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Dear Editor,

Our auditory organ, the cochlea, resides in the ventral
portion of the inner ear, and its sensory epithelium, the
organ of Corti, contains hair cells (HCs) and supporting
cells (SCs), which are both descendants of the same
progenitors. HCs are prone to damage by multiple ototoxic
factors, and how to regenerate damaged HCs using key
genes involving cochlear development is of importance
[1, 2]. Cochlear progenitor cells express Sox2 and prolif-
erate before embryonic day 12.5 (E12.5) in the mouse but
become quiescent in an apical-to-basal gradient between
E12.5 and E14.5 [3]. The development of cochlear HCs
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and SCs is regulated by many key genes including Atohl
(atonal bHLH transcription factor 1) and other signaling
pathways [4-6].

ProxI is a homeobox transcriptional factor, homologous
to the Drosophila Prospero, and is first detectable at
approximately E14.5 but is restricted to two SC subtypes,
pillar cells (PCs) and Deiters’ cells (DCs), at the perinatal
stage, and Prox1 expression gradually declines postnatally,
becoming undetectable at around postnatal day 14 (P14)
[7]. Conditional deletion of ProxI has been found to cause
a reduction in the size of cristae and disorganized neuronal
fibers in the cochlea [8]. However, the molecular mech-
anisms underlying Prox1 functions and its genome-wide
DNA-binding sites in the cochlea remain unknown; this is
partly because traditional chromatin immunoprecipitation-
sequencing (ChIP-Seq) is not suitable for cochlear tissues,
which harbor only a limited number of Prox1+ cells. An
alternative to ChIP, CUT&RUN (Cleavage Under Targets
and Release Using Nuclease) maps chromatin features via
binding of a specific antibody to the target protein and
cutting out target protein-bound DNA fragments, which are
released into the supernatant [9, 10]. Without cross-linking,
CUT&RUN minimizes problems with epitope masking and
other artefacts. The improved signal-to-noise ratio and high
efficiency allow it to generate high-quality data from low
starting numbers of cells.

Here, we successfully mapped 1638 binding sites of
Prox1 using the CUT&RUN technique and fresh cochlear
epithelium collected from P1 wild-type mice. The results
of functional enrichment analysis suggested several Prox1
functions, one being cell-cycle regulation, and a role of
Prox1 in regulating the pool size of cochlear progenitors
was supported by in vivo genetic evidence: ectopic Prox1
overexpression in the otocyst caused cochlear shortening.
We have elucidated, for the first time, the in vivo DNA-
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binding sites of Proxl in the mouse cochlea and have
provided a key finding of a role of Proxl in cell-cycle
regulation by using genetic gain-of-function analysis. Our
work facilitates future mechanistic studies of other tran-
scription factors expressed in rare tissues such as the
cochlea.

Prox1 is abundantly expressed in two SC subtypes, PCs
and DCs, in the organ of Corti at P1 (Fig. 1A, B).
Considering the extremely limited numbers of Prox1+
cells present in the cochlea, we applied CUT&RUN [9, 10],
a highly sensitive tool for analyzing protein-DNA binding,
to map the genome-wide binding sites of Prox1 in PCs and
DCs. We dissected out fresh tissues from the organ of Corti
region and immediately used the samples in CUT&RUN
assays in which Prox1 antibody (experimental group) and
mouse IgG (control group) were applied in parallel
(Fig. 1C); each group included three replicates, with four
cochlear samples (from 2 mice) included per replicate.
Here, spiral ganglion neurons were also noted to express
Prox1 at P1, but they were excluded from the study because
our aim was to selectively identify genuine Prox1-binding
sites in PCs and DCs. In the three replicates in the
experimental group, 1638 binding sites were captured,
whereas minimal signal was detected in the three replicates
in the control group (Fig. 1D). Supplemental Table 1 lists
all identified Prox1-binding sites. The binding sites were
highly enriched in promoters, with approximately 43% of
the peaks located at promoter regions (Fig. 1E). Intrigu-
ingly, Proxl itself was also included among the 1638
binding sites, which suggests a potential autoregulation
mechanism. Gene-function enrichment analysis revealed
multiple functions of Proxl targets, including sensory
organ development, ear development, Notch signaling, and
mitotic cell-cycle progression (green arrow in Fig. IF).
Collectively, our results showed that we had successfully
captured the genome-wide binding sites of endogenous
Prox1l in a limited sample of cochlear cells by using
CUT&RUN.

To further validate the identified binding sites of Proxl1,
we generated a new conditional Proxl-overexpressing
knock-in mouse model: Rosa26-CAG-Loxp-stop-Loxp-
Prox1.3*V5/+ (Rosa26-LSL-Proxl/+ for short; Figs 2A
and S1). Pax2Cre is active in the otocyst and serves as the
driver for turning on the expression of ectopic Proxl
harboring the V5-tag at its C-terminus [11]. Pax2Cre+;
Rosa26-LSL-Prox1/+ mice constituted the experimental
group, and Rosa26-LSL-ProxI/4+ mice were the control
group. At E9.5, Sox2+ otocyst cells in the control group
did not express ectopic Prox1 and were V5- (Figs 2B and
S2A), whereas numerous Sox2+ otocyst cells in the
experimental group were V5+ (arrows in Figs 2C and
S2B). Together, these results confirmed that ectopic Prox1
was successfully and permanently induced in otocyst cells.
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Prox1 was previously shown to antagonize HC forma-
tion partially by blocking Atohl activity [12, 13]; thus, we
initially expected HCs to be absent from the experimental
group or to be present at a lower density than in the control
group. Unexpectedly, HC differentiation was normal in
both groups (Fig. 2D, E). At E18.5, all Myosin-VI+4 HCs in
the control group were V5— (white arrow in Fig. 2D), while
both Myosin-VI+4/V5+ HCs (orange arrow in Fig. 2E) and
Myosin-VI+/V5- HCs (white arrow in Fig. 2E) were
present in the experimental group. We did not analyze
samples at older ages because the experimental mice did
not survive after birth. Nevertheless, our results supported
the conclusion that HC fate specification and early
differentiation were normal at birth, but additional genetic
models will be required to elucidate the long-term effects
of permanent Prox1 overexpression in HCs.

Although general HC fate specification was normal
following ectopic Prox1 expression, the cochlea was
significantly shorter in the experimental group than in the
control group: at E18.5, cochlear length was 5691.7 & 93.5
pum in the control group, but only 4432.0 £ 85.5 pm in the
experimental group (n = 3 mice/group; P <0.001) (Fig. 2F-
H). To further confirm this phenotype, we measured
cochlear length in both groups at E16.5, and again found
that the cochlea was longer (P <0.05) in the control group
(4589.3 £ 146.7 um; n = 4 mice) than in the experimental
group (4083.5 £ 125.3 um; n = 4 mice) (Fig. 2H). The
statistical difference was greater at E18.5 likely because
the cochlear duct undergoes extension at late embryonic
ages [14].

How can we interpret the shorter cochlear duct and
fewer HCs when Prox1 is overexpressed in otocysts? Otic
epithelial cells, which are progenitors of the cochlear and
vestibular organs, are highly proliferative and express no or
very low Prox1 (below the detection threshold). Therefore,
our first speculation is that otic epithelial cells are very
sensitive to ectopic Prox1 and become less proliferative,
causing decreased total cell numbers in the otocyst. This
speculation was supported by the smaller size of the
otocyst in the experimental than in the control group, as
visualized by the analysis of both transverse (Fig. 2B, C)
and sagittal (Figs. S2A and S2B) sections. The smaller
otocyst would subsequently contain a decreased pool of
progenitors that would develop into the cochlear duct.
Thus, the cochlear duct would become shorter.

Our second speculation was that ectopic Prox1 also leads
to a precocious cell-cycle exit of cochlear progenitor cells.
To test this hypothesis, we gave EdU to mice at E12.5, and
analyzed cochlear samples at E18.5 (Fig. S2C-D”’). In
contrast to our prediction, there was no statistical difference
in the percentage of EAdU+4 HCs between the control and
experimental groups (Fig. S2E). This suggests that the
expression of p27, a gene critical for the cell-cycle exit of
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Fig. 1 Genome-wide search for Prox1-binding sites in neonatal PCs
and DCs at P1. A, B Co-staining of Prox1 and parvalbumin (Pvalb) in
a cryosection (A) and a whole-mount (B) cochlear sample. Pvalb, a
pan-HC marker, is expressed in both IHCs and OHCs. Proxl is
exclusively expressed in PCs and DCs. IHC, inner hair cell; OHCs,
outer hair cells; DCs, Deiters’ cells; PCs, pillar cells.; scale bars, 20
pm. C Key CUT&RUN experimental procedures. D Peak distribution

of Prox1-binding sites (all 1638 binding sites detected) in the mouse
genome (mm10) in three control (mouse IgG) and three experimental
(Prox1 antibody) groups. E Summary of distribution of Prox1-binding
sites among distinct genomic regions. F GO analysis of genes
associated with Prox1-bound peaks. G The gene Pbx/ was selected
for visualizing peaks in three control (IgG, red) and experimental
(Prox1 antibody, blue) replicates.
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Fig. 2 Ectopic Prox1 expres-
sion causes cochlear shortening
without disrupting HC differen-
tiation by E18.5. A Design of
conditional Prox1-overexpres-
sion mouse model. Pax2Cre
turns on ectopic Prox1 in mouse
otocyst cells. B, C Double
staining of Sox2 and V5 (Prox1)
in the otocyst (ot) in a control
Rosa26-LSL-Prox1/4+ mouse
(B) and an experimental
Pax2Cre+; Rosa26-LSL-Proxl/
+ mouse (C). Ectopic V5-
tagged Prox1 is detectable in
experimental but not control
otocyst cells (Sox2+). Inset in
(C) is the same otocyst (arrow
in C) but visualized in V5 panel
only. D, E Double staining of
Myosin-VI and V5 (Prox1) in
whole-mount cochlear samples
of a control (D) and an exper-
imental (E) mouse. At E18.5, no
HCs in cochlear samples from
control mice express V5-tagged
Prox1 (arrow in D), whereas in
the cochlear sample from an
experimental mouse, numerous
HCs and other cells (descen-
dants of Pax2+ progenitors) are
V5+ (orange and white arrows
in E indicate V54 and V5-
HCs). The weak red signal in
D is background and the control
sample is negative for V5. F,
G Cochlear samples from a
control (F) and an experimental
(G) mouse stained for Myosin-
VI, a pan-HC marker (yellow
dashed line between the inner
and outer hair cells is used to
measure cochlear length).

H Comparison of cochlear
length between control and
experimental mice at E16.5 and
E18.5. At both ages, the
cochlear duct is significantly
shorter in experimental than in
control mice. Data are presented
as means + SEM. *P <0.05,
#*%kP <(.001. IHCs, inner hair
cells; OHCs, outer hair cells; b,
basal; m, middle; a, apical; ot,
otocyst; hb, hindbrain; scale
bars, 200 um (B, C, F, G), and
20 um (D, E).
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cochlear progenitors [3], is not significantly affected, which
agrees with the finding that no Proxl-binding sites are
located near the p27 locus. Thus, our data suggest that the
first speculation might account for the shortened cochlea. In
other words, ectopic Prox1 caused smaller otocysts and
subsequently the initial cochlear progenitor pool was
decreased but the proliferation capacity of cochlear progen-
itors at E12.5 did not significantly change.

In one study, Proxl protein was reported to be
undetectable in the cochlea until E14.5 when it is expressed
in a basal-to-apical gradient [7]. However, the opposite
pattern was described in another report [8]. This difference
may be due to the sensitivities of different methods of
detection. We speculate that Prox1 might be expressed at a
low level (below the detection threshold in immunostain-
ing) in cochlear progenitors before E12.5 or between E12.5
and E14.5. Prox1 expression at such a low level might not
be present in the nucleus and could be diffusely distributed
in the cytoplasm, as in the case of its homolog Prospero in
Drosophila neural stem cells [15]. Lastly, among the
Prox1-targeted genes relevant to cell-cycle regulation
(Supplemental Table 2), which gene might be the key
target of Prox1? Pbxl is expressed in the cochlea and is
regulated by Six1 [16]. The PbxI sequences bound by
Prox1 included the transcription start site (#1 in Fig. 1G)
and an element downstream of the promoter (#2 in Fig. 1G)
that was shown to be also bound by Sixl (Fig. 1G).
Therefore, Pbx1 is highly likely to be directly regulated by
Prox1. PbxI appears to play a general role in promoting
cell proliferation, because Pbx/—/— mice display hypoplasia
in multiple organs, including the pancreas [17]. The
detailed genetic interactions among ProxI and Pbxl
warrant further investigation.

In summary, we have demonstrated that CUT&RUN can
be successfully used to search for the genome-wide binding
sites of transcription factors in limited numbers of cells,
such as cochlear cells. Furthermore, the Prox1-binding sites
that we identified were supported by the results of our
in vivo Prox1 genetic gain-of-function analysis. We believe
that these methods will serve as powerful tools for
deciphering the gene-regulatory networks that control the
development of small organs or tissues such as the cochlea.
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