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SUMMARY

In contrast to mammals, the avian cochlea, specifically the basilar papilla, can
regenerate sensory hair cells, which involves fate conversion of supporting cells
to hair cells. To determine the mechanisms for converting supporting cells to hair
cells, we used single-cell RNA sequencing during hair cell regeneration in explant
cultures of chick basilar papillae. We identified dynamic changes in the gene
expression of supporting cells, and the pseudotime trajectory analysis demon-
strated the stepwise fate conversion from supporting cells to hair cells. Initially,
supporting cell identity was erased and transition to the precursor state
occurred. A subsequent gain in hair cell identity progressed together with down-
regulation of precursor-state genes. Transforming growth factor B receptor
1-mediated signaling was involved in induction of the initial step, and its inhibition
resulted in suppression of hair cell regeneration. Our data provide new insights
for understanding fate conversion from supporting cells to hair cells in avian
basilar papillae.

INTRODUCTION

Auditory hair cells (HCs) convert sound vibration into electrical potential that stimulates the primary audi-
tory neurons and the loss of HCs diminishes auditory function. In the mammalian cochlea, virtually no HC
regeneration occurs, leading to intractable sensorineural hearing loss. In contrast, in the avian cochlea, HCs
are spontaneously restored after damage resulting in the maintenance of hearing throughout life. There-
fore, the avian auditory sensory epithelium, known as the basilar papilla (BP), has been used as a model to
study the mechanisms of HC regeneration for decades. Avian BP HCs are regenerated through two
different pathways: direct conversion of supporting cells (SCs) to HCs (SC-to-HC conversion) and SC
mitosis followed by differentiation into HCs," with the former being the predominant mode of HC regen-
eration in explant cultures of chick BPs."? However, the detailed molecular mechanisms underlying HC
regeneration in avian BPs have not been fully elucidated. To address this question, we established an
explant culture model of chick BPs for HC regeneration and performed bulk RNA sequencing (RNA-
seq).” A notable characteristic of our explant culture model is that almost all new HCs were generated
through SC-to-HC conversion.®

SC-to-HC conversion is also feasible in the mammalian cochlea by forced expression of Atoh1, a basic
helix-loop-helix transcription factor that is required for differentiation of HCs from precursor cells during
development.”™ In the neonatal mouse cochlea, forced expression of Atoh1 by pharmacological inhibition
of Notch signaling induces SC-to-HC conversion.”® Genetic manipulation to direct forced expression of
Atoh1 induces SC-to-HC conversion in the mature mammalian cochlea.”'® However, its efficacy progres-
sively decreases with age,'""'? suggesting that Atoh1-forced expression is not sufficient for the induction
of SC-to-HC conversion in the mature mammalian cochlea. In addition, HCs generated by forced expres-
sion of Atoh1 exhibit the biophysical characteristics of HCs but fail to fully differentiate,’' ' indicating that
additional factors are required for the generation of mature HCs in adult mammals. Recently, the efficacy of
additional factors in promoting SC-to-HC conversion has been reported in neonatal or juvenile’*'® and
adult mice.'"'® However, to the best of our knowledge, sufficient recovery of auditory function has not
yet been achieved in mammals.
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In contrast to the mature mammalian cochleae, SCs in mature avian BPs can spontaneously upregulate
ATOH1 after HC damage. In chick BPs, ATOH1 is highly expressed in SCs shortly after HC damage, and
this upregulation occurs broadly across the BP.'” Not all ATOH1-expressing SCs show a change in cell
fate to become new HCs.'” In addition, in developing mouse cochleae, many sensory precursor cells
initially express Atoh1 and some Atoh1-expressing cells differentiate into HCs.”” However, the distinct
mechanisms by which Atoh1-expressing SCs in chick BPs or precursor cells in developing mouse cochleae
acquire the HC fate are unknown. A recent review of advancements and controversies in studies of stepwise
fate conversion of several somatic cells to neurons indicates the importance of characterizing immature and
intermediate phenotypes during direct conversion to facilitate the elucidation of a scientifically firm
footing.”’ Thus, understanding the precise processes of SC-to-HC conversion in chick BPs may contribute
to the achievement of more practical and sufficient SC-to-HC conversion in mature mammalian cochleae.
Although it is challenging to apply findings related to HC regeneration in birds to mammals, the data
generated from chick BP analyses sometimes help further understand HC regeneration in mammals.?*%3
Molecular analyses of BP development have focused on major signaling pathways, including Notch, >
fibroblast growth factor,?’**® and Wnt signaling.?”*° However, information on the gene expression patterns

in developing or regenerating chick BPs in comparison to those in the zebrafish lateral line®'*?

was limited.
The baseline data of homeostatic BPs have been recently reported using single-cell RNA-seq,** which pro-
vides fundamental information to analyze the changes in gene expression in SCs toward HC regeneration,
¥132 and mice.** To gain insights into the processes underlying SC-to-HC
conversion in chick BPs, we conducted a high-resolution transcriptional analysis of SCs during SC-to-HC

conversion in our explant culture model using single-cell RNA-seq.

similar to the findings in zebrafish

RESULTS

Hair cell regeneration occurs in explant cultures of chick basilar papillae

The BPs excised from post-hatch day 1 (P1) chicks were maintained for 24 h in the control media and provided
explant cultures (Figure S1A). BPs consist of two types of sensory epithelial cells: HCs and SCs (Figure S1B).
HCs are divided into two phenotypes: tall and short. Tall HCs are located in the neural portion of the BP and short
HCs are present in the abneural portion (Figure S1B). Several types of non-sensory cells, including homogene
cells, are present in the neural and abneural areas adjacent to sensory cells (Figure S1B). These non-sensory cells
are connected to epithelial cells in the roof of the cochlear duct (Figure S1B).

Half of the BPs were exposed to streptomycin (SM), an ototoxic antibiotic, for 48 h to induce HC death, and
the remaining BPs were maintained in control media for 48 h (Figure S1A). Subsequently, both samples
were maintained in control media for an additional 96 h (Figure S1A). At the end of the culture period,
the BPs were fixed and used for histological assessment. To assess the deletion of original HCs from
cultured BPs and the generation of new HCs, we performed immunostaining for MYO7A and SOX2. We
observed the two layers of the surface of the 40% area from the distal end of BPs (Figure S1C) and counted
the number of HCs, which were labeled with MYO7A, and the newly generated, immature HCs, which were
co-stained with MYO7A and SOX2. In samples that were cultured with SM, virtually no HCs were found in
the 40% area following 48-h culture (day2_SM; Figure S1D), and a certain number of HCs were identified in
the same region of BPs after additional 96-h culture in the control medium (day6_SM; Figure S1D). Immu-
nohistochemistry demonstrated the presence of newly generated immature HCs in the specimens from
day6_SM (Figure S1D). Quantitative assessments ascertained the total HC loss after 48 h of exposure to
SM and the occurrence of HC regeneration (Figure S1F). These findings demonstrated that HC regenera-
tion occurred during an additional 96 h of culture after 48 h of exposure to SM.

In BP cultures without SM exposure, HCs were well maintained during the 6-day culture period (Figure STE).
However, quantitative assessments indicated modest HC loss and the generation of new HCs during the
6-day culture, although the difference was not statistically significant among experimental groups
(Figures S1G). These findings suggest that HC loss and subsequent regeneration also occurred in BP
explants cultured in control media, which is almost identical to the previous observation.”*

Single-cell RNA sequencing of chick basilar papillae can identify clusters of supporting cells
and neighboring non-sensory cells

To collect SCs at different stages of HC regeneration, we prepared five experimental groups of BP explant
cultures: dayO_pre (before explant culture), day2_SM (after 48-h SM exposure), dayb_SM (96-h culture after
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48-h SM exposure), day2_Ctrl (48-h culture without SM exposure), and day6_Ctrl (144-h culture without SM
exposure) (Figure 1A). Histological assessments (Figure S1) indicated that these specimens contained
intact SCs in the culture condition, SCs responding to HC injury at various stages of HC regeneration,
and newly generated and intact mature HCs (Figure 1A). In addition to these five experimental groups,
we collected BP samples that were immediately dissected from P1 chicks, namely, the intact group, which
contained HCs and SCs in vivo (Figure 1A). Consequently, we harvested single cells from the six experi-
mental groups (15-17 BPs per group).

The capture of single cells dissociated from chick BPs and cDNA synthesis were performed using the C1
Single-Cell Auto Prep system (Fluidigm). Raw sequencing data were converted into FASTQ files and map-
ped to the chicken reference genome GRCgba. After removing the cells with an RNA count of less than
20,000, detected genes less than 1,000, detected genes more than 4,000, or percentage of mitochondrial
genes more than 12.5%, the remaining 1,054 cells from chick BPs were normalized. Unsupervised clustering
identified 12 clusters (Figure 1B).

The expression of known SC markers was examined to identify clusters containing SCs. Janesick et al.*
demonstrated the similarity of expressed genes in neighboring non-sensory cells to those in SCs. There-
fore, in this step, we extracted clusters containing SCs and neighboring non-sensory cells. The distributions
of the SC marker genes TECTB, OTOGL, ID2, and GSTTL1 indicated that a group of clusters 1,5, 8,9, and 11
included SCs (Figures 1B and 1C). We histologically examined the expression of FGFR3, AGR3, and CSRP2
as SC marker candidates, which were observed in SCs and neighboring non-sensory cells in dayO_pre sam-
ples by in situ hybridization (ISH) or immunohistochemistry (Figures 1D-1F). These markers were also found
in clusters 1, 5, 8, 9, and 11 (Figures 1D-1F). ATOHT1, a key transcription factor for SC-to-HC conversion, is
expressed in SCs in response to HC injury and converting HCs.* Histologically, ATOHT expression was
broadly observed in SCs after HC injury by SM (Figure 1G), which is similar to previous observations.>'"*°
High expression of ATOH1 was found in clusters 1 and 8 (Figure 1G), indicating that clusters 1 and 8 con-
tained SCs responding to HC injury. Altogether, we identified clusters 1, 5, 8, 9, and 11 as SC clusters that
contained SCs and neighboring non-sensory cells for subsequent analyses.

To characterize other clusters, we examined the distribution of HC markers (OCM, MYO7A, and
SLC34A2), mesenchymal cell markers (POU3F4),°°* a neural crest-derived cell marker (FOXD),***” and
microglial markers (LAPTM5 and C1QB)."® All HC marker genes were strongly expressed in clusters 2, 3,
6, and 7 (Figure 1H). The expression of POU3F4 was identified in cluster 4 (Figure 11), and that of FOXD3
was selectively detected in cluster 10 (Figure 1J). Expression of LAPTM5 and C1QB was noted in cluster
12 (Figure 1K).

Identification of supporting cells at different stages toward hair cell regeneration

We extracted clusters 1, 5, 8,9, and 11 (Figure 1B), which contained SCs and neighboring non-sensory cells,
and re-clustered this dataset. Eight SC clusters were obtained (Figures 2A and S2). Figure 2B shows the dis-
tribution of the SC clusters in each experimental group. The cells derived from the intact group were clearly
separated from those harvested from the cultured BP samples, which were distributed in SC cluster 1 (Fig-
ure 2A). Thus, we annotated SC cluster 1 as SCs in vivo.

In the hierarchical cluster analysis, SC cluster 6 was clearly separated from the other SC clusters (Figure S2).
SC cluster 6 was characterized by the expression of OTX2, OC90, and LRP2 (Figures 2C, S3F, and Table S1).
OTX2is a marker for the tegmentum vasculosum of the chick cochlear duct roof,*' and OC90is expressed
in the roof of the developing mouse cochleae.”” Thus, SC cluster 6 has the characteristics of roof cells. LRP2

is a specific marker for homogene cells,****

and its expression is observed in the apical compartments of
homogene cells adjacent to the roof of the cochlear duct.** Altogether, SC cluster 6 may be composed of
apical compartments of homogene cells and roof cells. On the basis of these findings, we annotated SC

cluster 6 as roof cells (Figure 2A).

SC cluster 4 also exhibited LRP2 expression (Figure 2C), indicating that SC cluster 4 shares the identity of
homogene cells. Hierarchical cluster analysis showed similarities among SC clusters 2, 3, and 4 (Figure S2).
Among the three clusters, SC cluster 4 was characterized by low expression of SC marker genes (Figure 2D).
In comparison with SC cluster 2 or 3, SC cluster 4 exhibited lower expression of several SC marker genes
(FGFR3, TECTB, GSTTI1L, and LCAT) (Figures S4A, S4B, and Table S3). On the other hand, in homeostatic
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Figure 1. Single-cell RNA sequencing of chick basilar papillae identifies clusters of supporting cells and neighboring non-sensory cells
(A) Experimental groups. HC: hair cell, SC: supporting cell, HG: homogene cell, NS non-sensory cell, SM: streptomycin.
(B) Uniform manifold approximation and projection (UMAP) plots of whole-cell populations (1054 cells). A circle indicates a group of clusters consisting of
SCs and neighboring non-sensory cells. (C) UMAP plots for SC markers.
(D-F) UMAP plots for FGFR3 (D), AGR3 (E), and CSRP2 (F) and histological distributions (in situ hybridization for FGFR3, immunostaining for AGR3 and
CSRP2) in transverse sections of the basilar papillae (BPs) before exposure to streptomycin (day0_pre). Scale bar in (F) represents 50 um for (D-F).

(G) UMAP plots for ATOH1 and in situ hybridization for ATOHT in transverse sections of BPs after HC injury (day2_SM and dayé_SM). Scale bar represents 50 um.
(H-K) UMAP plots for HC markers (H), a mesenchyme marker (l), a marker for neural crest-derived cells (J), and microglia markers (K). Arrowheads indicate

corresponding clusters. See also Figures S1 and S2.
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Figure 2. Identification of supporting cell clusters at different stages toward hair cell regeneration

(A) Uniform manifold approximation and projection (UMAP) plots of supporting cells and non-sensory cells (436 cells in total).

(B) UMAP plots for each experimental group.

(C, D, and F) UMAP plots for roof and homogene cell markers (C), supporting cell markers (D), and hair cell differentiation genes (F).

(E) UMAP plots for ATOH1 and EDNRB2 and in situ hybridization for ATOH1 (green) and EDNRB2 (red) in transverse sections of basilar papillae (BPs) of each
experimental group. Scale bar represents 50 pm.

(G) UMAP plots for FGFR1 and CD44 and immunostaining for FGFR1 (green) and CD44 (red) in transverse sections of BP of day0_pre and day2_SM
specimens. Arrowheads indicate FGFR1 expression, and arrows indicate CD44 expression. Scale bar represents 50 um. See also Figures S3 and S4 and
Tables ST and S3.

chick BPs, Janesick et al.>> demonstrated the expression of SC marker genes including TECTB, ID2, and
TIMP3, in the basal component of homogene cells and non-sensory cells adjacent to the sensory epithe-
lium. CYR61 was included in the differentially expressed genes (DEGs) for SC cluster 4 (Figure S3D and
Table S1), and its expression was observed in non-sensory cells adjacent to the sensory epithelium.? On
the basis of these findings, SC cluster 4 was annotated as a cluster of non-sensory cells (Figure 2A).

Intense expression of SC marker genes (Figure 2D) and faint or virtually no expression of LRP2 (Figure 2C)
were characteristics of SC cluster 2. We then annotated SC cluster 2 as a quiescent SC. SC cluster 3 also
showed expression of SC marker genes (Figure 2D), but in comparison with SC cluster 2, SC cluster 3
showed downregulation of several SC marker genes (CSRP2, TECTB, FGFR3, LCAT, GSTTIL, and
AGR3) (Figure 3A and Table S2), indicating that while SC identity was still maintained in SC cluster 3,
the erasure of SC identity had been initiated. Based on this finding, we speculated that SC cluster 3
might be involved in the process of priming SC-to-HC conversion. Thus, we annotated SC cluster 3 as
primed SCs (Figure 2A).

We highlighted the distribution of ATOH1 expression in SC clusters. High expression of ATOHT was
observed in SC clusters 5 and 8 (Figure 2E), and ATOH1 was included in the DEGs of SC clusters 5 and 8
(Figures S3E and S3H, and Table S1). In SC cluster 5, high expression of the HC differentiation genes
GFI1,** LHX3,* and RBM24®*’ was also identified (Figure 2F). In comparison with SC cluster 8, SC cluster
5 showed upregulation of HC marker genes (MYO7A, GPX2, CXCL14, TMC2, and OCM) and HC differen-
tiation genes (GFIT and RBM24) (Figure 3B and Table S2). In contrast, SC cluster 8 exhibited higher expres-
sion of SC marker genes, including TMSB4X, TECTB, and CSRP2, than SC cluster 5 (Figure 3B and Table S2).
These findings indicate that SC cluster 5 was in a more advanced stage of differentiation into HCs than SC
cluster 8. Thus, we annotated SC cluster 5 as a cluster for converting HCs. Among HC marker genes, the
DEGs of SC cluster 5 included one tall HC maker (CXCL14)*® but no short HC marker.

Compared to SC cluster 2 or 3, SC cluster 8 showed downregulation of SC marker genes (AGR3, TECTB,
LCAT, OCM, and TIMP3) (Figures 3C and 3D, and Table S2), indicating the progression of erasure of SC
identity in comparison with SC clusters 2 and 3. In addition, DLL1 was identified in the DEGs of SC cluster
8 (Figure S3H and Table S1). In comparison with SC clusters 2 or 3, DLLT and ATOHT were upregulated in
SC cluster 8 (Figures 3B and 3C, and Table S2), indicating that SC cluster 8 cells were directed to differen-
tiate into HCs.” Another characteristic of SC cluster 8 was the upregulation of the cell-cycle-associated
genes MCMé, STMN1, CKS1B, and CDKN1C (Figure S3H and Table S1). Wnt-associated genes FZD9
and SFRP2 (Figure S3H and Table S1), which are expressed in the precursor cells of chick BPs during devel-
opment,*® were also upregulated in SC cluster 8. Altogether, SC cluster 8 was directed to erase SC identity
and to reverse cell identity to a developmentally immature status. Therefore, we annotated SC cluster 8 as
reprogrammed SCs (Figure 2A). The expression of EDNRB2 was noted among the DEGs in SC cluster 8
(Figure S3H and Table S1). Furthermore, EDNRB2 distribution was comparatively specific for SC cluster
8 (Figure 2E). We histologically examined the expression of EDNRB2 in BPs together with ATOHT. In
specimens from day2_SM, day6_SM, and dayé_ctrl, some ATOH1-expressing SCs co-expressed EDNRB2
(Figure 2E). On the basis of these results, we considered that EDNRB2 could be a marker for
reprogrammed SCs.

SC cluster 7 showed unique DEGs, including PMP22, GNL3, and CD44 (Figure S3G and Table S1), which are
known to play roles in the maintenance of progenitor or stem cell pools.”®=* In addition, FGFR1 expression
was noted in SC cluster 7 (Figures 2G, S3G, S4C, and S4D and Table S1). FGFR1 is crucial for the generation
of the progenitor pool in the auditory sensory epithelium during murine cochlear development.”>° On the
basis of these findings, SC cluster 7 was annotated as a cluster of progenitor pools. To examine the
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Figure 3. Volcano plots for comparison of expressed genes between SC clusters

Volcano plots showing highly expressed genes (FDR <0.05, log-fold-change threshold >0.5) in comparisons between SC
clusters 3and 2 (A), SC clusters 5and 8 (B), SC clusters 8 and 3 (C), and SC clusters 8 and 2 (D). Genes of interest are marked
by colors corresponding to Figure 2A. See also Table S2.

localization of SC cluster 7 cells, immunohistochemistry for FGFR1 and CD44 was performed using speci-
mens from dayO_pre and day2_SM. FGFR1 expression was predominantly observed in non-sensory cells
adjacent to the neural or abneural edges of the sensory epithelium (Figure 2G). CD44 expression was
observed in non-sensory cells and SCs at the neural edge of the sensory epithelium (Figure 2G). Some
CD44-positive cells co-expressed FGFR1 (Figure 2G). These findings indicate that SC cluster 7 cells may
be present in the far neural and abneural regions of BPs, which are almost identical to the previously re-
ported localization of stem cell-like populations in chick BPs.”

To investigate the activated signaling pathways in SC clusters, we performed a signaling pathway analysis
using CellChat.”® As for NOTCH signaling, comparatively intense incoming signaling was observed in SC
clusters 2, 3, and 8, whereas virtually no incoming signaling was seen in SC cluster 5 (Figure 4). Nonetheless,
in outgoing signaling patterns, intense signaling was seen in SC cluster 5 (Figure 4), which is consistent with
acquiring HC identity in converting HCs. While observing incoming signaling patterns of SC clusters 2, 3, 8,
and 5, which contain SCs at different stages of SC-to-HC conversion, temporal activation of THBS signaling
pathway was observed in SC cluster 2, and we noted a gradual upregulation of MIF and SEMA3 signaling
pathways from SC cluster 2 to 8 (Figure 4). This finding suggested the involvement of these signaling path-
ways in the early phase of SC-to-HC conversion. Conversely, the activation of EPHB, MPZ, and NECTIN
signaling pathways was noted in SC clusters 8 and 5 (Figure 4), which are known to play a key role in the
regulation of adhesion molecules in the cochlear sensory epithelium.””°" Particularly, EPHB and
NECTIN signaling pathways play a crucial role in mosaic patterning of HCs and SCs in developing cochlear
sensory epithelia.””“" The activation of these signaling pathways is expected for the late phase of HC
regeneration processes.

Consequently, SC clusters 2, 3, 8, and 5 were extracted as clusters containing SCs at different stages of SC-
to-HC conversion for a subsequent pseudotime trajectory analysis.

iScience 26, 106046, February 17, 2023 7
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Figure 4. Heatmaps of incoming signaling and outgoing signaling patterns of SC clusters

Abar plot of the x axis indicates the sum of the centrality scores for each SC cluster and that of the y axis indicates the sum
of the centrality scores for each signal.

SC clusters of interest are indicated by squares made of blue dotted lines. Signaling pathways showing the upregulation
of incoming signaling in quiescent and primed SCs are marked with red squares, and those showing the upregulation of
incoming signaling in reprogrammed SCs and converting HCs are marked with blue squares. NOTCH and TGFb signaling
pathways are marked using asterisks.

Pseudotime trajectory analysis reveals the stepwise fate conversion of supporting cells to
hair cells

To characterize the processes underlying SC-to-HC conversion, we extracted the dataset of SC clusters 2, 3,
5, and 8 and performed a pseudotime trajectory analysis using Slingshot v1.6.0.? The uniform manifold
approximation and projection plots exhibited an approximately linear distribution of SCs (Figure 5A).
We examined alterations in the expression levels of the genes of interest along a pseudotime trajectory.
To classify genes according to alteration patterns along a pseudotime trajectory, we identified 500
DEGs along a pseudotime trajectory by fitting a random forest regression model.®® The top 500 genes
that showed alterations along a pseudotime were extracted and classified into six time-series clusters
(Figures 5D-5I and S5 and Table S4). In Figures 5B-5I and S5, the x axis represents the pseudotime (0
1.0) and the y axis shows the normalized expression value of the genes of interest.

First, we focused on alterations in the expression of ATOH1 and EDNRB2 (Figure 5B). These genes were
included in pattern 6 of the time-series clusters. ATOH1 upregulation was initiated from time point 0 on
the pseudotime, and its peak was observed at approximately 0.8 (Figure 5B). The peak of ATOH1 expres-
sion is marked by a black line (Figures 5B-5I and S5), which indicates the time point for the initiation of
ATOH1 downregulation. EDNRB2 upregulation was initiated at around 0.4 on the pseudotime (black
dotted lines in Figures 5B-5I and S5) and reached the peak slightly earlier than ATOH1 (Figure 5B). To
determine the timing of the initiation of HC differentiation, we examined the expression patterns of HC
differentiation genes, including GFI1, LHX3, and RBM24 (Figure 5C). The upregulation of these genes
was initiated at around 0.6 on the pseudotime trajectory (red dotted lines in Figures 5B-5I and S5), slightly
later than EDNRBZ induction.
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Figure 5. Pseudotime trajectory analysis reveals the stepwise fate conversion of supporting cells to hair cells

(A) Uniform manifold approximation and projection (UMAP) plots of the SC clusters 2, 3, 5, and 8 in Figure 2A (211 cells in total). A pseudotime ordering was
inferred by Slingshot v1.6.0.

(B and C) Normalized expression values of ATOHT and EDNRB2 (B) and hair cell differentiation genes (C) along a pseudotime line. Black dotted, red dotted,
and black lines indicate the timing of EDNRBZ2 induction, induction of hair cell differentiation genes, and ATOH1 downregulation, respectively.

(D) Normalized expression values of representative genes for six time-series clusters (patterns 1-6) along a pseudotime line and the top 10 genes for each
cluster. See also Figures S5 and S7 and Table S4.
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Figures 5D-5I show the representative alterations and the top 10 genes for each time-series cluster. Pat-
terns 1-3 and 6 showed transient or continuous upregulation, and patterns 4 and 5 exhibited downregula-
tion along a pseudotime. Pattern 1 exhibited transient upregulation up to EDNRBZ induction (Figure 5D).
Pattern 2 showed transient upregulation before EDNRBZ induction (Figure 5E). The peaks of transient
upregulation of pattern 3 genes appeared around the initiation of HC differentiation gene induction (Fig-
ure 5F). Pattern 6 included both transiently and continuously upregulated genes, and peaks of transiently
upregulated genes were observed after the induction of HC differentiation genes (Figures 5B, 51, and S5F).
The continuously upregulated genes included HC marker (CXCL14 and OCM, Figure 5| and S5F) and
nascent HC marker (NREP and CALB2, Figure S5F) genes.*” The transiently upregulated genes included
ATOH1, EDNRB2, HMBG2, and UCHL1 (Figures 5B, 5I, and S5F), which are expressed by progenitor cells
in various organs.””**"*’ In particular, Hao et al.® demonstrated HMGB2 expression in the intermediate
progenitor cells during neurogenesis in the adult macaque hippocampus. The induction of HC marker
genes was initiated at the same time as HC differentiation gene induction (Figure 5 and S5F), while the
other genes in pattern 6, including nascent HC marker genes, were upregulated after EDNRB2 induction
(Figure S5F). Regarding the downregulated genes, pattern 4 genes appeared downregulated after the
EDNRBZ2 induction (Figure 5G), whereas pattern 5 genes were downregulated before the EDNRB2 induc-
tion (Figure 5H). Many SC marker genes were included in patterns 4 (TECTB, TMSB4X, ID2, CSRP2, and
TIMP3; Figures 5G and S5D) and 5 (LCAT and GSTTI1L; Figure 5H).

From the point of view of SC and HC identities, the expression levels of SC marker genes were almost main-
tained and those of HC differentiation genes were not upregulated before EDNRB2 induction (black
dotted lines in Figures 5 and S5). In contrast, the expression level of ATOH1 gradually increased before
EDNRBZ2 induction. Thus, we annotated this period (before EDNRBZ2 induction) as the priming stage for
SC-to-HC conversion. After EDNRBZ induction, most SC marker genes were downregulated (Figures 5G
and S5D). Slightly later, upregulation of HC differentiation genes was initiated (Figure 5C). During the
period between EDNRBZ2 induction and HC differentiation gene induction, the erasure of SC identity
began, but the acquisition of HC identity was not initiated. Therefore, this period was annotated as the
initial stage. After HC differentiation gene induction, the erasure of SC identity and acquisition of HC
identity progressed simultaneously. The period between HC differentiation gene induction and ATOH1
downregulation was annotated as the intermediate stage. SCs in this period exhibited high expression
of progenitor marker genes, including pattern 6 genes, suggesting that SCs were reprogrammed to an
immature state during this period. After ATOHT downregulation, which is a sign of initiation for the matu-
ration process of regenerated HCs,'” the acquisition of HC identity progressed further, and progenitor
marker genes were downregulated. This stage was annotated as the late stage. Thus, HC specification
may occur during the intermediate stage.

Transforming growth factor B signaling is involved in the initiation of fate conversion of
supporting cells to hair cells

As candidates for triggers for EDNRBZ2 induction, we focused on pattern 1 genes, which were upregulated
up to EDNRBZ2induction (Figure 5D). Among the pattern 1 genes, we highlighted LOXL1 and VIM, because
these two genes exhibited remarkable upregulation in pattern 1 genes. These genes are associated with
epithelial-mesenchymal transition (EMT)*®¢? and known to be downstream of transforming growth factor
B (TGFb) signaling.®®’%’* Additionally, the signaling pathway analysis indicated involvement of THBS, MIF,
and SEMAS3 signaling pathways in the early phase of SC-to-HC conversion (Figure 4), which are also asso-
ciated with EMT and TGFb signaling.”>”"® EMT is involved in the induction of regenerative processes’”%°
and the gain of epithelial stem cell properties.”’ Mouse utricle epithelial cells also acquire the features of
prosensory cells via EMT.®? Therefore, we focused on TGFb signaling as upstream of both LOXL1 and VIM.
In addition, TGFb1 application induced upregulation of LOXL1 and downregulation of LCAT in mouse
astrocyte primary cultures,® which is consistent with the present findings before EDNRB2 induction in a
pseudotime trajectory analysis (Figures 5D and 5H). Furthermore, the expression of TGFBR1 was observed
in SC clusters 2, 3, and 8 (Figure S6é). Thus, we examined the effects of pharmacological inhibition of TGFb
receptor 1 (TGFbR1) on the transition from the priming stage to the intermediate stage by assessing
EDNRBZ expression.

Chick BP explants were cultured with SM alone or SM and the TGFbR1 inhibitor SB505124, which is a

selective inhibitor of TGFbR1,%* at a concentration of 2 uM for 48 h (Figure 6A). In both BPs cultured
with SM alone and SM and SB505124, total HC loss was confirmed. gPCR demonstrated a significant
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Figure 6. Pharmacological inhibition of transforming growth factor  type 1 receptor suppresses fate conversion
of supporting cells to hair cells

(A) Experimental design and groups. SM: streptomycin, HC: hair cell, gPCR: quantitative real-time PCR, ISH: in situ
hybridization.

(B) gPCR reveals a significant increase in EDNRB2 expression levels by 48-h exposure to SM (dayO_pre [n = 6] vs. day2_SM
[n = é]) and significant suppression by the TGFbR1 inhibitor SB505124 (day2_SM [n = é] vs. day2_SM + SB [n = 5]).
Exposure to SM significantly increases ATOH1 expression in gPCR (dayO_pre [n = 4] vs. day2_SM [n = 4]) and
supplementation of SB505124 attenuates an increase of ATOH1 expression induced by SM (day2_SM [n = 4] vs.
day2_SM + SB [n = 4]). SM exposure significantly increases LOXL1 expression (dayO_pre [n = 3] vs. day2_SM [n = 4]), while
SB505124 shows no significant effect on LOXL1 expression levels (day2_SM [n = 4] vs. day2_SM + SB [n = 4]).

(C) In situ hybridization for EDNRB2 (red) in transverse sections of the basilar papillae (BPs) in the day2_SM and day2_SM +
SB samples. The number of EDNRB2-expressing cells in day2_SM + SB samples (n = 5) is significantly lower than that in
day2_SM samples (n = 4).

(D) Regenerated hair cells are labeled by MYO7A (red) and nuclear staining with DAPI (blue) in transverse sections of the
basilar papillae (BPs) in dayé_SM (n = 4) and dayé_SM + SB samples (n = 6). The number of regenerated hair cells in
day6_SM + SB samples was significantly lower than that in dayé_SM samples. Scale bars in (C) and (D) represent 100 pm.
Error bars in (B)-(D) represent standard errors. Welch t-test was used to calculate p values. *p < 0.05, **p < 0.01,

***n < 0.001. See also Figure Sé.

increase in EDNRBZ2 expression in samples incubated with SM alone compared to those before SM expo-
sure (Figure 6B). Supplementation with SB505124 significantly reduced EDNRB2 expression 48 h after SM
exposure (Figure 6B). We also examined the histological expression of EDNRBZ2. ISH for EDNRB2 demon-
strated a trend of decreasing EDNRBZ2-expressing SCs in BPs following supplementation with SB505124
(Figure 6C). We quantified EDNRB2-expressing cells by counting nuclei stained with DAPI in EDNRB2-ex-
pressing cells in three transverse sections of BPs from the distal (0%-30% from the distal end), middle (30%—
70%), and proximal (70%-the proximal end) portions of each sample. The numbers of EDNRB2-expressing
cells in BPs treated with SM and SB505124 were significantly lower than those in BPs treated with SM alone
(Figure 6C). Thus, inhibition of TGFbR1 suppressed EDNRB2 expression in BP explants after HC injury.
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Figure 7. Schematic drawing of stepwise conversion from supporting cells to hair cells

Alterations in gene expression associated with supporting cell (SC) and hair cell (HC) identities along a pseudotime line
indicate that SC-to-HC conversion occurs in four steps, i.e., the priming, initial, intermediate, and late stages. The priming
stage is characterized by a gradual increase in ATOH1 and the upregulation of LOXL1 and VIM. The initial stage is
characterized by erasure of SC marker genes and induction of EDNRB2 upregulation. The intermediate stage is
characterized by the initiation of HC identity acquisition and high expression of precursor-associated genes (EDNRB2 and
HMGB2). The late stage is characterized by upregulation of HC marker genes and downregulation of precursor-
associated genes.

Next, we examined the effects of EDNRB2 suppression by a TGFbR1 inhibitor on the generation of new
HCs in specimens cultured for an additional 96 h after 48 h of SM exposure (Figure 6A). The number of
MYO7A-positive cells in specimens treated with SM and SB505124 (day6_SM + SB) was significantly lower
than those treated with SM alone (dayé_SM) (Figure 6D). Altogether, inhibition of TGFbR1 repressed the
transition from the priming stage to the intermediate stage of SC-to-HC conversion, resulting in a reduc-
tion in regenerated HCs.

We also examined alterations in ATOHT and LOXL1 expressions by supplementation of a TGFbR1 inhibitor
SB505124. SM exposure induced significant increases in both ATOH1 and LOXL1 expression levels in gPCR
analyses, whereas supplementation of SB505124 showed a significant attenuation in ATOHT expression
levels, but not in LOXLT expression levels (Figure 6B). This result in gPCR was consistent with results in
the pseudotime trajectory. In the pseudotime trajectory, ATOH1 expression levels increased from the prim-
ing stage to the intermediate stage of SC-to-HC conversion (Figure 5B). Conversely, LOXL1 expression
levels in the intermediate stage were almost identical to that in the priming stage (Figure 5D). Hence,
gPCR results in ATOH1 and LOXL1 expressions supported our hypothesis that TGFbR1 inhibition
suppressed the transition from the priming stage to the intermediate stage of SC-to-HC conversion.

DISCUSSION

Single-cell RNA sequencing reveals stepwise fate conversion from supporting cells to hair
cells

For single-cell RNA-seq of SCs at different stages of SC-to-HC conversion, dissociated single cells were
harvested from chick BPs before and after explant cultures with or without HC damage. Unsupervised clus-
tering of the whole-cell populations identified five clusters containing SCs and neighboring non-sensory
cells. Re-clustering of this subpopulation identified four clusters consisting of SCs at different stages of
SC-to-HC conversion. A pseudotime trajectory analysis of the extracted SC clusters revealed the time
courses of alterations in expressed genes during SC-to-HC conversion, which indicated the stepwise
conversion of SCs to nascent HCs. We divided the SC-to-HC conversion processes into the priming, initial,
intermediate, and late stages according to alterations in gene expression associated with SC or HC identity
along a pseudotime trajectory (Figure 7). The priming stage was characterized by gradient upregulation of
ATOHT1 and transient upregulation of several genes, including LOXL1 and VIM. In the initial stage, erasure
of SC identity, not acquisition of HC identity, was induced. The characteristic genes for the intermediate
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stage, which can be associated with reversal to a precursor cell state, and HC marker genes were upregu-
lated in the intermediate stage. In the late stage, HC differentiation progressed in parallel with the down-
regulation of precursor genes. In short, HC regeneration in chick BPs occurs in a stepwise fashion, and
reversal to a precursor cell state may be a crucial process.

Initiation of fate conversion from supporting cells to hair cells

We focused on LOXL1 and VIM as candidate switch genes for SC-to-HC conversion based on SC genetic
profiles of single-cell RNA-seq and highlighted TGFb signaling as a common upstream modulator of
LOXL1 and VIM. Pharmacological inhibition of TGFb signaling attenuated the expression of EDNRB2, a
marker for reprogrammed SCs and subsequent HC formation in our explant culture model. This is the first
report showing the involvement of TGFb signaling in the induction of SC reprogramming during sponta-
neous HC regeneration in chick BPs.

A recent study focusing on LIN28B and FST indicated the involvement of TGFb signaling in the induction of
SC reprogramming in neonatal mouse cochleae.?” Neither LOXL1 nor VIM was identified in the dataset of
bulk RNA-seq for mouse cochlear organoids.85 Besides, in the current study, LIN28B was not identified in
DEGs for SC clusters or a pseudotime trajectory. FST was included in pattern 6 genes in a pseudotime tra-
jectory, although its impact was low (Table S4). One of the key findings of Li et al.®> was the necessity for the
strict regulation of TGFb signaling activity by FST; FST is a suppressor of TGFb signaling, and its expression
is upregulated as a negative feedback in response to LIN28B induction. Excessive activation of TGFb
signaling and EMT suppressed HC formation in mouse cochlear organoids.®” In the present study, moder-
ate activation of several signaling pathways associated with TGFb signaling and EMT was observed during
the early stage of HC regeneration in the signaling pathway analysis (Figure 4). However, the activation of
incoming signaling of TGFb pathway was not apparent, while outgoing signaling was activated in SCs dur-
ing the early phase of SC-to-HC conversion (Figure 4). Furthermore, alterations in TGFBR1 and TGFB2
expression levels during the early phase of SC-to-HC conversion were not found in the pseudotime
trajectory. This could be associated with a strict regulation of TGFb signaling during the early phase of
HC regeneration in chick BPs.

Two recent studies regarding the initiation of HC regeneration in chick BPs demonstrated the activation of
the interferon/Janus kinase/signal transducer and activator of transcription (IFN/JAK/STAT) signaling
pathway immediately after HC damage,*"? suggesting that IFN/JAK/STAT signaling is an initial stimulus
for SC activation toward HC regeneration. In the present dataset, the expression of IFN/JAK/STAT
signaling-associated genes was not noted in DEGs for SC clusters or a pseudotime trajectory. However,
some IFN/JAK/STAT signaling-associated genes were identified in DEGs for SC clusters or a pseudotime
trajectory. IFI6 was included in pattern 2 genes of the pseudotime trajectory analysis (Table S4, Figure S7).
Interestingly, few SCs in the priming stage expressed very high expression of IFI6 (Figure S7), which is
consistent with the expression pattern of IFI6 in tissues in our previous study.” IFIT5was included in pattern
4 and LYSCLEL (LY6E) was included in pattern 1 (Table S4). These findings indicate that the IFN/JAK/STAT
signaling plays a role in the priming of SC-to-HC conversion.

The other candidate for the initiation of SC-to-HC conversion is the MIF signaling pathway. The MIF
signaling pathway exhibited upregulation of the incoming signals in SC clusters 3 and 8 and that of the out-
going signals in SC clusters 2 and 3 in the signaling pathway analysis (Figure 4). In the pseudotime trajec-
tory, MIF signaling pathway was included in pattern 5, which showed high expression during the early
phase of the priming stage (Figure S5E). The level of MIF incoming signals in SC cluster 1, normal SCs
in vivo, was low in the signaling pathway analysis (Figure 4), suggesting that upregulation of its expression
occurs after HC damage. MIF is a cytokine expressed in various cell types, including neuronal cells.?® The
JAK/STAT signaling is included in its downstream signaling pathways.?” Further studies are needed to
determine the role of MIF signaling pathway in SC-to-HC conversion.

Possible mechanisms for hair cell specification

The present results suggest that HC specification occurs during the intermediate stage of SC-to-HC con-
version. Thus, highly expressed genes in the intermediate stage, namely, EDNRB2, HMGB2, and UCHLI,
could contribute to the HC specification of reprogrammed SCs.
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Mammals have two subtypes of endothelin receptors, EDNRA and EDNRB, while the chicken has three sub-
types, EDNRA, EDNRB1, and EDNRB2.°® EDNRB2 stimulates intracellular calcium, mitogen-activated
protein kinase/extracellular signal-regulated kinase, and cAMP/protein kinase A signaling pathways,
similar to mammalian EDNRB.2® EDNRB modulates the differentiation of Schwann cell precursors®”?°
and glial cell precursors.”’ HMGB2 encodes high-mobility group box2, a chromatin-associated protein
that regulates transcription, cell proliferation, and differentiation.”” HMGB2 is involved in the adipogenesis
of mesenchymal stem cells”*”* and hematopoiesis in hematopoietic stem cells.” In addition, HMGB2 reg-
ulates the neurogenic-to-gliogenic fate transition of neural stem/progenitor cells via epigenetic modifica-
tions.”® UCHL1 encodes ubiquitin C-terminal hydrolase L1, also known as PGP9.5, a deubiquitinating
enzyme that is abundant in neurons’’ and plays a crucial role in metabolic regulation.”®”” UCHL1 enhances
the differentiation of neural progenitor cells into neurons®” and inhibits neurodegeneration by responding
to energy requirements and ER stress.”” In addition, the nascent HC marker genes NREP and CALB2 also
initiate upregulation in the initial stage, similar to EDNRB2, and exhibit comparatively high expression
levels in the intermediate stage (Figure S5F), suggesting the possible roles of these genes in HC specifica-
tion. The distinct roles of the above-mentioned molecules in HC specification should be examined in future
studies.

The suppression of TGFb signaling might be involved in HC specification of reprogrammed SCs. In the late
stage of SC-to-HC conversion, significant downregulation of TGFB2 expression was noted (Figure S3E). In
the signaling pathway analysis, downregulation of TGFb signaling was apparent in converting HCs (Fig-
ure 4). In a mouse cochlear organoid model, exogenous TGFB2 blocked HC formation in LIN28B- and
FST-overexpressing cultures.®® We, therefore, consider that downregulation of TGFb signaling may be
related to induction of HC specification and/or differentiation in the late phase of SC-to-HC conversion.

Identification of reprogrammed supporting cells

A single-cell RNA-seq analysis for HC regeneration processes in P7 chick BPs in vivo revealed an exclusive
set of genes associated with both responding SCs and newly generated, nascent HCs.** Unfortunately,
despite the use of single-cell RNA-seq, their dataset of unsupervised clustering did not fit for a pseudotime
trajectory analysis. Instead, they demonstrated three DEGs, namely CALB2, USP18, and TRIMZ25 that were
shared by responding SCs and nascent HCs."® In the present dataset, CALB2 and USP18 were included in
DEGs for converting HCs (Figure S3E) and CALB2 was found in DEGs for reprogrammed SCs (Figure S3H).
Janesick et al.”* demonstrated that UCHL1, VIM, STMN1, and HPGDS expression was upregulated in re-
sponding SCs, in comparison with that in quiescent SCs, which exhibited high expression in the initial
and/or intermediate stage of SC-to-HC conversion in the present pseudotime trajectory (Figures 5 and
S5). NREP, CALB2, UCHL1, HMGB2, and EDNRB2 expression was upregulated in nascent HCs, compared
with that in normal HCs,*® which are included in pattern 6 genes in the present pseudotime trajectory (Fig-
ures 5 and S5). This suggests that nascent HCs in the study conducted by Janesick et al.** will be composed
of reprogrammed SCs and converting HCs shown in the present study.

Despite the differences in the age (P1 vs P7), experimental condition (in vitro vs in vivo), and mechanism
underlying HC regeneration (direct conversion alone vs direct conversion + mitotic cell division) between
the present study and the study by Janesick et al.,** the genetic profiles in both single-cell RNA-seq are
compatible, suggesting the validity of the gene profiles in the present study for investigating HC regener-
ation processes in chick BPs. We, therefore, consider that molecules or signaling pathways that were
detected in both studies will be associated with fundamental events that occur in SCs during HC regener-
ation in chick BPs. Unlike the study by Janesick et al.,*® the present dataset of SC clustering fitted for a
pseudotime trajectory analysis, which contributed to the identification of the intermediate precursor stage
or reprogrammed SCs expressing a specific marker EDNRB2 during SC-to-HC conversion.

Limitations of the study

In the present study, single-cell RNA-seq revealed the stepwise conversion from SCs to HCs through
reversal to precursor status in chick BP explant cultures. EDNRB2Z is specifically expressed in SCs reprog-
rammed for HC regeneration. TGFb signaling is involved in the induction of SC reprogramming. Whether
the same mechanism works in in vivo settings of chick BPs or mammalian cochleae remains to be explored.
Our data provide new insights into the mechanisms of SC-to-HC conversion in chick BPs and will contribute
to the exploration of critical signaling pathways for HC regeneration through SC-to-HC conversion in
mammals in future studies.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

mouse anti-MYO7A

rabbit anti-SOX2

rabbit anti-ARG3

rabbit anti-CSRP2

mouse anti-CD44

rabbit anti-FGFR1

Alexa Fluor 594 goat anti-mouse
Alexa Fluor 568 goat anti-mouse
Alexa Fluor 488 goat anti-rabbit
Alexa Fluor 546 goat anti-rabbit

Developmental Studies
Hybridoma Bank

Sigma-Aldrich
Proteintech Group
MyBioSource

Thermo Fisher Scientific
Honda A et al., 2018'%°
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific

catalog #138-1; RRID:AB_2282417

catalog #AB5603; RRID:AB_2286686
catalog #11967-1-AP; RRID:AB_2877809
catalog #MBS9204419

catalog #MA528693; RRID:AB_2745652
N/A

catalog # A11005; RRID:AB_141372
catalog # A11004; RRID:AB_2534072
catalog # A11034; RRID:AB_2576217
catalog #A11010; RRID:AB_2534077

Chemicals, peptides, and recombinant proteins

medium 199

DMEM-high glucose

HyClone fetal bovine serum
penicillin/streptomycin

Thermolysin

Accutase

TrypLE Select enzyme

DAPI

Reagent kit v2

Nextera XT DNA Library Prep Kit
RNeasy Plus Micro kit

SuperScript Il First-Strand Synthesis System
Power SYBR Green PCR Master Mix
TagMan Fast Advanced Master Mix
SB505124

Thermo Fisher Scientific
Nacalai Tesque

Thermo Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich

Nacalai Tesque

Thermo Fisher Scientific
Thermo Fisher Scientific
Fluidigm

lllumina

QIAGEN

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Sigma-Aldrich

catalog #11043023
catalog #08459-35
catalog #12389802
catalog #P4333
catalog #17902

catalg #12679-54
catalog# 12563011
catalog # D1306
catalog #SKU: 101-3473
catalog #FC-131-1024
catalog # 74004
catalog #N8080234
catalog #4367659
catalog #4444557
catalog #54696-5MG

Critical commercial assays

RNAscope 2.5 HD Duplex Detection Kit

Advanced Cell Diagnostics Inc

catalog #322430

C1 Single-Cell mRNA seq HT IFC Fluidigm catalog #SKU: 101-4981
Deposited data
Sequencing data This paper GEO accession number: GSE209791

Experimental models: Organisms/strains

Post-hatch day 1 male Momiji
(Gallus domesticus) chicken

Goto Furan-Jo (Gifu, Japan)

N/A

Oligonucleotides

ATOH1
FGFR3
EDNRB2

Hprt1 forward, 5-GCACTATGACTCTACCGACTATTGC-3'
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Advanced Cell Diagnostics Inc
Advanced Cell Diagnostics Inc
Advanced Cell Diagnostics Inc

Eurofins Genomics K.K.

catalog #574081-C1 or C2 for ggATOH1
catalog #574091-C2 for ggFGFR3
catalog #1065931-C2 for ggEDNRB2
N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Hprt1 reverse, 5-CAGTTCTGGGTTGATGAGGTT-3' Eurofins Genomics K.K. N/A

Ednrb2 forward, 5'-GCAGTCAGTTTTGCCCTTCG-3' Eurofins Genomics K.K. N/A

Ednrb2 reverse, 5-ATGAGAACATTCGGCCCGTT-3' Eurofins Genomics K.K. N/A

Atoh1 forward, 5'-AACAACGACAAGAAGCTCTCCAA-3' Eurofins Genomics K.K. N/A

Atoh1 reverse, 5-GCGAGGGCGCTGATGTAG-3’ Eurofins Genomics K.K. N/A

ID: Gg07187773_s1, Gene:LOXL1
ID: Gg03338898_m1, Gene:HPRT1

Tagman assay gene expression

Tagman assay gene expression

Cat.no. 4351370
Cat.no. 4448485

Software and algorithms

FASTP v0.19.6
GRCgéba

STAR v2.7.0a
SUBREAD v1.6.3
Seurat v4.0.3 R package

Rv4.0.3

quminorm v0.1.0 R package

sctransform v0.3.3 R package

Slingshot v1.6.0 R package
ranger v0.13.1 R package

dtwclust v5.5.10 R package

CellChat v1.5.0

Rmagic v2.0.3
GraphPad Prism7
Adobe Photoshop 2020

Real-Time PCR System Software v2.0

ImageJ

Chen et al., 2018
NCBI

Dobin et al., 2013'%?
Liao et al., 2013

Hao et al., 2021'%%;
Stuart et al., 2019'%°

R Project for Statistical
Computing_
Townes et al., 2020'%

Hafemeister and Satija, 2019'Y

Street et al., 2018°7
Wright and Ziegler, 2017%°

Sarda-Espinosa, 2019'%

Jin etal., 2021°¢

van Dijk et al., 2018'%’
GraphPad Software
Adobe Systems

Thermo Fisher Scientific

NIH

https://github.com/OpenGene/fastp

https://www.ncbi.nlm.nih.gov/assembly/
GCF_000002315.6

http://code.google.com/p/rna-star/
https://subread.sourceforge.net/

https://satijalab.org/seurat/

https://www.R-project.org/

https://github.com/willtownes/quminorm/

https://cran.r-project.org/web/packages/

sctransform/index.html
https://github.com/kstreet13/slingshot
https://cran.r-project.org/web/packages/

ranger/index.html

https://github.com/asardaes/dtwclust/
releases/tag/v5.5.10

https://github.com/sgjin/CellChat/
releases/tag/v1.5.0

https://github.com/cran/Rmagic
https://www.graphpad.com/

https://www.adobe.com/jp/products/
photoshop.html

https://www.thermofisher.com/order/
catalog/product/jp/ja/4443420

https://imagej.nih.gov/ij/

Other

TC20 automated cell counter
HiSeq2500

TCS-SPE confocal microscope

BX50 microscope

StepOnePlus Real-Time PCR system

Bio-Rad Laboratories
lllumina

Leica Microsystems

Olympus

Thermo Fisher Scientific

catalog #1450101J1
catalog #SY-401-2501

https://www.leica-microsystems.com/products/
confocal-microscopes/p/leica-tcs-spe/downloads/
https://www.olympus-lifescience.com/ja/
technology/museum/micro/1993_02/

catalog #4376598

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to the lead contact, Ta-

kayuki Nakagawa (tnakagawa@ent.kuhp.kyoto-u.ac.jp).
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Materials availability

The study did not generate new unique reagents.

Data and code availability

Single-cell RNA-seq data have been deposited at GEO and are publicly available as of the date of publi-
cation. Accession numbers are listed in the key resources table. Microscopy data reported in this paper will
be shared by the lead contact upon request. This paper does not report original code. Any additional in-
formation required to reanalyze the data reported in this paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Explant culture of chick basilar papillae

Post-hatch day 1 (P1) male Momiji (Gallus domesticus) chicks were purchased from Goto Furan-Jo (Gifu,
Japan) and placed for less than 3 h in the transport box in the experimental room, which was maintained
at approximately 23°C. All animal procedures were performed following the National Institutes of Health
(NIH; Bethesda, MD, USA) Guide for the Care and Use of Laboratory Animals (NIH Publications No. 8023,
revised 1978) and were approved by the Animal Research Committee of Kyoto University Graduate School
of Medicine (MedKyo21123).

After euthanasia by CO2 inhalation followed by decapitation, the middle ear cavity was opened, followed
by the extirpation of the cochlear duct. Cochlear ducts were placed in ice-cold sterile medium 199. The
tegmentum vasculosum was carefully removed from the cochlear duct. The remaining tissue containing
the basilar papilla (BP) was cultured in a free-floating manner (submerged in the medium) in 500 pl control
medium consisting of Dulbecco’s modified Eagle’s medium with 4.5 g/l glucose supplemented with 1%
fetal bovine serum (FBS) in 48-well plates (lwaki Co. Limited, Tokyo, Japan) for 24 h. Thereafter, BP spec-
imens were provided for explant cultures. To damage hair cells (HCs), BP explants were maintained with
the culture media containing penicillin/streptomycin (SM; 200 penicillin units per ml and 78 uM strepto-
mycin). After the SM exposure for 48 h, BP was washed out by changing the medium twice, and then
cultured in DMEM-high glucose with 1% FBS and penicillin (control medium). The control specimens
were incubated in the control media without exposure to SM. Culture media were changed every other day.

METHODS DETAILS

Single cell preparation and RNA-sequencing

The following samples were provided for the single cell RNA sequencing (RNA-seq) analysis: dayO_pre
(before SM exposure, n = 17), day2_SM (immediately after 48-h SM exposure, n = 16), day6_SM (96 h after
SM exposure, n = 15), day2_Ctrl (48-h culture in the control medium, n = 16), day6_Ctrl (144-h culture in the
control medium, n = 15) and intact BPs that were harvested immediately after the dissection from the tem-
poral bones (n = 17). For enzymatic dissociation of BPs for single cell RNA-seq, specimens were incubated
in prewarmed 500 pg/ml thermolysin in medium 199 at 37°C for 30 min. To stop enzymatic dissociation,
specimens were transferred into medium 199 supplemented with 5% FBS. Afterwards, the BP, the sensory
epithelium was separated from the surrounding tissues under the stereomicroscope. Then, the samples
were transferred into an Eppendorf tube by a pipette. After centrifugation (800g x 5 min) at room temper-
ature, the supernatant was removed. Samples were incubated in an enzyme cocktail containing 50%
Accutase and 50% TrypLE Select enzyme (1X) (1:1) for 7 min at 37°C. After gently pipetting 10-20 times,
samples were incubated for additional 4 min at 37°C. After inactivation of enzymatic activity with medium
199 supplemented with 5% FBS, further mechanical dissociation by pipetting was performed. Dissociated
cells were collected after centrifugation (800g x 5 min) and resuspended in medium 199 supplemented with
5% FBS. We sampled 1 pl of a cell suspension and quantified the number of living cells by a TC20
automated cell counter. Finally, the cell concentration was adjusted to 500 cells per pl.

Capture of the single cells and cDNA synthesis were conducted using C1 Single-Cell mRNA seq HT IFC for
medium cell size (10-17 um) and Reagent kit v2 according to manufacturer’s instruction. Briefly, 12,000 cells
of each sample were loaded onto HT IFC, and 400 cells were captured in the IFC. Sequencing libraries were
prepared by transposase-assisted tagmentation and enrichment of 3'end of genes using Nextera XT DNA
Library Prep Kit. The libraries were sequenced on the HiSeq2500 for 25 and 75 cycles paired-end reads. The
raw sequencing data in bcl format were converted into FASTQ files using the lllumina bcl2fastg2 software.
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Data preprocessing

We applied C1 mRNA Seq HT Demultiplex Script v2.0 (Fluidigm) to demultiplex the FASTQ files. We per-
formed quality check and trimming using FASTP v0.19.6'°" with default settings otherwise additional polyG
and polyX tail trimming. Trimmed reads were mapped to the chicken reference genome GRCgéa (https://
www.ncbi.nlm.nih.gov/assembly/GCF_000002315.6) using STAR v2.7.0a'%? with default settings. The
generated BAM files were transformed into gene expression matrix of 2,400 cells using featureCounts func-
tion from SUBREAD v1.6.3 package.'”® We performed a downstream analysis using Seurat 4.0.3
library'%19 on R 4.0.3 (R Core Team (2020). R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-project.org/.). After removing
the cells of which RNA count was less than 20,000, detected genes was less than 1,000, detected gene
was more than 4,000, or percentage of mitochondrial genes was more than 12.5%, 1,054 cells were
analyzed. The dataset was normalized using transcripts per million,""® quasi UMI normalization'® and R
package sctransform,'”” which included the selection of variable genes. We performed principal compo-
nent analysis (PCA) to reduce dimensionality on the normalized data matrix. For PCA, we used the top
3,000 most highly variable genes and kept the first 10 principal components (PCs). For 2-dimentional visu-
alization, PC embedding was passed into the uniform manifold approximation and projection (UMAP).'"!
The parameters for UMAP were as follows: min dist = 0.01, n (the number of neighbors) = 30. We applied
the Louvain clustering algorithm for community detection. The Seurat FindMarkers function was used to
explore marker genes for the clusters (Wilcoxon rank-sum test). The clusters were annotated based on
established marker genes. During analyses of differentially expressed genes, we set a log-fold-change
threshold > 0.5 and FDR < 0.05. P-value was adjusted by Bonferroni correction.

To calculate communication networks in the supporting cell subset, we used R software CellChat v1.5.0.°
We imputed the data using Rmagic v2.0.3'% with default parameters before the CellChat analysis. We in-
ferred the communication network, including signaling pathway and ligand-receptor pairs information
using their default mean method, trimean. We visualized incoming and outgoing signaling patterns.

Reconstruction of the pseudotime trajectory was performed by Slingshot v1.6.0.°% In order to find genes
that are differentially expressed along the pseudotime, we built arandom forest regression model that pre-
dicts the value of the pseudotime from the expression value of each gene. We built the model using
R ranger package.®® The parameters for the regression model were as follows: mtry (randomly selected
predictors) = 800, trees (number of trees) = 1,000, min_n (minimal node seize) = 15. Using this model,
we calculated the importance of the genes at the pseudo-time and selected 500 most important genes.
We classified the 500 selected genes into six clusters using dtwclust package.'%® We performed time series
clustering based on Euclidean distances. Volcano plots were made in GraphPad Prism7 (GraphPad
Software).

Immunohistochemistry

Immunostaining was carried out on whole mount preparations or frozen sections of the chick cochlea duct.
After the fixation with 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for 15 min at room
temperature, PBS wash was done for two times. The dehydration was performed for the frozen section
from 15% sucrose with 0.2mM ethylenediaminetetraacetic acid (EDTA) in 1XPBS at 4 °C overnight to
30% sucrose with 0.2mM EDTA next night. Specimens were embedded in Tissue-Tek O.C.T. Compound
(Sakura Fine technical Co., Ltd., Tokyo, Japan) and then, cryostat-cut sections (10 pm) were mounted
directly onto MAS-coated slides (Matsunami Glass Ind. Ltd, Osaka, Japan). The ensemble of sections
collected from 2-3 BPs was distributed through almost 20 slides (7-9 sections per slide) for each experi-
ment. And each slide contains a reliable representation of the whole length of the BP in a serial manner
(first tissue section on slide numbered 1 and the following tissue section on slide number 2 and so on) which
provided uniformity of treatment for cross-sections throughout the cochlear length.

Both whole-mount samples and section samples were incubated in blocking solution (1% bovine serum
albumin and 5% normal goat serum in PBS) for 30 min at room temperature. The samples were incubated
with primary antibodies in a blocking solution overnight at 4 °C, followed by incubation with the corre-
sponding secondary antibodies for 1 h at room temperature. Nuclear staining was done by 4',6-diami-
dino-2-phenylindole (DAPI). After several washes in 1xPBS, samples were mounted using FluoromountG
(catalog # 00-4958-02, Southern Biotech). All fluorescence images were obtained with a TCS-SPE confocal
microscope (equipped with 40x/1.15 OIL CS. objective, Leica Microsystems, Wetzlar, Germany). As for
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whole mount samples, each image taken by the BX50 microscope (Olympus, Tokyo, Japan) was identified
at first by immunostaining for MYO7A and nuclear staining with DAPI, and the total BP length between the
proximal portion and the distal portion was calculated by ImageJ software. Around 40% of the distal end of
each BP was used for quantitative analyses in whole-mount samples. Optical sections in the xy-field (“z-sec-
tions") were imaged and recorded at 4-um intervals with the span adjusted to include the HC layer and SC
layer in the xy-field of view. As for transverse sections, 3 sections for each image were z-stack projection.
Image processing for figures was accomplished in Adobe Photoshop 2020. Images presented are repre-
sentative of three independent experiments. We counted numbers of MYO7A-expressing cells with
DAPI nuclear staining as hair cell numbers and those of MYO7A and SOX2 co-expressing cells as immature
hair cell numbers. Welch t-test for the two groups was calculated in GraphPad Prism 7.

In situ hybridization

The preparation of the frozen-section sample for the in situ hybridization (ISH) was almost the same as im-
munostaining protocols except for the longer fixation (at 4 °C for 3-4 h), higher EDTA concentration
(333mM) in 30% sucrose and thicker sections (14 um). All ISH experiments were carried out with the RNA-
scope 2.5 HD Duplex Detection Kit on frozen section samples according to the manufacture'’s instruction.
Briefly, slides were baked at 60 °C for 15 min and washed with 1xPBS. The specimens were then post-fixed
in pre-chilled 4% PFA for 15 min, washed in 2 changes of double distilled water (DDW) for 1 min each before
dehydration through 50%, 70%, 100% and 100% ethanol for 5 min each. The slides were air-dried for 5 min
before hydrogen peroxide treatment for 10 min, washed with DDW for a brief time twice. Slides were boiled
in the target retrieval solution for 3 min and washed with DDW and then changed for 100% ethanol. Slides
were dried up again with baking at 60 °C for 10 min and then allowed to put into the Protease Il Solution at
40 °C for 5 min, and the hybridization with the pre-warmed probe was performed at 40 °C for 120 min. After
washing with wash buffer and 5xSSC solution overnight, the specimens were stained according to the man-
ufacturer’s instructions. On each individual section, three target mRNAs were examined: ATOH1 (#574081-
C1 or C2 for ggATOH1, Advanced Cell Diagnostics Inc.), FGFR3 (574091-C2 for ggFGFR3, Advanced Cell
Diagnostics Inc.), and EDNRB2 (1065931-C2 for ggEDNRB2, Advanced Cell Diagnostics Inc.). Both positive
and negative control probes (#453961-C2 for ggUBC [ubiquitin C] or #320751, Advanced Cell Diagnostics
Inc.) were also labeled. The duplex negative control probe (#320751, Advanced Cell Diagnostics Inc.) was
used on one section per slide for control purposes. Probes in channel 2 were labeled with AP enzyme and a
red substrate. DAP| was used to mark cell nuclei. Slides were then imaged using a BX50 microscope to take
20x, 40x bright-field and fluorescence with DAPI filter from more than 3 BP samples for each time point, and
a representative image was cited in the figures. Image processing for figures was accomplished in Adobe
Photoshop 2020. Images presented are representative of three independent experiments.

Quantitative real-time PCR

Total RNA for each sample was extracted pooled 10 BPs using the RNeasy Plus Micro kit (catalog # 74004,
QIAGEN, Venlo, Netherlands) according to the manufacturer’s protocol. DNase | treatment was performed
using spin columns. RNA was reverse-transcribed using the SuperScript lll First-Strand Synthesis System.
Quantitative real-time polymerase chain reaction (qPCR) was performed using a StepOnePlus Real-Time
PCR system. cDNA was amplified using the Power SYBR Green PCR Master Mix or TagMan™ Fast Advanced
Master Mix. The experiment was performed in triplicate. Target gene expression was normalized to hypo-
xanthine phosphoribosyltransferase 1 (Hprt1)."'? ¢cDNA from the brain tissue of post-hatched 1-day-old
chickens was used to generate standard curves for each gene. Relative quantification was performed using
Real-Time PCR System Software v2.0, with the 2—AACT method (Thermo Fisher Scientific). The primers
used are shown in the key resources table.

Pharmacological inhibition of transforming growth factor 8 type 1 receptors

Chick BP explants were cultured with SM (78 uM) alone (day2_SM) or SM and a transforming growth factor B
type 1 receptor inhibitor, SB505124 (catalog #54696-5MG, Sigma-Aldrich) at a concentration of 2uM
(day2_SM+SB) for 48 h. To validate EDNRB2 expression, we harvested BP explants after 48-h culture
and performed gPCR and ISH. For gPCR assessment related to Figure 5B, we used 10 to 11BPs for each
experimental group per experiment. BPs before SM exposure were used as controls (dayO_pre). For
quantification of EDNRB2-expressing cells related to Figure 5C, we counted EDNRB2-expressing cells
with DAPI staining in three transverse sections of BPs from the distal (0-30% from the distal end), middle
(30-70%) and proximal (70%-the proximal end) portions in each sample. The sum of three sections was
defined as the number of EDNRBZ2-expressing cells for each sample. To examine effects of
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pharmacological inhibition of transforming growth factor B type 1 receptor on hair cell regeneration, we
used BP explants that were cultured with SM or SM+SB505124 for 48 h followed additional 96-h culture
in control media, and HC count was done in transverse sections using immunohistochemistry for
MYO7A and nuclear staining with DAPI.

QUANTIFICATION AND STATISTICAL ANALYSIS

Differential expression analysis between single cell RNA-seq clusters was performed with Seurat 4.0.3
library'%'% on R 4.0.3 (R Core Team (2020). We set a log-fold-change threshold > 0.5 and false discovery
rate (FDR) < 0.05. P-value was adjusted by Bonferroni correction. Differentially expression analysis along
the pseudotime was performed using R ranger package.®® Statistical analyses were conducted using Welch
t-test for the two groups (Figure 5) or one-way ANOVA with Tukey’s correction for the three groups
(Figure S1) in GraphPad Prism 7. Additional details are provided in the figure legends.
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