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Mapping the regulatory landscape of auditory
hair cells from single-cell multi-omics data

Shuze Wang,1,2 Mary P. Lee,1 Scott Jones,1 Jie Liu,2 and Joerg Waldhaus1
1Department of Otolaryngology–Head and Neck Surgery, Kresge Hearing Research Institute, University of Michigan, Ann Arbor,
Michigan 48109, USA; 2Department of Computational Medicine and Bioinformatics, University of Michigan 48109, Ann Arbor,
Michigan 48109, USA

Auditory hair cells transduce sound to the brain, and in mammals, these cells reside together with supporting cells in the

sensory epithelium of the cochlea, called the organ of Corti. To establish the organ’s delicate function during development

and differentiation, spatiotemporal gene expression is strictly controlled by chromatin accessibility and cell type–specific

transcription factors, jointly representing the regulatory landscape. Bulk sequencing technology and cellular heterogeneity

obscured investigations on the interplay between transcription factors and chromatin accessibility in inner ear develop-

ment. To study the formation of the regulatory landscape in hair cells, we collected single-cell chromatin accessibility pro-

files accompanied by single-cell RNA data from genetically labeled murine hair cells and supporting cells after birth. Using

an integrative approach, we predicted cell type–specific activating and repressing functions of developmental transcription

factors. Furthermore, by integrating gene expression and chromatin accessibility data sets, we reconstructed gene regula-

tory networks. Then, using a comparative approach, 20 hair cell–specific activators and repressors, including putative

downstream target genes, were identified. Clustering of target genes resolved groups of related transcription factors and

was used to infer their developmental functions. Finally, the heterogeneity in the single-cell data allowed us to spatially re-

construct transcriptional as well as chromatin accessibility trajectories, indicating that gradual changes in the chromatin ac-

cessibility landscape are lagging behind the transcriptional identity of hair cells along the organ’s longitudinal axis. Overall,

this study provides a strategy to spatially reconstruct the formation of a lineage-specific regulatory landscape using a single-

cell multi-omics approach.

[Supplemental material is available for this article.]

The mammalian genome was estimated to encode approximately
30,000 protein-coding genes (Shabalina and Spiridonov 2004),
and numerous unique combinations of the related gene products
account for the molecular variety of the different cell types form-
ing an organism. To orchestrate gene expression and to ensure
proper differentiation of a given lineage, a delicate interplay be-
tween transcription factors (TFs) and chromatin accessibility con-
trols the developmental program (Klemm et al. 2019). The
transcriptional landscape from isolated tissues to whole organisms
(Wagner et al. 2018; Packer et al. 2019) has been reconstructed us-
ing single-cell whole-transcriptome data and resulted in the devel-
opment of a variety of bioinformatics algorithms (Bendall et al.
2014; Trapnell et al. 2014; Guo et al. 2017; Qiu et al. 2017b;
Ellwanger et al. 2018). More recently, single-cell assay for transpo-
sase-accessible chromatin sequencing (scATAC-seq) protocols
became available to investigate chromatin accessibility at match-
ing resolution (Mezger et al. 2018). The technology identifies ac-
cessible chromatin regions, which potentially harbor regulatory
elements that can be used to characterize genome-wide DNA/TF
interactions (Buenrostro et al. 2013). In combination, single-cell
RNA-seq (scRNA-seq) and scATAC-seq technologies offer the po-
tential to resolve dynamic changes in the regulatory landscape
(Buenrostro et al. 2018). However, data interpretation remains

challenging owing to the sparsity of the scATAC-seq data and bio-
logical complexity of the model organism investigated.

The murine organ of Corti is an excellent model to study the
development of the regulatory landscape because it consists of
only two major cell types, sensory hair cells (HCs) and supporting
cells (SCs), that originate from a shared progenitor (Xu et al. 2017).
The two major cell types can be subdivided phenotypically (Corti
1851) as well as transcriptionally (Burns et al. 2015; Kolla et al.
2020) into inner HCs (IHCs), outer HCs (OHCs), and a number
of different SC types. Tight temporal control is required for devel-
opment of the organ of Corti, which occurs in waves both molec-
ularly (Lee et al. 2006) and functionally (Lelli et al. 2009), starting
at the base and extending toward the apex of the organ. Therefore,
isolation of individual cells from the whole organ of Corti at a sin-
gle developmental time point mirrors a continuum of differentia-
tion, where cells isolated from the base aremore mature compared
with the cells from the apex. At the transcriptional level, those dif-
ferences in gene expression were sufficient to reconstruct the or-
gan of Corti in two-dimensional space from single-cell qPCR
data (Waldhaus et al. 2015). The aim of our study is to identify
the regulatory landscape controlling the differentiation andmatu-
ration of the organ of Corti. Here we provide a framework of how
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to analyze the regulatory landscape of HC differentiation using an
integrative single-cell pipeline.

Results

Isolation of organ of Corti HCs and SCs

Wegenerated scATAC-seq profiles from isolatedHCs and SCs using
fluorescence-activated cell sorting (FACS) in combination with the
ATOH1-GFP (Rose et al. 2009)/FGFR3-iCRE (Young et al. 2010)/
Ai14-tdTomato (Madisen et al. 2010) mouse line at postnatal day
(P) 2 (Fig. 1A). ATOH1-GFP expression labeled sensoryHCs, where-
as conditional expression of tdTomato delineates two SC types,
namely, Pillar cells (PCs) and Deiters’ cells (DCs) (Fig. 1A,B). Apical
OHCs showed coexpression of GFP and tdTomato as previously re-
ported (Waldhaus et al. 2015). After microdissection, we divided
cochlear ducts into apical and basal compartments, dissociated
the tissue to single-cell level, and performed FACS to enrich for
HCs and PC/DCs (Fig. 1A,C; Supplemental Fig. S1A). Library prep-
aration of sorted cells was performed using the 10x Genomics scA-
TAC-seq platform, and upon application of stringent quality
criteria, we yielded high-quality profiles of 1210 single cells (Fig.
1D). The cells clustered into six populations (Fig. 1E)with amedian
unique fragment count of 17,048 per cell (Supplemental Fig. S1B).
Fragments were enriched at transcriptional start sites (TSSs)
(Supplemental Fig. S1C), as well as in distal intergenic regions
and introns (Supplemental Fig. S1D). The lengthof fragments accu-
mulated at 100 bp and 200 bp, indicating nucleosome-free and
mononucleosome-bound fragments (Supplemental Fig. S1E). To
generate age-matched scRNA-seq data with an identical genetic
background, we collected apical and basal compartments from P2
ATOH1-GFP/FGFR3-iCRE/Ai14-tdTomato cochlea for a second
time. After single-cell dissociation,weperformed FACS and applied
less stringent gating criteria comparedwith the scATAC-seq sorting
paradigm to ensure a complete overlap with the previously sorted
populations. After library preparation using the 10x Genomics
scRNA-seq platform, sequencing, and quality control, we analyzed
the transcriptomes of 695 cells and identified 11 clusters (Fig. 1D,F)
with amedianunique count of 12,343 reads per cell (Supplemental
Fig. S1F).

Identification of organ of Corti cell types using a similarity matrix

Cellular identities of scATAC-seq data were annotated based on
similarities between the scATAC-seq and scRNA-seq clusters. First,
we identified 11 clusters from scRNA-seq data using Seurat v3
(Stuart et al. 2019). Each of the 11 scRNA-seq clusters were com-
pared with the remaining cells in order to establish a list of differ-
entially expressed genes (DEGs) (Fig. 1G). Overall, we identified a
total of 5772 DEGs with a median number of 428 DEGs per clus-
ter. Known markers among the DEGs were used to determine
scRNA-seq cluster identities (Supplemental Fig. S2A). Periotic
mesenchyme markers like Pou3f4 and Tbx18 (Phippard et al.
1998; Trowe et al. 2008) were among the genes differentially ex-
pressed in cluster 1, whereas Fabp7, Mpz, and Egfl8 (Wang et al.
2013; Weiss et al. 2016; Suzuki et al. 2019) in cluster 2 indicated
Schwann cell identity. PCs and DCs were represented in cluster 3
as shown by Fgfr3, Prox1, and Hes5 expression (Bermingham-
McDonogh et al. 2006; Hartman et al. 2009; Hayashi et al.
2010). Endothelial cells and melanocytes were captured in clus-
ters 4 and 5 as evidenced by the expression of Cldn5, Cdh5, and
Sox17 (Gory-Fauré et al. 1999; Morita et al. 1999; Zhou et al.
2015) and of Gsta4, Pmel, and Ptgds (Takeda et al. 2006; Uehara

et al. 2009; Hellström et al. 2011), respectively. Atoh1, Pou4f3,
and Gfi1 (Xiang et al. 1997; Wallis et al. 2003; Woods et al.
2004) were DEGs of sensory HCs characteristic for cluster 6,
whereas lateral SCs in cluster 7 expressed Gata2, Fst, and Hs3st1
(Lilleväli et al. 2004; Hartman et al. 2015; Son et al. 2015). Cluster
8 represented proliferating Schwann cells distinguished by Fabp7,
Top2a, and Cdc20 (Fuhrmann et al. 2018; Jessen and Mirsky
2019) expression. Crabp1, Slc12a2, and Atp1b1 (Kolla et al.
2020; Mutai et al. 2020) indicated medial SCs in cluster 9. Cells
in cluster 10 represented roof structures consisting of Reissner’s
membrane and stria vascularis based on Oc90, Otx2, and Cldn8
expression (Kitajiri et al. 2004; Hartman et al. 2015; Vendrell
et al. 2015). Finally, immune cells expressed markers like Lyz2
and C1qa (van Schaarenburg et al. 2016; Cochain et al. 2018)
in cluster 11. Next, we identified six clusters from scATAC-seq
data, and cluster-specific differentially accessible regions (DARs)
were determined using SnapATAC (Fig. 1H; Fang et al. 2021). In
summary, we identified a total of 67,415 DARs with a median
number of 6495 DARs per cluster. Subsequently, a proximity-
based approach was used to annotate DARs to genes, which al-
lowed us to compare similarities between DEGs and annotated
DARs using a Jaccard index similarity matrix (Fig. 1I). scATAC-
seq cluster 1 showed the highest similarity to the scRNA-seq
HC cluster, whereas scATAC-seq cluster 2 corresponded to the
PC/DC cluster. scATAC-seq clusters 3 through 6 were identified
as roof, mesenchyme, endothelial, and immune cells based on
their similarities to the scRNA-seq clusters, respectively. Medial
and lateral SC-, as well as Schwann cell- and melanocyte-
scRNA-seq clusters, did not show high similarities to any of the
scATAC-seq clusters, probably owing to the lenient flow sorting
strategy applied to the scRNA-seq samples. To validate the accura-
cy of the similarity-based approach, we integrated scRNA-seq and
scATAC-seq for joint alignment analysis using LIGER (Supple-
mental Fig. S2B,C; Welch et al. 2019). Projecting the similarity-
based approach identities onto the LIGER coembedding UMAP
revealed high similarity in cell type annotations for both ap-
proaches (Supplemental Fig. S2C). Because of the larger number
of scATAC-seq cells, the LIGER clustering was dominated by scA-
TAC-seq cells, which potentially obscured the identity of smaller
clusters. Therefore, the Jaccard similarity matrix provided an effi-
cient approach to identify and annotate cell types represented by
small numbers of cells.

Generally, DARs are likely to be enriched in gene bodies and
gene regulatory elements controlling expression of individual
transcripts. To test the quality of our scATAC-seq data, we identi-
fied five DARs overlapping with previously published organ of
Corti–specific enhancer elements (Supplemental Fig. S2D; Wilker-
son et al. 2019). Next, we visualized cluster-specific candidate
genes contributing to the Jaccard similarity matrix. We plotted
chromatin accessibility around the gene body and transcript lev-
els, accordingly (Fig. 1J). Peaks were accumulated and normalized
by fragment pileup permillion reads for better comparison. Pou4f3
is a known HC-specific marker gene (Xiang et al. 1997), and called
peaks at the Pou4f3 locus resolved accessible chromatin in HCs,
whereas chromatin in PC/DCs and the other cell types was found
in a closed conformation at the same locus. Similarly, the Pou4f3
transcript was only detected in the HC population. Hes5, on the
other hand, is a known cochlear PC/DC marker gene (Hartman
et al. 2009) and showed cell type–specific chromatin accessibility
accompanied by PC/DC-specific expression of the transcript.
Cldn8, Tbx18, Cldn5, and C1qa show complementary chromatin
accessibilities and transcript expression levels that are known to
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Figure 1. scATAC-seq and scRNA-seq profiling of isolatedHCs and PC/DCs. (A) Schematic representation of the experimental workflow used in this study.
(B) Representative fluorescent reporter gene expression of ATOH1-GFP and FGFR3-tdTomato inwhole-mount preparations of the organ of Corti at P2. Scale
bar, 200 µm. (C) FACS plot and gating strategy to isolate cells expressing GFP and tdTomato. (D) Table summarizing sequencing libraries generated and
total number of cells per library after quality control. (E,F ) UMAP plots to show the clustering of all organ of Corti cells processed in two aggregated libraries
to rule out technical variations for scATAC-seq (E) and scRNA-seq (F ) experiments. (G) Expression heat map for 695 organ of Corti scRNA-seq cells (x-axis)
and DEGs (y-axis). Shown are the top 100DEGs for each of the 11 clusters identified. Cluster identities were determined based onDEGs known as canonical
markers (also see Supplemental Fig. S2A) and indicatedwith a color bar at the bottom of the heatmap. (H) Accessibility heatmap for 1210 scATAC-seq cells.
The top 100 DARs for each of the six clusters identified are shown, and cluster IDs are indicated with a color bar at the bottom of the heat map. (I) A Jaccard
index similarity matrix reveals relations between scATAC-seq clusters and scRNA-seq clusters based on the overlaps between DEGs and annotated DARs.
scATAC-seq cluster annotationswere determined by the similarity to scRNA-seq clusters (color-coded as in E and F). (J) Enrichment of chromatin accessibility
and expression level of candidate genes corresponding to their clusters. Accumulated scATAC-seq fragments at the individual gene locus (left column) and
normalized gene expression levels in violin plots (right column) for the six scATAC-seq clusters. Arrowhead at the bottom of the plot indicates a position of a
previously published organ of Corti–specific regulatory element (Wilkerson et al. 2019).
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delineate roof, mesenchymal, endothelial, and immune popula-
tions, respectively.

Inference of TF activity in maturating HCs and PC/DCs

HCs and PC/DCs of the organ of Corti develop from a shared pro-
genitor starting around embryonic day (E) 14.5 (Chen et al. 2002).
We aimed to identify TFs controlling differentiation of the two cell
types and to infer their function in a combinatorial approach from
postnatal data. The function of a TF is highly context dependent;
nevertheless, it can generally be categorized as a transcriptional ac-
tivator or repressor. We adopted two assumptions that were previ-

ously developed (Berest et al. 2019) to classify TF activity: (1) Upon
binding of an activating TF, chromatin accessibility at the regula-
tory element is increased, resulting in an up-regulation of the re-
spective target gene transcript, and (2) conversely, binding of a
repressing TF decreases average chromatin accessibility at the reg-
ulatory element and down-regulation of the target genewill occur.
Based on the assumptions, we established a classification model
tailored toward single-cell experiment workflow.

First, by comparing scRNA-seq data fromHC and PC/DCpop-
ulations, we identified 93 DEGs (P-adjusted<0.05) encoding TFs
such as Lhx3, Gfi1, Sox2, and Tgif1 (Fig. 2A). Next, we calculated
TF motif accessibility z-scores using chromVAR (Schep et al.

E F

BA C D

G H

Figure 2. Transcriptional activator and repressor classification. (A) Volcano plot of differentially expressed TF genes between the HC and PC/DC clusters
(P-adjusted< 0.05). (B) UMAP of TF motif accessibility z-scores calculated from chromVAR. Cells are color-coded based on SnapATAC clusters. (C) Volcano
plot of differential TF motif accessibilities calculated from z-scores between the HC and PC/DC clusters (P-adjusted< 0.05). (D) Dot plot of TF classification
shown in average log2 fold change (FC) mRNA level and z-scores. The differential expression from scRNA-seq between HCs and PC/DCs is plotted on the x-
axis, and the differential accessibility from scATAC-seq is shown on the y-axis. Activators are classified in green, repressors in red, and undetermined TFs in
gray. (E–H) TF activities in differentiating HCs and PC/DCs in terms of mRNA expression, chromatin accessibility, and footprints. (E) LHX3, a transcriptional
activator in HCs. (First row) Violin plot of RNA expression. Each dot represents a single cell. (Second row) UMAP plot of LHX3motif accessibility calculated as
z-score. Red indicates higher accessibility compared with blue. Each dot represents a single cell. (Third row) LHX3 footprint calculated from scATAC-seq
data using HINT-ATAC. Activators are characterized by high scATAC-seq signal in the flanking region of the TF binding sites compared with the control
population. Yellow line represents the HC cluster, and orange line represents the PC/DC cluster. (Fourth row) Mouse HOCOMOCO v10 consensus se-
quence for the LHX3 motif. (F–H) Analogous data representation for (F) GFI1, classified as a HC repressor; (G) SOX2, a PC/DC activator; and (H) TGIF1,
a repressor in PC/DCs.
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2017). Briefly, the algorithm quantifies normalized motif accessi-
bility with a z-score by aggregating accessible regions per given
TF motif across the whole genome of a single cell. Using TF motifs
as features, we visualized clusters in UMAP (Fig. 2B), which faith-
fully reproduced populations previously identified by SnapATAC.
When HC and PC/DC clusters were compared, we identified 353
differentially accessible TF motifs (P-adjusted<0.05) (Fig. 2C). To
infer activating or repressing mode of action, we plotted mRNA
fold change versus z-score fold change for the TFs investigated
(Fig. 2D). Activating TF function, resulting in chromatin opening
upon binding, was inferred if a given TF was differentially ex-
pressed in one of the two populations and the correspondingmotif
was significantly accessible in the same population. A repressor
was classified based on its differential expression in combination
with a negatively correlated z-score, indicating chromatin closure
upon binding. Comparing the HC and PC/DC populations, we
identified 56 activators and 23 repressors. To assess the classifica-
tion performance, we adopted the previously published diffTF al-
gorithm (Berest et al. 2019) and compared the overlap between
the two methods (Supplemental Fig. S3A–D). To perform the
diffTF analysis, pseudobulk samples corresponding to four biolog-
ical replicates were generated by aggregating scRNA-seq and
scATAC-seq data from the HC and PC/DC clusters, respectively.
Using diffTF, we identified 36 activators and 10 repressors. Overall,
we found 72% of the diffTF classifications was identical to the cur-
rent approach. Next, we visualized expression levels and chroma-
tin accessibility for four different HC and PC/DC activators and
repressors. TF LHX3 was classified as a transcriptional activator
in HCs (Fig. 2D,E), and previously reported differential expression
in HCs (Hertzano et al. 2007) was recapitulated, accompanied by
differential motif accessibility in HCs as well. In addition, we
used the HINT-ATAC algorithm (Li et al. 2019) to generate a foot-
print from cluster-aggregated scATAC-seq data using HOCO-
MOCO v10 database (Kulakovskiy et al. 2013), which showed
increased chromatin accessibility adjacent to the LHX3 binding
site in HCs compared with PC/DCs. Together, these findings sup-
port the role of LHX3 as a transcriptional activator in HCs. On the
other hand, GFI1 (Fig. 2D,F) is a known zinc-finger transcriptional
repressor in HCs (Wallis et al. 2003).Gfi1 transcripts were differen-
tially expressed in HCs; however, the GFI1 z-score, supported by
the footprint, indicated significantly lower motif accessibility in
HCs compared with PC/DCs, resulting in a repressor classification.
TF SOX2 is critical for organ of Corti development (Kiernan et al.
2005) and was identified as a transcriptional activator in PC/DCs
based on its positive correlation ofmRNA expression andmotif ac-
cessibility (Fig. 2D,G). Conversely, TGIF1 is a known transcription-
al repressor (Shen and Walsh 2005) and was characterized by a
negative correlation between mRNA expression level and z-score
in developing PC/DCs (Fig. 2D,H). To evaluate the quality of the
curated HOCOMOCO v10 motifs, we reran the HINT-ATAC algo-
rithm using the JASPAR 2020 database (Fornes et al. 2020) and ob-
tained virtually identical footprints (Supplemental Fig. S3E–G). In
summary, we classified 23 TFs regulating HC development subdi-
vided into six activators and 17 repressors. With respect to PC/
DCs, we identified 56 TFs segregating into 50 activators and six
repressors.

TFs controlling HC and SC differentiation

TFs shape the epigenetic landscape of a given cell and direct differ-
entiation through tight transcriptional control of downstream
target genes, commonly summarized as regulons. We predicted

TF-specific regulons at thewhole-transcriptome level by leveraging
the scRNA-seq and scATAC-seq data sets. First, coexpression mod-
ules of previously classified TFs and their respective downstream
targets were identified by analyzing the scRNA-seq data using
GENIE3 (Huynh-Thu et al. 2010). To determine activator regulons,
we filtered for positively correlated target genes, whereas repressor
regulons were constituted from negatively correlated target genes
only.

At this point, the list of correlated genes included potential di-
rect and indirect target genes of the respective TFs. Next, we
screened the loci of potential target genes for accessible TF binding
sites using FIMO (Grant et al. 2011). Links lacking TF binding sites
in accessible peaks were considered indirect targets and got re-
moved from the regulon. Once TF-specific regulons were identi-
fied, a regulon enrichment score was calculated for each cell
using AUCell (Aibar et al. 2017). Overall, regulon activities were vi-
sualized for 70 TFs previously categorized as transcriptional activa-
tors and repressors (Fig. 3A).

Given the lengthy experimental procedure, we aimed to ex-
clude a potential bias of the AUC enrichment matrix toward
stress-related regulons. We screened for TFs that were associated
with the Gene Ontology term “Stress Response” (GO:0006950)
and identified 25 TFs. However, 22 out of the 25 stress-associated
genes, like Ils1 (Radde-Gallwitz et al. 2004) and Gata3 (Luo et al.
2013), were previously cited in the context of organ of Corti devel-
opment as well (Supplemental Table S1). The remaining three
genes, namely Atf3 (Maeda et al. 2020), Hif1a (Chung et al.
2004), and Zbtb7a (Yang et al. 2015), were previously published
to be differentially expressed after noise exposure andmay change
their expression in response to the dissection procedure.

To validate the performance of the developed approach, we
compared the SOX2 regulon with previously published SOX2
ChIP-seq data from an inner ear cell line (Kwan et al. 2015).
Sixty-eight percent and 29%of the SOX2 regulon–associated genes
were present in two independently performed ChIP-seq experi-
ments (Supplemental Fig. S4A).

Hierarchical clustering of the AUC enrichment matrix re-
solved HC and PC/DC clusters (Fig. 3A), and GO term analysis of
cluster-specific regulons revealed terms such as auditory receptor
differentiation in HCs and positive regulation of cell proliferation
in PC/DCs (Supplemental Fig. S4B,C). Clustering also revealed the
relations between different TFs with respect to their regulons. The
regulons of transcriptional activator SOX9 and repressor GFI1were
closely related with an overlap of 71 target genes (Fig. 3B). All 71
overlapping genes were confirmed to be differentially expressed
in the PC/DC cluster (Fig. 1G) and thus represented a portion of
the PC/DC-specific transcriptome to be repressed in Gfi1-positive
HCs. For further analysis, we focused on S100b and Sox9 genes,
which were differentially expressed in PC/DCs and were among
the shared targets between the SOX9 and GFI1 regulons (Fig. 3B–
D). Using Cicero (Pliner et al. 2018), the cis-regulatory landscape
of Sox9 in the PC/DC cluster was reconstructed, and motif scan-
ning identified accessible SOX9 binding sites in the predicted
Sox9 regulatory elements, suggesting autoregulation (Fig. 3E).
SOX9 motifs were also found in the regulatory elements of
S100b (Fig. 3F). In the absence of the repressor GFI1 in PC/DCs,
GFI1 motifs in the regulatory elements of S100b and Sox9 were ac-
cessible. Conversely, expression of Gfi1 in HCs rendered its bind-
ing sites and flanking regions inaccessible to prevent the
expression of the PC/DC-specific genes in HCs (Supplemental
Fig. S4D,E). Similarly, regulatory elements containing SOX9motifs
were not accessible in HCs.
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Figure 3. TFs controlling HC and PC/DC differentiation. (A) AUC enrichment matrix with hierarchical clustering at single-cell resolution revealed the reg-
ulon activities during differentiation of HCs and PC/DCs. A regulon summarizes putative downstream target genes as a group of the respective TF. The
activity of the regulon is color-coded from blue (depletion) to red (enrichment). Hierarchical clustering reveals similarities between individual cells
(x-axis) and between different regulons (y-axis). Color bars on the top and to the side of the heat map indicate library ID, cell type, mode of action,
and cell type specificity. (B) Venn diagram of the number of overlapped downstream target genes between the SOX9 regulon and GFI1 regulon. (C,D)
Violin plots of Sox9 (C ) and S100b (D) expression level. The two genes are representatives of overlapping downstream target genes between the SOX9
and GFI1 regulons. (E,F ) Coaccessibility analysis of Sox9 and S100b loci in the PC/DC cluster using Cicero. (E) In PC/DCs, Sox9 TSS is directly and indirectly
connected to the accessible sites. They correspond to predicted regulatory elements that contain putative TF binding sites for SOX9 and GFI1, as deter-
mined by FIMOmotif scanning. (First row) Genome annotation fromUCSC KnownGenes. (Second row) Coaccessibility plot connects predicted regulatory
elements with the TSS. (Third row) Accessible regions aligned with the locus. (Forth row) Putative TF binding sites of SOX9 and GFI1 motifs relative to the
accessible regions. TSS position is indicated with a dashed line. (F) Analogous data representation for the S100b locus. (G) Overlapping downstream target
genes between knownHC transcriptional activators ATOH1 andNHLH1. (H) Zbtb18 is a shared target gene between the ATOH1 andNHLH1 regulons with
accessible TF binding sites for both TFs at the TSS in HCs. (I) Immunostaining of ZBTB18 protein expression in IHCs and OHCs in cryosections of the organ
of Corti (P2). Arrowhead pointing at the IHC. Bracket delineates OHC location. Scale bar, 20 µm.
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As the AUC enrichmentmatrix successfully resolved TFs con-
tributing to the regulatory landscape of HC and PC/DC differenti-
ation, the matrix was used as a discovery tool. The clustering
allowed categorization of TFs in groups controlling a similar set
of target genes. Nhlh1, for example, was previously identified in
an RNA-based screening to be expressed in developing HCs
(Scheffer et al. 2015). The functional context of TF NHLH1 was
not investigated. However, the NHLH1 regulon was closely related
to the ATOH1 regulon with an overlap of 665 target genes (Fig.
3A,G), suggesting synergistic effects in early HC differentiation.
Conversely, the ZBTB18 regulon clustered further away from the
ATOH1 regulon and clusteredmore similarly to the LHX3 regulon,
which is expressed later during HC development (Fig. 3A;
Hertzano et al. 2007). ATOH1 and NHLH1 TF binding sites at the
Zbtb18 TSS indicate that the gene is a shared target (Fig. 3H).
Protein expression of ZBTB18 was confirmed (Fig. 3I), and regu-
lon-associated genes such as Cdh23, Cib2, Espn, Myo7a, Pcdh15,
Tmie, Ush2a, and Whrn (Fettiplace 2017), among others, suggest
a role for Zbtb18 in hair bundle formation. In summary, the
AUC enrichment matrix was used to visualize regulon activities
for 16 HC-associated and 54 PC/DC-associated TFs at single-cell
resolution.

Spatial reconstruction of HCs from scATAC-seq

and scRNA-seq data

Organ of Corti development proceeds in gradients, in which cells
located in the base of the organ are more mature compared with
the cells in the apex (Chen et al. 2002; Lee et al. 2006). To further
analyze the effects of differentiationon the regulatory landscape of
HCs, we aimed to reconstruct individual HC’s anatomical position
from scRNA-seq and scATAC-seq data.We followed the conceptual
idea previously published for reconstruction of themouse organ of
Corti from single-cell qPCR data (Waldhaus et al. 2015). During
the process of dissection (Fig. 4A), flow sorting (Fig. 4B), and library
preparation, the apical and basal compartments of the organ of
Corti were processed separately in both scRNA-seq and scATAC-
seq experiments (Fig. 4C,D). In total, 427 DEGs (P-value <0.005)

E F

BA

C D

I J

G H Figure 4. Spatial reconstruction of HC origins along the longitudinal
axis. (A) Schematic representation of the sampling strategy used in this
study. Color code is as follows: apex, red; base, blue. (B) FACS plot and gat-
ing strategy to isolate GFP- and tdTomato-expressing cells. Color code
identifies compartmental identities (color code same as in A). (C,D)
UMAP projections of all cells analyzed in the scRNA-seq (C) and scATAC-
seq (D) experiments with color code for library ID (color code as in A
and B). HC populations are highlighted with a circle and are magnified
for better visibility in C. Dots correspond to single cells. (E,F ) Volcano plots
of DEGs (E) and DARs (F) comparing apical and basal compartments.
scRNA-seq cutoff: P<0.005 and absolute value of log2FC>0.25.
scATAC-seq cutoff: P<0.001. (G,H) 1D spatial reconstruction of single-
cell transcript expression levels and chromatin accessibilities. (G) 1D HC
expression map. (Left) 1D PCA based on the DEGs shown in E. y-Axis re-
solves predicted apex (top) to base (bottom) axis. Data points are randomly
spread along x-axis for better visibility. Dots correspond to single cells.
Color code depicts library ID (same as in A–D). (Middle) Gene expression
level of Pkhd1l1 projected onto the 1D expression map. (Right) Pkhd1l1 ex-
pression fitted into a regression line. y-Axis corresponds to the apex-to-
base axis; x-axis, to expression level shown in log counts. (H) Analogous
data representation as in G, showing 1D accessibility map with library ID
and Pkhd1l1 accessibility projected. (I,J) RNAscope staining of Pkhd1l1
transcript comparing HCs of apical (I) and basal (J) origin. HCs were coun-
ter-stained with anti-MYO7A and DAPI nuclear stain. IHC (arrowhead) and
OHC (bracket) staining using identical imaging settings. Scale bar, 10 µm.
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(Fig. 4E) and 147DARs (P-value<0.001) (Fig. 4F; Supplemental Fig.
S5A,B) between the apical and basal compartments were identi-
fied. Using the DEGs and DARs as features, we were able to project
the HCs in a one-dimensional (1D) PCA along the y-axis
(Fig. 4G,H). The distribution along the x-axis reflects random jitter
for better visualization. HCs were plotted according to their rank
order, which resolved the relative position of each individual cell
along the apex-to-base axis for both scRNA-seq and scATAC-seq
data. For validation of the spatial reconstruction, library IDs were
plotted onto the 1D spatial reconstruction maps. Pkhd1l1 was
among the DEGs and annotated DARs with expression and acces-
sibility gradients predicted to be significantly higher in basal HCs
compared with the apical counterparts. Graded expression of
Pkhd1l1 transcript was previously reported (Wu et al. 2019), and
was reproduced by RNA staining (Fig. 4I,J).

Chromatin dynamics during HC differentiation

Around birth, segregation into IHCs and OHCs is distinct, based
on anatomical position and differential gene expression (Kolla
et al. 2020). IHC and OHC subclusters, with respect to the
scRNA-seq data, were identified based on a set of previously pub-
lished marker genes (Fig. 5A; Waldhaus et al. 2015). Differential
gene expression analysis revealed 169 IHC-specific and 115
OHC-specific genes (P<0.01) (Fig. 5B). Plotting cluster ID, library
ID, and DEGs like Fgf8 and Cdh1 onto the 1D spatial expression
map allowed for visualization of cell type–specific transcriptomes
spanning the longitudinal axis of the developing organ of Corti
(Fig. 5C). However, at the chromatin level further subclustering us-
ing z-scores appeared to be driven by the original position along
the apex-to-base axis rather than IHC and OHC identities. To visu-
alize this observation, we projected DAR-based rank order, library
ID, and z-scores of the OHC-specific TF INSM1 (Wiwatpanit et al.
2018) onto the UMAP (Fig. 5D; Supplemental Fig. S6A,B). To test
if IHC- and OHC-specific chromatin remodeling occurs along
the tonotopic axis around birth, we reconstructed a HC-specific
trajectory based on z-scores (Fig. 5E; Supplemental Fig. S6C).
Using CellTrails (Ellwanger et al. 2018), single HCs were aligned
on a Y-shaped trajectory representing four individual states. To val-
idate the trajectory prediction, Slingshot (Street et al. 2018) and
Monocle (Trapnell et al. 2014; Qiu et al. 2017a,b) were used
(Supplemental Fig. S6D,E). Projecting DAR-based rank order onto
the CellTrails map (Fig. 5F) resolved apical identity for state S4,
which corresponded to the smaller of the two subclusters seen in
the UMAP projection (Fig. 5D; Supplemental Fig. S6C). Basal
rank order identities related to states S2 and S3. Similarly, library
IDs were distributed asymmetrically along the trajectory
(Supplemental Fig. S6F). States S1 and S4 were constituted by cells
dissected from the apex only, whereas S2 and S3 contained both
apical and basal HCs. Given the gradual differentiation along the
apex-to-base axis, we hypothesized that S4 may correspond to an
apical, immature HC state and that S2 and S3 may represent
more mature IHC and OHC states at the base. To test this hypoth-
esis, we first visualized differential Atoh1 mRNA expression in-
creasing from the base toward the apex (Fig. 5G). Next,
differential z-scores between the four states were determined in
pairwise comparisons using Wilcoxon sum rank tests. In support
of the hypothesis that states S4 corresponds to the apical end of
the organ of Corti, we found that both the ATOH1 z-score and
the footprint were significantly more accessible in state S4 com-
pared with S2 and S3. To further validate our hypothesis that S2
and S3 may correspond to basal IHCs and OHCs, we focused on

the TF INSM1, a transcriptional repressor expressed in OHCs
(Fig. 5H; Wiwatpanit et al. 2018). Differential expression of
Insm1 mRNA was confirmed. Consistent with the repressive func-
tion of INSM1, state S3 showed lower z-scores compared with S2;
and the footprint was less accessible in state S3 compared with
S2 as well. Together, these findings imply OHC identity for cells
representing state S3. Aiming to test if state S2 represented IHCs,
we visualized the IHC marker Hivep2’s mRNA levels and motif ac-
cessibility (Fig. 5I). Although the function of HIVEP2 in HC devel-
opment remains to be determined, differential expression has
been reported for IHCs and OHCs (Li et al. 2016). The current
study confirms the differential mRNA expression in IHCs and con-
firms that the HIVEP2 motif was significantly more accessible in
state S2 compared with S3. These findings suggested HIVEP2
may function as a transcriptional activator in IHCs. In summary,
the data presented support the hypothesis that state S4 represented
apical immature HCswhereas S2 and S3 corresponded to IHCs and
OHCs, respectively.

TFs controlling IHC and OHC differentiation

Using the AUC enrichment matrix, we aimed to identify novel
IHC- and OHC-specific TFs in order to add to our knowledge of
the regulatory landscape during HC maturation. A total of seven
differentially expressed TFs (P-adjusted<0.05) were identified
(Fig. 6A). Given the small number of IHCs identified from the
scRNA-seq data, we confirmed robustness of the seven TFs identi-
fied by comparison with previously published bulk RNA-seq data
from perinatal and adult IHCs and OHCs (Supplemental Fig.
S6G,H; Li et al. 2018; Wiwatpanit et al. 2018). Next, 254 differen-
tial z-scores (P-adjusted <0.05) were calculated (Fig. 6B) from
scATAC-seq data. Correlation of expression level with motif acces-
sibility correctly annotated INSM1 as an OHC repressor and
HIVEP2 as an IHC activator (Fig. 6C). In addition, oneOHC activa-
tor (TCF4) and two IHC activators (FOXO4 and GLIS3) were cate-
gorized and visualized in the AUC enrichment matrix (Fig. 6D).
Projecting mRNA levels and z-scores of OHC activator TCF4 re-
vealed differential expression between IHCs and OHCs, and a ma-
jor gradient in TCF4 motif accessibility was observed along the
apex-to-base axis (Fig. 6E). TCF4-antibody staining revealed quali-
tative differences, in the nucleus as well as the cytoplasm, between
IHCs andOHCs (Fig. 6F). Foxo4mRNAwas differentially expressed
in IHCs, and the FOXO4motif was differentially accessible in state
S2 compared with S3 (Fig. 6G). FOXO4-antibody staining revealed
the presence of FOXO4 in the nucleus and the cytoplasm of IHCs
and OHCs (Fig. 6H). Glis3 mRNA was differentially expressed in
IHCs, and the GLIS3 motif was differentially accessible in state
S2 compared with the OHC state S3 (Fig. 6I). Nuclear staining
was present in IHCs with GLIS3 antibody (Fig. 6J). Together, these
findings reveal dynamic changes in the regulatory landscape of
IHCs and OHCs along the apex-to-base axis.

Discussion

Current single-cell-based RNA-seq and ATAC-seq protocols resolve
thousands of genes and accessible chromatin regions per individ-
ual cell. This is in stark contrast to many classic developmental
tool sets focusing on gene expression and regulatory networks
such as ChIP-seq, knockout, or overexpression studies, resolving
one candidate gene at a time. The amount of data generated using
novel sequencing protocols provides information at steadily in-
creasing resolution. Therefore, there is a need for novel data
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analysis strategies to provide a biological context for the accumu-
lating information. The AUC enrichment matrix presented in
this study identified 20 regulons contributing to the differentia-
tion of sensory HCs. Previous whole-transcriptome-based studies
(Burns et al. 2015) resolved each of the 20 TFs to be expressed in
the developing organ of Corti as well. However, based on previous

study design, their roles in inner ear development remained elu-
sive. Here we present an integrative approach, combining
scRNA-seq and scATAC-seq technology, to compare cell types
that develop from shared progenitors. Analyzing differentially ex-
pressed TFs that showed differential motif accessibility allows us to
robustly resolve how multiple TFs function in concert to activate
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Figure 5. Developmental bifurcation of IHCs and OHCs. (A) UMAP projection of scRNA-seq HCs delineates IHCs and OHCs subclusters. A single dot rep-
resents a single cell. (B) Volcano plot of DEGs (P<0.01) between IHC and OHC clusters. (C ) 1D spatial reconstruction map with cell identity (first column)
and library ID (second column) projected. Expression levels of IHC-specific gene Fgf8 (third column) and OHC-specific gene Cdh1 (fourth column) were
projected onto the 1D spatial reconstruction map. Dashed line delineates IHCs (left) from OHCs (right). (D) UMAP plot of HC cluster from scATAC-seq data
with projection of spatial rank order as determined by 1D spatial reconstruction map. (E,F) Trajectory reconstruction based on scATAC-seq z-scores using
CellTrails. CellTrails states (E) and DAR-based rank order (F) projected onto the trajectory. (G,I ) Comparative analysis of selected TFs in terms of mRNA ex-
pression, motif accessibility, and footprints. (G, top left column) Atoh1 mRNA expression projected onto the 1D spatial reconstruction map. Dashed line
delineates IHCs (left) from OHCs (right). (Bottom left column) Violin plots with mRNA levels for IHCs and OHCs. (Top right column) Contour plot of
ATOH1 z-scores with CellTrails trajectory in the background. (Bottom right column) ATOH1 footprint from scATAC-seq data for selected CellTrails states
(same color code as in E). ATOH1 consensus sequence is depicted at the bottom left of the footprint plot. (H,I) Analogous data representation for
INSM1 (H) and HIVEP2 (I).
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or repress cell type–specific target genes at the whole-transcrip-
tome level. The organ of Corti was used as a model owing to its
developmental gradient along the longitudinal axis. The same an-
alytical framework can be applied to other organ systems in which
the cells analyzed share a common progenitor.

The scRNA-seq and scATAC-seq datawere generated fromage-
matched, genetically labeled HCs and PC/DCs of the organ of
Corti. To integrate both data sets, an AUC enrichment matrix
was computed in a sequential workflow. We leveraged existing al-
gorithms and developed novel elements to study HC and PC/DC
differentiation and started by predicting activating and repressing
function of differentially expressed TF genes. Existing algorithms
like diffTF (Berest et al. 2019) were developed for bulk-based exper-

iments comparing two groups with multiple biological replicates
using Pearson’s correlation analysis. We tested this approach
with pseudobulk samples from single-cell data and identified a
number of activator and repressor TFs in each cell type.
However, diffTF failed to classify key TFs previously described for
inner ear development, likely owing to the limitations of cell num-
bers and sample numbers. To overcome this challenge, we adopted
the hypothesis that upon binding of an activator, the flanking re-
gions of the TF binding sites would open, and conversely, binding
of a repressor would decrease the average accessibility at the regu-
latory elements controlled by the TF. Therefore, we compared fold
changes in TF expression levels with TFmotif accessibility. This ap-
proach successfully identified known TF activators and repressors,
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Figure 6. TFs controlling IHC and OHC differentiation. (A) Volcano plot of differentially expressed TF genes (P-adjusted< 0.05) between IHCs and OHCs.
(B) Volcano plot of differentially accessible TFmotifs (P-adjusted< 0.05) comparing IHC andOHC clusters. (C) Dot plot of TF classification shown in average
log2FCmRNA transcripts and z-scores. The differential expression between IHCs and OHCs is plotted on the x-axis, and differential accessibility is shown on
the y-axis. Activators are classified in green, repressors in red, and undetermined TFs in gray. (D) AUC enrichmentmatrix of TF regulons contributing to IHC/
OHC segregation. Color bars on the top and to the side of the heatmap indicate library ID, cell type as determined based onDEGs, andmode of action. (E,G,
I) Comparative analysis of selected TFs in terms of mRNA expression, motif accessibility, and footprints. Analogous data representation as in Figure 5, F and
G. (E) OHC activator TCF4. (F) Anti-TCF4 staining localizes toOHC nuclei and cytoplasm. HCs are counter-stainedwith anti-MYO7A andDAPI nuclear stain.
Arrowhead points at IHC nucleus; bracket highlights OHC region. Scale bar, 10 µm. (G) IHC activator FOXO4. (H) Anti-FOXO4 staining in IHC and OHC
cytoplasm and nuclei. Counter-stain, scale bar, and labeling analogous to F. (I) IHC activator GLIS3. (J) Anti-GLIS3 in IHC and OHC cytoplasm and nuclei.
Counter stain, scale bar, and labeling analogous to F.
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like LHX3 and GFI1, with remarkable robustness and helped us
classify 79 known and unknown TFs contributing to organ of
Corti development. Although this classification algorithm virtual-
ly considers all TFs expressed in the scRNA-seq data set, it is limited
by the motif database used to calculate motif accessibilities using
chromVAR. Specifically, previously published TFs like POU4F3
and IKZF2 (Xiang et al. 1997; Chessum et al. 2018) were not anno-
tated in the mouse HOCOMOCO v10 database and therefore were
not considered in this study.

To calculate the AUC enrichment matrix, general concepts
from the SCENIC algorithm were adopted (Aibar et al. 2017),
and we integrated information regarding TF classification andmo-
tif accessibility from the scATAC-seq experiment. First, a coexpres-
sionmatrix was computed usingGENIE3 (Huynh-Thu et al. 2010),
considering both positively and negatively correlated TF–target
gene links by integrating activator and repressor predictions, re-
spectively. Next, indirect target genes were excluded by leveraging
scATAC-seq data. Finally, the regulon activities for each single cell
were calculatedwithAUCell (Aibar et al. 2017) and projected to the
AUC heat map. Integration of data from independently acquired
scRNA-seq and scATAC-seq experiments robustly identified devel-
opmentally relevant activating and repressing TFs and provided
insights into TF function by resolving direct target genes. This ap-
proach was not conceived to replace classic knockout and overex-
pression experiments but to provide an alternative approach
accessing the whole regulatory network in a single experiment.
For example, ChIP-seq experiments require considerably larger
amounts of input material compared with the single-cell technol-
ogy, explaining limited numbers of inner ear–specific ChIP-seq
data in the literature (Cai et al. 2015; Kwan et al. 2015;
Stojanova et al. 2016; Li et al. 2020a; Menendez et al. 2020).
Together, this illustrates why the current approach is specifically
useful for populations with limited cell numbers, like IHCs in
mice, in which only about 800 cells exist per inner ear (Ehret
and Frankenreiter 1977). Finally, the current approach may prove
less sensitive compared with ChIP-seq technology; however, the
overlap between both methods aiming to identify SOX2 target
genes underlined its relevance in understanding gene regulation
during organ of Corti differentiation.

The AUC enrichment matrix identified 20 TFs, including reg-
ulons contributing to the differentiation of sensory HCs. Many of
the TFs like ZBTB18 were known to cause sensorineural hearing
loss (SNHL) (Aleksiūnienė et al. 2017), but their role in inner ear
development remained elusive. This is of particular interest, as a
limited set of only four TFs, namely, SIX1, ATOH1, POU4F3, and
GFI1, is sufficient to convert fibroblasts into induced HC-like cells
(Menendez et al. 2020). Together, these findings illustrate that a
limited number of TFs play key roles in controlling the regulatory
landscape of HCdifferentiation; nevertheless, a significantly larger
array of TFs is necessary to allow for differentiation of functional
HCs. Generally, after undergoing terminal mitosis, HCs develop
in three overlapping phases. Initially, the regulatory landscape is
represented by TFs, like ATOH1, LHX3, and GFI1 (Wallis et al.
2003;Woods et al. 2004; Hertzano et al. 2007), establishing an ear-
ly HC fate by delineating HCs from PC/DCs. Later around birth,
the developmental bifurcation into IHCs and OHCs is controlled
by TFs like INSM1 and IKZF2 (Chessum et al. 2018; Wiwatpanit
et al. 2018). In parallel, genes contributing to functions like
mechanotransduction and synaptic transmission are up-regulated
to complete the developmental progression (Fettiplace 2017). The
20 TFs identified contribute across the entire continuumof HC de-
velopment. Comparing NHLH1 and ZBTB18 regulons, for exam-

ple, allowed us to annotate their roles in initial differentiation
and functional maturation, respectively. Likewise, when compar-
ing IHC with OHC regulatory landscapes, five differentially active
TFs were identified. Among the five TFs, INSM1 was previously
published to control OHC development (Wiwatpanit et al.
2018), supporting our findings. Except for HIVEP2, the remaining
four TFs, namely, INSM1, FOXO4, TCF4, and GLIS3, were either
directly or indirectly associated with SNHL (Hishiya et al. 2006;
Dimitri et al. 2011; de Winter et al. 2016). Although clustering of
previously published marker transcripts allowed for IHC and
OHC separation in scRNA-seq data, cellular identities were less
prominent when analyzing scATAC-seq data. Based on the trajec-
tory reconstruction, we were able to visualize differential motif ac-
cessibility for the TFs INSM1, FOXO4, TCF4, GLIS3, and HIVEP2
between basal IHCs and OHCs. The trajectories were used to visu-
alize differences between transcriptome- and chromatin-based
identities of HCs during differentiation. Together, our findings
support the observation that during development, dynamic
changes of the chromatin accessibility landscape on average lag
behind changes of the transcriptional landscape (Hu et al. 2018;
Li et al. 2020b).

In conclusion, this study provides a framework to analyze dy-
namic changes in the regulatory landscape of various cellular lin-
eages that develop from a shared progenitor. With respect to the
development of auditory HCs, we reconstructed a regulatory land-
scape featuring 20 individual TFs. Given the observation that sev-
eral of those TFs have been linked to SNHL, the data provided by
this study will help to further the knowledge regarding sensory
HC differentiation and maturation in the mammalian inner ear.

Methods

Single-cell isolation and flow sorting

At P2, the cochlear ducts of FGFR3-iCre;Ai14-tdTomato;ATOH1-
GFP pupswere processed as previously described (Durruthy-Durru-
thy et al. 2014). To enrich for HCs and PC/DCs before sequencing,
cells were purified with FACS. These samples were then used for
standard 10x Genomics preparations for scRNA-seq or scATAC-
seq experiments. For details, see Supplemental Methods. Critical
commercial assays are listed in the Supplemental Key Resources
Table.

RNAscope and immunofluorescence staining

Cochlear samples from P2 neonatal mice were fixed in 4% parafor-
maldehyde (ElectronMicroscopy Sciences 15710) and subjected to
cryosectioning. For RNAscope and immunofluorescence staining,
we followed the manufacturer’s instructions with modifications.
Details can be found in the SupplementalMethods. Antibodies, re-
agents, sources, and corresponding IDs are listed in the Supple-
mental Key Resources Table.

scATAC-seq analysis

scATAC-seq libraries were subject to SnapATAC clustering analysis
as previously described (Fang et al. 2021). Details can be found in
the Supplemental Methods.

Quality control of scATAC-seq data set

Ataqv (Orchard et al. 2020), an ATAC-seq QC and visualization
tool, was used to measure the scATAC-seq data quality. Details
can be found in the Supplemental Methods.
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scRNA-seq analysis

The scRNA-seq data set was analyzed using Seurat v3 pipeline
(Stuart et al. 2019). Details can be found in the Supplemental
Methods.

Cell-type identification in scATAC-seq clusters using Jaccard

index similarity matrix

A Jaccard index similarity matrix was generated to annotate
scATAC-seq clusters by calculating the overlaps between DEGs
and annotated DARs from the scRNA-seq and scATAC-seq data.
Details can be found in the Supplemental Methods.

LIGER multi-omics integration

LIGER (Welch et al. 2019), a joint alignment algorithm,was adopt-
ed to jointly define cell identities from scRNA-seq and scATAC-seq
data sets. Details can be found in the Supplemental Methods.

TF motif activity estimation

The cell-by-peakmatrix, generated by SnapATAC, was subjected to
chromVAR (Schep et al. 2017) with the mouse HOCOMOCO v10
database. Details can be found in the Supplemental Methods.

TF classification into activators and repressors

An integrative approach, which considers the associations be-
tween TF gene expression and chromatin accessibility, was devel-
oped to classify TF mode of action into activators and repressors.
Details can be found in the Supplemental Methods.

TF footprint identification

HINT-ATAC (Li et al. 2019) was used to identify TF binding sites
with footprints for different populations. Details can be found in
the Supplemental Methods.

Gene regulatory network inference

A three-step pipelinewas developed to reconstruct gene regulatory
networks. The first step is to identify coexpression modules from
scRNA-seq data using GENIE3 (Huynh-Thu et al. 2010). The sec-
ond step is to identify direct target genes of TFs and to set up a qual-
ity control for GENIE3 by scanning putative TF binding sites
within accessible regions and removing the links lacking TF bind-
ing sites. The third step is to calculate regulon enrichment scores
for each individual cell using AUCell (Aibar et al. 2017). Details
can be found in the Supplemental Methods.

1D spatial reconstruction of HCs

Individual HC’s anatomical position from scRNA-seq and scATAC-
seq data was determined using a 1D-PCA (Waldhaus et al. 2015).
Details can be found in the Supplemental Methods.

Prediction of cis-regulatory interactions

Cicero (Pliner et al. 2018) was performed to calculate peak-to-peak
coaccessibility from scATAC-seq data for different clusters sepa-
rately. Details can be found in the Supplemental Methods.

IHC and OHC identification using scRNA-seq data

Seven previously publishedmarker genes were leveraged to identi-
fy IHC and OHC subpopulations from HC cluster in scRNA-seq
data. Details can be found in the Supplemental Methods.

HC chromatin accessibility trajectory inference

CellTrails (Ellwanger et al. 2018) was applied to reconstruct HC
developmental trajectory using z-scores from scATAC-seq data.
Slingshot (Street et al. 2018) and Monocle (Trapnell et al. 2014;
Qiu et al. 2017a,b) were adopted to validate the trajectory infer-
ence from CellTrails. Details can be found in the Supplemental
Methods.

Bulk RNA-seq analysis

Two previously published bulk RNA-seq data sets (Li et al. 2018;
Wiwatpanit et al. 2018) were leveraged to validate differential ex-
pression analysis between IHC and OHC owing to the limited
cell numbers. Details can be found in the Supplemental Methods.

Data access

All raw and processed sequencing data generated in this studyhave
been submitted to the NCBI Gene Expression Omnibus (GEO;
https://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE157398. The analytical code is available as Supplemental
Code and at GitHub (https://github.com/shuzwang/P2_cochlea).
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