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Abstract The cochlear auditory epithelium contains two
types of sound receptors, inner hair cells (IHCs) and outer
hair cells (OHCs). Mouse models for labelling juvenile and
adult IHCs or OHCs exist; however, labelling for embryonic
and perinatal IHCs or OHCs are lacking. Here, we gener-
ated a new knock-in Fgf8F?A-3*CFP/+ (Fof8GFP/*y gtrain, in
which the expression of a series of three GFP fragments
is controlled by endogenous Fgf8 cis-regulatory elements.
After confirming that GFP expression accurately reflects the
expression of Fgf8, we successfully obtained both embry-
onic and neonatal IHCs with high purity, highlighting the
power of FgfSC?* Furthermore, our fate-mapping analy-
sis revealed, unexpectedly, that IHCs are also derived from
inner ear progenitors expressing Insml, which is currently
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regarded as an OHC marker. Thus, besides serving as a
highly favorable tool for sorting early IHCs, Fgf8®T"+ will
facilitate the isolation of pure early OHCs by excluding
IHCs from the entire hair cell pool.

Keywords Fgf8 - Inner Hair Cell - Inner Ear - Cochlea

Introduction

Multiomic sequencing and genetic or epigenetic analyses are
being increasingly applied in diverse biological studies [1].
To obtain high-quality data in such studies, cell-type-specific
analysis is invariably required, and for labeling specific cell
subtypes, genetic methods are a widely-used and reproduc-
ible solution [2-5]. As in the case of other organs, multi-
omic analyses have recently been applied to the cochlea [1,
6—10]. The cochlea harbors two subtypes of sound receptor
hair cells (HCs), inner HCs (IHCs) and outer HCs (OHCs)
[11-13]. Near the IHCs and OHCs are various subtypes of
supporting cells (SCs) [14]. During cochlear development,
IHCs, OHCs, and SCs are all derived from Atohl+ pro-
genitor cells [15-17], with the key difference between the
cells being that SCs show only low Afohl mRNA expression
and HCs show high Afohl mRNA and protein expression
[18-20]. Accordingly, Atohl ~~ mice lose all HCs and, fur-
thermore, exhibit defective SC development [21-23].

IHCs and OHCs share several general HC characteristics
and co-express numerous pan-HC markers, including Myo6
and Myo7a [24]; however, IHCs and OHCs also differ in
multiple aspects, as highlighted by their distinct transcrip-
tomic profiles [25-27]. OHCs act as sound amplifiers via the
unique motor protein Prestin (encoded by Slc26a5) [28-30],
and IHCs behave as the primary sound receptors that form
synapses with spiral ganglion neurons (SGNs) [31-34],
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and relative to OHCs, THCs specifically express vGlut3
(Slc17a8) and Otoferlin [35-37]. Moreover, Insm1 is the
first transcription factor (TF) that is specifically expressed
in nascent OHCs at embryonic day 15.5 (E15.5) in a basal-
to-apical and medial-to-lateral gradient across the cochlear
duct [38], and although Insml is only transiently expressed
in nascent OHCs, the TF is required to consolidate the
OHC fate: half or slightly less than half of the OHCs tend
to transdifferentiate into IHCs in the absence of Insm1 [39].
Furthermore, OHCs are dysfunctional and show decreased
expression of the OHC marker Prestin in ITkzf2°!"*<!lo mytant
mice [40]. Notably, unlike Insm1 expression, which is turned
off by postnatal day 1 (P1) in OHCs [38], the expression of
Ikzf2 is turned on around P4 and maintained permanently
thereafter in OHCs [26, 40]. By contrast, a third TF, Tbx2,
is expressed in IHCs but not OHCs, and opposite to what
has been reported in Insm1 and Ikzf2 mutants, embryonic,
neonatal, and adult IHCs tend to transform into OHCs upon
conditional deletion of Thx2 [26, 41, 42].

Despite the insights offered by the studies noted above,
how the initial differences between nascent IHCs and OHCs
appear is poorly elucidated and remains a challenging but
critical unanswered question in hearing research. One hurdle
faced in addressing this question is the lack of a power-
ful genetic mouse model for specifically labeling IHCs or
OHC:s for deep sequencing (smart-seq or bulk-seq), particu-
larly at late embryonic and neonatal ages. Here, we exploited
the unique expression pattern of fibroblast growth factor 8
(Fgf8), an IHC marker expressed at E15 [43—45], to generate
a new mouse model: Fgf8"?A-3*CFP/+ (Fof8CFP/* in short).
We first confirmed that the expression of GFP generally
matches that of Fgf8 in early embryos, and then showed
that the GFP expression is unfailingly limited to IHCs within
the cochlea. More importantly, the new model allowed us to
successfully obtain pure IHCs at E15.5 and P1 through cell
sorting, and we confirmed the purity of the IHCs by using
gPCR. To the best of our knowledge, the F’ GFP/* mouse
is the first genetic model that enables the labeling or sorting
of IHCs at embryonic and perinatal ages, and we believe
that this model will facilitate future multi-omic analyses of
nascent IHCs.

Materials and Methods
Mouse Strains

The Fgf8'A-3xGEP (Fof8GFP/+) knock-in C57BL/6 mouse
strain was generated by injecting a single-guide RNA
(sgRNA) against Fgf8, donor DNA (Fig. 2B), and Cas9
mRNA into one-cell-stage mouse zygotes. The Fgf8 sgRNA
(5"-AGCTGGGCGAGCGCCTATCG-3") carrying the PAM
sequence GGG targeted the site immediately before the Fgf8

stop codon. Founder 0 (FO) mice with potentially correct
gene targeting were screened using tail-DNA PCR and then
crossed with wild-type (WT) C57BL/6J mice to produce
germ-line-stable Founder 1 (F1) mice. The F1 mice were
subjected to a second round of tail-DNA PCR and South-
ern blotting (Fig. 2D and E), and, ultimately, a single F1
mouse without random insertion of the donor DNA in the
genome was selected for further breeding. Southern blot-
ting was applied as described in our previous report [4].
The nucleotide sequences of the primers used for tail-DNA
PCR were the following: F: 5-GCCAAGTACGAGGGCTGG
TA-3' R1: 5"TGCTCACCATAGGTCCAGGGTT-3", R2: 5"-
TTCAGGAGAACAGACCAGAGAGCC-3". All primers were
used concurrently, and the PCR protocol used was 95°C for
3 min, followed by 31 cycles of 95°C for 30 s, 60°C for 40
s, and 72°C for 30 s, and then 72°C for an additional 10 min.

The Insm19FPC™* strain was obtained from Mutant
Mouse Resource and Research Center (036986-JAX);
detailed information on how the strain was generated and
genotyped has been described previously [46]. Rosa26-
LSL-Tdtomato/+ (Ai9; Jax#: 007909) mice were from The
Jackson Laboratory. To check embryonic ages, female mice
were crossed at 5 p.m. and the next morning was defined as
EOQ.5 if vaginal plugs were observed. All mice used in this
study were bred and raised in SPF-level animal rooms, and
animal procedures complied with the guidelines (NA-032
2019) of the Institutional Animal Care & Use Committee of
the Institute of Neuroscience (ION), CAS Center for Excel-
lence in Brain Science and Intelligence Technology, Chinese
Academy of Sciences.

Sample Processing and Immunofluorescence

Mouse embryos were immersed in fresh 4% paraformal-
dehyde (PFA; P6148, Sigma) at room temperature for 2 h,
after which inner ear tissues were carefully dissected out
and further incubated in 4% PFA overnight at 4°C. In the
case of mice at postnatal ages, the heart was perfused first
with 1xX PBS (10 mmol/L phosphate-buffered saline, pH
7.4; E607016-0500, Sangon Biotech) and then with 4% PFA
before dissecting out the inner ear, and on the following
morning, the inner ear tissues were washed with 1x PBS and
subjected to the whole-mount labeling procedure. For inner
ear samples from mice older than P7, an additional step of
decalcification in 120 mmol/L EDTA at room temperature
was required to soften the tissue. The entire cochlear duct
was divided into three portions, the base, middle, and apex.
To analyze frozen sections (14 pm thick), the inner ear sam-
ples were first soaked in 30% sucrose (V900116, Sigma)
overnight at 4°C before final embedding in OCT (4583,
Sakura) on dry ice.

Both whole-mount samples and frozen sections were per-
meabilized and blocked at room temperature in a solution I
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containing 5% bovine serum albumin (BSA; BP1605-100,
Fisher Scientific) and 1% Triton X-100 (X100, Sigma) in
1x PBS for 1 h. Tissues or sections were next incubated
with primary antibodies in solution II containing 5% BSA
and 0.1% Triton X-100 in 1XPBS overnight at 4°C. Sub-
sequently, the cochlear tissues or inner ear sections were
incubated with secondary antibodies in solution II for 4
h, washed thrice with 1X PBS, and counterstained with
Hoechst 33342 (1:1000, H3570, Thermo Scientific) in
1x PBS for 2 min at room temperature. Lastly, samples
were mounted in ProLong Gold antifade reagent (P36930,
Thermo Scientific). The following primary antibodies were
used: anti-GFP (chicken, 1:1000, ab13970, Abcam), anti-
myosin VII (rabbit, 1:500, 25-6790, Proteus Bioscience),
anti-myosin VI (rabbit, 1:500, 25-6791, Proteus Biosci-
ence), and anti-Sox2 (goat, 1:500, sc-17320, Santa Cruz).
The secondary antibodies were donkey anti-chicken Alexa
Fluor 488 (1:500, 703-545-155, Jackson), donkey anti-rabbit
Alexa Fluor 568 (1:500, A10042, Thermo Scientific), don-
key anti-rabbit Alexa Fluor 647 (1:500, A31573, Thermo
Scientific), and donkey anti-goat Alexa Fluor 647 (1:500,
A21447, Thermo Scientific). Samples were scanned at 10X
and 60X magnification under a Nikon C2 or Nikon NiE-A1
plus confocal microscope, and all digital images were ana-
lyzed and processed using ImageJ. At each age, at least three
biological replicates were included in the analysis.

Cell Counting and Quantification

For the cell counts related to Fig. 1, in each turn, an ~200
pm region of the cochlear sensory epithelium was selected
under a confocal 60X high-resolution lens, and within the
same region, all Tdtomato™ OHCs, IHCs, and SCs (Deiters’
cells and pillar cells) were counted. The sensory region was
defined by Myo6 staining, and whereas IHCs and OHCs
were defined by the Myo6 signal and the location of the
cells, Deiters’ cells and pillar cells were defined by their
location (underneath and near OHCs and IHCs), and the
absence of Myo6 staining. The percentage of Tdtomato™
cells of each cell type was calculated by normalizing the
number of Tdtomato* cells against the total number of cells
of each type. For statistical analyses, using GraphPad Prism
8.0, we applied one-way ANOVA followed by Student’s ¢
test with Bonferroni correction. Data are presented as the
mean + SEM.

Sorting GFP* Cochlear IHCs and Quantitative
Real-time PCR Analysis

Cochlear sensory epithelial tissues including ITHCs and
OHCs of Fgf8S"”* mice at E15.5 and P1 were care-
fully dissected out and digested in fetal bovine serum
(FBS)-free choline chloride solution containing papain
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(LK003150, Worthington) for 15 min at 37°C. Next, the
cochlear samples were further digested in choline chloride
solution containing protease (P5147, Sigma) and dispase
(LS02104, Worthington) at 1 mg/mL for 20 min at 25°C.
The components of the choline chloride solution and the
details of the methods used to prepare the final single-
cell suspension are described in our previous report [10].
The single-cell suspensions were filtered through a 30 pm
cell strainer (130-098-458, Miltenyi), the supernatant was
removed by centrifugation at 500X g for 3 min, and the
cells were resuspended in 500 pL of the choline chloride
solution (containing 2% FBS) for sorting using a flow
cytometer (MoFlo Astrios EQ). GFP* cells were sorted
and ~50 cells were collected into each tube (containing
10 pL of extraction buffer) for one biological replicate at
each age.

Total RNA was extracted using a PicoPure RNA isolation
kit (Thermo Scientific, KIT0204), and cDNA was generated
using an Ovation RNA-seq system V2 (Tecan Genomics,
7102-32). RT-qPCR was performed using the SYBR Green
JumpStart Taq Ready-Mix Kit (S4438-500RXN, Sigma)
and samples were run on a Roche 48011 qPCR machine. All
gPCR primers were pre-tested using standard-curve analysis,
and the amplification efficiency was found to be between 0.9
and 1.1. The primers were pre-mixed to 2.0 ng/pL. Table S1
lists the primer sequences.

Single-Molecule Fluorescence in situ Hybridization
(smFISH) Analysis with the Fgf8 Probe

The DNA template used for synthesizing the Fgf8 probe was
from Dr. Hai Song (Zhejiang University); the probe sequence
is listed in Table S2. Briefly, the Fgf8 probe sequence was
transcribed using T7 RNA polymerase (P2075, Promega)
and labeled using a digoxigenin labeling kit (11277073910,
Roche). The smFISH procedures used here followed the pro-
tocol detailed previously [47].

Auditory Brainstem Response (ABR) Measurement

ABR measurements were made in WT, Fgf8%FF* and F of-
8CTP/GIF mice at P42 using the following sound frequencies
(inkHz): 4,5.6, 8, 11.3, 16, 22.6, and 32 (Fig. 2I). Stimulus
levels started at 90 dB SPL and descended in 5 dB SPL
steps, as we previously described [4, 48, 49]. The ABR wave
I amplitude measured from three frequency regions (8, 16,
and 32 kHz) was calculated as the difference between the
wave I peak and the waveform baseline. Student’s ¢ test was
applied (using GraphPad Prism 8.0) to check for statistical
differences at each frequency. Both male and female mice
were tested for ABR.
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Fig. 1 The progeny of Insm1* precursors includes IHCs and SCs in
addition to OHCs. A-E’ Dual labeling for GFP and the HC marker
Myo6 in whole-mount cochlear samples from Insml®"C* mice
at E16.5 (A-C’) and E18.5 (D-E’). Dotted regions in A are shown
at high resolution in B-B’, basal turn, and C-C’, middle turn, GFP
(Insm1) is expressed in OHCs but not IHCs, and the GFP (Insm1)
level in the base is higher than in the middle at E16.5, but the gra-
dient no longer exists at E18.5. F-I’ Fate-mapping analysis of Ins-
m1GFPCre/+. Aj9/+ mice at PO (F-G’) and P7 (H-I’). All OHCs are
Tdtomato™, as expected, and furthermore, Tdtomato™ IHCs and SCs
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are also detected, marked by white and yellow arrows in F-G” and
I-I’, respectively. Low-magnification images in H and H’> show the
presence of numerous Tdtomato+ signals in the SGN, KO (Kolliker’s
organ), and LER (lesser epithelial ridge) regions. J-L Quantifica-
tion of Tdtomato+ OHCs (J), IHCs (K), and SCs (L) at P7. Data are
presented as the mean + SEM (n = 3); *P <0.05 (Student’s ¢ test).
SGN: spiral ganglion neuron; OHC: outer hair cell; IHC: inner hair
cell; SC: supporting cell. Scale bars, 200 pm (A, H”); 20 pm (C’, E’,
G, D).
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Fig. 2 Generation of the
Fgf8°TP* knock-in mouse
model. A—C In the wild-type
Fgf8 locus (A), the fragment
containing P2A-3XGFP (B) is
inserted immediately before the
stop codon (GGG), generat-
ing the post-targeted allele

of Fgf8 (C). D-E Southern
blotting with internal GFP
probe (D) and external probe
(E). The 6.2 kb GFP probe
band is detected in the genomic
DNA extracted from heterozy-
gous mice (KI/WT) but not
wild-type mice (WT/WT);
conversely, the 5.6 kb band is
detected in the genomic DNA
from both KI/WT and WT/
WT mice, and the 3.1 kb band
is detected only in the KI/WT
genomic DNA. F Representa-
tive agarose-gel image used to
distinguish homozygous (KI/
KI), heterozygous (KI/WT), and
wild-type (WT/WT) mice. G-H
Immunostaining for the pan-HC
marker Myo7a in WT (G) and
homozygous Fgf8®T/CFP (H)
mice at P42. I ABR measure-
ments from WT (blue, n = 3),
Fgf8CP* (green, n = 3), and
Fgf8CTF/CFP (ted, n = 4) mice at
P42. J-L Wave I amplitudes at
8 (J), 16 (K), and 32 (L) kHz.
ABR thresholds and wave I
amplitudes do not differ signifi-
cantly among the three groups
(Student’s ¢ test); data are
presented as the mean + SEM.
Scale bar, 20 pm (H).
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The Insm1°7P¢"* Mouse Model Shows Labeling

of 13.5%—

17.9% of Cochlear IHCs

A previous study reported that OHCs express both Insm1
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and Atohl, whereas IHCs express only Atohl [39], and
thus the Insm17PC*; Ai9/+; Atoh1¥CT"* model has been
used to sort OHCs and IHCs at PO [39]. In this model, all
OHCs express both EGFP (from Atohl2°F*) and Tdto-
mato (from lineage-tracing by Insm1°PC™*; Ai9/+), but
IHCs should express only EGFP and, accordingly, should
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be EGFP+/Tdtomato- [39]. Moreover, the GFPCre fusion-
protein sequence replaces the Insm1 coding sequence in
the Insm1°FC* model, and thus Insm1°7FC is also a
null allele [46], and EGFP is fused with the C-terminus of
Atohl in AtohIF¢FP”* mice [50].

We first independently characterized the Insm1%FPCre/*
strain [46]. In addition to confirming that Insm1 is enriched
in OHCs, we made certain unexpected observations, as
described below. Dual labeling for GFP and the HC marker
Myo6 showed that GFP was expressed in OHCs, but not
in [HCs, at E16.5 (Fig. 1A-C’) and E18.5 (Fig. 1D-E’).
GFP was also expressed in cochlear SGN regions (yellow
arrow in Fig. 1A), in agreement with the previous report
[38]. Moreover, fate-mapping analysis of Insm1CFPCr/*;
Ai9/+ mice revealed that all OHCs were Tdtomato™, as
shown by the dual labeling for Tdtomato and Myo6 at
PO (Fig. 1F-G’) and P7 (Fig. 1H-J). Intriguingly, how-
ever, Tdtomato+ IHCs (white arrows in Fig. 1F-F’, I-I")
and SCs (yellow arrows in Fig. 1G-G’, I-I") were also
frequently captured here: 13.5% + 0.6%, 17.2% =+ 1.8%,
and 17.9% + 6.4% of the IHCs were Tdtomato™ at the
basal, middle, and apical turns, respectively, at P7 (n = 3,
Fig. 1K), and 11.8% + 8.8%, 18.4% + 9.7%, and 25.1%
+ 11.2% of the cochlear SCs were Tdtomato™ at, respec-
tively, the base, middle, and apex (n = 3, Fig. 1L). Numer-
ous Tdtomato* cells were also detected in the SGN region,
which was not the focus of this study.

The Tdtomato* IHCs and SCs were likely present due to
broader Cre activity (visualized using Tdtomato) than previ-
ously estimated using the less-sensitive LacZ reporter [38],
as revealed by our fate-mapping analysis of Insm1%PC*;
Ai9/+ embryos at E9.5 (Fig. SIA—-C’”’). The GFP (Insm1)*
cells that tended to migrate out of the ventral otic epithelium
were otic neuroblasts (arrows in Fig. SID-D’’’). Notably,
these otic neuroblasts did not express Tdtomato, which sug-
gested that Insm1 expression had just commenced and that
the cells would be found to express Tdtomato if analyzed at
E10.5. Unexpectedly, the cells distributed in the relatively
dorsal/lateral portion of the otocyst were Tdtomato* (arrows
in Fig. S1IC—C’""). We speculate that these cells might con-
tribute to the Tdtomato* IHCs or SCs. Collectively, our data
suggested that the progeny of the Insml-expressing cells
within the auditory epithelium are not as pure as previously
reported (exclusively OHCs) [38]; the previously assumed
“OHCs” at PO [39] are instead potentially contaminated by
13.5%—17.9% of IHCs.

Nonetheless, obtaining pure OHCs currently is challeng-
ing, because Bcll1b, one recognized marker for embryonic
OHC:s [39], is also expressed in other cochlear cell types,
albeit at a relatively lower level, as shown in our previous
report [20]. One indirect solution might be to subtract the
IHCs from the total HCs, for instance, in addition to labeling
all HCs (both IHCs and OHCs) with Tdtomato by using

Atoh]P?ATdiomato/+ mice [20], and THCs could be further
genetically marked by GFP.

Generation of Fgf87?4-3*GFP/* for Specifically Labeling
and Sorting IHCs

We sought to generate a new and simple model that not only
shows specific labeling of as many IHCs as possible but also
provides a bright GFP signal to enable easy and efficient
labeling and sorting of embryonic or perinatal IHCs. If such
a model could be designed, the opposite of sorting OHCs
could be achieved in the future by excluding IHCs (see
Discussion). By exploiting the specific expression pattern
of Fgf8 in embryonic or perinatal IHCs, we generated the
knock-in Fgf8CF** model by inserting a P2A-3xGFP frag-
ment immediately before the stop codon TAG (Fig. 2A-C);
here, 3XGFP refers to three distinct GFPs, Emerald-GFP
(EmGFP), TagGFP2, and humanized Renilla-GFP (hrGFP)
[51, 52], the use of which is expected to yield a strong GFP
signal. Southern blotting results confirmed that the targeting
vector was not randomly inserted into the mouse genome
(Fig. 2D-E), and the WT, heterozygous knock-in (KI) Fgf-
86"+ and homozygous Fgf8°T"/6f? mice were readily dis-
tinguished using tail-DNA PCR (Fig. 2F).

Neither FgfSP** nor FgfSC*/°FP mice exhibited any
apparent abnormality, and HC development was normal in
both WT (Fig. 2G) and Fgf$®""°IF (Fig. 2H) mice. Accord-
ingly, no statistical difference was measured in the ABR
thresholds at any tested frequency among WT, Fgf8CF/+,
and Fgf8CTP/CFP mice at P42 (n = 3 for WT and Fgf8¢Ft’*,
n =4 for Fgf86FP/GFP; Fig. 2I). Moreover, the ABR wave |
amplitude, which reflects the synchronized output arising
in the auditory nerve, did not exhibit significant differences
at 8, 16, and 32 kHz (Fig. 2J-L). Collectively, these results
confirmed that our genetic design did not affect the endog-
enous expression of Fgf8. Thus, we expect the FgfSC/+
mouse strain to serve as a powerful genetic tool and the GFP
expression to faithfully recapitulate the Fgf8 expression pat-
tern, as confirmed by the findings described below.

GFP Expression is Detectable in Embryonic Fgf8+ Cell
Populations

To verify that GFP expression matches the endogenous Fgf8
expression in vivo, we first briefly characterized the GFP
expression pattern in Fgf8°”* mouse embryos at three
ages: E9.5, E11.5, and E12.5. At E9.5, GFP was detected in
the isthmic organizer (ISO), anterior neural ridge (ANR),
and branchial arch (BA) (Fig. S2A-A’), which agrees with
previously-reported Fgf§ expression [53]. In these three
regions, GFP expression became relatively stronger by E11.5
(Fig. S2B-B’) and was maintained at E12.5 (Fig. S2C-C’),
and high GFP expression was also detected in the apical
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ectodermal ridge (AER), which is a distal thickening of the
ectodermal jacket of the limb bud (yellow arrows in Fig.
S2B’ and S2C’), in agreement with previous studies [54,
55]. Together, these results supported the conclusion that
GFP expression faithfully reflects the Fgf8 expression pat-
tern in our Fgf8°F"* mouse model.

We further characterized the GFP expression pattern in
embryonic cochleae from Fgf8¢"* mice. FgfS expression
is turned on as early as the emergence of IHCs in a basal-to-
apical gradient, and Fgf8 is expressed exclusively in IHCs [43,
56]. E14.5 was the earliest age at which faint GFP expression
could be detected in nascent cochlear IHCs expressing Myo7a
in the basal turn (Fig. 3A—A’), and at E15.5, GFP expression
further extended to IHCs in the middle turn (Fig. 3B-B’).
Consistent with the general base-to-apex HC developmen-
tal gradient, the GFP level in middle-turn IHCs was lower
than that in basal IHCs at E15.5 (Fig. 3C-D’). Notably, GFP
was not detected in the sensory progenitors in the apical turn
that had not yet started IHC differentiation at this stage (dot-
ted line in Fig. 3B). Here, all Myo7a™ IHCs were GFP" and
vice versa, although the GFP levels varied among different
IHCs within the same region (compare cells indicated by
arrows and arrowheads in Fig. 3C—C’). Lastly, the results of
smFISH analysis of Fgf8 at E15.5 (Fig. 3E) confirmed that
Fgf8 mRNA was primarily expressed in basal IHCs and not
in apical IHCs (Fig. 3F and G). Collectively, our data revealed
that GFP expression matched the endogenous Fgf8 expression
in the cochlea and other tissues at embryonic ages.

GFP Expression is High in All IHCs Across Entire
Cochlear Turns at PO, but Declines Rapidly
within the First Postnatal Week and Becomes
Undetectable by P16

Next, we characterized the GFP expression in the cochlear
IHCs of Fgf8¢T"* mice at PO. Fgf8 is strongly expressed
in all cochlear IHCs across the basal, middle, and apical
turns [56]. Accordingly, whole-mount dual labeling for
the HC marker Myo7a and GFP confirmed that GFP was
highly expressed in all IHCs (Fig. 4A—A’). However, unlike
at E15.5, the basal-to-apical gradient of GFP expression no
longer existed, although the GFP levels again varied among
different IHCs within the same region (compare cells indi-
cated by yellow and white arrows in Fig. 4B-B’). Moreo-
ver, dual-labeling for GFP and Myo7a in cryosections con-
firmed that GFP was expressed in all IHCs, and no GFP*
OHC:s or SCs were detected at PO in any examined sample
(Fig. 4C-D’). Lastly, Fgf8 smFISH was again applied to
cochlear samples to assess the overlap between Fgf8 and
GFP expression in IHCs at PO, which revealed that in both
cryosection (Fig. 4E-F) and whole-mount (Fig. 4G-H) sam-
ples, Fgf8 mRNA, as expected, was strongly and exclusively
expressed in all IHCs.
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To determine when GFP expression declines at postnatal
ages, we characterized the expression in cochlear samples
from Fgf8¢FP* mice at P7, P12, and P16. Relative to the
expression level in IHCs at PO (Fig. 4), GFP expression
decreased but was still confined to all IHCs at all turns at P7
(Fig. S3A-C’). The GFP level in the cochlear IHCs further
dropped by P12 and was only detectable, albeit extremely
weakly, in the most apical IHCs (Fig. S3D-D’). Lastly, by
P16, no GFP could be detected in any of the IHCs (Fig.
S3E-E’). Altogether, our results showed that GFP expres-
sion rapidly declines after P7 along the IHC differentia-
tion trajectory, and, furthermore, confirmed again that the
expression pattern of GFP matches that of Fgf§ because
Fgf8 expression is ultimately turned off in fully mature IHCs
[26, 41, 42].

Pure IHCs can be Obtained from Fgf8¢"* Cochleae
at E15.5 and P1

To clearly demonstrate the power of our Fgf8¢""* model
as a tool for obtaining pure embryonic and neonatal IHCs,
we dissected out the cochlear sensory epithelium at E15.5
and P1 separately, digested the tissue, prepared single-cell
suspensions, and then subjected them to fluorescence-
activated cell sorting (FACS) (Fig. 5A). Because of the
heterogeneity of GFP levels among IHCs, both GFPhigh
and GFP'¥ cells were sorted (green circle in Fig. 5A).
Three replicates were used per age and ~50 GFP+ cells
were included in each replicate. We sought to verify the
purity of the IHCs at E15.5 and P1 by applying qPCR
assays with the IHC marker Otoferlin [35], the pan-HC
marker Myo6 [24], the SGN marker Mafb [57], and the
SC/glial-cell marker Sox/0 [31]. We predicted that if
the IHCs were highly pure, we would find significant
enrichment of Otoferlin and Myo6 and marked depletion
of Mafb and Sox10.

Our prediction was confirmed by the qPCR results:
Otoferlin and Myo6 showed a fold-enrichment of 208.8 +
74.4 and 18.5 + 2.2 in IHCs at E15.5 relative to total RNA
obtained from the P1 inner ear (P1_Total RNA) (Fig. 5B, C),
whereas Mafb and Sox10 showed a fold-depletion of 1138.0
+ 52.6 and 264.0 + 1.2 relative to, respectively, SGNs at P1
(P1_SGNs) and glial cells at P7 (P7_Glial cells) (Fig. 5D,
E). P1_Total RNA, P1_SGNs, and P7_Glial cells were
obtained from our previous study [31]. We also measured a
similar enrichment of Otoferlin and Myo6 and depletion of
Mafb and Sox10 in IHCs at P1 (Fig. SF-I). Moreover, the
higher enrichment of Otoferlin in IHCs at P1 than at E15.5
agreed with the more highly differentiated state of ITHCs at
P1 [58]. Collectively, these results suggest that the FgfS®T™+
mouse is a reliable model for obtaining highly pure IHCs by
using FACS and can thus be used for multi-omic analyses
in the future.
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Fig. 3 GFP expression is GFP + Myo7a + Hoechst
turned on in a basal-to-apical
gradient in the Fgf8CFP*
embryonic cochlea. A-D’ Dual
labeling for GFP and the HC
marker Myo7a in cochlear
samples at E14.5 (A-A’) and
E15.5 (B-D’). White dotted
circles in A-A’: one Myo7a*
IHC weakly expressing GFP.
Two square regions in B-B’

are shown at high resolution in
C-C’ and D-D’. Dotted lines
in B-B’: an apical region where
GFP is not expressed. Arrows
and arrowheads in C-C’: [HCs
expressing high and low levels
of GFP, respectively. E-G Fgf8
smFISH in cochlear cryosec-
tions at E15.5. The two square
regions in E are shown at high
resolution in F, apex, and G
base. The Fgf8 mRNA level is
highest in the basal turn, con-
sistent with the GFP expression
shown in B-B’. Inset in G: the

o
higher-magnification image of 5
IHC is indicated by the arrow in
G. Scale bars, 200 pm (B’ and _
E) and 20 um (A’, D’, G). 5
@]
I
9
I
9

Fgf8 probe + Hoechst
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Fig. 4 GFP is strongly GFP
expressed in all IHCs of Fgf-
8P mice at PO. A-D’ Double
labeling for GFP and the HC
marker Myo7a (as in Fig. 3)

in whole-mount (A-B’) and
cryosection (C-D’) cochlear
samples at PO. GFP is spe-
cifically expressed in all IHCs
throughout the cochlear duct.
White and yellow arrows in
B-B’: IHCs expressing low and
high levels of GFP. The apex in
C-C’ is shown at high magni-
fication in D-D’. White dotted
circle in D’: cochlear SCs (pillar
and Deiters’ cells). E-H Fgf8
smFISH cochlear cryosections
(E and F) and whole-mount

(G and H) samples at PO. Fgf8
mRNA (red puncta) is detected
in IHCs but not OHCs. Scale
bars, 200 pm (A’, C’) and 20
pm (B’, D’, F, H).
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Fig. 5 THC or HC genes are enriched but SC/glial or SGN genes
are depleted in sorted GFP* IHCs at E15.5 and P1. A Simple illus-
tration of sorting and qPCR analysis of GFP* IHCs from FgfS$CFt/+
mice. B-I Sorted IHCs (~50 cells/per replicate, three biological rep-
licates) at E15.5 (B-E) and P1 (F-I) show enrichment of the IHC
gene Otoferlin (B and F) and the pan-HC gene Myo6 (C and G) but

GFP Is Detectable in Vestibular HCs at E17.5

The Fgf8 expression pattern in inner ear vestibular HCs has
recently been characterized in detail [56]. Here, we briefly
characterized vestibular HCs at E17.5 to reveal their GFP
expression pattern, which overlapped with that of the HC
marker Myo7a (Fig. S4A, A’). GFP was expressed at a
higher level in the utricle and saccular HCs (yellow arrows
in Fig. S4B—C’’) than in the HCs in the crista ampullaris
(yellow arrows in Fig. S4D-D’’), GFP being undetectable
in some of the HCs in the crista ampullaris (white arrows in

depletion of the SGN gene Mafb (D and H) and the SC/glial-cell gene
Sox10 (E and I), relative to control cDNAs derived from entire inner
ear tissues at P1 (P1_Total RNA), pure SGNs at P1 (P1_SGNs), or
pure glial cells at P7 (P7_Glial cells). Data are presented as the mean
+ SEM (n = 3); ****P <0.0001, **P <0.01, *P <0.05 (Student’s ¢
test).

Fig. S4D-D’’). Thus, the Fgf8°"”* model is also suitable
for labeling and sorting vestibular HCs.

Discussion

Genetic Models to Specifically Label Mouse IHCs
at Different Ages

Our primary goal in this study was to establish a genetic

mouse model that can be used to specifically label as many
IHCs as possible at both embryonic and perinatal ages. In
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principle, two Fgf8¢“ER* mouse lines, one in which Fgf$
expression itself is replaced by CreER expression and Fgf-
8CeER is a null allele [59], or the other in which Fgf$ expres-
sion is intact [56], can be used to label IHCs with Tdtomato
in Fgf8C™ER*; Ai9/4 mice at perinatal ages, as reported
previously [56]. However, two technical barriers prevent
Fgf8mER*: Ai9/+ from being suitable for conveniently
labeling embryonic and perinatal cochlear IHCs: one, the
delay between efficient Cre expression driven by Fgf8 and
sufficient reporter expression; and two, the dystocia invari-
ably caused in pregnant females by embryonic exposure to
tamoxifen.

Conversely, in our model, all Myo7a™ IHCs were GFP*
between E15.5 and P7, and the GFP expression directly
reflected the temporal expression pattern of FgfS. By using
IHCs at E15.5 and P1 as examples, we demonstrated that the
Fgf8PTP* mouse is a powerful model for labeling and sort-
ing highly pure IHCs. We propose that by using our model,
pure IHCs between E15.5 and P4 can be sorted at the bulk
or single-cell level for RNA-seq, ATAC-seq, or other multi-
omic analyses. In terms of [HCs at ages between P5 and P21,
it might be preferable to use Fgf8““*®*; Ai9/+ mice that are
administered tamoxifen at PO and P1 and then analyzed at
different ages depending on the experimental aims. Alter-
natively, if the goal is to avoid exposing mice to tamoxifen
at neonatal ages but still label and sort IHCs at adult ages,
vGlut3P?A-ICreER+ . Aj9/4 is another option [4]; for exam-
ple, adult vGlur3PA-1CrER* . Aj9/4+ mice can be treated with
tamoxifen at P30 to enable IHC sorting based on Tdtomato
at P38, as we reported previously [4].

The Solution to Exclusively Labelling Neonatal OHCs

Prestin is specifically and persistently expressed in coch-
lear OHCs after its expression is turned on in these cells
around P2 in a basal-to-apical gradient [3]. Therefore, coch-
lear OHCs at PS5 or thereafter can be efficiently traced using
Prestin®eE®+ [3, 48]. For instance, if Prestin %+, Ai9/+
mice are treated with tamoxifen at various ages, including
neonatal P2 and P3, juvenile P10 and P11, and adult ages
of P30 and thereafter, most, if not all, OHCs should express
Tdtomato at high levels one week after the tamoxifen admin-
istration. Notably, our results showed that distinct from a
previous report [39], GFP*/Tdtomato* cells are not pure
OHCs in the Insm1“FPC*; Ai9/+; Atoh1*""* model at
PO, because 13.5—17.9% of IHCs were also traced based on
Insm16FPC* Thus, specific labeling of cochlear OHCs at
perinatal ages remains a major challenge.

How might the barrier to specifically targeting OHCs
at PO be overcome? We propose that a potential solution
is the combined use of the knock-in AtohF?A-Tdiomato/+
model [20] and the Fgf8°F"* model. We have reported
that all cochlear HCs (IHCs and OHCs) are Tdtomato+ in

@ Springer

Atoh]P?A-Tdiomatol+ mice at neonatal ages [20]. Thus, in Fgf-
8COFP*. AtohP?A-Tdiomato/+ mice at PO, in principle, GFP*/
Tdtomato™ cells would be THCs, whereas Tdtomato*/
GFP~ cells would be OHCs. Notably, the GFP levels are
heterogeneous among IHCs at PO (Fig. 4A-B’) and thus two
IHC subpopulations, GFP"€" and GFP'°", are expected to
be present, and the gating in FACS should be set to exclude
both GFP"€" and GFP'°™ IHCs to guarantee the purity of the
OHC:s of interest. The heterogeneous GFP expression level,
in principle, reflects varying levels of Fgf8 expression in
IHCs, but how this heterogeneous Fgf8 expression is gener-
ated remains unknown.

Application of Fgf8¢f"* in Studies on HC Regeneration
in vivo, Particularly IHC Regeneration

Fgf8 exhibits a specific and dynamic expression pattern and
plays a critical role in cochlear development [43]; therefore,
Fgf8 can serve as a reliable marker to define the IHC fate,
particularly in the nascent and differentiating IHC states.
To date, no suitable commercial antibodies for Fgf8 immu-
nostaining have been available, and thus GFP is used to
readily represent Fgf8 expression in the Fgf8P*/* strain.
We previously confirmed that Atohl overexpression alone
is sufficient to convert neonatal cochlear inner border cells/
inner phalangeal cells (IBCs/IPhs) into immature IHCs
expressing the early pan-HC markers Myo6 and Fgf8, but
not vGlut3 [45], and we recently showed that Tbx2 and
Atohl1 together can further reprogram neonatal IBCs/IPhs
into IHCs expressing both Myo6 and vGlut3 [26]. These
new IHCs should be Fgf8*, which can be verified by incor-
porating the Fgf8“""/* strain into the Tbx2/Atoh1-mediated
THC regeneration. Conversely, the Fgf8¢/* strain can also
be crossed into our Atoh1/Ikzf2-mediated OHC regeneration
model to confirm that the new OHC-like cells do not express
Fgf8 and are GFP". In sum, we believe that FgfSC"* will
emerge as a powerful model for IHC-specific labeling and
sorting and determining the cell fate of newly regenerated
HCs, and the model will also facilitate future multi-omic
studies on cochlear HC development.
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