DEVELOPMENTAL BIOLOGY

PNAS

Check for
updates

Three distinct Atohl enhancers cooperate for sound receptor
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Cochlear hair cells (HCs) in the inner ear are responsible for sound detection. For HC fate
specification, the master transcription factor Atohl is both necessary and sufficient. AzohI
expression is dynamic and tighty regulated during development, but the cisregulatory
elements mediating this regulation remain unresolved. Unexpectedly, we found that delet-
ing the only recognized Aroh1 enhancer, defined here as Ehl, failed to impair HC develop-
ment. By using the assay for transposase-accessible chromatin with high-throughput
sequencing (ATAC-seq), we discovered two additional Azohl enhancers: Eh2 and Eh3.
Notably, Eh2 deletion was sufficient for impairing HC development, and concurrent dele-
tion of Eh1 and Eh2 or all three enhancers resulted in nearly complete absence of HCs.
Lastly, we showed that Atoh1 binds to all three enhancers, consistent with its autoregula-
tory function. Our findings reveal that the cooperative action of three distinct enhancers
underpins effective Azoh1 regulation during HC development, indicating potential thera-
peutic approaches for HC regeneration.

Atoh1 | hair cell | cochlea | inner ear | enhancer

Sound information is detected by cochlear hair cells (HCs) located in the inner ear
auditory epithelium, which is also referred to as the organ of Corti (OC) (1, 2). Two
cochlear HC subtypes are recognized, the inner hair cells (IHCs) and outer hair cells
(OHC:s), and the OC harbors one row of IHCs and three rows of OHCs (3). IHCs
and OHCs share several pan-HC markers, such as Myo6, Myo7a, Gfil, Poudf3, and
Rbm24 (4-7), but they also have their own unique markers. Otoferlin and Slc17a8
(vGlut3) are specifically expressed in IHCs (8-10), and S/c26a5 (Prestin) and Bell1b
are exclusively expressed in OHCs (11-13). Near the cochlear HCs are supporting cells
(SCs) expressing Sox2 and Sox10 (7, 14, 15).

Atohl, a bHLH-family transcription factor (TF), is both necessary and sufficient for
cochlear HC development: no HCs develop in Ath1 =/~ cochleae (16), and supernumer-
ary HCs form upon ectopic Azohl expression (17, 18). The ability of Atohl to generate
HCs has made it the focus and key target in preclinical HC regeneration studies (19-22).
Atohl is initially expressed at low levels in cochlear prosensory progenitors but markedly
increased in nascent HCs (23-25). However, how Atoh1 expression is temporally and spa-
tially regulated remains poorly understood. Enhancers are crucial cis-regulatory elements
that can be located upstream, downstream, or within the introns of a gene (26). The
expression of a gene can be controlled by multiple enhancers, and each enhancer may
contribute to gene expression in a specific cell type or at a particular developmental stage
(27). Previous studies have suggested that an ~1.5-kb fragment, located ~2.1 kb down-
stream of Atohl (28-30), serves as an Atohl enhancer; we define this as enhancer 1 (Eh1),
in this study (29, 31). Moreover, Eh1 represents one of the presumptive sequences neces-
sary for Atohl autoregulation (3, 28, 32). However, whether Eh1 is necessary for Arhl
expression and HC development in vivo has remained unclear.

Here, we performed assay for transposase-accessible chromatin with high-throughput
sequencing (ATAC-seq) analysis on neonatal cochlear HCs, which revealed, in addition
to Ehl, two previously unknown cochlear HC A#ohI enhancers: enhancer 2 (Eh2) and
enhancer 3 (Eh3). Eh2 and Eh3 are sufficient to drive enhanced green fluorescent protein
(EGFP) reporter expression selectively in cochlear HCs. We generated mice in which
Eh1, Eh2, or Eh3 was deleted. Contrary to the longstanding expectation, we observed no
cochlear HC phenotypes in the Eh1™'~ mice, and we instead found that deletion of Eh2
alone was adequate for impairing HC development. Moreover, no phenotypes related to
cochlear HC development were evident in Eh3™/~ mice. Notably, HCs were nearly
absent from Eh1 ™' ;Eh2™'~ double mutants and Eh1~/7;Eh2~/7;Eh3 ™/~ triple
mutants. Collectively, our in vivo studies provide evidence that 1) Eh2, but not Ehl1 or
Eh3, is most critical for AwhI expression in cochlear HCs and 2) the absence of both
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The expression of Atoh1, a gene
essential for cochlear hair cell (HC)
development, is tightly regulated.
A previously identified Atoh1
enhancer is considered vital for
regulating Atoh1 expression, but
direct evidence is lacking. It also
remains unknown whether
additional enhancers exist and
play critical roles in controlling
Atoh1 expression. This study
makes four contributions:

1) genomewide open chromatin
regions of neonatal cochlear HCs
are revealed, 2) two previously
unknown Atoh1 enhancers are
identified and validated,

3) individual and synergistic
functions of the three enhancers
are uncovered using seven
mutant models, and 4) Atoh1
protein is shown to bind to all
three Atoh7 enhancers. These
provide insights into the molecular
mechanisms underlying Atoh1
expression and subsequent HC
development.
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Eh1 and Eh2, or of all three enhancers, almost completely abol-
ishes cochlear HC development, suggesting that the enhancers
collaborate to orchestrate Azoh1 expression. Furthermore, Atohl
protein binds directly to Eh1, Eh2, and Eh3. Our study provides
insights into the longstanding question of how A#hl expression
is tightly regulated during cochlear HC development, and these
insights are directly relevant to studies on HC regeneration for
hearing restoration in hearing-impaired patients.

Results

Eh1 Is Necessary for Development of Cerebellum but Not
Cochlear HCs. We first determined the necessity of Ehl in
cochlear HC development. Several lines of evidence suggest
that Eh1 is involved in cochlear HC development (28, 33-306),
but direct in vivo genetic evidence indicating that Eh1 ablation
abolishes cochlear HC development is lacking. Thus, we gener-
ated Eh1*'~ mice, wherein an ~2-kb segment covering Ehl
was deleted between the single guide RNA (sgRNA)-1 and the
sgRNA-2 sites (Fig. 1 Aand B, and SI Appendix, Fig. S1 A-C).
In contrast to Afohl™'~ mice, which die immediately after
birth (16), En1™'~ mutants survived until ~postnatal day 35
(P35). Unexpectedly, labeling for the pan-HC marker Myo6
revealed that as in wild-type (WT) Eh1** mice (n = 3),
cochlear HC development appeared normal in the basal or
middle turn of Eh1™'~ mice (# = 3) at embryonic day 16.5
(E16.5) (Fig. 1 C-D'). Moreover, colabeling for the THC
marker vGlut3 and OHC marker Prestin showed that cochlear
HC development was also similar in control Eh1t* (n = 3)
and Eh1™"~ (» = 3) mice in all turns at P30 (Fig. 1 E-F").
Thus, our results indicate that absence of Ehl alone affects

neither early HC specification nor late HC differentiation. Acc-
ordingly, auditory brainstem response (ABR) measurements
revealed no significant difference in hearing thresholds between
Eh1** (n=3) and Eh1™'~ (= 3) mice (Fig. 1G).

Notably, Eh1™"~ mice (» = 3) displayed balance impairment,
but vestibular HC development was not different between Eh1+/*
(n=3) and Eh1™~ (n = 3) mice (SI Appendix, Fig. S1 D-G),
which suggested that the balance impairment was not because of
HC loss in vestibular organs. The balance-control defect was
instead at least partly due to aberrant cerebellum development
(Fig. 1 H-I). Thus, Eh1 functions as an essential Ash1 enhancer
during cerebellum development, because Awhl is also highly
expressed in proliferating cerebellar granule neuron precursors
(GNPs) in the external granule layer of the mouse cerebellum
within the first two postnatal weeks (37, 38). Collectively, our
in vivo genetic data indicate that the Ehl enhancer of Athl is
not essential for cochlear HC development. These results were
unexpected considering the longstanding assumption regarding
the crucial role of Ehl in Azhl expression and HC development
and further led us to search for additional Az/I enhancers.

Generating the Atoh1-3*V5-P2A-Tdtomato/* Mouse Strain for
Neonatal Cochlear HC Sorting and ATAC-Seq Analysis. To search
for previously unreported Azohl enhancers, we used neonatal (P1)
cochlear HCs to perform ATAC-seq, a widely used approach to
identify open chromatin regions where enhancers are likely located
(33, 39). The optimal model for this assay is a mouse strain in
which only HC:s are labeled with a bright fluorescent reporter pro-
tein at P1 for use in fluorescence-activated cell sorting (FACS).
We initially used Atoh1-EGFP/* mice, wherein EGFP is fused to
the Atohl C terminus (40), but failed to obtain pure cochlear
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Fig. 1. Development of cerebellum, but not
cochlea, is aberrant in the absence of Eh1.
(A) lllustration depicting deletion of Eh1, which
lies between the sgRNA-1 and the sgRNA-2
sites. (B) Gel image of tail-DNA PCR. WT allele
band: 406 bp; Eh1 null-allele band: 305 bp.
(C-D’) Labeling for pan-HC marker Myo6 in
Eh1++ (C-C) and Eh1~/~ (D-D') cochleae at
E16.5. Boxed areas in C and D are magnified
in C and D'. (E-F) Double labeling for OHC
marker Prestin and IHC marker vGlut3 in
whole-mount cochlear samples from Eh1+/*
(E and F) and Eh1~/~ (F and F) mice at P30.
Boxed areas in £ and F are magnified in £’ and
F’. (G) ABR measurements from Eh1** (blue
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H, line) and Eh1~/~ (red line) mice. No significant

difference was detected at any tested fre-
quency in terms of hearing threshold; Stu-
dent’s t test was used for statistical analysis.
(H-I') Immunolabeling for Calbindin in cryo-
sectioned cerebellum tissue. Cerebellum was
considerably smaller in Eh1~/~ mice (/-/') than
in control En1™"* mice (H and H'). Boxed areas
in H and / are magnified in H' and /. Scale
bars: 2 mm (H and /), 500 pm (H and /),
200 pm (D and F), 20 pm (D' and F). Error bars
are SEM.

Cerebellum
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Fig. 2. ATAC-seq of cochlear HCs sorted
from Atoh1-Tdtomato/* mice at P1. (A-B")
Whole-mount (A) and cryosection (B-B'"") anal-
yses of cochleae of Atoh1-Tdtomato/* mice at
P1. Endogenous Tdtomato is highly expressed
in all cochlear turns (A). (B-B'"") Triple labeling
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HGCs, partly because the EGFP signal was not adequately strong
for cell sorting. Thus, we generated a knockin (KI) mouse strain,
Atoh1-3*V5-P2A-Tdtomato/*  (Azwhi1-Tdtomato/*), in which
three V5 tags were fused to the Atohl C terminus and Tdtomato
expression was controlled by Arhl endogenous promoters/
enhancers (8] Appendix, Fig. S2 A-C).

We used Southern blotting to confirm the absence of ran-
dom donor-DNA insertion in the mouse genome (87 Appendix,
Fig. §2 D and E), and we used PCR to distinguish between the
WT and KI alleles (87 Appendix, Fig. S2F). Both heterozygous
Atoh1-Tdtomato/™ and homozygous AtohI-Tdtomato/AtohI-
Tdtomato mice were healthy and fertile, and the homozygous
mice displayed no overt phenotypes. Although embryonic
Atohl expression is detected in both cochlear SCs and HCs
(23, 41, 42), Atohl is exclusively expressed in cochlear HCs at
P1 (25, 41, 43). Accordingly, we detected bright Tdtomato
fluorescence in cochlear IHCs and OHCs in all turns but not
in any cochlear SCs (Fig. 2 A-B"). We confirmed that all
Tdtomato™ cells were HCs, and vice versa, in cochleae at P1.
Therefore, our AtohI-Tdtomato/T mouse line is suitable for
sorting pure neonatal cochlear HCs.

ATAC-Seq Analysis of Genomewide Open Chromatin Status in
Neonatal Mouse Cochlear HCs. To perform ATAC-seq, we col-
lected Tdtomato™ cochlear HCs from P1 Atohl-Tdtomato/*
mice by using FACS (Fig. 20). First, we used qPCR to validate
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Scale bars: 200 um (A), 20 pm (B"). Error bars
are SEM.

20 kb
HC purity (Fig. 2 D-F): In sorted HCs, the HC gene Myo6
was enriched 79.4 + 15.6-fold, whereas the spiral ganglion neu-
ron (SGN) gene Mafb and glial/SC marker SoxI0 were
depleted 1,477.0 + 37.3- and 53,774.0 + 6,030.0-fold, respec-
tively (n = 3 replicates, each containing ~50 HCs from two
cochleae at P1). Second, we used two replicates (each contain-
ing ~500 HCs from 18 cochleae at P1) to perform ATAC-seq,
which revealed four clear peaks, 1 to 4, at the ArhI locus (Fig.
2G). Peak 1 lies within the Atohl promoter and is located
upstream of 5’-untranslated region (UTR); peak 2 corresponds
to Eh1 (Fig. 1). We also sorted Tdtomato™ GNPs from the cer-
ebellum at P7, and these cells also expressed Pax6 and Atohl
(V5) (SI Appendix, Fig. S3 A-B""). ATAC-seq performed on
two GNP replicates (each containing ~500 GNPs from one
cerebellum) revealed that, intriguingly, peak 2 was present in
but peaks 3 and 4 were absent from the cerebellar GNP
ATAC-seq data (Fig. 2G). This raises the possibility that peaks
3 and 4 represent cochlear HC-specific cis-regulatory regions.
We also identified genomic regions that are open only in
HCs or GNPs or open in both cell types (ST Appendix, Fig. S3
C-E). First, ATAC-seq peaks in HC-specific genes, such as
Poudf3, Gfil, and Myo7a, were captured robustly in HCs but
minimally in GNPs (87 Appendix, Fig. S3C). Second, peaks in
GNP-specific genes, such as Pax6, Neurodl, and Zic4 (44),
were detected robustly in GNPs but minimally in HCs (857
Appendix, Fig. S3D). Third, peaks in Rbm24, Pvalb, and Calbl
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were detected in both HCs and GNPs (S Appendix, Fig. S3E).
These results confirmed the quality of our ATAC-seq data. In
Dataset S1, we summarize all open chromatin regions in P1
cochlear HCs and P7 GNPs. Moreover, analysis of the data from
a recent study (33) indicated that the epigenetic modifications of
monomethylation of lysine 4 on histone H3 (H3K4mel) and
histone H3 lysine 27 acetylation (H3K27ac) are present at sites
corresponding to peaks 2, 3, and 4 (57 Appendix, Fig. S3F). The
existence of H3K4mel and H3K27ac dual modifications strongly
supports the notion that they are active enhancers (45, 40).
Thus, we hypothesized that our ATAC-seq peaks 3 and 4 poten-
tially represent previously unknown AfohI enhancers in cochlear
HCs, and we defined them as Eh2 and Eh3, respectively (Fig.
2G and SI Appendix, Fig. S3F).

Eh2 and Eh3 Are Sufficient to Drive EGFP Reporter Expression
Specifically in Cochlear HCs but Not in Cerebellar GNPs. To
determine whether Eh2 and Eh3 are bona fide AfohI enhancers,
we generated transgenic mice to test whether each element could,
together with a minimal promoter from mouse heat shock protein
68 kDa (hsp68) (47, 48), drive EGFP expression specifically in
cochlear HCs in vivo. According to our ATAC-seq data, Eh2
spans ~3 kb of DNA, which includes a clear peak (1,027 bp) and
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Cerebellum
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Fig. 3. Both Eh2 and Eh3 can drive HC-specific
reporter-gene expression in cochleae at P1 but
not in cerebellum at P7. (A) Simple illustration
of the design of the Eh2-EGFP" transgenic
mouse strain; detailed information is presented
in S/ Appendix, Fig. S4 A and B. (B) EGFP labeling
of a whole-mount cochlear sample from a P1
Eh2-EGFP* mouse. EGFP was highly expressed
in the majority of HCs. (C-C""') Triple labeling for
EGFP (C), HC marker Myo6 (C'), and SC marker
Sox2 (C") in a cryosection cochlear sample from
a P1 Eh2-EGFP* mouse. EGFP was expressed
in HCs but not SCs. (D-D') Double labeling
for EGFP and Calbindin in cerebellum from a
P7 Eh2-EGFP™ mouse. No EGFP* cells were
observed in the cerebellum (D). (E) Simple illus-
tration of design of the Eh3-EGFP* transgenic
mouse strain; detailed information is presented
in SI Appendix, Fig. S4 C and D. (F) EGFP labeling
of whole-mount cochlear sample from a P1
Eh3-EGFP* mouse. All cochlear HCs were
EGFP*. (G-G") Triple labeling for EGFP (G),
Myo6 (G'), and Sox2 (G") in a cryosection
cochlear sample from a P1 Eh3-EGFP* mouse.
Again, EGFP was exclusively expressed in HCs
and not detected in any SCs. (H-H') Double
labeling for EGFP and Calbindin in cerebellum
from a P7 Eh3-EGFP™ mouse. No EGFP* cells
were detected in the cerebellum (H). Scale
bars: 500 pm (D' and H'), 200 pm (B and F),
20 um (C" and G""). PolyA, polyadenylation sig-
nal sequence.

EGFP + Calbindin + Hoechst

Cerebellum

EGFP + Hoechst

T

EGFP + Calbindin + Hoechst

a long tail sequence (~2 kb) (87 Appendix, Fig. S44). We selected
the peak DNA fragment (1,027 bp) to generate Eh2-hsp68-
EGFP" (Eh2-EGFP™) transgenic mice, wherein EGFP expression
is controlled by hsp68 and the 1,027-bp Eh2 fragment (Fig. 34
and S Appendix, Fig. S4B). Whole-mount analysis revealed that
numerous EGFP* cells were present in Eh2-EGFP* cochleae at
P1 (n = 3) (Fig. 3B). Furthermore, triple labeling for Myo6, Sox2
(SC marker), and EGFP showed that EGFP" cells in all turns
were Myo6"/Sox2™ cochlear IHCs and OHCs (Fig. 3 G-C"'). By
contrast, EGFP was not detected in cochlear SCs that were Sox2*/
Myo6~ (Fig. 3 G-C""). Notably, EGFP™ cells were absent from
the cerebellum of Eh2-EGFP™ mice at P7 (Fig. 3 D and D).

For studying Eh3, we selected the 761-bp DNA fragment
covering the Eh3 peak (SI Appendix, Fig. S4C) to generate
Eh3-hsp68-EGFP™ (Eh3-EGFP™) transgenic mice (Fig. 3£ and
SI Appendix, Fig. S4D). As in Eh2-EGFP' mice, EGFP was
highly expressed in almost all IHCs and OHGCs, but not in
SCs, in Eh3-EGFP* mice at P1 (Fig. 3 E-G"). EGFP™ cells
were also sporadically detected in neural regions of cochlear
ducts (87 Appendix, Fig. S4E), but triple labeling for EGFP,
neuron marker Tujl, and glial marker Sox10 showed that
the EGFP™ cells were neither SGNs nor glial cells (arrows in
SI Appendix, Fig. S4 F-F'"). Again, as in Eh2-EGFP' mice

pnas.org
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(Fig. 3 D and D'), EGFP™ cells were absent from the cerebel-
lum of Eh3-EGFP* mice at P7 (Fig. 3 H and H'). Together,
our results indicate that both Eh2 and Eh3 are functional
Atoh1 enhancers and are active in neonatal cochlear HCs but
not cerebellar GNPs, thus mimicking the reported expression
pattern of endogenous Arohl in cochleaec at neonatal ages

(24, 41, 43, 49).

Loss of Eh2 Alone Is Sufficient to Cause Mild Phenotypes of
Cochlear HC Development and Hearing Impairment at High
Frequency. We next determined whether Eh2 and Eh3 are nec-
essary for cochlear HC development. First, we used the CRISPR-
Cas9 approach to generate Eh2*'~ mice in which an ~2.5-kb
fragment between the sgRNA-3 and the sgRNA-4 sites was
deleted (Fig. 4 A and B, and S/ Appendix, Fig. S5). Whereas

cochleae from WT control Eh2*/* littermates contained three
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regularly aligned rows of Bcll11b™ OHCs (13) (Fig. 4 C-D),
Eh2™/~ cochleae at P1 contained a missing or discontinuous
third row of OHC:s on the lateral side (Fig. 4£). Notably, OHC
loss occurred only in the basal turn (yellow asterisks in Fig. 4 F
and F'). Furthermore, labeling for the OHC marker Prestin
revealed that relative to Eh2*'* cochleae (Fig. 4G), Eh2~'~
cochleae showed the phenotype of OHC loss at P30 (yellow
asterisks in Fig. 4H). The total length of the missing third-row
OHC:s along the cochlear duct was 615.4 + 37.4 pm (n = 3) at
P1 and 663.5 £+ 67.8 pm (n = 3) at P30. Moreover, the densities
of IHCs at P1 (Myo6*/Bcl11b™) and P30 (vGlut3™*) were lower
(in basal turn only) in Eh2™'~ than Eh2*'* cochleae (Fig. 4 D',
F', I'and )). In Eh2™/~ mice at P1 and P30, we measured a loss
of, respectively, 71.3 + 1.8 (n = 3) and 68.7 + 2.3 (n = 3)
OHC:s (Fig. 4K) and 28.7 + 3.7 (n = 3) and 32.0 + 6.1 (n = 3)
IHCs (Fig. 4L). However, cochlear lengths at P1 and P30 were

B Tail PCR
552 bp >
357 bp >
ox X
X
<<§\q’ q\q’ <<‘,°q’
Eh2 -/-

OHI OHO

P1
Fig. 4. Deleting Eh2 alone leads to defective
cochlear HC development. (A) lllustration
depicting deletion of Eh2 (~2.5 kb), which lies
between the sgRNA-3 and the sgRNA-4 sites.
(B) Gel image of tail-DNA PCR. WT allele band:
357 bp; Eh2 null-allele band: 552 bp. (C-F)
Double labeling for pan-HC marker Myo6 and
OHC marker Bcl11b in control Eh2** (C, D,
and D) and Eh27/~ (£, F, and F) mice at P1.
Only the Bcl11b channel is shown in C and E;
boxed areas in C and E are magnified in D and
D’ and F and F, respectively. The purple line in
E is the area where third-row OHCs are miss-

ing. (G and H) Labeling for OHC marker Prestin
in Eh2** (G) and Eh2 ™/~ (H) mice at P30. Yel-

OHI OHO

K n.s L oB low asterisks in F, F, and H show area where
100+ - 501 n.s. 1005 ) third-row OHCs are missing. (/ and J) Labeling
_— rrr Eh2 +/+ (n=3) for IHC marker vGlut3 in Eh2** (/) and Eh2~/~
% %23 *%
&__J 804 — :LE) 40 - —_— =] Eh2 -/ (n=3) (/) mice at P30. (K and L) Quantification of total
5 = — £ 801 . missing OHCs (K) and IHCs (L) in En2~~ mice
3 604 9 30 © (red) at P1 and P30. In control mice (blue), no
3 é’ 2 601 OHCs were missing at P1 and very few (2 +
E “ % [ | 1.2) were missing at P30. Data are presented
S 40+ 2 207 £ 401 as means + SEM; **P < 0.01, ****p < 0,0001
g £ 'n_: (Student’s t test). (M) ABR measurements from
E 20 5 10 D 204 N Eh2** (blue line) and Eh2~/~ (red line) mice at
z z P30. Data are presented as means + SEM.
04 04 ol o (KH2 Th;e ABR t?re:l;ﬁldh\{va; ntOtf significant(léfzdlii'er)-
WO X IR Y ent except at the highest frequency 2);
Q/x\@x@@’ Q}\’LXQ}\{L Q}\‘Z«XQ}@ Q}{Y«x@\q’ RN \’\{b o :1,‘7/@ o *P < 0.05 (Student’s t test). Scale bars: 200 pm
N N N N (E), 20 um (F, H, and J). Error bar is SEM. n.s.:
P1 P30 P1 P30 Frequency not significant.
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not statistically different between WT mice (5,726.0 + 78.0 and
5,593.0 + 162.4 pm) and Eh2™"~ mice (5,451.0 + 62.1 and
5,813.0 + 155.2 pm).

In accordance with OHCs and IHCs being lost from only
the basal turn, ABR measurement revealed that compared to
Eh2*"* mice, Eh2™'~ mice at P30 exhibited hearing impair-
ment at high frequency (32 kHz) but not at other lower fre-
quencies (Fig. 4A4). This type of high-frequency hearing
impairment was consistent with basal turn-restricted OHC loss.
Notably, we observed no viability problem in Eh2™'~ mice.
Thus, Eh2 is necessary for proper cochlear HC development, at
least in the basal turn of the cochlea.

We also generated a mouse strain harboring a targeted dele-
tion of Eh3; we again used CRISPR-Cas9 and deleted a 907-
bp fragment between the sgRNA-5 and the sgRNA-6 sites (S/
Appendix, Fig. S6 A-D). Relative to control Eh3*™* littermates,
Eh3™'~ mutants showed no abnormality in HC development
at P1 or P30 (ST Appendix, Fig. S6 E~F'), and no functional
hearing difference was detected at all frequencies between the
Eh3™" and Eh3™'~ mice at P30 (SI Appendix, Fig. S6G).
Moreover, as in Eh2™'~ mice, no viability problem was
observed in Eh3 ™/~ mice. Thus, similar to Eh1 (Fig. 1), but in
contrast to Eh2, Eh3 alone is not necessary for cochlear HC
development.

Concurrent Deletion of Eh1 and Eh2 Causes Severe Defects in
Cochlear HC Development. The limited cochlear HC pheno-
types observed in the three single Afohl enhancer mutants
prompted us to hypothesize that Eh1, Eh2, and Eh3 function-
ally cooperate for Atohl expression (i.e., the enhancers might
compensate for each other when one is deleted singly). To test
this, we first generated mice harboring deletions in both Ehl
and Eh2. Because Eh1 and Eh2 are closely linked (~62-kb dis-
tance), obtaining Eh1~/7;Eh2™'~ mice by directly breeding
Eh1*"™ mice with Eh2*'~ mice is nearly impossible. Thus, we
instead retargeted Eh2 in mice with the Eh1*/~ genetic back-
ground to obtain double-heterozygous Eh1* “;Eh2*'™ mice
(ST Appendix, Fig. S7 A-C). Myo6 labeling of whole-mount
cochlear samples revealed that relative to WT mice (Fig. 5A4),

WT Eh1 -/-; Eh2 -/-

P1({B

Myo6 + Hoechst
Sox2 + Myo6 + Hoechst

Eh1™/7;Eh2™"" mice showed severely impaired cochlear HC
development in all turns at P1 (Fig. 5B), which was further
confirmed through double labeling for Myo6 and Sox2 in P1
cryosection samples (Fig. 5 C'and D). At P1, only 193.0 & 2.3
Myo6* HCs were present in Eh1~/;Eh2™/" mice (n = 3), sig-
nificantly fewer than in control mice (2,882.0 + 61.5 Myo6"
HCs) (7 = 3). The Myo6" HC number was further decreased
to 47.7 + 5.2 in cochleae of Eh1™/7;Eh2™/~ mice at P30,
which was again considerably lower than in P30 WT cochleae
(2,821.0 + 138.2) (Fig. 5E). Furthermore, as expected, hearing
thresholds at all tested frequencies in the ABR assay were signif-
icantly higher at P30 in Eh1~/7;Eh2™'" mice (» = 3) than in
WT mice (z = 3) (Fig. 5F). Notably, similar to Eh1™/~ mice,
Eh1~/7;Eh2™"" mice survived until ~P35. Collectively, our
results suggest that Eh1 and Eh2 cooperatively affect cochlear
HC development.

Cochlear HCs Respond Differently to Distinct Dual Deletions
of Atoh1 Enhancers. We also generated Eh17/7;Eh3™/~ and
Eh27/7;Eh3™"" double mutants through gene retargeting (S/
Appendix, Fig. S7 D-1). Whole-mount Myo6 labeling at P1
revealed that similar to BEh1™/~ and Eh3~'~ mice, Eh17'~;
Eh3~/~ mice showed no overt phenotypes (Fig. 6 A-D' and S7
Appendix, Fig. S8 A-D), which indicates that Ehl and Eh3
together are less functionally important than Eh2 alone. More-
over, as in Eh2™/™ mice (Fig. 6 E and E, and SI Appendix, Fig.
S8E), OHCs and IHCs were lost in Eh2 ™' ";Eh3 ™/~ mice at P1
(Fig. 6 Fand ¥, and ST Appendix, Fig. S8 F). We further quanti-
fied the missing IHCs and OHCs in these six mouse lines: 1)
WT, 2) Ehl~/~, 3) Eh37'", 4) Eh1~/;Eh37/", 5) En27'",
and 6) Eh2™";Eh3™"" (Fig. 6 G and H). As compared to the
number of OHCs absent from Eh2 ™/~ mice (71.3 + 1.8, basal
turn only), substantially more OHCs (179.3 + 8.3, all turns)
were missing in Eh2~/7;Eh3™'~ mice at P1 (n = 3) (Fig. 6G).
Moreover, more IHCs (143.3 + 8.3, all turns) were lost in
Eh2~/7;Eh3 ™'~ mice (n = 3) than in Eh2™’~ mice (28.7 + 3.7,
basal turn only) (» = 3) at P1 (Fig. 6H). Notably, although
IHCs and OHCs were lost in all turns in Eh2™'7;Eh3™"" mice,
the majority of the loss was in the basal and middle turns (dotted

Fig. 5. Concurrent deletion of Eh1 and Eh2
drastically represses cochlear HC production.
(A and B) Myo6 labeling of whole-mount
cochlear samples from WT (4) and Eh1~/~;
Eh2~/~ (B) mice at P1. (C and D) Double labeling
for Myo6 and Sox2 in cryosection cochlear
samples from WT (€) and Eh1~/—;Eh2~'~ (D)

4200 - ol F 100EdB) mice at P1. Two layers of Sox2* cells were
n.s. detected where Myo6* HCs were missing. ()
& 35004 ren o 2 80- Quantification of total Myo6* HCs'in WT control
:_E % (blue) and Eh1~~;Eh2~/~ (red) mice at P1 and
<§ 2800 4 2 60 WT (n=3) Eg?féléﬂlzﬂfimly fewer HCs were present in
S 5100 2 - ; mice than in WT mice. Data are
= WT 8 404 . e presented as means + SEM; ****P < 0.0001
5 14004 Eh1-/-; Eh2 -/- = Lo B et ann (Student's t test). (F) ABR measurements from
€ T 50l WT mice (blue line) and Eh1~/~;Eh2~/~ mice
3 700 2 (red line) at P30. Eh1~/~;Eh2~/~ mice exhibited
severe hearing impairment at all frequencies.
0 — = 0 NERS 5> 6 6 O (kHz) Data are presented as means + SEM; ***P <
P1 P30 o’ NTON g 0.001, ****P < 0.0001 (Student’s t test). Scale

Frequency bars: 200 pm (B), 20 um (D). Error bar is SEM.
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white and yellow lines in S7 Appendix, Fig. S8F). In other words,
the degree of HC loss in Eh2™/7;Eh3™'~ was more than in
Eh2 ™/~ but less than in Eh1™";Eh2™'~ mice at P1 (Fig. 6 E, F,
and J). Thus, according to the cochlear HC phenotypes in these
different enhancer mutants, we roughly rank the functional
dependence of Arhl enhancers as Eh2 > Eh1 > Eh3.

Triple Deletion of Eh1, Eh2, and Eh3 Produces the Most Severe
Cochlear HC Development Phenotypes. We next determined
whether concurrent deletion of all three Afohl enhancers would
completely repress cochlear HC formation. We targeted Eh3
in the Eh1"/7;Eh2*/~ genetic  background to  produce
Eh1"~;Eh2*/~:Eh3*/~ triple-heterozygous mice (SI Appendix,
Fig. §7 J-L). We predicted that no HCs would be detected in
the absence of all three enhancers. However, as in Ehl 7 ;Eh2 ™/~
mice (Fig. 6 7 and / and SI Appendix, Fig. S8G), a few HCs
were still present in Eh1~/7;Eh2 " ;Eh3™"" mice at P1 (Fig. 6 J
and /, and ST Appendix, Fig. S8 H). We quantified the total num-
ber of remaining cochlear HCs in Eh1~'7;Eh2™"~ (n = 3) and
Eh1~/7;Eh2~/7;Eh3™'~ mice (n = 3), because IHCs and OHCs
could not be readily distinguished in these two models (57
Appendix, Fig. S8 G and H). Whereas 2,882.0 + 61.5 cochlear
HCs were present in WT mice at P1, only 193.0 + 2.3 and
86.0 = 18.5 cochlear HCs were detected in Eh1~/7;Eh2~/~ and
Eh1~/7;Eh2~'7;Eh3™'" mice, respectively (Fig. 6K). In sum-
mary, we rank the four mutants showing HC phenotypes as fol-
lows according to the degree of phenotype: 1) Eh1~'—;
Eh2~/7;Eh37'7, 2) Eh1~/;Eh27'7, 3) Eh2 ™' ;Eh3™'", and 4)
Eh2™'". Cochlear HC phenotypes were not apparent in
the remaining three mutants: 5) Eh1™/7, 6) Eh3™'", and 7)
Eh1~/~;Eh3~'~. Notably, in all seven mutants, the total cochlear
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Fig. 6. Parallel comparison of seven mouse
models carrying distinct Atoh1 enhancer muta-
tions. (A-F) Myo6 labeling of whole-mount
samples from WT mice and five mutant mod-
els. Boxed regions in A-F are magnified in A'-F.
Relative to WT mice (A and A), Eh1~/~ (B and
B), En3”~ (C and (), and Eh1~/7;Eh3™"
(D and D’) mice exhibited no apparent pheno-
types. By contrast, cochlear development phe-

— ﬁ notypes were detected in Eh2~/~ (€ and F) and
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Eh2~/=; Eh3~/~ (F and F) mice, with the defect
more severe in the double mutant. In these
models, IHCs and OHCs can be distinguished
by their locations. (G and H) Quantification of
missing OHCs (G) and IHCs (H) in WT mice and
the five mutant models. Data are presented as
means + SEM; **P < 0.01, ***P < 0.001, ****p
< 0.0001 (Student’s t test). (I-/') Myo6 labeling of
whole-mount samples from two additional
mutants. IHCs and OHCs could not be distin-
guished in Eh1~/7;Eh2~~ mice (/ and /) and
Eh1~/7;Eh27/~; En3~/~ mice (/ and /). (K) Quanti-
fication of total cochlear HC numbers in WT
(blue), Eh1~/7;Eh2~~ (orange), and Eh1~";
Eh2~/~;Eh3~/~ (purple) mice. Data are presented
as means + SEM; **P < 0.01, ****P < 0.0001
(Student's t test). Scale bars: 50 pm (), 20 um (/).
Error bar is SEM.
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length was similar (range: 5,346 to 5,882 pm). These results
strongly suggest that all three Amhl enhancers cooperate for
AtohI expression and cochlear HC development.

Quantifying AtohT mRNA Levels in Different Atoh1 Enhancer
Mutants. To directly assess the Az0h1 mRNA level, cochlear sam-
ples from all seven mutant mice and WT mice at P1 were subject
(in parallel) to single-molecule fluorescence in situ hybridization
(smFISH) combined with Myo7a antibody labeling (Fig. 7
A-H). In this assay, the higher the number of smFISH puncta
in cochlear HCs, the higher the level of Awhl mRNA. We
selected apical HCs for the comparison because these HCs
express Arohl at the highest level (24), and we expected the larg-
est dynamic range of the Arhl mRNA level in these HCs to
allow accurate assessment of the differences in distinct mutants.

First, the Arohl mRNA level did not differ markedly among
WT, Eh1™"", and Eh3™'~ cochlear HCs but was statistically
lower in Eh2™/~ HCs (Fig. 7)). To simply further comparison,
we selected the Atohl mRNA level in Eh2 ™'~ as a reference. Sec-
ond, Atohl mRNA expression in Eh2~/7;Eh3~/~ HCs was sig-
nificantly lower than that in Eh2™/~ HCs but higher than that
in Eh1~/7;Eh2™'~ HCs (Fig. 7)). Third, the lowest levels of
Atoh] mRNA were similarly detected in Eh1™';Eh2™'" and
Eh1™/7;Eh2~"5Eh3™'~ HCs (Fig. 7). Collectively, these results
show a general negative correlation between ArohI mRNA levels
and the degree of defective cochlear HC development.

The Initial HC Fate Specification Is Also Affected in Atoht
Enhancer Mutants Showing Defective HC Development at
Postnatal Ages. To ascertain whether the initial HC fate speci-
fication is defective in the Atohl enhancer mutants that exhibit
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Fig. 7. Atoh7 mRNA levels are lowest in Eh1~/~;
Eh2/~ and Eh1/7;En27/7;Eh3/~ cochleae.
(A-H') Antibody labeling of Myo7a (green) com-
bined with AtohT mRNA (red) smFISH in apical
cochleae of WT mice (A and A’) and seven
mutants: En1~/~ (8 and B), Eh3~'~ (C and C),
Eh2~~ (D and D), Eh1~/7;Eh3~~ (E and F),
Eh2~/7;Eh37/~ (F and F), En1~/";Eh2~/~ (G and
— G), and Eh1~/7Eh27/ER3™~ (H and H).

() Number of smFISH puncta, representing

Atoh7 mRNA level, was lower in Eh2~~ mice
n.s. than in WT mice, but not Eh1~~ and Eh3~/~
mice. Data are presented as means + SEM; *P <
0.05 (Student's t test). (/) Quantification of
smFISH puncta in five mutants, with Eh2~/~
included again as a reference. The Atoh1 level in

n.s.
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postnatal cochlear HC defects, we examined three mutants (to
simplify the analysis) harboring mild, intermediate, and severe
cochlear HC defects: 1) Eh2~'~, 2) Eh2~'7;Eh3™/~, and
3) Eh17/7;Eh2™"". Briefly, whole-mount labeling for Myo7a
revealed that IHCs and OHCs emerged in the basal turn of
WT mice at E16.5 (SI Appendix, Fig. S9 A and A') and that
the three mutants (z = 3 each) showed similar HC defects at
E16.5 (ST Appendix, Fig. S9 B-D') as their counterparts at P1
(Fig. 6). We only focused on the basal turn here because HCs
(particularly OHCs) in middle and apical turns had not yet
completely emerged at E16.5.

Quantification results showed that the numbers of missing
OHGs (29.3 + 1.8) and IHGCs (20.0 + 3.5) in Eh2™/~ basal
cochleae (7 = 3) were significantly lower than the correspond-
ing numbers (116.7 + 4.4 and 97.3 + 4.7, respectively) in
Eh2~'7;Eh3™'~ basal cochleae (n = 3) (ST Appendix, Fig. S9 E
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Eh1~/~; Eh2~/;Eh3~~ mice here appears lower
than in Eh1~7;Eh2~~ mice, but the difference
was not significant. Data are presented as
means + SEM; ***P < 0.001, ****P < 0.0001

N (Student's t test). Scale bar: 20 um (A'). Error bar
<& is SEM.

and F). This agreed with the more severe cochlear defect
observed in Eh2~'7;Eh3™’~ mice than in Eh2™'~ mice at P1.
Moreover, only 15 + 6.1 HCs were present in Eh1 ™/ 5Eh2™/~
basal cochleae (# = 3), markedly less than the 792.0 + 33.6
HCs in WT basal cochleae (z = 3) (SI Appendix, Fig. S9G).
These results show that HC fate specification or initial HC dif-
ferentiation is affected in the three enhancer mutants.

Cerebellum Development Is Defective Only When Atoh1
Enhancer Mutants Harbor Eh1 Deletion. We next briefly char-
acterized the cerebellum development phenotype in all Arohl
mutants, except the triple-homozygous Eh1~/7;Eh2~/7;Eh3 '~
mutant, at P30 (87 Appendix, Fig. S10). As in WT mice (57
Appendix, Fig. S10 A and A'), normal cerebellum development
was observed in three mutants, En2~'~, Eh3~'", and Eh2~'~;
Eh3~/~ (SI Appendix, Fig. S10 B-D'); by contrast, cerebellum
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development was severely affected in the other three mutants,
Eh1™", Eh17/5Eh2™"", and Eh17/7;Eh3™'" (ST Appendix,
Fig. S10 F-@). Thus, in agreement with the ATAC-seq data
(Fig. 2G), these results show that Eh1, but not Eh2 or Eh3, is
necessary for cerebellum development.

Notably, Eh1™'~, Eh17/7;Eh2™’", and Eh1~';Eh3~/~
mice died at ~P35; this was likely due to respiratory failure,
because Aroh1 deletion in the hindbrain retrotrapezoid nucleus
leads to severely impaired inspiratory rhythm and pronounced
neonatal death (50). Conversely, we observed no survival prob-
lem in the mutants that did not include the Eh1 deletion,
which suggests that Eh2 and Eh3 are not functionally necessary
in hindbrain Atoh1™ neurons.

Atoh1 Binds to All Three Atoh1 Enhancers in Cochlear HCs
In Vivo. Lastly, we investigated whether Atohl binds to Eh2
and Eh3, considering that Atohl autoregulates its own expres-
sion through the Eh1 enhancer (3). In AthI-EGFP/* mice,
EGFP is fused to the Atohl C terminus (40), and an EGFP
antibody can recognize the Atohl-EGFP fusion protein (Fig.
8 A and B). We performed the CUT&RUN assay on neonatal
(P1) fresh cochlear tissues from AwhI-EGFP/* or Atohl-
EGFP/AtohI-EGFP mice (Fig. 8B). Cochlear tissues treated
with immunoglobulin G (IgG) and EGFP antibody served as
the control and experimental groups, respectively.

Peak comparison between IgG-treated (one replicate) and
anti-EGFP-treated (two replicates) samples revealed 7,727
high-quality peaks, which were highly reproducible between
both replicates (Fig. 8C and SI Appendix, Fig. S114). Among
the 7,727 peaks, 2,019 overlapped with the recently reported
Atohl CUT&RUN data for E17.5 cochlear HCs (34) (Fig.
8D). We identified 1,787 genes that were the nearest to these
2,019 peaks. Gene Ontology (GO) analysis revealed that the
top terms were related to inner ear or HC development (Fig.
8E and SI Appendix, Fig. S11B). The entire list of Atoh1 targets
in cochlear HCs is reported in Dataset S2. We also compared
these Atohl-binding peaks (2,019) in HCs and the previously
reported Atohl chromatin immunoprecipitation followed by
sequencing (ChIP-seq) data for cerebellar GNPs (38). Unex-
pectedly, only 10.8% (218/2,019) of the peaks were also
detected in cerebellar GNPs, which suggests that Atohl bind-
ing is highly cell type dependent.

We detected Atohl-binding peaks in HCs in all three Azoh1
enhancers, Eh1, Eh2, and Eh3 (Fig. 8 F), as well as in two other
known Atohl targets, Poudf3 and Hes6 (SI Appendix, Fig. S11
C and D). Intriguingly, according to the Pou4f3 CUT&RUN
data from a recent study (34), Pou4f3 also binds to all three
AtohI enhancers, particularly Eh3, which shows a higher peak
than Eh1 and Eh2 (87 Appendix, Fig. S11E). Notably, Eh3 was
open in cochlear HCs at P1 but not in the cochlear progenitors
at E13.5 (81 Appendix, Fig. S11E). More importantly, Atohl
binding to all three enhancers might partly explain why the
compensation of Atohl at different enhancers could occur.

To predict other potential TFs that also bind to the three
Atohl enhancers, we annotated Eh1, Eh2, and Eh3 sequences
for the 176 representative TF motifs generated from JASPAR
2020 by using the TFmotifView tool (51, 52). Briefly, 89, 109,
and 68 representative TF motifs were identified in the Ehl,
Eh2, and Eh3 regions, respectively. Notably, 55 TF motifs,
including the Sixl and Sox2 motifs, were shared by all three
enhancer regions, which agrees with reports that Arh1I expres-
sion is dependent on Six1 and Sox2 (32, 53, 54). Moreover, 22
TF motifs were present in Eh2 but not in the Ehl and Eh3
regions. This could explain why Eh2 is the only enhancer
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whose single deletion leads to cochlear HC defects. All TF
motifs, the 55 shared and the 22 Eh2-specific motifs, are
included in Dataset S3. Collectively, our results reveal Atohl
genomewide targets in neonatal cochlear HCs and demonstrate
that Atohl binds to Ehl, Eh2, and Eh3, thus providing addi-
tional molecular insights into Azh1 autoregulation through its
enhancers during cochlear HC development.

Discussion

Cochlear HC development is highly dependent on Atohl.
Here, in addition to the previously known Eh1, we identified
and validated two unreported Afohl enhancers, Eh2 and Eh3.
Furthermore, we annotated potential binding motifs within
Ehl, Eh2, and Eh3 for other TFs besides Atohl, thus identify-
ing 55 shared TF-binding motifs, including Six1- and Sox2-
binding motifs (Dataset S3). Moreover, we obtained two lines
of evidence indicating that Eh2 is the most functionally impor-
tant Aroh1 enhancer for HC development: 1) Eh2 was the only
enhancer whose single deletion alone led to cochlear HC
defects (Fig. 4) and 2) ArohI mRNA level was decreased in the
Eh2~'~ model but not the Eh1™'~ or Eh3™/~ model (Fig. 7).
Therefore, we are particularly interested in whether certain
unique TF-binding motifs lie within Eh2. The enrichment of
Gfil and Smad motifs in Eh2 suggests that this AzhI enhancer
could be specifically influenced by Gfil and the bone morpho-
genetic protein (BMP) signaling pathway, which play critical
roles in cochlear HC development (55, 56). Notably, Atoh1™'~
mice die immediately after birth due to inspiratory problems
(16, 50), but Eh1~'";Eh2~/7;Eh3™/~ mice can survive at least
until P7. Therefore, besides Ehl, Eh2, and Eh3, other
unknown Arohl enhancers likely exist and can drive Atohl
expression in the brainstem.

In agreement with the notion that Eh1, Eh2, and Eh3 regu-
late Atohl expression in a cooperative manner (Fig. 6), our
quantification revealed that the Az0h1 mRNA level was the low-
est in Eh17/7;Eh2™'~ or Eh1~7;Eh2™/7;Eh3™~'~ mice, which
also exhibited the most severe defects in cochlear HC develop-
ment (Fig. 7). Overall, we found that the lower the Arnhi
expression level, the higher the degree of cochlear HC defect.
This confirmed the quality of our smFISH quantification
results. However, one exception was Eh1~/7;Eh37/": the
Atoh] mRNA level in Eh1™7;Eh3™'~ mice was lower than in
Eh2™'~ mice (Fig. 7)), but Eh2~'~ mice, not Eh1~/~;Eh3~/~
mice, displayed HC defects. Currently, we cannot clearly inter-
pret this finding, but we speculate that concurrent deletion of
Ehl and Eh3 might robustly activate the Atohl-independent
pathway of HC generation, as reported previously (53).

Atohl expression patterns and levels are highly dynamic
(23-25, 42, 49). First, how is AtohI expression maintained at a
low level in cochlear progenitors before E14.5? Failure of initia-
tion of Arohl autoregulation through Eh1 was regarded as one of
the key underlying reasons (57). Besides Atohl, several other
TFs, such as Six]l and Sox2, can bind to Ehl (32, 53, 54).
Second, how is the Atohl level markedly increased in differentiat-
ing cochlear HCs between E14.5 and E17.5? The bivalent status
of trimethylation of histone H3 at lysine 27 (H3K27me3)/trime-
thylatdon of histone H3 on lysine 4 (H3K4me3) in Aroh! disap-
pears, whereas the histone H3 lysine 9 acetylation (H3K9ac)
modification (an active mark) is increased in nascent HCs (58),
which together contribute to increased efficiency of ArohI tran-
scription. Blocking H3K9ac represses AzohI expression and delays
HC differentiation (58). Furthermore, Wnt signaling also affects

AtohI expression in nascent HCs, because B-catenin can bind to

https://doi.org/10.1073/pnas.2119850119 9 of 12


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119850119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119850119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119850119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119850119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119850119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119850119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119850119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119850119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119850119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119850119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119850119/-/DCSupplemental

Atoh1-EGFP/+
C )\AQQ \“GQQ/
+ %5 )\ )\
B IHC S S \(}0
< 0.4
< o
S o
< I
+
i o
G o
w o :Z)
% 0.3
'_
B -}
O
B =r e
= 0.2
I}
Q@
<
v 8
oI
% % 5 s
=z
=) |/ \‘ 0.1
o
o3
'é ¥ pA-MNase
BS =r
el Y0.0
Ca2+ Rt \ -3 0 33 0 33 0 3
f s \“\\’\ Distance from target center (kb)
v /
/! i
! i D
N I
‘\ //
supernatant ~-..___--- g P1_cochlear HC E17.5_cochlear HC
¢ Atoh1 targets Atoh1 targets
Library construction and sequencing (7727) (8711)
E
GO analysis of E17.5/P1 HC shared Atoh1 targets
:ao_q inner ear development Fig. 8. Genomewide analysis of Atohl-
c % . binding sites by using CUT&RUN. (A) Double
e sensory perception of sound labeling for EGFP (Atoh1) and Sox2 in a cryo-
5 8 . . f . section cochlear sample from a P1 Atohl-
3 5 establishment or maintenance of cell polarity EGFP/* mouse, in which Atoh1 and EGFP are
= . h . fused. (B) lllustration of key steps of the
= inner ear morphogenesis CUT&RUN assay. (€) Heatmap showing signals
0 1 2 3 4 at regions centered at CUT&RUN peaks for
| | EGFP antibody (Atoh1-rep1 and Atoh1-rep2)
-log,,(p value) and IgG (used as control) from the cochlear
sensory region of Atoh1-EGFP K| mice at P1.
F Eh1 Eh2 Eh3 (D) Diagram depicting overlap of 2019 peaks
----- 20 kb between our Atoh1-EGFP CUT&RUN results
(red) and results from a recent study (34) on
z | Atoh1-rep1 | i b bt etttk b ot i bbbl a1 b, E175 cochlear HCs (blue). (£) GO analysis of
=) genes in which the overlapping peaks are dis-
5 1 tributed; four GO terms relevant to HC devel-
= Atoh1-rep2 s l ettt bk e i b et s b e, 2 it bt ), L auosbini l Wil opment are presented here as examples, and
2 the entire list of enriched GO terms is pre-
o IgG sented in S/ Appendix, Fig. S11B. (F) lllustration
kel TP T R ST RTITY A T N T T (T T WU RN I W1 INT Y T W of Atoh1-EGFP CUT&RUN signals obtained
with EGFP antibody (red) or IgG (blue), as well
ATAC-seq JL J as our ATAC-seq data (pink) for P1 cochlear
T l - ‘ - HCs around the Atoh? locus. Dotted boxes
[ ] show EGFP (Atoh1)-binding peaks. Scale bar:
Atoh1 20 pm (A).

Eh1 and increase ArohI expression (36). Third, how is the drastic
AtohI down-regulation initiated in cochlear HCs between E17.5
and P6? One, the AtohI down-regulation is accompanied by
decreased H3K9ac and increased trimethylation of histone H3
on lysine 9 (H3K9me3) in the Ehl (58). H3K9me3 is a mark
associated with transcriptional repression (59). Two, Atohl deg-
radation mediated by the E3 ligase Huwel might be necessary
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for lowering the Atohl protein level (60). Three, Atohl protein
might also undergo a posttranslational modification (61) that
could result in the ArhI positive autoregulation no longer being
maintained.

Atohl is not expressed in postnatal cochlear SCs. However,
the contrasting epigenetic states of Azohl or other HC gene
enhancers at different ages might determine whether SCs are
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able to transdifferentiate into HCs, as revealed by a recent
study (33). In cochlear SCs at P1, Eh1 is marked by H3K4mel
but not H3K27ac, which indicates that Azh1 is in a poised or
primed state; however, this poised state gradually disappears by
P6. By reanalyzing previously reported raw data (33), we found
that H3K4mel modification in Eh2 and Eh3, as in Ehl, is also
markedly decreased in cochlear SCs at P6. Notably, Ehl
remains in a poised state in utricle SCs at P21, which partly
explains why the utricle exhibits a considerably stronger regen-
erative ability as compared to cochlear tissues (33, 35, 62, 63).
The challenge of adult cochlear SCs to transdifferentiate into
HCs suggests that epigenetic barriers are gradually established
from perinatal to adult ages. Additional comprehensive and
comparative epigenomic analyses of cochlear SCs at distinct
postnatal ages should help uncover the epigenetic barriers that
prevent transdifferentiation. Ehl and the two additional
enhancers, Eh2 and Eh3, of the master regulator Azoh1 identi-
fied in this study represent a highly suitable target for future
investigations seeking to uncover such epigenetic barriers.

Materials and Methods

FACS-Mediated Sorting of Pure Neonatal Cochlear HCs and qPCR
Assay. Cochleae were dissected from Atoh 1-Tdtomato/* mice at P1; all cochlear

HCs were Tdtomato™. Briefly, cochleae were washed in fetal bovine serum (FBS)-
free choline chloride solution, incubated in a papain digestion system (Worthing-
ton, LK003150) for 15 min at 37 °C, and then incubated in choline chloride
solution containing protease and dispase (at a final concentration of 1 mg/mL)
at 25 °C for 20 min. All gPCR primers used in this study are listed in Dataset S4.

ATAC-Seq and CUT&RUN. Approximately 500 cochlear HCs or cerebellar GNPs
were collected directly into 6 L of lysis buffer as a biological replicate. ATAC-seq
was performed as previously described with minor modifications (39, 64, 65).
CUT&RUN was performed according to a previously described protocol with
minor modifications (66).

Bioinformatic Analysis. For both ATAC-seq and CUT&RUN analyses, raw reads
were first timmed by using fastp with default parameters (67). The pair-end
reads were aligned to the mouse genome (mm10) by using Bowtie2 with the
end-to-end parameter (68). Mapped reads were sorted using Samtools (69), and
duplicated reads were removed using the Picard MarkDuplicates function (http://
broadinstitute.github.io/picard). All sequencing raw data and processed data
have been deposited in the Gene Expression Omnibus (GEO) (accession no.
GSE181311). The data were also deposited in the gEAR portal (70) (https://
umgear.org/p?l=55f7c1ch&g=atoh1).

Generation of Atoh7-Tdtomato/* Kl Mice and Distinct Atoh7 Enhancer-
Knockout Mouse Strains. The Atoh7-Tdtomato/* mouse was generated using
CRISPR-Cas9-mediated genome editing in a C57BL/6 background. Briefly, Cas9
mRNA, the sgRNA (against the Atoh? locus: 5'-AATGCCCTTCCTAGCGCGCG-3'),
and the donor DNA (S/ Appendix, Fig. S2) were coinjected into one-cell-stage
mouse zygotes. Detailed primer sequences are included in Dataset S4. All three
Atoh1 enhancer single-mutant mice were generated using a similar CRISPR-
Cas9 approach.
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Construction of Eh2-EGFP* and Eh3-EGFP* Transgenic Mouse Strains.
To produce Eh2-EGFP* mice, transposase messenger RNA (mRNA) and PiggyBac
vector (SI Appendix, Fig. S4 A and B) were coinjected into WT one-cell-stage
zygotes, after which PCR was performed to screen for founder mice 0 (FO)  har-
boring an insertion of the donor vector in their genomic DNA. A similar strategy
was used to generate the Eh3-EGFP™ transgenic mouse strain (S/ Appendix, Fig.
S4 C and D). Detailed DNA sequences of Eh2 (1,027 bp) (SI Appendix, Fig. S44)
and Eh3 (761 bp) (S/ Appendix, Fig. S4C) are included in Dataset S5.

Sample Preparation, Inmunohistochemistry, and Cell Counting. Inner
ear tissues from E16.5 to P1 mice were directly dissected out and fixed in 4%
fresh paraformaldehyde (PFA) ovemight at 4 °C. In the case of P30 mice, heart
perfusion with 1x phosphate buffered saline (PBS) and then 4% PFA was first
performed, and this was followed by a second fixation in 4% PFA overnight at
4 °C. Whole-mount cochlear samples were divided into three parts that were ini-
tially scanned at 10x magpnification. A line was drawn between OHCs and IHCs
to calculate the entire cochlear length.

SmFISH Combined with Myo7a Labeling. We performed smFISH as
described previously (71). Briefly, inner ear tissues at P1 were dissected out for
cryosection. The slices were treated with 10 pg/mL Proteinase K solution at room
temperature for 5 min, followed by 4% PFA to stop the Proteinase K reaction,
and then incubated with the digoxigenin-labeled Atoh probe; lastly, a tyramide
signal amplification kit (catalog NEL753001KT, PerkinElmer) was used to visual-
ize AtohT mRNA. After completing the aforementioned procedure, the slices
were incubated with anti-Myo7a antibody overnight at 4 °C.

ABR Measurement. ABR measurements were performed on mice at P30, with
the following frequencies being used: 4, 5.6, 8, 11.3, 16, 22.6, and 32 kHz.
Detailed assay protocols are described in a previous report (72). Student's ¢ test
was performed to analyze the statistical difference at each frequency between
the control and experimental groups.

Data Availability. ATAC-seq and CUT&RUN data have been deposited in GEO
(accession no. GSE181311) (73). All other study data are included in the article
and/or supporting information.
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