likely to identify addi-

tional CHL candidate genes. Although there has been significant progress in elucidating the transcriptome and proteome of the inner ear

hair cells, because CHL often also involves structural defects in inner ears, we focused on early stages of otic development that entail key

transitions in morphogenesis as well as the initial formation of the sensory patches and hair cells. Herein, we characterized proteome

remodeling using a time-resolved quantitative proteomic analysis across five distinct stages of Xenopus otic morphogenesis and hair

cell differentiation.

The otic proteome is remodeled over developmental time

Using our time-resolved quantitative Xenopus proteomic data, we mapped the dynamic expression of proteins across five critical stages of

otic morphogenesis and hair cell differentiation. To further categorize our data, we used a k-means clustering approach that segregated the

temporal data in the top ten primary patterns of protein expression across these stages. Gene ontology analysis of each cluster further helped

classify the types of proteins that primarily increased, decreased, or remained stable over the five stages.We found that ECMand cytoskeletal

proteins increased from stage 34 to stage 47 during which time the size of the OV increases and auditory and vestibular compartments of the

inner ear are formed. While many ECM and cytoskeletal genes have already been linked to CHL, our data show that there is a rich complexity

yet to be explored.

Mutations in collagen proteins are associated with several hearing loss syndromes. For example, mutations in COL2A1, COL9A1, and

COL9A2 have been reported to contribute to hearing loss in Stickler’s syndrome.57 Many regions of the cochlea, such as the spiral

limbus, basilar membrane, spiral ligament, and the stria vascularis, are enriched in ECM, and basket shaped ECM complexes surround

the base of hair cells.41 Functional loss of these proteins disrupts ECM baskets and impairs the spatial coupling for pre- and postsynaptic

elements leading to hearing impairment in mouse.41 It is well documented that collagens are essential for the integrity of ion transport

systems in the spiral ligament. ECM proteins also increase during hair cell differentiation from human iPSCs.58 Our Xenopus data reveal a

number of collagens and other ECM proteins that dynamically increase during the course of otic development, specifically at stages 45

and 47 with a >4-fold increase in abundance as compared to stage 34. These included ECM proteins such as Lum, Mfap2, and Hapln1

among others that are putative downstream targets of human CHL genes. It is therefore likely that there are additional ECM proteins that

are not yet fully understood in the context of inner ear development but play important roles in otic development and thereby are CHL

candidates.

As the OV undergoes morphogenesis, it is expected that proteins that play a role in cytoskeletal regulation are likely to be enriched. In

inner ear hair cells, b- and g-actins are important components of stereocilia and are necessary for hearing.28 Myosin proteins, actin-activated

ATPases that move along actin filaments by hydrolyzing ATP, also are required for stereocilia development. Mutations in actin and myosin

proteins are known to underlie human hearing loss. For instance, dominant mutations in ACTB are reported in Baraitser-Winter syndrome,

patients of which are characterized by facial dysmorphologies, brain malformations and variable hearing loss.59 Our Xenopus data demon-

strate a dynamic increase in the abundance of actin proteins such as Acta1, Actb, and Actn4 in otic tissues at stage 45 when protrusions of the

semicircular canals grow centrally and at stage 47 when the protrusions have fused, and the inner ear compartments are fully formed. Proteins

such as Actn1 and Actn2, on the other hand, show stable expression across the studied stages. Cytoskeletal proteins such as tropomyosins

also are dynamically regulated during otic development and are putative downstream targets of Six1. These results motivate future studies of

the cytoskeletal proteins we identified in the context of otic morphogenesis and hearing loss.

Syndromic hearing loss candidate genes are dynamically expressed

To place our Xenopus dataset in the context of human CHL and highlight potential candidate genes, we compared our dataset to putative

downstream targets of known CHL genes. We focused on known CHL genes that have been previously studied to reveal their putative
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downstream targets or gene regulatory networks including SIX1, CHD7 and SOX10. We noted that many putative human CHL related genes

that were also dynamically represented in our Xenopus dataset included proteins that have cytoskeletal and ECM function, as well as calcium

binding and glucose metabolism functions. Each of these protein classes have been shown to play a role in normal development and func-

tioning of the inner ear and are therefore meaningful candidates for CHL.

Tgfbi is a secreted ECM protein required for normal otic development

Our analyses revealed Tgfbi to be dynamically regulated during early otic morphogenesis and that it was necessary for appropriate OV

gene expression and size. Tgfbi is a secreted ECM protein that has FAS1 domains that interact with different integrin proteins. For

instance, FAS1 and RGD domains of this protein mediate strong binding to avb3 integrin and inhibit tumor growth and angiogenesis

in mice.47 It is of interest as a putative CHL gene because it is expressed in the OV, the organ of Corti and neurons of the spiral gan-

glion,44,45 and its expression is regulated by Six1 in the preplacodal ectoderm and the inner ear.34,36 TGFBI appears to be dysregulated

in the perilymph from patients with vertigo.45 In other tissues, Tgfbi participates in branching morphogenesis,60–63 regulates microtubule

functions via FAK and Rho-dependent integrin signaling,64 and plays a role in somite and craniofacial cartilage development through the

regulation of canonical Wnt signaling.44 Our results uniquely demonstrate a requirement for Tgfbi for normal OV gene expression and size.

Although the precise cellular mechanism by which this protein affects these early processes requires further investigation, the established

role of Tgfbi in structural morphogenesis and its presence in neurosensory components of the inner ear mark this protein as an important

putative candidate for CHL. This discovery highlights the usefulness of applying a time-resolved quantitative proteomic approach to char-

acterize proteomic dynamics during early stages of otic morphogenesis. Curating proteins that are dynamically regulated during the

course of Xenopus otic morphogenesis and are putatively regulated by other CHL genes can provide a list of potential candidates of hu-

man hearing loss.

Limitations of the study

It will be very important to test whether the many proteins revealed by the temporal proteomic analysis to be dynamically expressed play a

role in otic development. Because we analyzed whole OVs, it will be important to discern whether these proteins have distinct spatial expres-

sion patterns. Although the developing frog inner ear is morphologically and functionally very similar to that of mammals, it will be important

to confirm the reported dataset from a mammalian species to demonstrate which are conserved and which are unique. The interactions pre-

dicted by String analysis will need to be biochemically confirmed. The Six1 targets predicted by comparing our differentially expressed pro-

teins to those implicated in CHL datasets should be analyzed for mutations in BOR patient samples that test negative for SIX1 and EYA1 var-

iants. This analysis may reveal new causative genes. The developmental function of Tgfbi during otic morphogenesis needs to be elucidated

in detail at the cellular and molecular levels.
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Antibodies

Anti-Digoxigenin-AP, Fab fragments Millipore Sigma Cat#11093274910

Chemicals, peptides, and recombinant proteins

Human Chorionic gonadotropin Sigma Cat#CG10

C18 EASY-Spray HPLC column Thermo Cat#03-052-574

TPCK-modified trypsin Thermo Cat#20233

Pierce BCA Protein Assay kit Thermo Cat#23227

Pierce Quantitative Colorimetric Peptide

Assay kit

Thermo Cat#PI23275

Pierce High pH reverse phase peptide

fractionation kit

Thermo Cat#84868

Deposited data

RNAseq data NCBI Submission ID: SUB13273105; BioProject

ID: PRJNA967984

Mass spectrometry proteomics data ProteomeXchange Consortium via the PRIDE

partner repository

PXD041991; https://doi.org/10.6019/

PXD041991

Experimental models: Organisms/strains

129/S6 Six1-deleted mouse line Dr. Kiyooshi Kawakami, Jichi Medical School Ozaki et al., 200465

Xenopus laevis, wild type Nasco Education, Ft. Atkinson, WI, USA No longer available

Oligonucleotides

50 AATTCATTTTTGGAGCTGTACTAAG 30 Gene-tools custom

50 TCACAGCAGCTAAGAGAGAAAGCCA 30 Gene-tools custom

Recombinant DNA

Xenopus laevis dlx5 cDNA Dr. Thomas Sargent, NIH-NICHD Luo et al., 200166

Xenopus laevis pax2 cDNA Dr. Andre Brandli, Ludwig-Maximilians Univ

Munchen

Heller and Brandli 199767

Human TGFBI Origene Cat#RC200411

Software and algorithms

Skyline SCIEX https://sciex.com/products/software/

skyline-software

Proteome Discovery V2.1 ThermoFisher Scientific Cat#OPTON-31103 for v3.0

ComplexHeatmap package, 4.2 In R

PantherDB Panther Classification System https://pantherdb.org/

OriginPro OriginLab https://www.originlab.com/

STAR Aligner v2.5.2b https://www.encodeproject.org/software/

star/

http://code.google.com/p/rna-star/

featureCounts, subread package v.1.5.2 Bioconductor Rsubread https://subread.sourceforge.net/

featureCounts.html

cellSense Entry Olympus https://www.olympus-lifescience.com/

en/software/cellsens/

Prism 9.4.0 GraphPad https://www.graphpad.com/features

String String database https://string-db.org/
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Sally A. Moody (samoody@

gwu.edu).

Materials availability

This study did not generate any new reagents.

Data and code availability

d Data: Themass spectrometry proteomics data have been deposited to the ProteomeXchangeConsortium via the PRIDE partner repository

with the dataset identifier PXD041991 and https://doi.org/10.6019/PXD041991; these data will be freely available upon publication. The

RNA-seq data are submitted to NCBI. Submission ID: SUB13273105; BioProject ID: PRJNA967984. All data reported in this paper will

be shared by the lead contact upon request.

d Code: This paper does not report original code.

d Any additional information required to re-analyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Larvae and tadpoles at Nieuwkoop and Faber15 stages 34, 40, 43, 45 and 47 were obtained by natural mating of 4–5 year old adult males and

females from our breeding colony of wild type Xenopus laevis, which were obtained fromNasco Education (Fort Atkinson, WI) and housed at

the George Washington University. All procedures and experiments involving Xenopus were approved by the Institutional Animal Care and

Use Committee (IACUC) at the George Washington University (A2022-020). The sex of the larvae and tadpoles was not determined but

assumed to be represented in equal numbers; sex is not considered a biological variable in these studies.

The Six1-null mouse line, backcrossed onto the 129S6 background for 5 generations,68 was kindly provided by Dr. Kiyoshi Kawakami (Jichi

Medical School, Japan). Sexuallymaturemale and female heterozygousmice (�10–15months old) weremated to produce embryos. Embryos

were collected at embryonic day 10.5. The sex of the embryos was not determined but assumed to be represented in equal numbers; sex is

not considered a biological variable in these studies.

All experiments using these mice were approved by the IACUC at the George Washington University (A2022-019).

TheGeorgeWashington University Animal Research Facility is certified by the Association for Assessment and Accreditation of Laboratory

Animal Care.

Study participants

No human participants were involved in this study.

METHOD DETAILS

Obtaining Xenopus embryos and otic tissues

To obtain embryos, outbred male and female adult frogs were injected with human chorionic gonadotropin and placed in an aquarium for

12–15 h. Embryos were removed from the aquarium, treated with 2% cysteine to remove their jelly coats, and cultured to desired stages in

Steinberg’s solution.65,69 Larvae and tadpoles were anesthetized in 0.05%benzocaine at Nieuwkoop and Faber15 stages 34, 40, 42, 45, and 47.

The entire OV, including its internal fluid, was manually dissected from the surrounding head mesoderm with sharpened forceps. Because

these stages are nearly transparent and the OVs are encapsulated in a reflective ECM, no protease treatment was necessary to manually

dissect OVs cleanly from the surrounding tissue. Each replicate was dissected from the same clutch of embryos to control for natural size

variations between clutches that can scale gene expression.70 For each stage, 5 OVs were pooled from up to 5 animals as one sample

(one biological replicate) and immediately frozen on dry ice. A total of 5 biological replicates from 5 independent clutches were collected.

The frozen samples were stored at �80�C until further processing.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Xenopus laevis proteome UniProt58 https://www.uniprot.org/

PHROG database Peshkin et al., 201514 http://kirschner.med.harvard.edu/

MADX.html

ThorImageOCT v.5.1.1 Thorlabs https://www.thorlabs.com/newgrouppage9.

cfm?objectgroup_id=7982
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Optical coherence tomography to visualize otic vesicles

Tadpoles (stages 40–47) were anesthetized in 0.01% benzocaine solution 5 min before OCT imaging. Animals were aligned in an agar-coated

dish with their dorsal side facing theOCT imaging field and live imagedwith anOCT Imaging System (Telesto series, Thorlabs) with a 1300 nm

spectral domain using the 2-dimensional imaging mode.71 Images collected from living tadpoles were processed and visualized with the

ThorImage OCT software (version 5.1.1). Sectional image stacks were collected every 2 mm and exported as tiff images into Free-D image

reconstruction and modeling software.72

Sample processing for bottom-up proteomic analysis

For proteomic analysis, samples were subject to 3X cycles of freeze (�80 C) – thaw (RT) cycles. Following that, 100 mL of lysis buffer containing

150 mM NaCl, 20 mM Tris-HCl, 5 mM EDTA, and 1% sodium dodecyl sulfate was added. The samples were sonicated for 5 min or until all

visible tissue debris were homogenized. Samples were then processed using a bottom up proteomic approach.73 Proteins were reduced

in 0.5 M dithiothreitol at 60�C, then alkylated in 0.5M iodoacetamide at room temperature, and the reaction then quenched by the addition

of 0.5 M dithiothreitol. Proteins were purified by overnight precipitation in�20�C acetone followed by centrifugation at 10,000 X g for 10 min

at 4�C. The resulting pellets were suspended in 50mM ammonium bicarbonate and protein concentration determined by the BCA assay

(Thermo). Proteins were digested with TPCK-treated trypsin (protein:enzyme = 1:50) and peptide concentration quantified using the Quan-

titative Colorimetric PeptideAssay (Thermo). After digestion of proteins to peptides, equal amounts of total pooledpeptides fromeach of the

five developmental stages were tagged with tandem mass tags (Thermo) to enable multiplexed relative quantification. A total of �100 mg

TMT-labeled peptide mixture was fractionated under high pH in spin columns following vendor recommendations (Pierce High pH

Reversed-Phase Peptide Fractionation Kit, Thermo). Peptides were eluted in 0.1% (v/v) trimethylamine containing acetonitrile at 10%,

12.5%, 15%, 17.5%, 20%, 25%, and 50% (v/v). Each fraction was dried in a vacuum concentrator and stored at �80�C until analysis.

Liquid chromatography-HRMS discovery quantitative proteomics

Dried peptides were thawed and dissolved in 5% acetonitrile containing 0.1% (v/v) formic acid to a concentration of�0.15 mg/mL. Finally, 10 mL

of each reconstructed fraction (total �1.2 mg) was loaded onto the nanoLC for analysis.

A total of 1 mg of peptidemixture (confirmed by the Total Peptide Assay) was separated on a C18 EASY-Spray HPLC column at 200 nL/min

(75 mm inner diameter, 2 mm particle size with 100 Å pores, 50 cm length, Acclaim PepMap 100, Thermo Cat#03-052-574). Separation used a

nanoflow liquid chromatography system (Dionex Ultimate 3000 RSLCnano, Thermo) providing a 120 min gradient mixture from Buffer A (2%

ACN, 0.1% FA) and Buffer B (100% ACN, 0.1% FA). Peptides were separated using a multistep gradient supplying Buffer B as follows: 3% for

10 min, then ramped to 40% in 110 min, to 80% in 5 min, returned to 3% in 10 min for equilibration over 15 min. Peptides were detected by

nanoESI-HRMS. The electrospray was generated at 2.5 kV using a pulled fused silica capillary as emitter (10 mm tip, New Objective, Woburn,

MA). Peptides were detected and sequenced using an Orbitrap-quadrupole-ion trap tribrid high-resolution mass spectrometer (Orbitrap

Fusion Lumos, Thermo) executing data dependent acquisition. Ions were surveyed at 60,000 FWMH resolution in the orbitrap mass analyzer

(MS1) with following settings: maximum IT, 50 ms; AGC, 23105 counts; microscans, 1. TandemMSwas activated with collision-induced disso-

ciation (CID) in helium at 35%NCE. Fragment ions were detected in the ion trap with rapid scan rate with the following settings: maximum IT,

50 ms; AGC, 53104 counts; microscans, 1. Multinotch MS3 fragmentation was triggered on the top 10 MS2 fragments with HCD in nitrogen

(65%NCE) and fragment ions were dynamically excluded for 60 s before being reconsidered for fragmentation. MS3 spectra were acquired at

15,000 FWMH in the Orbitrap (maximum IT, 120 ms; AGC, 1 3 105counts; microscans, 1).

Liquid chromatography-HRMS targeted quantification (parallel reaction monitoring)

Peptides (�1 mg) were analyzed by LC-MS/MS using a Dionex Ultimate 3000 UPLC (Thermo Scientific) coupled online to a nanoESI source

(details in the previous section) and the Fusion Lumos (Thermo Scientific). Peptides were separated on a C18 column (Thermo Cat#03-

052-574) at a flow rate of 300 nL/min as follows: 2% B to 35% B over 70 min, then to 70% B over 5 min, held at 70% B for 3 min, then to 2%

B over 2 min and held for 20 min to equilibrate the column. A peptide inclusion list was generated with retention time windows of

3–5 min and was used to isolate precursors for fragmentation. A scheduled PRMmethod was executed in which fragmentation was acquired

using HCD andMS2 scans were acquired at a resolution of 30,000 and an isolation window of 1m/z. Label-free targeted quantitation of pep-

tides specific for a protein of interest and with identical sequences between stage 34 and stage 47 otic tissues was designed and analyzed

using the Skyline software.74 Summed area under the curve of 2–3 transitions per peptide was used for quantitation. Peptide peak area values

for each sample were scaled to the average of each peptide across a given analysis. Scaled peptide peak areas were normalized by peak area

values for a reference (housekeeping) gene, Gapdh, which is expected to show stable expression across the stages and after Tgfbi knock-

down. For each protein, 2 to 3 proteotypic peptide was considered for this portion of the study.

Data analysis for quantitative proteomics

Primary mass spectrometry data were processed in Proteome Discoverer v2.1 executing the SEQUEST-HT search engine. The MS�MS/MS

data were searched against the SwissProt Xenopus laevis proteome (downloaded from UniProt58on 10/15/2017) supplemented with the

mRNA-derived PHROGdatabase (version 1.0) from Peshkin et al.14 The following search parameters were applied: digestion, tryptic; number

of missed cleavages, maximum 2; minimum number of unique peptides, 1; fixed modification, cysteine carbamidomethylation; variable
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modification, methionine oxidation; maximummass deviation for main search of precursor masses, 4.5 ppm; de novomass tolerance for tan-

demmass spectra, 0.25 Da; sample type, reporter ion MS3; label, TMT; minimum score for modified peptides, 8; phosphorylation localization

probability filtered to >0.9 and sites probability >0.9. Peptide and protein identifications were filtered to <1% false discovery rate (FDR)

against a reversed-sequence database. Protein identifications were grouped by gene names based on the parsimony principle unless

SwissProt or the mRNA-derived database provided evidence of isoforms.

Statistical analysis and temporal clustering

Three biological replicates out of five with the greatest number of protein identifications were used for further analysis. Hierarchal and

k-means clustering were performed using the ComplexHeatmap package75 in R (version 4.2). Statistical overrepresentation tests of gene

ontology (GO) terms were performed with the PANTHER gene analysis tools http://pantherdb.org76 using gene names as inputs and Bon-

ferroni correction for multiple testing. Statistical tests including Student’s t-tests, ANOVA, Wilcoxon signed rank tests were performed in

OriginPro and Microsoft Excel.

Obtaining mouse otic vesicles and RNA extraction

Embryonic day (E) 10.5 mouse embryos were harvested in PBS, OVs were manually dissected and stored in RNAlater (Thermo) until genotyp-

ing. Yolk sac DNA from each embryo was genotyped by PCR using primers that span exon 1 and the gfp gene insert.65 Once genotypes were

established, OVs from 3 or more embryos were pooled to generate 2 biological replicates. Tissues were homogenized in TRI-reagent total

RNA was extracted using the Direct-zol RNA microprep (Zymo Research) per vendor instructions.

RNA-sequencing and data analysis

Frozen extracted RNA was shipped to Azenta Life Sciences (South Plainfield, NJ) for library preparation and sequencing. RNA quality and RIN

scores (>7) were determined. Paired-end libraries were constructed according to the Illumina protocol for the HiSeq2500 platform and subject

to sequencing. Sequence reads were trimmed to remove adapter sequences and poor-quality nucleotides using Trimmomatic (v.0.36).

Trimmed reads were aligned to the mouse reference genome (Mus musculus GRCm38) available on ENSEMBL using STAR aligner

(v.2.5.2b). Unique hit counts were calculated using featureCounts (Subread package v.1.5.2). Counts were converted to TPM for further analysis.

Embryo microinjection

Two antisense oligo sequences (MO) were purchased (Gene-tools, Philomath, USA) and reconstituted per manufacturer’s instructions. MO1:

50 TCACAGCAGCTAAGAGAGAAAGCCA 30, was fluorescein conjugated and targeted the 50 UTR of both the.L and.S tgfbimRNAs andMO2:

50 AATTCATTTTTGGAGCTGTACTAAG 30, targeted the start site of both the.L and.S tgfbi mRNAs (Figure 7A). Embryos were obtained as

above, and then chosen at the two-cell stage to accurately identify the dorsal and ventral animal blastomeres.69,77 Upon reaching the

16-cell stage, blastomeres on one side of the embryo that are the major precursors of the neural crest and cranial placodes (Figure 7A)78

were microinjected with 1 nL of an equimolar mixture of MO1 and MO2 at a total concentration of 4.5 ng/nL. In some experiments MOs

were co-injected with an mRNA (200 pg) encoding human TGFBI whose sequence does not allow the MOs to bind (Figure 7A). For each in-

jection, the uninjected side served as an internal control. Embryos were cultured in diluted Steinberg’s solution until fixation.

In vitro mRNA and antisense RNA probe synthesis

mRNA encoding human TGFBI was synthesized in vitro from a vector purchased from Origene (Cat# RC200411) according to the manufac-

turer’s protocols (mMessage mMachine kit, Invitrogen). Digoxigenin-labeled antisense RNA probes for Xenopus dlx5 and pax2 were synthe-

sized in vitro according to manufacturer’s protocols (MEGAscript kit; Ambion).

In situ hybridization

Embryos were cultured to stages 32–34, screened for fluorescence to indicateMO localization to theOVs, fixed inMEMFA (MEM salts: MOPS,

EGTA, and MgSO4 with formaldehyde), dehydrated to 100% ethanol and processed for wholemount in situ hybridization using digoxigenin-

labeled RNA probes that detected by an anti-digoxigenin alkaline phosphatase labeled antibody (Millipore Sigma).79 The position, intensity

and size of the expression domains of dlx566 and pax267 were compared between the injected, lineage-labeled side and the control, unin-

jected side of the same larva, thus controlling for inter-embryo variation in expression patterns. Embryos for each assay were derived from a

minimum of three different sets of outbred parents. Gene expression changes were scored in three categories: 1) decreased expression,

which was either a smaller domain or same sized domain with reduced intensity compared to the control side of the same embryo; 2) larger

otic vesicle/broader expression domain, which was of the same intensity or increased intensity compared to the control side of the same larva;

or 3) no change compared to the control side of the same larva. The frequency of phenotypes falling into each category were represented as a

percentage of the total number of embryos analyzed for each gene.

Vibrotome sectioning

A subset of larvae that were processed by ISH for dlx5 expression were embedded in a gelatin-based medium (0.5% gelatin, 30% bovine

serum albumin, 20% sucrose, hardened with glutaraldehyde (75 mL/mL)). Larvae were sectioned in the transverse plane with a thickness of
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40 mmusing a vibratome. Serial section images of theOV of 10 larvae were collected using anOlympus SZX 12 stereomicroscope. The area of

both control and injected OV from every section per embryo was measured using the cellSense software (Olympus) to calculate the volumes

of the OV and its lumen. Because the larvae were of different sizes, the volume of eachOV on theMO injected side of the larva was expressed

as a percentage of the control OV of the same larva and plotted as percent change from control: [(experimental�control)/control]3100. A

two-tailed paired Wilcoxon signed rank test was used to determine if OV and luminal volumes were significantly different (p < 0.05).

QUANTIFICATION AND STATISTICAL ANALYSIS

For Hierarchal and k-means clustering three biological replicates out of five with the greatest number of protein identifications were used for

further analysis. Hierarchal and k-means clustering were performed using the ComplexHeatmap package75 in R (version 4.2). Statistical over-

representation tests of gene ontology (GO) terms were performed with the PANTHER gene analysis tools http://pantherdb.org76 using gene

names as inputs andBonferroni correction formultiple testing. Statistical tests including Student’s t-tests, ANOVA,Wilcoxon signed rank tests

were performed in OriginPro and Microsoft Excel. The details can be found in the results, Figures 2 and 3 and legends for Figures 2 and 3.

For whole embryo ISH assays, embryos were derived from a minimum of three different sets of outbred parents. The number of embryos

examined are found in the results and Figure 7. The percentage of the total number of embryos analyzed that showed reduced expression of

the indicated genes can be found in Figure 7 and its legend. For otic volume measurements, a two-tailed paired Wilcoxon signed rank test

was used to determine if OV and luminal volumes were significantly different (p < 0.05). Ten control and ten experimental OVd were analyzed.

Statistics can be found in legend of Figure 7. Statistical tests were performed in GraphPad Prism 9.4.0.

For transcriptomic comparisons (Figure 6A), 3–5 OVs were included in each of two replicates per genotype; embryos were derived from

multiple dams. Unique hit counts were calculated using featureCounts (Subread package v.1.5.2). Counts were converted to TPM for further

analysis. TPMs fromwild type and Six1-nulls were compared by a Student’s t test performed in GraphPad Prism 9.4.0. Details are presented in

Figure 6 and the legend for Figure 6.

For parallel reaction monitoring mass spectrometry (Figures 6D, 6E, and 7B), 5 OV from each stage were included in each of three biolog-

ical replicates. Peptides abundances were compared by a paired Student’s t test using the Skyline software. Details are presented in

Figures 6D, 6E, and 7 and their legends.

For OV volume measurements (Figure 7E), the area of both control and injected OV from every section per larva (n = 10 larvae analyzed)

was measured using the cellSense software (Olympus) to calculate the volumes of the OV and its lumen. Because the larvae were of different

sizes, the volume of each OV on the MO injected side of the larva was expressed as a percentage of the control OV of the same larva and

plotted as percent change from control: [(experimental�control)/control]3100. A two-tailed paired Wilcoxon signed rank test was used to

determine if OV and luminal volumes were significantly different using GraphPad Prism software. Details are presented in Figure 7 and its

legend.
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