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Abstract

Background: Fibroblast Growth Factor 20 (FGF20)-FGF receptor 1 (FGFRL1) signaling is
essential for cochlear hair cell (HC) and supporting cell (SC) differentiation. In other organ
systems, FGFR1 signals through several intracellular pathways including MAPK (ERK), PI3K,
phospholipase C y (PLCy), and p38. Previous studies implicated MAPK and PI3K pathways
in HC and SC development. We hypothesized that one or both would be important downstream
mediators of FGF20-FGFR1 signaling for HC differentiation.

Results: By inhibiting pathways downstream of FGFR1 in cochlea explant cultures, we
established that both MAPK and PI3K pathways are required for HC differentiation while PLCy
and p38 pathways are not. Examining the canonical PI3K pathway, we found that while AKT

is necessary for HC differentiation, it is not sufficient to rescue the Fg£207/~ phenotype. To
determine whether PI3K functions downstream of FGF20, we inhibited Phosphatase and Tensin
Homolog (PTEN) in Fgf207"~ explants. Overactivation of PI3K resulted in a partial rescue of

the Fgf207!~ phenotype, demonstrating a requirement for PI3K downstream of FGF20. Consistent
with a requirement for the MAPK pathway for FGF20-regulated HC differentiation, we show that
treating Fgr207~ explants with FGF9 increased levels of dpERK.

Conclusions: Together, these data provide evidence that both MAPK and PI3K are important

downstream mediators of FGF20-FGFRL1 signaling during HC and SC differentiation.
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1| INTRODUCTION

The organ of Corti (OC) is a specialized sensory epithelium within the cochlea that is
responsible for converting sound waves into electrical signals that the brain can interpret.
The OC is comprised of sensory hair cells (HCs) organized as one row of inner HCs (IHCs)
and three rows of outer HCs (OHC) spanning the length of the cochlea. Supporting cells
(SCs) are located beneath the rows of HCs. Two rows of pillar cell, a specialized type of SC,
form the tunnel of Corti separating the medial IHCs from the lateral OHCs.1

During mouse cochlear development, sensory progenitor cells exit the cell cycle in a

wave that initiates near the apex of the cochlea around embryonic day 12.5 (E12.5) and
progresses to the base by ~E14.5. Differentiation of HCs and SCs follows cell cycle exit and
specification progressing in the opposite direction, initiating around E14.5 in the mid-base
and traveling to the far base and apex.2~* Differentiation is a critical step in OC development
and is in part regulated by Fibroblast Growth Factor 20 (FGF20) activation of FGF receptor
1 (FGFR1).4° However, the intracellular signaling mechanisms that govern HC and SC
differentiation are poorly defined.

Fgfrlis expressed in the floor of the cochlear duct throughout development and in the
prosensory region of the cochlear epithelium during the initiation of differentiation (E14.5-
E16.5).4.6-8 Conditional inactivation of Fgfr1 in the cochlear epithelium dramatically
reduces the number of HCs and SCs and disrupts the ordered rows of HCs leaving gaps

in the sensory epithelium.46.9.10

Fgf20 expression in the prosensory domain progresses in a basal to apical wave at around
E14, similar to the progression of differentiation.” FGF20 is likely the primary ligand

that signals to FGFR1 during the differentiation of specified progenitor cells, based on
similarities in phenotype between cochleae of mice lacking Fgf20and those lacking
Fofr1.41 in vitro inhibition of FGF20 results in fewer total cochlear HCs while genetic
inactivation of Fg720 leads to a 70% reduction in OHC number.*7:11 In a Sox2 hypomorphic
background, loss of Fgf20also resulted in loss of IHCs.# However, loss of IHCs was
attributed to effects of Sox2 on earlier FGFRL1 signaling, consistent with IHC loss with early
(FoxG1-Cre) but not late (Emx2-Cre) inactivation of Fgfr1.10

In support of a specific role for FGF20-FGFR1 regulation of progenitor cell differentiation,
genetic induction of FGF9 (a ligand closely related to FGF20) during the period

of differentiation (E13.5-15.5) completely rescued the Fgf207'~ cochlea phenotype.
Additionally, when FGF9 was induced at progressively later days between E13.5 and

15.5, the phenotypic rescue occurred at progressively more apical regions of the cochlea
consistent with the normal base to apex wave of sensory progenitor differentiation.*

Although FGF20 signals through FGFR1 to regulate HC and SC differentiation, the
signaling pathways that regulate sensory progenitor differentiation downstream of FGF20-
FGFR1 are poorly defined. FGFR signaling activates multiple intracellular pathways
including phosphoinositide 3-kinase (PI3K), p38, mitogen-activated protein kinase (MAPK),
phospholipase C y (PLCy), and signal transducer and activator of transcription 1
(STAT1).12-14 FGFR has been shown to use one or more downstream pathways selectively
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in different tissues and cell types. For example, in chondrocytes, FGFR3 signals

through both the MAPK and STAT1 pathways.1>:16 In the lung epithelium, FGFR2 and
FGFR3 differentially signal through MAPK and PI3K, respectively.1” In early embryonic
development, FGFR1 differentially activates MAPK, PI3K, and PLCy pathways.18-20

The best characterized intracellular pathway downstream of FGFR1 during inner ear
development is the MAPK pathway. At initial stages of inner ear development, FGFR
signals through the MAPK pathway during otic placode induction.? At slightly later
stages, ERK1/2 signaling is active in unspecified cochlear epithelial progenitors at E10.5
and E11.5 and is reduced in cochleae with reduced FGFR1 signaling.1? During sensory
progenitor differentiation, £tvi, Etv4 (Pea3) and Etv5 (Erm), known downstream effectors
of FGF signaling, have decreased expression in the prosensory domain of Fg7207~ mice
at E14.5.412.22 Expression of Dusp6, a negative feedback regulator of ERK signaling,23

is also decreased in Fgf207/~ cochlea.?2 Similarly, MEKK4 (Map3k4), a MAP2K kinase
expressed throughout the floor of the cochlea at E13 that becomes restricted to HCs and
SCs by E16.5, is required for HC and SC development. Mutants of MEKK4 produced
lower levels of dpERK, the activated form of ERK, resulting in only two rows of OHCs
and Deiters’ cells. This phenotype is attributed to perturbed differentiation that is similar
to but less severe than that seen in Fgf207/~ cochlea.®11.24 Furthermore, MEKK4 protein
expression was decreased in £9f207~ and Foxg1"e; Fgfr1”f cochlea.?4 Collectively, these
results suggest that while expression of MAPK pathway components are important for
HC and SC differentiation and are regulated by FGF20-FGFR1 signaling, they may not
account for the complete differentiation program regulated by FGF20-FGFR1 signaling.
Interestingly, Ono et al. concluded that FGFR1 regulation of dpERK is not important at
E14.5.10.24 As such, contradictory evidence exists regarding dpERK signaling downstream
of FGF20-FGFR1 during HC and SC differentiation.

The importance of PI3K-AKT signaling is also implicated in OC development. Changes
in AKT phosphorylation were not observed at E12.5 in FgfrI conditional knockouts or by
treatment of E13 cochlear explants with an FGFR inhibitor.1924 However, PI3K inhibition
of explants starting from E13.5 did produce a dose dependent decrease in the number of
cochlear HCs, which was attributed to the loss of IGF1 signaling.2>

To systematically interrogate the activity of signaling pathways that could function
downstream of FGF20 and FGFR1 during prosensory cell differentiation, we used a
cochlear explant model coupled with small molecule pathway-specific inhibitors. This
showed that both PI3K and ERK1/2 signaling are important for sensory HC differentiation.
Furthermore, inhibition of Phosphatase and Tensin Homolog (PTEN) to potentiate PI3K
signaling in Fg7207~ mice resulted in a partial rescue of the HC phenotype and treatment
of Fgf207"~ cochleae with FGF9 resulted in higher levels of dpERK. These results suggest
that both PI3K and MAPK may be part of the FGF20-FGFR1 signaling pathway during HC
differentiation.
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RESULTS
MEKZ1/2 and PI3K, but not PLCy and p38, are important for cochlear HC development

To determine which pathways downstream of FGFR1 could potentially regulate sensory
progenitor cell differentiation, we used an inhibitor approach on cochlea explant cultures
targeting each pathway individually (U0126 for MEK1/2, LY294002 for PI3K, U73122 for
PLCy, and SB203580 for p38).25-32 Explant cultures were set up from dissected wild-type
E14.5 cochleae and treated with an inhibitor or equivalent concentration of DMSO (vehicle
control) for 2 days and harvested on day four in vitro (DIV4; the equivalent of E18.5)
(Figure 1A). Explants were fixed and immunostained for myosin VI (MYOB, a marker of
differentiated HCs) to allow quantification of total HC numbers for each cochlea explant.33

Using concentrations derived from the literature for each inhibitor,2>-28 we found that
explants treated with 10 pM U73122 to inhibit PLCy showed no difference in final HC
number compared to vehicle-treated controls (vehicle: 1943 + 257, n = 3; U73122: 1943 +
141, n =3, P=1.0) (Figure 1B,C,G). Similarly, there was no difference in HC numbers
between vehicle controls (image not shown) and explants treated with 10 uM SB203580 to
inhibit p38 (vehicle: 1632 + 98, n = 3; SB203580: 1573 + 264, n = 3, P=.73) (Figure
1D,H). After four DIV, cochlea explants from both inhibitor treatments showed normal
phenotypes consisting of one row of IHCs and multiple rows of OHCs.

Inhibition of PI3K produced a decrease in HC number. Explants treated with 40 pM

LY 294002 showed a 59% decrease in HCs compared to vehicle controls (vehicle: 1937

+ 166, n = 5; LY294002: 780 + 207, n = 5, P<.005) (Figure 1E,I). Decreasing the dose to
20 pM LY 294002 resulted in a 57% reduction in HC number compared to vehicle-treated
controls (vehicle: 2063 + 219, n = 4; LY294002: 888 + 108, n = 4, £<.05) (Figure

11). Inhibition of MEK1/2 with 50 pM U0126 resulted in a 41% decrease in HC number
compared to vehicle controls (vehicle: 1782 + 201, n = 6; U0126: 1047 + 278, n =6, P
<.005) (Figure 1FJ). Inhibition of MEK1/2 appeared to be dose dependent, as treatment
of explants with 25 pM U0126 resulted in a 19% reduction in HC number compared to
vehicle-treated controls to inhibitor treated explants (vehicle: 2035 + 172, n = 4; U0126:
1657 + 186, n = 4, P=.04) (Figure 1J). Together, these data show that PI3K and MEK1/2
are both necessary for the production of HCs.

AKT is necessary for HC development but its activation is not sufficient to rescue

the Fgf20-null phenotype

PI3K has been shown to activate a number of different downstream pathways including
AKT (Protein Kinase B [PKB]).34:35 To determine if canonical PI3K-AKT signaling is
necessary for HC development, E14.5 wild-type cochlea explants were treated with 10 pM
ARQO092, a highly specificity inhibitor targeting the activity of all three AKT isoforms,
using the treatment plan shown in Figure 1A.36 We found a 36% decrease in total HCs in 10
UM ARQO092 treated explants compared to vehicle-treated controls (vehicle: 2007 £ 377, n
=6; ARQ092: 1273 + 267, n = 6, < .01) (Figure 2A,B). Treatment with 5 yM ARQ092
produced a similar but smaller effect with a 25% reduction in total HCs (vehicle: 1965 +
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301, n=6; ARQO092: 1480 + 230, n =6, P=.017) (Figure 2A, B), showing pAKT inhibition
to be dose dependent.

To determine whether AKT activation is sufficient to rescue the Fgf207~ (Fgf20<re/Poal)
phenotype, we over-activated AKT signaling using the AKT agonist SC-79 in E14.5
Fgr207'"~ cochlea explants treated for 2 days and harvested on DIV4. SC-79 binds directly

to the PH domain of AKT, inhibiting translocation to the membrane but altering its
conformation to facilitate its phosphorylation by cytosolic, upstream kinases.3” We treated
cochlea explants with 30 uM SC-79, which based on previous studies effectively increases
the levels of pAKT.38:3% We found no significant differences in HC number between
inhibitor treated explants and vehicle controls (vehicle: 750 + 249, n = 3; SC-79:704 +

83, n =3, P=.76) (Figure 2C,D). These results suggest that while AKT is necessary, it is not
sufficient to support normal HC differentiation.

2.3| PTEN inhibition partially rescues HC loss in Fgf20-null cochleae

Next, we asked whether PI3K functions downstream of FGF20. PI3K phosphorylates PIP2
(phosphatidylinositol-(4,5)-bisphosphate) to produce PIP3 (phosphatidylinositol-(3,4,5)-
triphosphate). Molecules with Pleckstrin Homology (PH) domains are capable of binding
PIP3 and are recruited to the cell membrane. Both 3-phosphoinositide-dependent protein
kinase-1 (PDK1) and its target of phosphorylation, AKT (PKB), contain PH domains and
upon binding PIP3 translocate to the cell membrane resulting in AKT activation. PTEN
negatively regulates PI3K signaling by dephosphorylating PIP3 to PIP2, with inactivation of
PTEN leading to overactivation of PI3K signaling.3* Additionally, in the cochleae, PTEN is
expressed in the prosensory domain at E14.5, suggesting that it has a potential role during
HC and SC differentiation.*? To investigate whether PI3K functions downstream of FGF20,
we over-activated the PI3K pathway in Fgf207/~ cochlea explants using BpV/(HOpic), an
inhibitor of PTEN known to be effective in mouse cochleae.#! Maintaining similar explant
culture procedures as before (Figure 1A), E14.5 Fgf207'~ cochleae explants treated with 5
M BpV/(HOpic) produced an increase of 31% in total HCs compared to Fgf207'~ explants
treated with vehicle (vehicle: 769 + 131, n = 7; BpV(HOpic) 1010 £ 144, n=7, P<.001)
(Figure 3A,B). This is similar to the results of rescuing Fg207/~ explants with FGF9 at
E145.11

PTEN inactivation has been suggested to produce supernumerary HCs through inhibition of
p27KiPL expression in Pax2¢Te; Pren’ox/flox conditional knockout mice.2 However, Pax2¢re
is active in the otic vesicle starting as early as E9.5, much earlier than the start of HC and SC
differentiation.23 To determine if FGF20-PI3K signaling is limiting for HC differentiation
under wild-type conditions, we treated wild-type E14.5 cochleae with 5 uM BpV(HOpic)

as before (Figure 1A). We found no significant difference in total HCs in BpV(HOpic)
treated cochlea explants compared to vehicle-treated controls (vehicle: 1659 + 323, n = 5;
BpV(HOpic): 1809 + 203, n = 4, P=.45) (Figure 3A,B). These results suggest that PI3K
functions downstream of FGF20 and that in wild-type cochleae the level of PI3K signaling
during initial stages of differentiation is not the sole limiting factor for HC production.
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FGF9 treatment of Fgf20-null cochlear explants activates dpERK signaling

To determine whether the ERK signaling pathway lies directly downstream of FGF20-
FGFR1 activation, we examined levels of dpERK in cochlea explants in response to FGF
signaling. E14.5 Fgf207"~ cochlea explants were treated with recombinant FGF9 plus
Heparin or vehicle (media with Heparin) for 15 minutes. FGF9 is biochemically similar

to FGF20 and has been shown to rescue differentiation in #9207/~ mice in vivo and in
vitro.*11 Following treatment with FGF9, the floor of the cochlear epithelium was isolated
from the mesenchyme using dispase/collagenase. Western blot analysis showed a significant
increase in levels of dpERK in FGF9-treated explants compared to vehicle-treated controls
(P<.01) (Figure 4A,B). This shows that FGF signaling can lead to downstream ERK
phosphorylation at this stage during cochlea development.

DISCUSSION

Previous studies have shown the importance of FGF20-FGFR1 signaling for cochlear HC
differentiation.7.10.11.24 However, the relative requirement of different signaling pathways
downstream of FGF20-FGFR1 remain unknown. In this study, we found that PI3K and
MEKZ1/2 signaling are independently necessary for HC development. We also provide
evidence that these intracellular signaling pathways function downstream of FGF20-FGFR1.

The main method we used to interrogate the necessity of various signal mediators was
through the use of inhibitor-treated cochlear explant cultures. It should be noted that while
inhibitors can be very specific, they may also have off-target effects or have other toxic
nonspecific effects. We generally tested multiple concentrations that were in the range of
previously published effective and target-specific concentrations.

FGF20 signals through MAPK and PI3K to regulate HC development

Previous studies suggested that PI3K is important for HC differentiation. PI3K was found
to be necessary for HC development when E13.5 cochleae treated with LY 294002 (PI3K
inhibitor) showed a decrease in HC number.25 In this previous study, PI3K was linked to
the IGF1 signaling pathway and the timing of treatment suggested that the effects could
be partially due to inhibition of progenitor cell proliferation. Other studies have shown
that conditional knockout of PTEN produces supernumerary HCs and suppresses p27Kipl
expression, further suggesting that PI3K has a role in sensory progenitor proliferation.*2
By contrast, our experiments were initiated at E14.5 after progenitor cell cycle exit,*
demonstrating an additional role for PI3K in HC differentiation. In addition, treating E13.5
wild-type cochleae with 40 uM LY294002 in the previous study resulted in fewer HCs
compared to our treatments starting on E14.5,% further supporting a role for PI3K in both
differentiation and progenitor cell proliferation. The results presented here demonstrate an
interaction between PI3K and FGF20, potentially placing PI3K signaling downstream of
FGF20.

Previous studies have suggested a relationship among FGF20, MEKK4, and dpERK.
Mutations in MEKKA4 results in fewer cochlear HCs and a decrease in the levels of dpERK,
suggesting a role for dpERK in HC development.24 Here, we treated explants directly with
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a MEK1/2 inhibitor. In addition, by treating Fg7207/~ cochleae with FGF9 as a surrogate
for FGF20, we showed that FGF signaling is sufficient for ERK activation. Together, these
results suggest that FGF20 signaling regulates HC differentiation at least partly through
ERK signaling.

Furthermore, our data confirm results from other papers with respect to PLCy. Ono et al.
found that the FGFRI(Y766F/Y766F) mytant cochleae, which carry a mutation thought to
prevent activation of PLCy,*° did not show a decrease in the number of HCs.10 Our results
showing no change in HC number in PLCy inhibited cochlea explants provide additional
evidence that PLCy is not necessary for HC differentiation.

Pathways downstream of PI3K in addition to pAKT are important for HC

differentiation

3.3

PTEN inhibition resulted in a partial rescue of HC differentiation in 207/~ cochleae
explants but did not affect HC number in wild-type explants. AKT inhibition decreased the
number of HCs while the AKT agonist did not rescue £gf20”'~ cochleae. This suggests
that a pathway downstream of PI3K other than pAKT may be required for normal cochlear
development. It is possible that dpERK functions downstream of PI3K as previous studies
showed that PI3K could regulate levels of dpERK through PDK1.3546 However, other
pathways downstream of PI3K may also be important such as AGC kinases, BTK/Tec
Kinase, or p70S6 kinase downstream of PtdIns(3,4,5)P3 or TAPP1/2 downstream of
PtdIns(3,4)P2.34:3547 previous studies showed that rescuing Fg7207'~ cochleae with FGF9
resulted in roughly a 70% increase in the number of cochlear HCs; while we found that
PTEN inhibition only increased HC numbers in £Fgf207~ cochleae by 31%. These results
suggest that a pathway independent of PI3K may be necessary for the full rescue, which is
consistent with a role for ERK in parallel to PI3K.

PI3K and ERK pathways may be activated by separate ligands

Inhibition of either PI3K or dpERK resulted in roughly a 50% decrease in HCs, similar to
the phenotype found in Fg7207/~ cochleae. Both conditional deletion of Fgf7Z and FGFR1
inhibition during differentiation produce a more severe phenotype compared to deletion of
Fgr20alone.”11 It has been posited that there is another ligand in addition to FGF20 that
also regulates HC differentiation that could account for these differences.* One caveat of
our study is that while FGF9 overactivation of dpERK and partial rescue through PTEN
inhibition suggest that FGF20 may signal through these mediators, it does not say whether
FGF20 is responsible for regulating the level of either phosphoprotein. As such, dpERK
and PI3K could be activated downstream of FGFR1 by different ligands.# Furthermore,
activation of a single FGFR by different ligands can produce different downstream signals
and outcomes.*® Additional studies will be needed to identify other FGFs that function with
FGF20 to regulate sensory progenitor differentiation.
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Mice were group housed by sex or maintained in breeding harems (one male to two
females) with food and water provided ad libitum. Mice were maintained on a mixed
C57BL/6J x 129%x1/SvJ background. Fgf20°" mice contained an allele encoding a GFP-Cre
fusion protein replacing exon 1 of Fgf20resulting in a null mutation.® Fg20°%! mice
contained a knockin sequence encoding p-galactosidase (Bgal) replacing exon 1 of Fgf20
resulting in a null mutation.1! Fg720knockout mice (Fgf207~) were either Fgr20°T¢/Cre or
Fgf20cre/Poal Studies performed were in accordance with the Washington University in St.
Louis Institutional Animal Care and Use Committee (protocol #20190110 and #20170258).

Cochlear organ cultures

4.2.1| Organ cultures treated with inhibitors and activator—Explant cultures
followed published methods with minor changes.” In brief, wild-type or Fgf2ocre/Poal
E14.5 embryos were dissected to expose the sensory epithelium which was subsequently
transferred to Matrigel (Corning Inc., #356231) coated MatTek dishes (MatTek Corporation,
P35GC-0-14-C) with the epithelium facing upward. Explants were cultured in Dulbecco’s
Modified Eagle Medium (Thermofisher Scientific, #11965-084) with N2 supplement
(Thermofisher Scientific, #17502-048) and pen/strep, containing small molecule inhibitors/
activator or DMSO vehicle control for the first 2 days (E14.5-E16.5) and then cultured

in regular media (no DMSO or inhibitors/activators) until E18.5 when they were fixed in
paraformaldehyde (Electron Microscopy Sciences, 15 714-S) (4%). Heat inactivated FBS
(5%) (Gibco/Thermofisher Scientific, 10 437-028) was included in culture medium starting
on the second day of culture. Culture media was fully replaced each day except for the third
day (E17.5) on which half the media was replaced.

The following small molecule inhibitors and activator were used:

1 PI3K inhibition: 20 uM (0.04% DMSO) and 40 uM (0.08% DMSO)
2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one (LY294002, Cell Signaling
Technology, #9901).

2. p38 inhibition: 10 uM (0.1% DMSO) 4-(4’-fluorophenyl)-2-(4’-
methylsulfinylphenyl)-5-(4’ -pyridyl)-imidazole (SB203580, Cell Signaling
Technology, #5633) with 0.5% DMSO vehicle control.

3. PLCy inhibition: 10 uM (0.2% DMSO) 1-[6-[[(17B)-3-methoxyestra-1,3,5(10)-
trien-17-ylJamino]hexyl]-1H-pyrrole-2,5-dione (U73122, Tocris Bioscience,
#1268).

4, MAP2K1/2(also known as MEK1/2) inhibition: 25 pM (0.03%
DMSO) and 50 pM (0.5% DSMO) 1,4-diamino-2,3-dicyano-1,4-bis[2-
aminophenylthio]butadiene (U0126, Cell Signaling Technology, #9903).

5. Phosphatase and Tensin Homolog (PTEN) inhibition: 5 pM (0.25% DMSO) and
10 uM (0.5% DMSO) Dipotassium bisperoxo (5-hydroxypyridine-2-carboxyl)
oxovanadate (V) (BpV(HOpic), Santa Cruz Biotechnology, #SC-221377).
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6. AKT (PKB) inhibition: 5 uM (0.1% DMSO) and 10 uM
(0.2% DMSO) 3-[3-[4-(1-aminocyclobutyl)phenyl]-5-phenyl-3H-imidazo[4,5-
b]pyridin-2-yl]-2-pyridinamine (Miransertib, ARQ092, Selleckchem.com,
#58339).

7. AKT (PKB) activation: 10 uM (0.1% DMSO) and 30 uM (0.3% DMSO)
2-amino-6-chloro-a-cyano-3-(ethoxycarbonyl)-4H-1-benzopyran-4-acetic acid
ethyl ester (SC-79, Tocris Bioscience, #4635).

4.2.2 | Organ culture for immunoblot protein quantification—Cochleae from
E14.5 Fgr20°rePoal were dissected to reveal the prosensory epithelium and allowed to
equilibrate in DMEM (with N2 supplement and Pen/Strep but no FBS) for 2 hours at 37°C.
Cochleae were then treated for 15 minutes in media containing 1 pg/mL FGF9 (Peprotech
Inc., #100-23) with 1.13 mg/mL heparin (MilliporeSigma, #H3393) or only heparin vehicle
controls. Cochleae were then incubated in 0.1% Dispase (Corning Inc., #354235) and 0.1%
Collagenase (Worthington, #.S004177) in Hanks Buffered Salt Solution (Gibco/Thermo
Fisher Scientific, #14025-076) for 10 minutes at room temperature to facilitate removal

of mesenchyme. Isolated cochleae epithelium was then washed briefly in PBS to remove
excess dispase and collagenase, centrifuged at 800 rcf for 4 minutes at 4°C to facilitate
removal of excess PBS, flash frozen in liquid nitrogen, and then stored at —80°C.

Immunoblot

Both cochleae from each pup were lysed together as one sample using mortar and

pestle (Thermo Fisher, K7495211590) in RIPA lysis buffer (MilliporeSigma, #R0278) with
ProBlock Mammalian Protease Inhibitor Cocktail (Gold Biotechnology, #GB-331-1) and
Simple Stop 2 Phosphatase Inhibitor Cocktail (Gold Biotechnology, #GB-451). Samples
were then placed on ice for 30 minutes followed by centrifugation at 13 200 rcf at 4°C
after which supernatant was collected. BCA assay (Thermo Fisher Scientific, #23227) was
used to quantify protein before denaturation in LDS Sample Buffer (Life Technologies
Corporation, #NP0007) and Sample Reducing Buffer (Life Technologies Corporation,
#NP0009) at 70°C for 10 minutes. Samples were then stored at —80°C.

Samples were run at 160V for 1.5 hours on ice at 4°C using NuPage Bis-Tris 10%

gel (Thermo Fisher Scientific, #NP0302BOX) in MES buffer (Thermo Fisher Scientific,
#NP000202). iBlot System (Thermo Fisher Scientific, #1B1001) was used to transfer
protein onto PVDF membrane, according to manufacturer protocol. The membrane was
then incubated in TBS-Tween 0.05% (TBS-T) for 10 minutes before blocking for 1 hour at
room temperature using TBS-T with 5% (wt/vol) non-fat milk (TBS-TM). Membranes were
then incubated overnight in the following antibodies in TBS-TM: dpERK (Cell Signaling
Technology, #4370 S), GAPDH (Cell Signaling Technology, #97166). Following wash (3 x
10 minutes TBS-T), blots were incubated for 1 hour at room temperature in Goat anti-Rabbit
HRP secondary antibody (Santa Cruz Biotechnology, #SC-2301), washed 3 x 10 minutes
TBS-T, then incubated in ECL (Bio-Rad Laboratories, #1705061) followed by imaging.

Western blot membranes were imaged and quantified using Biorad Chemidoc (Bio-Rad
Laboratories) and Image Lab Software (Bio-Rad Laboratories). Densitometry readings were

Dev Dyn. Author manuscript; available in PMC 2022 February 01.


http://Selleckchem.com

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Suetal. Page 10

generated by drawing rectangles surrounding each band and both bands for dpERK1/2
using the same sized rectangle on all bands for each protein. “Adjusted values” from excel
exported files of densitometry readings were then used in statistical analysis.

4.4 Sample preparation and immunostaining

Cochlear organ cultures treated with inhibitors or activator were fixed in 500 pL of 4%
PFA for 20 minutes at room temperature and washed in PBS (3 x 10 minutes). Cochleae
placed in MatTek culture dishes were incubated in PBS with 0.5% Tween-20 (PBSTw)

for 1 hour to permeabilize and then blocked using PBSTw with 5% donkey serum (DS)

for 1 hour. Cochleae were then incubated in PBSTw with 1% DS and Rabbit anti-MYO6
(1:100, Santa Cruz Biotechnology, #C1210) primary antibody overnight at 4°C. Following
a wash step (PBS x3), cochlea were incubated in PBS with 1% Tween20 with Alexa Fluor
488 Donkey anti-Rabbit secondary antibodies (1:500; Thermo-Fisher Scientific, #A-21206)
at room temperature and finally washed (PBS x3) and mounted in VectaShield antifade
mounting medium with DAPI (Vector Labs, Burlingame, #H-1200).

Zeiss Axio Imager Z1 with Apotome 2 (Zeiss Microscopy) was used for all fluorescence
imaging. Images taken were converted using Zen imaging software and then converted to
JPEG files using F1JI ImageJ (Imagej.nih.gov). Images of portions of the cochlea were
stitched together using GNU Image Manipulation Software (gimp.org).

45| HC quantification and statistical analyses

HCs from whole cochleae were counted by hand using the FI1JI cell counter plug in (https://
www.janelia.org/open-science/fiji-cell-counter). All figures were made in Canvas X (ACD
systems) image processing software. Graphs and statistical analysis were performed using
GraphPad Prism Edition 5 software. Comparisons of two means were performed using two-
tailed, unpaired Student’s ftest and multiple comparisons were performed using one-way
analysis of variance (ANOVA). For significant ANOVA results at a = .05, Tukey’s HSD was
performed for post hoc pair-wise analysis. In all cases, £ < .05 was considered statistically
significant. Each point represents one cochlea.

ACKNOWLEDGMENTS

The authors thank Dr S. H. Huh for critically reading the manuscript. This work was funded by the
Department of Developmental Biology at Washington University and NIH/National Institute on Deafness and Other
Communication Disorders grant DC017042.

REFERENCES

1. Groves AK, Fekete DM. Shaping sound in space: the regulation of inner ear patterning.
Development. 2012;139(2):245-257. 10.1242/dev.067074. [PubMed: 22186725]

2. Ruben RJ. Development of the inner ear of the mouse: a radio-autographic study of terminal
mitoses. Acta Otolaryngol. 1967; (Suppl 220):1-44. [PubMed: 6030182]

3. Lee YS, Liu F, Segil N. A morphogenetic wave of p27Kip1 transcription directs cell cycle exit
during organ of Corti development. Development. 2006;133(15):2817-2826. 10.1242/dev.02453.
[PubMed: 16790479]

Dev Dyn. Author manuscript; available in PMC 2022 February 01.


http://Imagej.nih.gov
http://gimp.org
https://www.janelia.org/open-science/fiji-cell-counter
https://www.janelia.org/open-science/fiji-cell-counter

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Suetal.

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Page 11

. Yang LM, Cheah KSE, Huh SH, Ornitz DM. Sox2 and FGF20 interact to regulate organ

of Corti hair cell and supporting cell development in a spatially-graded manner. PLoS Genet.
2019;15(7):e1008254. 10.1371/journal.pgen.1008254. [PubMed: 31276493]

. Kiernan AE, Pelling AL, Leung KK, et al.Sox2 is required for sensory organ development in

the mammalian inner ear. Nature. 2005;434(7036):1031-1035. 10.1038/nature03487. [PubMed:
15846349]

. Pirvola U, Ylikoski J, Trokovic R, Hebert JM, McConnell SK, Partanen J. FGFR1 is required

for the development of the auditory sensory epithelium. Neuron. 2002;35(4):671-680. 10.1016/
s0896-6273(02)00824-3. [PubMed: 12194867]

. Hayashi T, Ray CA, Bermingham-McDonogh O. Fgf20 is required for sensory epithelial

specification in the developing cochlea. J Neurosci. 2008;28(23):5991-5999. 10.1523/
JNEUROSCI.1690-08.2008. [PubMed: 18524904]

. Hayashi T, Ray CA, Younkins C, Bermingham-McDonogh O. Expression patterns of FGF receptors

in the developing mammalian cochlea. Dev Dyn. 2010;239(3):1019-1026. 10.1002/dvdy.22236.
[PubMed: 20131355]

. Huh SH, Warchol ME, Ornitz DM. Cochlear progenitor number is controlled through mesenchymal

FGF receptor signaling. Elife. 2015;4:1-17. 10.7554/eLife.05921.

.Ono K, Kita T, Sato S, et al. FGFR1-Frs2/3 signalling maintains sensory progenitors during inner
ear hair cell formation [research support, non-U.S. Gov’t]. PLoS Genet. 2014;10(1):e1004118.
10.1371/journal.pgen.1004118. [PubMed: 24465223]

Huh SH, Jones J, Warchol ME, Ornitz DM. Differentiation of the lateral compartment of the
cochlea requires a temporally restricted FGF20 signal. PLoS Biol. 2012;10(1):e1001231. 10.1371/
journal.pbio.1001231. [PubMed: 22235191]

Ornitz DM, Itoh N. The fibroblast growth factor signaling pathway. Wiley Interdiscip Rev Dev
Biol. 2015;4(3):215-266. 10.1002/wdev.176. [PubMed: 25772309]

Brewer JR, Mazot P, Soriano P. Genetic insights into the mechanisms of Fgf signaling. Genes Dev.
2016;30(7):751-771. 10.1101/gad.277137.115. [PubMed: 27036966]

Eswarakumar VP, Lax I, Schlessinger J. Cellular signaling by fibroblast growth factor receptors.
Cytokine Growth Factor Rev. 2005;16(2):139-149. 10.1016/j.cytogfr.2005.01.001. [PubMed:
15863030]

Su WC, Kitagawa M, Xue N, et al.Activation of Statl by mutant fibroblast growth-factor receptor
in thanatophoric dysplasia type 1l dwarfism. Nature. 1997;386(6622):288-292. 10.1038/386288a0.
[PubMed: 9069288]

Murakami S, Balmes G, McKinney S, Zhang Z, Givol D, de Crombrugghe B. Constitutive
activation of MEK1 in chondrocytes causes Stat1-independent achondroplasia-like dwarfism

and rescues the Fgfr3-deficient mouse phenotype. Genes Dev. 2004;18(3):290-305. 10.1101/
gad.1179104. [PubMed: 14871928]

Yin'Y, Ornitz DM. FGF9 and FGF10 activate distinct signaling pathways to direct lung epithelial
specification and branching. Sci Signal. 2020;13(621):eaay4353. 10.1126/scisignal.aay4353.
[PubMed: 32127497]

Brewer JR, Molotkov A, Mazot P, Hoch RV, Soriano P. Fgfrl regulates development through

the combinatorial use of signaling proteins. Genes Dev. 2015;29(17):1863-1874. 10.1101/
gad.264994.115. [PubMed: 26341559]

Molotkov A, Soriano P. Distinct mechanisms for PDGF and FGF signaling in primitive endoderm
development. Dev Biol. 2018;442(1):155-161. 10.1016/j.ydbio.2018.07.010. [PubMed: 30026121]

Partanen J, Schwartz L, Rossant J. Opposite phenotypes of hypomorphic and Y766
phosphorylation site mutations reveal a function for Fgfrl in anteroposterior patterning of

mouse embryos [research support, non-U.S. Gov’t]. Genes Dev. 1998;12(15):2332-2344. 10.1101/
gad.12.15.2332. [PubMed: 9694798]

Yang L, O’Neill P, Martin K, et al. Analysis of FGF-dependent and FGF-independent pathways

in otic placode induction. PLoS One. 2013;8(1):€55011. 10.1371/journal.pone.0055011. [PubMed:
23355906]

Yang LM, Stout L, Rauchman M, Ornitz DM. Analysis of FGF20-regulated genes in organ of Corti
progenitors by translating ribosome affinity purification. Dev Dyn. 2020:1-26. 10.1002/dvdy.211.

Dev Dyn. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Suetal.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Page 12

Li C, Scott DA, Hatch E, Tian X, Mansour SL. Dusp6 (Mkp3) is a negative feedback regulator of
FGF-stimulated ERK signaling during mouse development. Development. 2007;134(1):167-176.
10.1242/dev.02701. [PubMed: 17164422]

Haque K, Pandey AK, Zheng HW, Riazuddin S, Sha SH, Puligilla C. MEKKA4 signaling regulates
sensory cell development and function in the mouse inner ear. J Neurosci. 2016;36(4):1347-1361.
10.1523/JNEUROSCI.1853-15.2016. [PubMed: 26818521]

Okano T, Xuan S, Kelley MW. Insulin-like growth factor signaling regulates the timing of

sensory cell differentiation in the mouse cochlea. J Neurosci. 2011;31(49):18104-18118. 10.1523/
JNEUROSCI.3619-11.2011. [PubMed: 22159122]

Wu J, Sun S, Li W, Chen Y, Li H. pRb phosphorylation regulates the proliferation of

supporting cells in gentamicin-damaged neonatal avian utricle. Neuroreport. 2014;25(14):1144—
1150. 10.1097/WNR.0000000000000241. [PubMed: 25100553]

Perez C, Vega R, Soto E. Phospholipase C-mediated inhibition of the M-potassium current by
muscarinic-receptor activation in the vestibular primary-afferent neurons of the rat. Neurosci Lett.
2010;468(3):238-242. 10.1016/j.neulet.2009.11.004. [PubMed: 19897014]

Sugahara K, Rubel EW, Cunningham LL. JNK signaling in neomycin-induced vestibular hair cell
death. Hear Res. 2006;221(1-2):128-135. 10.1016/j.heares.2006.08.009. [PubMed: 17005344]
Favata MF, Horiuchi KY, Manos EJ, et al.ldentification of a novel inhibitor of mitogen-activated
protein kinase kinase. J Biol Chem. 1998;273(29):18623-18632. 10.1074/jbc.273.29.18623.
[PubMed: 9660836]

Cuenda A, Rouse J, Doza YN, et al.SB 203580 is a specific inhibitor of a MAP kinase homologue
which is stimulated by cellular stresses and interleukin-1. FEBS Lett. 1995;364(2):229-233.
10.1016/0014-5793(95)00357-f. [PubMed: 7750577]

Vlahos CJ, Matter WF, Hui KY, Brown RF. A specific inhibitor of phosphatidylinositol

3-kinase, 2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one (LY294002). J Biol Chem.
1994;269(7):5241-5248. [PubMed: 8106507]

Jin W, Lo TM, Loh HH, Thayer SA. U73122 inhibits phospholipase C-dependent calcium
mobilization in neuronal cells. Brain Res. 1994;642(1-2):237-243. 10.1016/0006-8993(94)90927-
X. [PubMed: 8032885]

Benito-Gonzalez A, Doetzlhofer A. Heyl and Hey?2 control the spatial and temporal pattern

of mammalian auditory hair cell differentiation downstream of hedgehog signaling. J Neurosci.
2014;34(38):12865-12876. 10.1523/jneurosci.1494-14.2014. [PubMed: 25232121]

Katso R, Okkenhaug K, Ahmadi K, White S, Timms J, Waterfield MD. Cellular function of
phosphoinositide 3-kinases: implications for development, homeostasis, and cancer. Annu Rev
Cell Dev Biol. 2001;17:615-675. 10.1146/annurev.cellbio.17.1.615. [PubMed: 11687500]
Carracedo A, Pandolfi PP. The PTEN-PI3K pathway: of feedbacks and cross-talks. Oncogene.
2008;27(41):5527-5541. 10.1038/0nc.2008.247. [PubMed: 18794886]

Yu 'Y, Savage RE, Eathiraj S, et al. Targeting AKT1-E17K and the PI3BK/AKT pathway

with an allosteric AKT inhibitor, ARQ 092. PLoS One. 2015;10(10):e0140479. 10.1371/
journal.pone.0140479. [PubMed: 26469692]

Jo H, Mondal S, Tan D, et al.Small molecule-induced cytosolic activation of protein kinase Akt
rescues ischemia-elicited neuronal death. Proc Natl Acad Sci U S A. 2012;109(26):10581-10586.
10.1073/pnas.1202810109. [PubMed: 22689977]

Zheng K, Zhang Q, Lin G, et al.Activation of Akt by SC79 protects myocardiocytes from oxygen
and glucose deprivation (OGD)/re-oxygenation. Oncotarget. 2017;8(9):14978-14987. 10.18632/
oncotarget.14785. [PubMed: 28122357]

Gong YQ, Huang W, Li KR, et al.SC79 protects retinal pigment epithelium cells from

UV radiation via activating Akt-Nrf2 signaling. Oncotarget. 2016;7(37):60123-60132. 10.18632/
oncotarget.11164. [PubMed: 27517753]

Dong Y, Sui L, Yamaguchi F, et al.Role of phosphatase and tensin homolog in the

development of the mammalian auditory system. Neuroreport. 2010;21(10):731-735. 10.1097/
WNR.0b013e32833bfb5e. [PubMed: 20531234]

Jadali A, Kwan KY. Activation of PI3K signaling prevents aminoglycoside-induced hair cell death
in the murine cochlea. Biol Open. 2016;5(6):698-708. 10.1242/hi0.016758. [PubMed: 27142333]

Dev Dyn. Author manuscript; available in PMC 2022 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Suetal.

42.

43.

44,

45.

46.

47.

48.

Page 13

Sun C, Zhao J, Jin Y, et al.PTEN regulation of the proliferation and differentiation of
auditory progenitors through the PTEN/PI3K/Akt-signaling pathway in mice. Neuroreport.
2014;25(3):177-183. 10.1097/wnr.0000000000000069. [PubMed: 24481416]

Lawoko-Kerali G, Rivolta MN, Holley M. Expression of the transcription factors GATA3 and
Pax2 during development of the mammalian inner ear. J Comp Neurol. 2002;442(4):378-391.
10.1002/cne.10088. [PubMed: 11793341]

Okano T, Kelley MW. Expression of insulin-like growth factor binding proteins during mouse
cochlear development. Dev Dyn. 2013;242(10):1210-1221. 10.1002/dvdy.24005. [PubMed:
23813480]

Mohammadi M, Dionne CA, Li W, et al.Point mutation in FGF receptor eliminates
phosphatidylinositol hydrolysis without affecting mitogenesis. Nature. 1992;358(6388):681-684.
10.1038/358681a0. [PubMed: 1379698]

Ha JS, Kwon KS, Park SS. PI3K+y contributes to MEK1/2 activation in oxidative glutamate toxicity
via PDK1. J Neurochem. 2013;127(1):139-148. 10.1111/jnc.12364. [PubMed: 23859404]

Li H, Marshall AJ. Phosphatidylinositol (3,4) bisphosphate-specific phosphatases and effector
proteins: a distinct branch of PI3K signaling. Cell Signal. 2015;27(9):1789-1798. 10.1016/
j.cellsig.2015.05.013. [PubMed: 26022180]

Francavilla C, Rigbolt KT, Emdal KB, et al.Functional proteomics defines the molecular switch
underlying FGF receptor trafficking and cellular outputs. Mol Cell. 2013;51(6):707-722. 10.1016/
j.molcel.2013.08.002. [PubMed: 24011590]

Dev Dyn. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Suetal. Page 14
(A)
DIVO DIV2 DIV4 -
: - i ~ - Inhibitor
: DMSO (Vehicle)
: s o i o Regular Culture Medium
E14.5 E16.5 E18.5
PLCy p38 PI3K MEK1/2
Vehicle U73122 (10uM)  SB203580 (10pM)  LY294002 (20uM) U0126 (25uM)

«» 2500 2500 2500
—— o
© 2000 3. 2000 —;— 20004 =
gz L g |
£ 1500 1500 ‘3} 1s00f ° T _%_
T 1000 1000 o _]-_ 1000 —I—
-g 500 500 500 '
= 0 1) — 0
Veh Inh Veh Inh Veh Inh  Veh Inh Veh Inh  Veh Inh
U73122 (10uM)  SB203580 (10pM) (20uM) (40uM) (25uM) (50uM)
LY294002 U0126
FIGURE 1.

MEK1/2 and PI3K signaling pathways, but not phospholipase C y (PLCy) and p38, are
necessary for cochlear development. A, Schematic representation of inhibitor or vehicle
treatment of cochlea explants. B—F, Whole mount images of vehicle and inhibitor-treated
cochlea explants immunostained for Myo6 with x5 magnifications of mid base regions
shown in B'—F". Cochleae were explanted on E14.5 and were treated for 2d in media
containing DMSQO, B, or inhibitor for PLCy (U73122, C), p38 (SB203580, D), PI3K
(LY294002, E), or MEK1/2 (U0126, F) before continuing culture in regular media. Full
media changes were given on the first 3 days of culture and a half media change given on the
third day. G-J, Quantification of total HC number in explants treated with 10 pM U73122,
G, or 10 uM SB203580, H, 20 and 40 puM LY294002, I, and 25 and 50 uM U0126, J. Graphs
show mean + SD, with each point representing a single cochlea. Student’s ftest, *P < .05.
**pP < .005. Scale bars: 200 um (whole) and 100 pm (magnifications)
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FIGURE 2.
AKT is necessary but not sufficient for hair cell (HC) development. A, Wild-type, whole

mount of cochleae treated with vehicle control or ARQ092 (5 and 10 uM) to inhibit AKT
activity for 2DIV starting on E14.5 and harvested after 4DIV with x5 magnifications shown
below. B, Quantifications of whole cochleae HCs shown in A. C, E14.5 Fgf20°¢/9al whole
mount of cochleae treated for 2DIV with vehicle control or AKT agonist, SC-79, at 30 uM
and harvested at 4DIV with x5 magnifications shown below. D, Quantifications of whole
cochleae HCs shown in C. Graphs show mean + SD, with each point representing a single
cochlea. Student’s ftest, *P < .05. Scale bars: 200 um (whole) and 100 um (magnifications)

Dev Dyn. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Suetal. Page 16

) PTEN (B )
Vehicle BpV(HOpic) (5uM)

>

S Wild-type ~ Fgf20Cre/gal
) 2500 1
% ns
2000 1
® b
& 1500 - .
.:(E".‘:‘
7,09 1000 - :r—
" S
500 -
O L] L : ) L}
Veh Inh Veh Inh
BpV(HOpic) (5uM)

FIGURE 3.
PI13K signaling pathway is shown to be downstream of Fibroblast Growth Factor 20 (FGF20)

signaling and important for hair cell (HC) differentiation. A, Whole mount cochlea explants
of Fgr20°re/P9al and wild-type cochleae treated with vehicle control or 5 uM BpV(HOpic)
PTEN inhibitor. x5 magnifications are shown below whole cochleae. B, Quantifications of
whole cochleae HCs shown in A. Graphs show mean + SD, with each point representing a
single cochlea. ANOVA, analysis of variance; ns, not significant, *~ < .05. Scale bars: 200
pum (whole) and 100 pm (magnifications)
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FIGURE 4.
FGF9 increased dpERK in Fgf20cre/9al cochleae. A, Western blot of cochlea

immunostained for dpERK or GAPDH as a loading control. Each image was created from
different sections of the same blot. E14.5 Fgf20°e/P9al cochleae were treated with FGF9
plus Heparin (+) or vehicle (Heparin only) (=) for 15 minutes before harvest. Two replicates
are shown. B, Western blot densitometry analysis of dpERK protein levels normalized to
GAPDH, with or without FGF9 treatment (n= 8 for each treatment). Graphs show mean +
SD, with each point representing a single treated sample (1 cochlea). Student’s ftest, **P<
.01
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