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Development/Plasticity/Repair

MEKK4 Signaling Regulates Sensory Cell Development and
Function in the Mouse Inner Ear

Khujista Haque,"* Atul K. Pandey,* Hong-Wei Zheng,' “Saima Riazuddin,’> Su-Hua Sha,' and ““Chandrakala Puligilla'
'Department of Pathology and Laboratory Medicine, Medical University of South Carolina, Charleston, South Carolina 29425, and 2Department of
Otorhinolaryngology Head and Neck Surgery, School of Medicine, University of Maryland, Baltimore, Maryland 21201

Mechanosensory hair cells (HCs) residing in the inner ear are critical for hearing and balance. Precise coordination of proliferation,
sensory specification, and differentiation during development is essential to ensure the correct patterning of HCs in the cochlear and
vestibular epithelium. Recent studies have revealed that FGF20 signaling is vital for proper HC differentiation. However, the mechanisms
by which FGF20 signaling promotes HC differentiation remain unknown. Here, we show that mitogen-activated protein 3 kinase 4
(MEKK4) expression is highly regulated during inner ear development and is critical to normal cytoarchitecture and function. Mice
homozygous for a kinase-inactive MEKK4 mutation exhibit significant hearing loss. Lack of MEKK4 activity in vivo also leads to a
significant reduction in the number of cochlear and vestibular HCs, suggesting that MEKK4 activity is essential for overall development
of HCs within the inner ear. Furthermore, we show that loss of FGF20 signaling in vivo inhibits MEKK4 activity, whereas gain of Fgf20
function stimulates MEKK4 expression, suggesting that Fgf20 modulates MEKK4 activity to regulate cellular differentiation. Finally, we
demonstrate, for the first time, that MEKK4 acts as a critical node to integrate FGF20-FGFR1 signaling responses to specifically influence
HC development and that FGFR1 signaling through activation of MEKK4 is necessary for outer hair cell differentiation. Collectively, this
study provides compelling evidence of an essential role for MEKK4 in inner ear morphogenesis and identifies the requirement of MEKK4
expression in regulating the specific response of FGFR1 during HC development and FGF20/FGFR1 signaling activated MEKK4 for
normal sensory cell differentiation.
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Sensory hair cells (HCs) are the mechanoreceptors within the inner ear responsible for our sense of hearing. HCs are formed before
birth, and mammals lack the ability to restore the sensory deficits associated with their loss. In this study, we show, for the first
time, that MEKK4 signaling is essential for the development of normal cytoarchitecture and hearing function as MEKK4 signaling-
deficient mice exhibit a significant reduction of HCs and a hearing loss. We also identify MEKK4 as a critical hub kinase for
FGF20-FGFR1 signaling to induce HC differentiation in the mammalian cochlea. These results reveal a new paradigm in the
regulation of HC differentiation and provide significant new insights into the mechanism of Fgf signaling governing HC formation.
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ing induction, cell-type differentiation, pattern formation, and
morphogenesis. This in turn requires spatial and temporal coor-
dination of signaling molecules that elicit specific transcriptional
responses and regulate inner ear form and function. The auditory
portion of the inner ear, the cochlea, transduces sound to neural

Introduction
Normal development and function of the auditory-vestibular ap-
paratus require precisely coordinated cellular processes, includ-
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impulses via the organ of Corti, which is comprised of one row of
inner hair cells (IHCs) and three rows of outer hair cells (OHCs).
These two types of sensory HCs interdigitate with, and are sepa-
rated by, distinct supporting cells and form a unique cellular
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pattern spanning the entire length of the cochlear duct. Several
signaling pathways have been shown to regulate inner ear pat-
terning (Groves and Fekete, 2012). In particular, Atohl, which
encodes for a basic helix-loop-helix transcriptional factor, is nec-
essary and sufficient for generation of HCs within the inner ear.
Also, previous studies have demonstrated that members of the
fibroblast growth factor (FGF) family play a major role in inner
ear development (Pirvola et al., 2000, 2002; Pauley et al., 2003;
Wright and Mansour, 2003; Shim et al., 2005; Hayashi et al., 2007,
2008; Jacques et al., 2007; Schimmang, 2007; Huh et al., 2012;
Yang et al., 2013; Zhang et al., 2014; Sai and Ladher, 2015; Urness
et al,, 2015; Wang et al., 2015). In particular, FGF20 and Fgf
receptor (FGFR)1-mediated signaling positively regulates Atoh1-
mediated HC differentiation as deletion of Fgf20/Fgfr1 leads to
the significant reduction in the total number of cells that develop
into HCs (Pirvola et al., 2002; Hayashi et al., 2008; Huh et al.,
2012; Ono et al., 2014). However, exact mechanisms whereby Fgf
signaling stimulates Atoh1 expression and subsequent HC differ-
entiation remain unresolved. In contrast, FGFR3-mediated sig-
naling is required for support cell development (Mueller et al.,
2002; Puligilla et al., 2007). Together, these data indicate that Fgf
signaling initially is required for inner ear induction and subse-
quently is required for HC and supporting cell differentiation.

It is generally accepted that FGF ligands signal via specific
cell surface receptors that elicit specific cellular responses by
stimulating intracellular signal transduction pathways. In par-
ticular, the growth factor-stimulated signaling pathways, such
as the MAP kinase (MAPK) cascades, have been shown to
regulate a wide variety of functions, including cell prolifera-
tion, adhesion, migration, differentiation, and survival by
phosphorylating downstream kinases or transcriptional fac-
tors (Chen et al., 2001; Pearson et al., 2001). A diverse set of
stimuli can lead to MAPK activation (Kyriakis and Avruch,
2001); and based on genetic and biochemical studies, the
MAPK pathway is concomitantly activated by FGFs in most
cell types (LaBonne and Whitman, 1997; Curran and Grai-
nger, 2000; Abell et al., 2009).

The MAPK superfamily is comprised of a network of interact-
ing kinases, which can be divided into subfamilies, including
extracellular-signal-regulated kinases (ERKs), stress-activated
protein kinases (JNKs), and p38s (Garrington and Johnson,
1999). The activation of each MAPK is mediated by phosphory-
lation by MAPK kinases (MAP2Ks), which in turn phosphorylate
MAPK kinase kinase (MAP3Ks or MEKKs). MEKK4, commonly
referred to as MAP3K4, has been shown to regulate skeletal and
neural patterning during embryonic mouse development (Abell
et al., 2005). In addition, MEKK4 phosphorylates and activates
MAP2Ks, MKK3/MKK6, and MKK4/MKK?7, leading to the acti-
vation of p38 and JNK pathways, respectively (Abell et al., 2007,
2009). However, upstream signaling molecules and molecular
mechanisms that regulate MEKK4 activation are poorly defined.
Given that MEKK4 activity regulates developmental epithelial
cell patterning (Craig et al., 2008), we investigated the potential
role of MEKK4 in inner ear development. We show that MEKK4
is highly expressed in the embryonic inner ear and ablation of its
activity leads to aberrant differentiation of HCs and supporting
cells and dysregulation of cellular patterning in the auditory and
vestibular epithelium. We further demonstrate that MEKK4 ex-
pression is activated by FGF20-FGFR1-signaling in vivo and that
FGF20-mediated signaling is activated via MEKK4 to influence
sensory HC differentiation in the developing cochlea.
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Table 1. Total number of genotypes of offspring obtained from heterozygous
MEKK4¥136”+ mutant intercrosses

Total no. No. of No. of
Stage of pups No.of MEKK4"™  MEKK43S™"+ MEKK4*136TRKIS6TR
E14.5 74 9 39 26
E18.5 193 4 93 59
Postnatal 266 61 143 62
Materials and Methods

Mouse breeding and genotyping. MEKK4*1?*'"®"WT heterozygotic mice
were obtained from MMMRC. The heterozygotic mice were intercrossed
to obtain homozygous MEKK4X"?*'® mutant mice. All mice were geno-
typed by PCR as previously described (Abell et al., 2005). As noted pre-
viously, two-thirds of embryos homozygous for the MEKK4 kinase
inactive mutation die perinatally due to open neural tube, exencephaly,
and body wall defects (Abell et al., 2005); however, a small percentage of
mice homozygous for MEKK4*'?%'R survived to adulthood (Table 1) and
were used for auditory brainstem response (ABR) studies. CD-1 mice
were obtained from Harlan Laboratories. For all mice, the day of mating
plug observed was considered as E0.5 and the day of birth was considered
PO. All mice were housed at the Medical University of South Carolina and
maintained according to protocols approved by the Medical University
of South Carolina Institutional Animal Care and Use Committee.

Whole-mount in situ hybridization. Digoxigenin-labeled probes were
prepared from the plasmids provided as a gift to us by Dr. Amy Abell.
Cochleae were collected at indicated ages from timed-pregnant mice and
fixed in 4% PFA in PBS overnight at 4°C and stored in 100% methanol at
—20°C. Tissue was washed three times in DEPC-PBS containing 0.5%
Tween (PBST) and treated with detergent mix (50 mm Tris-HCI, pH 8.0,
1 mm EDTA, 150 mMm NaCl, 1% IGEPAL, 1% SDS, and 0.5% sodium
deoxycholate) for three times, 20 min each followed by three 10 min
washes in PBST. Tissue was fixed in 4% PFA at room temperature (RT)
followed by washing in DEPC-PBST for 10 min on a rocker. Tissue was
incubated in 50% PBST and 50% freshly prepared hybridization mix
(50% formamide, 1.3 X SSC, pH 5.0, 5mMm EDTA, pH 8.0, 50 ug/ml yeast
t-RNA, 0.2% Tween 20, 0.5% CHAPS, 100 wg/ml heparin) with rocking
for 10 min at RT followed by soaking in 100% hybridization mix for
another 10 min. Tissue was then incubated in prewarmed hybridization
mix for 2 h rocking at 65°C. Digoxigenin-labeled probe was mixed with
fresh hybridization buffer, which was added to the tissue and incubated
overnight at 65°C. The tissue was then washed with prewarmed hybrid-
ization buffer at 65°C rocking for 10 min followed by another two washes
for 30 min each with 2 X SSC, pH 5.0, at 65°C and three washes for 10
min each with 1 X MABT (100 mm maleic acid, 150 mm NaCl, pH 7.5,
0.1% Tween) at RT on a rocker. Tissue was preblocked for 1 h in 2%
BBR/MABT at RT followed by blocking in mix containing 2% BBR, 20%
sheep serum in MABT at RT for 1 h. Tissue was then stained with anti-
digoxigenin-alkaline phosphatase antibody (Roche) (1:2000) overnight
at 4°C. After antibody incubation, the tissue was washed six times for 30
min each at RT with MABT followed by another three washes with freshly
prepared NTMT buffer (100 mm Tris pH 9.5, 50 mm MgCl,, 100 mm
NaCl, 1% PBST) containing 5 mum levamisole. The tissue was then devel-
oped in NTMT solution containing premixed NBT-BCIP solution
(Roche) in the dark at RT until the purple reaction product had devel-
oped. The tissue was then rinsed and mounted on slides using fluoro-
mount for analysis and imaging. Imaging was performed using Nikon
Eclipse 360i or Zeiss AxioVision equipped with ERC5s camera.

RNA isolation and real-time quantitative PCR. RNA was isolated using
the TRIzol method from inner ears or cochlea micro-dissected down to
the sensory epithelium at indicated ages. Briefly, 2—4 cochleae from
genotype-matched embryos were pooled and RNA was isolated, which
was then quantified using NanoDrop (Thermo Scientific), and ~0.25-1
ug of RNA was transcribed to ¢cDNA using Transcriptor first-stand
cDNA synthesis kit (Roche Life Sciences). Three technical replicates of
each of the at least three biological replicates were analyzed.

Quantification and statistical analysis. HC counts within cochleae were
made on processed images immunolabeled with Myo6 and actin using
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Image]J software taken at distances, 25%, 50%, and 75% from basal re-
gions of the cochlear duct. For determining the width of sensory HCs, we
used AxioVision software by Carl Zeiss Imaging to generate images of the
basal, mid-basal, mid-apical regions of whole-mount cochleae immuno-
labeled with Myo6 and actin and measured the width of 20 cells within
each region. For utricular HC counts, three nonoverlapping boxes (50 X
100 wm) were digitally placed over the processed low-magnification
z-stack images of utricles, and the total number of HCs were counted
using Image] software. For total surface area measurements, we used Carl
Zeiss AxioVision software to digitally measure the total area of the HCs
within each utricle, and significance was determined using the Student’s
t test. Statistical analysis was performed using GraphPad Prism (3.03) or
MS-Excel software. The differences in means between two groups were
analyzed using two-tailed paired Student’s t test to determine the signif-
icance of the difference between control and mutant samples. The differ-
ence in means more than two groups was done using one-way ANOVA
followed by Tukey’s comparison test. Values of p < 0.05 were considered
to be statistically significant.

Cochlear outgrowth assay and explant culture. Embryos were collected
from timed pregnant females, and cochleae were dissected from the em-
bryos at indicated ages and cultured as previously described (Haque et al.,
2015). Cochlear explants were treated with anti-FGF20 or recombinant
FGF20 protein (R&D Systems) or SU5402 (3-[4-methyl-2-(2-o0x0-
1,2-dihydro-indol-3-ylidenemethyl)-1H-pyrrol-3-yl]-proprionic acid)
(Santa Cruz Biotechnology) at indicated concentrations. For the co-
chlear outgrowth assay, cochleae were bisected at ~40% (mid-apex) of
the cochlear length, and only the basal portion of the cochlea was cul-
tured as previously described (Yamamoto et al., 2009).

Immunofluorescent labeling and imaging. Staged inner ears or cochlear
explants following the desired length of incubation were fixed in 4% PFA
for 10 min at RT. After washing twice in PBS, samples were processed for
immunolabeling. For sectioning, samples were cryo-protected in serial
dilutions of 30% sucrose and were embedded in OCT compound
(Tissue-Tek) and sectioned at 12 wm. For immunolabeling analysis,
whole-mount or cross-sectioned cochleae were blocked with 10% nor-
mal horse serum or goat serum (Vector Labs) containing 0.5% Tween 20
in PBS (PBST) for 1 h at RT, then primary antibodies were applied and
incubated at 4°C overnight. Primary antibodies used are as follows: Sox2
and Prestin (Santa Cruz Biotechnology); Myo6 and 7a (Proteus Biosci-
ences); p75™" (Millipore Bioscience Research Reagents); Islet] (Abcam);
p-ERK, p-AKT (Cell Signaling Technology), and p-JNK (Promega);
p27 kipl (NeoMarkers); Parvalbumin (Sigma) and anti-MEKK4 (a gift
from Dr. Vaillancourt). Tissue were washed three times with PBSTw and
incubated with fluorescently conjugated secondary antibodies (Invitro-
gen) for 1 h at RT. Sections and/or cochlear explants were coverslipped,
and imaging was performed using confocal microscope Zeiss LSM 880 or
Zeiss Axioimager. All control and mutant samples were imaged using
identical exposure times and capture settings.

ABR measurements. Mice were anesthetized with an intraperitoneal
injection of xylazine (10 mg/kg) and ketamine (100 mg/kg), and then
placed in a sound-isolated and electrically shielded booth (Acoustic Sys-
tems). Body temperature was monitored and maintained near 37°C with
a heating pad. Acoustic stimuli were delivered monaurally to a Beyer
earphone attached to a customized plastic speculum inserted into the ear
canal. Subdermal electrodes were inserted at the vertex of the skull, under
the left ear and under the right ear (ground). ABRs were measured at 8,
16, and 32 kHz. Tucker Davis Technology System III hardware and Sig-
Gen/Biosig software were used to present the stimuli (15 ms duration
tone bursts with 1 ms rise-fall time) and record the response. Up to 1024
responses were averaged for each stimulus level. Thresholds were deter-
mined for each frequency by reducing the intensity in 10 dB increments
and then in 5 dB steps near threshold until no organized responses were
detected. Thresholds were estimated between the lowest stimulus level
where a response was observed and the highest level without response. All
ABR measurements were conducted by the same experimenter. The ABR
scores were assigned by an expert who was blinded to the treatment
conditions.

Immunoblotting. Briefly, cochleae were isolated from MEKK4"™” and
MEKK4¥17*!® mutant embryos and micro-dissected down to the sensory
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epithelium at indicated ages. Protein was isolated from 2 to 4 cochlea
using RIPA lysis buffer (Sigma) containing protease and phosphatase
inhibitors, pooled from similar genotypes. For efficient lysis, cochleae
were crushed and homogenized using the pestle, and the tubes contain-
ing samples were placed on ice for 15-30 min, after which centrifugation
was done at 12000 X g, and supernatant containing the protein was
carefully collected. Protein was quantified using the Bradford method,
and the same concentration of protein from WT and mutant samples was
loaded onto any kDa (Bio-Rad) gel, and electrophoresis was done at 110
V for 1.5 h. Protein was then transferred from polyacrylamide gel to
nitrocellulose membrane using iBlot (Invitrogen). Next, the membrane
was blocked with 5% BSA in 1 X TBST for 1 h followed by overnight
incubation with primary antibody. The blot was washed 3-5 times,15
min each with 1X TBST, and then incubated with secondary antibody
solution (1:15,000 anti-mouse HRP) (Santa Cruz Biotechnology) pre-
pared in 1 X TBST solution at RT. After secondary antibody incubation,
blot was washed 3-5 times with 1 X TBST, and developed using Super
signal West Dura (chemiluminescent reagent). Images were captured
and analyzed using GE ImageQuant LAS 4000.

Results

MEKK4 is expressed in the developing inner ear

To determine whether MEKK4 is involved in the development of
the mouse inner ear, we examined its expression by isolating
RNA from inner ears of wild-type (WT) mice at E13, E15, and PO
and performed quantitative real-time PCR (qPCR) analysis. The
results indicated that, although MEKK4 expression is initiated as
early as embryonic day (E) 13, its expression steadily decreased
between E13 and PO (Fig. 1A). Because the temporal expression
pattern of MEKK4 expression coincided with the development of
the organ of Corti, we next analyzed its spatial expression pattern
by performing in situ hybridization at various time-points during
development. MEKK4 mRNA was broadly distributed through-
out the floor of the cochlear duct (Fig. 1 B,C) at E13.5. No detect-
able signal for MEKK4 mRNA was observed before E13. As
differentiation progresses along the developing cochlear duct, by
E16, its expression becomes restricted to developing HCs and
supporting cells (Fig. 1 D, E) extending from the base to the apex
of the cochlea. In addition, expression also is seen in cells within
Kolliker’s organ (Fig. 1E). In contrast, cells within the lesser epi-
thelial ridge domain are completely devoid of MEKK4 expres-
sion. By P0, expression becomes restricted to only one row of cells
within the IHC region (Fig. 1 F, G). However, no MEKK4 signal
was seen in cells within the OHC domain (Fig. 1 F, G, brackets). In
addition, our immunolabeling analysis using anti-MEKK4 (Fig.
1H-J]) demonstrates that, by PO, expression becomes restricted
exclusively to inner phalangeal cells, a supporting cell type that
interdigitates with IHCs located within the medial domain of the
cochlear sensory epithelium. These results indicate that MEKK4
signaling is initially highly expressed in undifferentiated precur-
sor cells and later in developing HCs and supporting cells. As
differentiation progresses, its expression was significantly dimin-
ished. This spatial and temporal distribution of MEKK4 in the
developing inner ear is consistent with previous data demonstrat-
ing its high expression levels in undifferentiated embryonic
mouse trophoblast cells that is lost with differentiation (Abell et
al., 2009). Based on these results, it can be suggested that MEKK4
signaling may play a role in cell fate determination.

MEKK4 activity promotes HC and supporting

cell differentiation

The MEKKSs exhibit cell type specificity in signal transduction and
play a central role in regulating cell fate during development
(Schlesinger et al., 1998; Craig et al., 2008). To investigate whether
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MEKKH4 is required for inner ear develop-
ment, we analyzed MEKK4 kinase-inactive

mutant mice in which the MEKK4 genewas 10
altered by the knock-in mutation of theac- @
tive lysine (K) to an arginine (R), thereby § qg”
abolishing its phosphorylation activity ‘g g 05
(Abell et al., 2005). It has been shown that g

z

both conventional MEKK4 mutants and
kinase-inactive mutant mice die during 0.0
early embryonic development due to severe
birth defects (Abell et al., 2005; Chi et al.,
2005). To determine the function of
MEKK4 in inner ear development, we ex-
amined the MEKK4" " and MEKK4<'**'
mutant mice at different time-points. In
contrast to the WT mice that had normal
inner ears, the majority (>90%) of the mu-
tant mice had clear inner ear abnormalities.
Examination of E18.5 MEKK4“"**'* mu-
tant cochlea revealed the presence of two
rows of OHC:s (Fig. 2A-D) extending from
the mid-base (10% from the base) to the
apex. The third row of OHCs was seen
only intermittently throughout the cochlear
duct; and as a result, the precise cellular
alignment was lost leading to patterning de-
fects. Quantification of HC counts within
cochlea at distances of 25%, 50%, and 75%
from the basal region of the cochlea taken
from 100 pwm regions indicated that there
was a significant decrease in the number of
cells that differentiated into OHCs through-
out the cochlear duct of mutants compared
with controls (Fig. 2I'). In most cases, these
defects in patterning also were seen in mice
heterozygous for the mutant MEKK4 allele
(MEKK4KPOIRWTY because of the domi-
nant negative properties of the kinase inac-
tive MEKK4 protein (data not shown).
However, we did not observe any significant
reduction in the total number of OHCs in
heterozygous mutants compared with WT
littermates (data not shown). In contrast to
OHGs, no alteration in the number or pat-
tern of the IHC arrangement was observed
in MEKK4"'**'® cochleae compared with
that in WT controls (Fig. 2A-D). It seems
likely that the reduction in OHC number in
homozygous mutants was due to a develop-
mental delay, in which case it maylead to the
rescue of HC numbers as differentiation
progresses. To examine this possibility, the
expression of HC markers is analyzed in
the P7 cochlea. Immunolabeling for the
OHC marker Prestin and phalloidin dem-
onstrated that HCs were indeed not delayed in differentiation but
rather lost in the absence of MEKK4 signaling (Fig. 2E-H ). Indeed,
analysis of HC number at postnatal day 7 and 15 (data not shown)
shows comparable phenotype with that of E18.5 stage.

Because HC differentiation was disrupted in MEKK4 mu-
tants, we analyzed the supporting cell phenotype by immuno-
labeling cochleae at P1 with antibodies against Sox2, p75™",
Prox1 (data not shown), and B-tubulin I + II (Fig. 3). In WT

Figure 1.
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E15 PO

E13.5 C

Spatiotemporal expression pattern of MEKK4 in the mouse inner ear. 4, qPCR-based analysis reveals develop-
mental changes in the levels of MEKK4 expression within WT mouse inner ears. Although MEKK4 is abundantly expressed
in the developing inner ear as early as E13, its expression steadily decreased from E13 to P0. B—G, Whole-mount in situ
hybridization for MEKK4 at E13.5 (B, (), E16.5 (D, E), and PO (F, G) shows that MEKK4 is initially expressed broadly within
organ of Corti; and by E16.5, expression is seen in developing HCs and supporting cells. By PO, expression becomes restricted
to inner phalangeal cells within the medial domain of the organ of Corti. H-J, Immunolabeling of PO cochlea using
antibodies against MEKK4 (red) and parvalbumin (green) demonstrates the expression of MEKK4 in the soma of inner
phalangeal cells. The results represent an average of six samples at each developmental age group. Data are mean = SEM.
KO, Kolliker's organ; LER, lesser epithelial ridge. Scale bars: (in B) B, C, 50 wm; (in G) D-G, 20 wm; (inJ) H-J, 20 m.

cochlea, Sox2 is expressed in supporting cell nuclei, which
include three rows of Deiters’ cells, two rows of pillar cells, and
one row of inner phalangeal cells. In contrast, only two rows of
Deiters’ cell nuclei were observed in MEKK4*'?*'% mutants
(Fig. 3A, D). Immunolabeling of pillar cells and their nuclei by
p75™" and Sox2 labeling, respectively, showed that inner and
outer pillar cells are aberrantly attached to each other, leading

to the deformity of inner and outer pillar cell rows (Fig. 3A—
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Figure 2.
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Disruption of MEKK4 pathway causes significant reduction in cells that differentiate into OHCs. A-D, Whole-mount surface views of the base (A, B) and apex (C, D) of a WT (4, ) and

MEKK4*7357F mutant cochlea (B, D) at E18.5 immunolabeled with Myo6. In the WT cochlea, normal patterning of one row of IHCs and three rows of OHCs is present. However, in the mutants, the IHCs
are unaffected; there are only two rows of OHCs with intermittent third row present in both basal and apical regions of the cochlear duct. The width of the lateral compartment of the sensory
epithelium, as indicated by brackets, is diminished in the mutant cochlea compared with WT controls. E-H, Cross-sections of WT (E, F) and MEKK4¥13"R cochleae (G, H) immunolabeled with Prestin
(red) and actin (green) show that HCs (asterisks), still present at P7, are disorganized with less distinct separation between IHCs (F, H, arrowhead) and OHCs and closely packed OHCs in mutant
cochlea as visualized by anti-Prestin (red). /, Quantification of HC counts shows significant decrease in the number of OHCs in homozygous MEKK4**"® mutant cochlea, relative to MEKK4" controls at
distances 25%, 50%, and 75% from basal regions of the cochlear duct (n = 3). p < 0.001. Error bars indicate SEM. 0103, three rows of OHCs. Scale bars: (in D) A-D, 20 pum; (in H) E-H, 10 um. * **

F). Also, the elongated morphology of inner pillar cell nuclei
in WT littermates (Fig. 3A, arrows) was completely lost in
mutants. Despite these morphological defects, the pillar cell
gap between IHCs and OHCs seemed normal in the mutants,
as shown by p75™* labeling. In addition, immunolabeling for
B-tubulin T + II, which labels microtubules at the lumenal
surface of pillar and Deiters’ cells in WT cochlea (Fig. 3G-I),
revealed disorganization of the normal stereotypical morphol-
ogies of these cell types in the absence of MEKK4 signaling
(Fig. 3J-L). To quantify the observed differences, expression

levels of the HC differentiation marker, Atoh1 and supporting
cell markers, Sox2, Heyl, and Hey2 (Hume et al., 2007; Doet-
zlhofer et al., 2009; Tateya et al., 2011) were examined at P1 by
qPCR-based analysis. A significant decrease in transcript
levels of Atohl, Sox2, Heyl, and Hey2 expression was ob-
served in MEKK4%7°'® mutants compared with MEKK4"'"
controls (Fig. 3M). Collectively, these observations suggest
that broad distribution of MEKK4 activity in the developing
inner ear is essential for normal differentiation of HCs and
supporting cells.
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Figure 3.

Supporting cell defects in MEKK4*¢"® mutants. A-F, Whole-mount surface views of the mid-basal region of WT and mutant cochlea at P1immunolabeled with Sox2 (4, D)

or p75™" (red) and actin (green) (B, C, E, F). A, In the WT, at least six rows of Sox2-positive supporting cells, including nuclei of inner and outer pillars, inner phalangeal cells, and three
rows of Deiters’ cells, are observed, which are arranged in organized rows. However, in mutants (D—-F), disorganization of supporting cells is observed, and three rows of Deiters’ cell
nuclei are not discernible. Labeling of pillar cells is seen in the mutant organ of Corti with p75 ™" comparable with WT control littermates (B, E, arrows) (B, C, E, F); however, the normal
elongated shape of the nuclei of inner pillar cells (A, arrows) is not clearly seen, suggesting disruption of their morphological development. G-L, Labeling with 3-tubulin | + S-tubulin
Il (green) reveals normal morphology of microtubule bundles within inner and outer pillar cell heads (arrows) and throughout the Deiters’ cell rows in controls (G-/). J-L, In mutants,
although microtubule bundles can be seen within inner pillar cells, microtubule bundle organization within outer pillar cells and Deiters’ cells are indistinguishable. M, Relative
expression levels of Atoh1, Sox2, Hey1, and Hey2 are significantly lower in mutant cochleae compared with controls (n = 3). p << 0.001. Error bars indicate SEM. D1-D3, Deiters’ cell rows;
OP, outer pillar cell row; IP, inner pillar cell row. Scale bars: A, D (in D), 20 um; B, C, E, F (in F), 20 wwm; G-L (in L), 20 um.

To complement the cochlear HC analyses, we examined HCs
within the utricle during development. As shown in Figure 4,
HCs within the utricular maculae are less densely packed, and the
total number of HCs is significantly decreased in MEKK4 kinase-
defective inner ears in comparison with WT controls (Fig. 4A-F;
n =3, p < 0.0001). To determine whether this decrease in HC
density was a result of a significant reduction in the number of
HCs or decrease in the overall size of the epithelium, we measured
the total surface area of the utricular epithelial region containing
HCs. The data revealed a significant decrease in the size of the
utricle of MEKK4 mutants compared with controls (Fig. 4F; n =
3, p < 0.003). These results suggest that the reduction in HC

density can be attributed to a decrease in the total number of HCs
per unit area. Together, these results suggest that MEKK4 activity
regulates the total number of precursor cells that develop into
auditory and utricular HCs.

Previous studies have demonstrated an antiapoptotic role
for MEKK4 in the developing CNS (Chi et al., 2005), which
prompted us to examine whether apoptosis may contribute to
the significant reduction of HCs in MEKK4 kinase-deficient
mutants. Using the TUNEL assay, we found no evidence of
increased cell death in MEKK4"'?*'% mutants between E13 to
PO stages compared with that in WT littermate controls (data
not shown). Together, these results suggest that MEKK4 sig-
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Disruption of MEKK4 pathway leads to reduction of vestibular HCs. A, B, Low-magnification surface views of utricular epithelium at P1immunolabeled with Myo7a show fewer HCs in

MEKK4¥"35"% mice (B) compared with MEKK4"" littermates (A). €, D, High-magnification views of WT (€) and mutant (D) utricles labeled with anti-Myo7a (red) and actin (green) show less dense
packing of HCs. E, F, MEKK4*7*™" utricles exhibit a significant decrease in HC number (E) and the overall size of the HC domain (F) compared with controls. Scale bars: 4, 50 um; B, 50 wm; (in D)

C,D, 10 um. **p < 0.01, ****p < 0.001.

naling plays an essential role in cochlear and utricular sensory
HC formation.

MEKK4 activity is dispensable for regulating prosensory

cell number

The results presented above indicate a disruption in the develop-
ment of sensory epithelial cells in MEKK4 kinase-defective mu-
tants. It is possible that the significant reduction of HCs in
MEKK4 mutants could be due to alterations in cell survival
and/or proliferation. Previous studies have demonstrated a role
for MEKK4 in cell survival and proliferation; and because the
TUNEL assays did not show any signs of cell death in MEKK4
mutants, we next examined whether cell proliferation is affected
in the mutant cochlea. No alterations in BrdU-positive cells
within sensory epithelium were seen in MEKK4 kinase-defective
cochlea at E12 (data not shown).

Because HCs are derived from the prosensory progenitor cells,
we next investigated whether MEKK4 signaling plays a key role in the
specification of prosensory cells. The expression of Sox2 in prosen-
sory cells (Hume et al., 2007; Dabdoub et al., 2008), which is critical
for the establishment of prosensory domain and subsequent HC
formation (Kiernan et al., 2005), was examined in MEKK4"7 con-
trol and MEKK4<'?*'® mutant inner ears at E11.5 (Fig. 5A-D) and
E12.5 (data not shown). Our data reveal no change in the pattern of
Sox2 expression within the cochlea, suggesting that MEKK4 does
not influence the prosensory progenitor cell population. Further-
more, expression of prosensory markers, Sox2, S100 (Fig. 5E-])
(Buckiova and Syka, 2009), Isletl (data not shown), and p27Kip1
(Chen and Segil, 1999; Lee et al., 2006) (data not shown) was exam-
ined at E14 in control and MEKK4*"7*'R cochleae. Our analysis on
cochlear cross-sections (Fig. 5E-J) indicated comparable expression
of prosensory markers between WT controls and MEKK4*"**"% mu-
tants. Both the width of the prospective sensory epithelium and rel-
ative positioning of these markers seem to be unaltered between
control mice and their mutant littermates, suggesting that prosen-
sory formation is relatively normal in MEKK4 mutants and that

subsequent specification of these cells into HCs and supporting cells
is disrupted within the cochlea.

Because Atohl is one of the first genes expressed in HC and
supporting cell precursors and is necessary and sufficient for their
differentiation (Bermingham et al., 1999; Zheng and Gao, 2000;
Yang et al., 2010; Driver et al., 2013; Jahan et al., 2015), immuno-
labeling was performed to analyze the expression of Atoh1 in E14
cochlea. As shown (Fig. 5K—N), Atohl expression is downregu-
lated in MEKK4*'**'® mutants compared with controls. In addi-
tion, gPCR-based analysis was performed to measure the levels of
Atohl expression in the developing cochlear sensory epithelial
cells. Although Atohl expression is found in MEKK4'**'% co-
chlea as early as E13.5, its levels were significantly lower than in
WT controls (Fig. 50), suggesting that MEKK4 activity influ-
ences initial levels of Atoh1 expression before HC differentiation
in the developing cochlea.

MEKK4 signaling promotes cochlear outgrowth

and patterning

Previous studies have shown that MEKK4 kinase-inactive mice
display severe skeletal and neural patterning defects (Abell et al.,
2005). To determine whether MEKK4 plays a role in patterning
of the cochlea, we first analyzed the length and overall morphol-
ogy of MEKK4-deficient and control cochleae at P0. Results in-
dicated that cochleae from mutant mice were significantly
shorter than those from WT (Fig. 6 A, B) or heterozygous litter-
mates (datanot shown). As listed in Table 2, the average length of
MEKK4¥"?*'® cochlear duct was ~20% shorter than their WT
littermates. In addition, the width of the sensory epithelium, as
measured along the mediolateral axis, was considerably narrower
in mutant cochleae compared with WT controls (Table 2). Sim-
ilarly, a modest but noticeable reduction in the average diameter
of IHCs and OHCs was also observed in MEKK4 mutants com-
pared with that in controls. A previous study has suggested that
cochlear outgrowth, which is dependent on extension of the co-
chlear duct, is reliant on normal size and morphology of individ-
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MEKK4 function is dispensable for prosensory induction or maintenance and is required for initial Atoh1 expression A—J, Inner ear cross-sections at E11.5 (4-D) and E14 (E-J) were

immunolabeled for prosensory markers, Sox2 (red) and actin (green) (A-D) or S100 (green; E-J) demonstrates the intact presence of Sox2 expression within progenitor cells of MEKK4 mutant
cochlea, and no significant differences in the size of the prosensory domain were observed between WT and mutant cochleae (indicated by brackets). K—N, Immunolabeling of E14 whole-mount
cochlea using anti-Atoh1 (green) and actin (red) shows downregulation of Atoh1 in prospective sensory epithelial cells. 0, gPCR-based analysis shows that Atoh1 transcript levels are dramatically
reduced in £13.5 MEKK4'"3¢7% cochleae compared with WT littermates; n = 3. ***p < 0.001. Error bars indicate SEM. Scale bars: (in D) A-D, 20 wm; (inJ) E-J, 20 pwm; (in N) K-N, 10 pum.

ual cells, specifically inner pillar cells within the developing
sensory epithelium (Yamamoto et al., 2009). Based on these data,
it could be suggested that disruption of normal elongated mor-
phology of inner pillar cells in the absence of MEKK4 function
may lead to the inhibition of cochlear duct extension.

Moreover, it has recently been suggested that convergence
extension (CE), which is mediated by planar cell polarity (PCP)
process, plays a key role in cochlear patterning via influencing the
normal morphology of sensory cells and elongation (Chen et al.,
2002; Montcouquiol et al., 2003; McKenzie et al., 2004; Wang et
al., 2005, 2006; Qian et al., 2007; Yamamoto et al., 2009). These
observations led us to speculate that the MEKK4-deficient epi-
thelium may display PCP and/or CE defects. To assess whether
MEKKH4 plays any role in regulating the polarity of hair bundles,
we compared the organization of hair bundles in MEKK4-
deficient epithelium to that in WT littermates. As seen in Figure 6
C and D, a slight disorganization of OHC bundles is observed in
MEKK4 mutants. However, it is not clear whether this disruption
is a direct effect of loss of MEKK4 activity or a secondary conse-
quence of patterning defects, which in turn can be attributed to
the significant reduction of OHCs in MEKK4 kinase-inactive
mutants.

To examine whether MEKK4 kinase deficiency causes any CE
defects within cochlear epithelium, we performed a cochlear out-

growth assay developed by Wang et al. (2005) at E14.5 on WT and
MEKK4X7*!R Tittermates. Although the mutant cochleae had
fewer HCs generated from the apical portion of the incision site
compared with controls, the average extension of the sensory
epithelium was not significantly altered between WT and bi-
sected mutant samples (Fig. 6 E,F). In addition, HCs appeared
smaller in mutants compared with controls, which was similar to
that observed in the P1 mutant cochlea (Table 2). These observa-
tions strongly suggest that disruption in the polarity of hair bun-
dles is unlikely to be a direct consequence of MEKK4 deficiency,
but rather, an event induced by disruption in cell fate and pat-
terning that may contribute to polarity defects. Together, these
results imply that MEKK4 is not involved in cochlear extension
but rather influences cellular morphology and that its disrup-
tion could contribute to the patterning defects observed within
MEKK4-deficient sensory epithelium.

Neuronal cell patterning is disrupted in

MEKK4"*"**'® mutants

It is generally accepted that, although processes from spiral ganglion
neurons reach the sensory epithelium independent of HC differen-
tiation, their ultimate pattern of innervation is dependent on normal
cellular patterning within the organ of Corti (Yang et al., 2011).
Therefore, because sensory HC and nonsensory supporting cell dif-
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MEKK4 signaling is required for normal morphogenesis of the cochlea. 4, B, Cochlear duct from MEKK4"" (A) and
MEKK4¥"5"% mutants (B) immunolabeled with actin. The length and width of the mutant cochlea are considerably less than that
in controls. €, D, High-magnification whole-mount surface views of control (€) and mutant (D) cochleae stained with actin (green)
show disorganization of HCs with intermittent presence of third row of OHCs. In addition, although stereociliary bundles are intact
in mutant cochlear HGs, a slight disorganization of their orientation was seen in mutants (D, arrows). E, F, The control (E) and
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displayed aberrant turning, and some just
projected into the lateral space. However,
because MEKK4 expression was not ob-
served in spiral ganglion neurons during de-
velopment (data not shown), the aberrant
innervation patterns in the mutant cochleae
are unlikely to be due to a direct require-
ment for MEKK4 signaling but rather are
likely secondary to defective cellular pat-
terning within the organ of Corti. Similarly,
Fgfr3, although not expressed in spiral gan-
glion neurons, loss in mice, which causes
N« HC differentiation defects, also shows a sim-
ilar phenotype wherein the fibers are disor-
ganized and fail to form bundles (Puligilla et
al., 2007), consistent with the hypothesis
that ultimate pattern of innervation is de-
pendent on normal cellular differentiation.
Loss of Prox1 also leads to failure of neuro-
nal fiber patterning (Fritzsch et al., 2010);
however, normal distribution pattern of
Prox1 was seen in MEKK4<'**'® mutant co-
chleae (data not shown). Previous studies
have demonstrated a key role for MEKK4
signaling in neuronal proliferation and mi-
gration within developing and adult fore-
brain (Sarkisian et al., 2006, 2008; Ferland et
al., 2009) and that its loss in mice causes
neuronal migration defects and subsequent
periventricular nodular heterotopia. Al-
though its expression is not evident in em-
bryonic spiral ganglion neurons, it remains
to be seen whether MEKK4 is expressed in
adult stages.

mutant (F) cochleae were bisected in the mid-basal region (incision site indicated by solid white line), and the basal portion of

cochlea from each genotype is explanted at E14.5 for 3 DIV and immunolabeled with Myo6 (red). The sensory epithelium is
extended, as indicated by dotted line, in both controls and mutants. In addition, although one row of IHCs and three rows of OHCs
are apparent in controls, it is less discernible in mutants and also the width of the extended sensory epithelium seems considerably
smaller compared with controls. Scale bars: (in 4) 4, B, 50 pm; (in €) €, D, 20 um; (in F) E, F, 20 um.

Table 2. Quantification of average length, width of the sensory epithelium, and
the lumenal surface area of sensory HCs indicate that cochlear duct is shorter and
that both OHCs and IHCs are smaller in MEKK4*">5"® mutants compared with that
in controls

Sensory epithelium (SE)/sensory cell MEKK4" MEKK4¥1361R

Average length of SE (m) 4048.79 = 67 322240 =59
Average width of SE (um) 20.06 = 0.02 17.16 £ 0.7
Average width of inner hair cells (.m) 478 = 0.2 3.98 = 0.1
Average width of outer hair cells (m) 3.06 = 0.1 243 0.1

ferentiation is disrupted in MEKK4<'?*'R cochlea, it seemed possible
that neuronal cell patterning would be altered. To examine this, the
innervation pattern was analyzed by immunolabeling using neuro-
filament marker, 2H3. Normally, two types of spiral ganglion neu-
rons innervate sensory HCs: whereas fibers from Type I neurons
innervate IHCs, fibers from Type Il neurons cross the tunnel of Corti
to innervate one or more OHCs and form outer spiral bundles be-
fore turning toward the base. Immunolabeling for 2H3, which rec-
ognizes both Type I and Type II fibers, demonstrated that Type I
axon bundles are well organized in WT cochlea (Fig. 7 A, B) but are
highly disorganized in the MEKK4*"?*'® mutant epithelium (Fig.
7C,D). In addition, fewer Type II fibers were seen crossing the pillar
cells and extending toward OHCs in the mutants, most of which

Cellular differentiation defects in
MEKK4 mutants occur in a JNK-
independent manner

Our data indicate that MEKK4 signaling
is required for the establishment of cor-
rect pattern of cellular differentiation. However, it is not clear
how MEKK4 regulates the development of normal cellular
phenotypes. It has been previously demonstrated that the INK
pathway is a downstream target of MEKK4 signaling and that
MEKK4-mediated signals are transmitted via the JNK pathway
to regulate embryonic mouse development (Abell and John-
son, 2005; Abell et al., 2009). Thus, to elucidate the mecha-
nism of MEKK4 regulation in the developing inner ear, we
examined whether JNK acts as a target of MEKK4 signaling to
influence sensory HC differentiation. To determine whether
this pathway is activated in developing sensory epithelial cells
and whether the activity of phospho-JNK is affected in
MEKK4 kinase-inactive mutants, we harvested protein from
cochlear sensory epithelia of control MEKK4"" and homozy-
gous MEKK4*"**'® mutant littermates at E16.5 and performed
immunoblot-based analysis. The data thus far indicate that,
although JNK activity is present in the developing organ of
Corti, its levels seem unaffected in MEKK4 signaling-defective
mice and are comparable with that in WT controls (Fig. 8A).
These results strongly suggest that the cellular differentiation
defects observed in MEKK4 mutants are not due to insufficient
JNK activity.
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FGF20 signaling via FGFR1 regulates
expression of MEKK4 in the developing
sensory epithelium

Previous studies have shown that Fgf20 is
broadly expressed in the developing co-
chlear duct as early as E13 and by PO its
expression becomes restricted to inner
phalangeal cells (Huh et al., 2012). In ad-
dition, lack of Fgf20-mediated receptor
tyrosine kinase signaling in vivo and ex
vivo leads to defects in the differentiation
of OHCs and Deiters’ cells (Hayashi et al.,
2008; Huh et al., 2012). Based on these
results, we hypothesized that the FGF20-
mediated signaling pathway may act up-
stream to regulate MEKK4 expression in
the developing sensory epithelium. To
test this, we analyzed whether gain of
Fgf20 function could stabilize MEKK4 ex-
pression. To analyze this, we performed
overexpression analysis by treating em-
bryonic cochlear explants at E13 with re-
combinant Fgf20 protein and analyzing
for MEKK4 expression after 1 DIV by im-
munoblotting and immunohistochemis-
try (data not shown). As shown in Figure
8B, MEKK4 expression is upregulated in
Fgf20-treated cochleae, compared with
normal expression levels in untreated
controls. To test the inverse, whether loss of Fgf20 function could
disrupt MEKK4 expression, embryonic cochlear explants were
established at E13 and exposed with function-blocking antibody
against Fgf20, which has been shown to disrupt Fgf20 function
(Hayashi et al., 2008). After 1 DIV, cultures were subjected to
immunoblot assays. While untreated control cochlea show nor-
mal levels of MEKK4 expression, anti-FGF20 treated cochlea
show dose-dependent inhibition of MEKK4 expression. More-
over, to test whether MEKK4 expression could be rescued in
Fgf20-inhibited cochleae, recombinant Fgf20 protein was added
to the explants after 1 DIV and incubated for 1 additional DIV.
Immunoblotting using anti-MEKK4 demonstrates the rescue of
MEKKH4 expression to levels comparable with untreated cochleae
(Fig. 8C), suggesting that FGF20 stabilizes MEKK4 expression in
the developing cochlea.

To confirm the above results in vivo, we analyzed hetero-
zygous Fgf20P”* (controls) and homozygous mutant Fgf20%s*/Pee!
inner ears by immunolabeling for MEKK4. Our data indicate that
MEKK4 was strongly expressed in controls, whereas Fgf20P¢/Pe!
mutant cochlea was completely devoid of expression (Fig. 8 D,E").
These data indicate that FGF20 regulates MEKK4 expression in vivo
and influences differentiation of sensory epithelial cells within the
developing inner ear.

Previous studies have demonstrated that Fgf20 binds to and
activates Fgf receptor (Fgfr) 1 during the early stages of cochlear
development, including prosensory specification and differenti-
ation of HCs (Hayashi et al., 2008; Huh et al., 2012; Ono et al.,
2014). Conditional deletion of Fgfr] in the developing otocyst
leads to severe reduction of HCs and support cells (Pirvola et al.,
2002). Similarly, treatment of cochlear cultures with Fgf
receptor-specific inhibitor, SU5402 (Mohammadi et al., 1997) at
early stages of development also causes a significant reduction of
HC and supporting cell number (Hayashi et al., 2008), demon-
strating the necessity of Fgfrl activity in generation of correct

Figure 7.

Disruption of spiral ganglion neuron patterning in MEKK4
rofilament 2H3 (green) in the mid-basal region of a WT (4, B) and mutant (C, D) cochlea at PO. In the WT cochlea, most of the
afferent Type | fibers fasciculate to form bundles within otic mesenchyme (shown by clear arrows), before terminating on IHGs,
whereas Type |l afferent fibers, which constitute only 5% of afferent neurons, extend laterally to innervate OHCs and form outer
spiral bundles before they turn toward the base (indicated by solid arrow) to form synapses with more than one OHC. C; In the
mutants, disorganization of fibers from Type | neurons is quite evident and does not form bundles as indicated by clear arrows.
Although most of these fibers terminate at IHC region, a smaller percentage of these fibers crossed the pillar cell region to reach
OHCs compared with that in controls. Moreover, the fibers in the OHC region do not seem to turn toward the base (solid arrow-
heads); and instead, some fibers project laterally into the lesser epithelial ridge (asterisks). Scale bar: (in D) A-D, 20 pm.

Haque, Pandey et al. @ MEKK4 Is Required for Hair Cell Differentiation

MEKK4""

) T N
f R
W

\J \
|l LR

N\

k1361 mutants. Immunolabeling for Myoé6 (red) and neu-

pattern of HCs and supporting cells. However, the underlying
mechanisms by which FGFR1 signaling regulate sensory cell dif-
ferentiation in the mammalian cochlea remain unknown. To ex-
amine whether MEKK4 is required for FGFR1 to promote HC
differentiation, we generated conditional Fgfr] mutant mice us-
ing Foxgl“* driver and analyzed for the expression of MEKK4.
Our analysis indicates that the expression levels of MEKK4 in
Fgfr"foxg1*" mutant cochlea are significantly downregulated,
whereas control Fgfr1"* foxgl“** mice displayed a normal pat-
tern of MEKK4 expression (Fig. 8F-G’,J). To confirm that the
observed downregulation of MEKK4 in Fgfr] mutant mice in vivo
is specific to the loss of Fgfr1 activity and not a secondary conse-
quence due to loss of protein occurring at a more global level, we
used pharmacological inhibition of Fgfrl ex vivo using SU5402 in
cochlear cultures as early as E13 (Fig. 8H-I"), E14 or E15 (data
not shown) stages. Consistent with a previous study (Hayashi et
al., 2008), treatment with SU5402 for 2 DIV led to a significant
reduction of HCs, specifically OHCs at all three stages (data not
shown). In addition, we observed a significant downregulation of
MEKK4 expression levels in treated cochlea, whereas the expres-
sion is intact in DMSO-treated controls. Moreover, our immu-
noblot assays indicate a complete absence of MEKK4 expression
in Fgfr1™foxg1"** mutant cochleae as early as E13 (Fig. 8]) and
a rapid downregulation in SU5402-treated cultures (Fig. 8K),
demonstrating that MEKK4 expression is dependent on active
FGFR1 signaling and that FGFR1 signaling through activation of
MEKK4 is necessary for driving OHC differentiation.

To determine the mechanisms that dictate the signaling spec-
ificity of the MEKK4 cascade by FGF20-FGFR1 signaling and
regulate its downstream activity, we investigated ERK activity in
MEKK4 kinase-defective inner ears. Diphosphorylated ERK has
been shown to be expressed as early as E10.5 in the ventral half of
the developing mouse otic vesicle (Ono et al., 2014). Our data
using immunoblot and immunolabeling-based assays showed
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Figure8. MEKK4 functionintheinnerearisindependent of INK activity and that its expressionis activated by FGF20-FGFR1signaling. 4, Protein harvested from cochleae at E16.5 and blotted with
anti-phospho-JNK show no alteration in its activity between control and MEKK4*"35"f mutant samples. Data shown are representative results from three independent experiments. 8, €, Immunoblot
analysis of proteins harvested from WT and mutant cochlear explants treated with recombinant Fgf20 (B) or function-blocking antibody (€) at E13 show stimulation (B) or inhibition (€) of MEKK4
expression, respectively. The inhibition of MEKK4 expression in cochlear explants cultured in the presence of anti-Fgf20 was rescued by the addition of recombinant Fgf20 protein for 2DIV (C). D—E’,
Immunolabeling of Fgf20P9%* heterozygote control (D, D’) and Fgf20%9%"P9e homozygous mutant (E, E') inner ears at PO using anti-MEKK4 (red) and anti-parvalbumin (green) demonstrates
normal expression of MEKK4in the cochlear duct; however, its expression is downrequlated in Fgf20°99/P9¢! cochleae. F~G', Immunolabeling of Fgfr 1% foxg 1+ (F, F") and Fgfr 1" "foxg 1™ (G,
G’) cochleae at E17.5 using anti-MEKK4 (red) and actin (green) shows normal distribution of MEKK4 expression in controls, whereas mutant cochlea display patchy HCs (G', arrows) and a complete
absence of MEKK4 expression. H—I", Control DMSO-treated (H, H') and SU5402-treated (I, I") cochlear cultures established at E13 and after 2 DIV immunolabeled using anti-MEKK4 (red) and actin
(green) show normal expression of MEKK4 throughout the sensory epithelial cells in control cochleae, although its expression is completely lost in treated cochleae. J, K, Inmunoblot-based assays
show complete absence of MEKK4 expression within Fgfr1"foxg 1 mutant cochlea at E13 (/). In addition, E13 cochlear cultures treated with SU5402 for 12 h show rapid downregulation of
MEKK4 and pERK levels (K). L-N’, Phospho-ERK levels (green) were also significantly downregulated in MEKK4'**% compared with controls in the developing cochlear duct as shown by
immunoblot (L) and immunolabeling (M—N") (arrow in M indicates sensory patch) assays at E13 and E14 stages, respectively. 0, Summary of the molecular signaling modules that control sensory
cell differentiation during inner ear morphogenesis. FGF20 signals are transduced through FGFRs, most likely FGFR1, to MEKK4 and ERK to regulate differentiation of OHCs, whereas FGF signaling
activation via yet unknown MAPK molecule, possibly another MEKK, controls cochlear progenitor cell population. Solid arrows indicate direct interaction between molecular components. Dotted line
and arrows indicate hypothetical direct regulation. Scale bars: (in £") D-E’, 20 wm; (in G') F-G’, 20 um; (in I") H=1", 20 um; (in N') M=N', 10 um.

that phospho-ERK1/2 activity is significantly diminished in  cochleae (Fig. 8K). On the other hand, phospho-AKT levels were
MEKK4*"?*'® inner ears at E13 (Fig. 8L) and E14 (Fig. 8M-N')  unaltered in mutants (data not shown). Thus, inhibition of
stages, respectively. In contrast, we detected the expression of =~ MEKK4 activity in mutant inner ears specifically affects ERK
phosphorylated ERK in the developing cochlear duct of controls.  phosphorylation in the developing cochlea, and MEKK4-ERK
Moreover, the levels of pERK are also reduced in SU5402-treated  signaling possibly functions to influence cellular differentiation.
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Loss of MEKK4 kinase activity in vivo
leads to congenital hearing loss

The aberrant cellular differentia-
tion and patterning observed in
MEKK4-deficient cochleae strongly
suggested that MEKK4 may be required
for normal auditory function. To deter-
mine this, ABR measurements were o
conducted at postnatal day 25 in WT,
heterozygous MEKK4*'**'"®WT "and ho-
mozygous MEKK4*"?*'® mutant litter-
mate mice. Auditory thresholds differed
significantly between the three groups at
8 (Fip) = 13.66, p = 0.0058), 16 (F(,
=21.12, p < 0.0019), and 32 kHz (F, ¢,
= 9.103, p = 0.0152). Further, Tukey’s
Multiple Comparison test confirmed a significant difference
in auditory thresholds between WT littermates and
MEKK4*"?*"® mutant mice at all measured three frequencies,
but there were no differences between WT and heterozygous
mice. The mutant mice showed an average 20 dB elevation of
auditory thresholds at both 8 (p = 0.018) and 16 kHz (p =
0.004), and an average 40 dB at 32 kHz (p = 0.04) compared
with WT littermates. The auditory thresholds of WT litter-
mates remained within normal hearing ranges (Fig. 9). These
data indicate a role for MEKK4 in the development of normal
ABR responses in mice and that disruption in sensory and/or
neuronal patterning could contribute to the overall level of
auditory dysfunction in the absence of MEKK4 signaling. Fu-
ture studies would be required to distinguish whether the
hearing phenotype originated at the level of the auditory nerve
or within the cochlear sensory epithelium.

g
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Figure 9.

Discussion

Previous reports have demonstrated a role for cochlear MAPK
signaling in protection from noise-induced or aminoglycoside-
induced ototoxic damage (Zine and van de Water, 2004; Dinh et
al., 2015). The MAPK pathway also has been shown to be in-
volved in chick otic placode induction (Yang et al., 2013). How-
ever, the role of specific MAPK signaling components, including
MAP3Ks in inner ear development, remains unknown. The data
presented here demonstrate previously unreported roles for
MEKKH4 signaling in the development and function of the mouse
inner ear. We found that inhibition of MEKK4 kinase activity
leads to disruption of normal cochlear morphogenesis. In partic-
ular, MEKK4-kinase defective mutants display a shortened co-
chlea and smaller sensory HCs compared with WT controls. It is
well established that disruption in PCP pathway leads to neural
tube defects (Wallingford et al, 2000; Wallingford, 2006;
Nishimura et al., 2012); and given that MEKK4*'"**'® mutants
display neural tube closure defects, these data point to a potential
disruption of the PCP pathway in the MEKK4*'**' cochlea. Both
CE and growth were shown to play a significant role in cochlear
patterning (Chen and Segil, 1999; Cantos et al., 2000; McKenzie
et al., 2004; Yamamoto et al., 2009). Moreover, a recent study by
Hubh et al. (2015) suggested that the overall length of the cochlear
duct is dependent on normal sensory cell differentiation. There-
fore, it is possible that the defects in HC differentiation and their
organization observed in MEKK4 mutants may result in shorter
cochlear duct. On the other hand, although all HCs die in Atohl
mutants, the elongation of the cochlear duct is normal (Fritzsch
et al., 2005). The cochlear extension also seems intact in the ab-
sence of progenitor cells in Sox2 mutants (Kiernan et al., 2005).
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Loss of MEKK4 signaling causes elevations in auditory threshold responses ABR thresholds obtained from WT (blue),
heterozygous MEKK4X'%5"* (green), and MEKK4"%6"R (red) mutant mice. Thresholds were significantly elevated in MEKK4*"¢7"
mutant mice compared with WT mice at all three tested frequencies. Data are mean = SEM; n = 3.*p < 0.05. **p < 0.01.

Because the normal morphology of inner pillar cells is crucial for
cochlear extension (Yamamoto et al., 2009), it is also possible that
loss of stereotypical morphology of pillar cells in MEKK4 mutants
may lead to disruption in cochlear extension.

We show here, for the first time, that MEKK4 kinase activity is
required for normal sensory cell development in the mouse inner
ear. MEKK4-kinase defective mutants display a significant reduc-
tion of sensory HCs within the developing utricle and organ of
Corti. In addition, we found aberrant differentiation of pillar cells
and Deiters’ cells in the absence of MEKK4 signaling. Based on
the expression pattern, together with cellular differentiation de-
fects in MEKK4 kinase-deficient epithelium, it could be sug-
gested that initial broad expression pattern of MEKK4 is required
for normal HC and supporting cell fate specification and that the
subsequent downregulation of MEKK4 in cells within the OHC
domain may be essential to their normal differentiation. Also,
MEKKH4 is not required for induction or maintenance of prosen-
sory cells during sensory patch formation. Together, these data
suggest us that MEKK4 signaling regulates HC but not prosen-
sory cell development.

Furthermore, levels of Atohl transcripts within precursor
cells in MEKK4 mutants were found to be significantly lower
compared with WT controls, suggesting that although MEKK4 is
dispensable for prosensory induction and/or maintenance, it
may act as a critical component of the molecular machinery that
positively regulates Atohl levels within HC precursors during
differentiation. The reduction in the Atohl transcript levels by
nearly 70% may explain the decreased OHC number in the ho-
mozygous MEKK4 mutants, consistent with Pan et al. (2012) data
showing a direct correlation of Atohl expression levels and HC
development. Also, the presence of residual levels of Atohl exp-
ression in MEKK4 mutants suggests that MEKK4 signaling-
independent mechanisms may compensate for the loss of MEKK4
activity. It also is likely that MEKK4 kinase activity may act as a
permissive factor to regulate Atoh1 expression levels and subsequent
differentiation of HCs. In addition, although these possibilities can-
not be completely discounted, it remains to be seen whether MEKK4
influences Atohl post-translationally via phosphorylation to regu-
late its expression levels during development.

Recent findings have shown that signaling mediated by the
Fgf20 and/or Fgfrl pathways influences Atoh1-mediated HC de-
velopment (Pirvola et al., 2002; Hayashi et al., 2008; Huh et al.,
2012; Ono et al., 2014). These studies have also suggested that
Fgf20 acts as a ligand to mediate Fgfr1 signaling during cellular
fate specification and differentiation in the developing organ of
Corti. However, it is not clear how signals from the Fgf20-Fgfrl
pathway are integrated to influence Atoh1 expression and subse-
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quent HC differentiation. In particular, Fgf20, similar to MEKK4,
is highly expressed throughout the sensory epithelium as early as
E13, but by P0 its expression is restricted to inner phalangeal cells
within the medial domain of the sensory epithelium. Genetic
deletion of FGF20 leads to aberrant differentiation of sensory
cells within the lateral compartment, which includes OHCs and
Deiters’ cells (Huh et al., 2012). Remarkably, the phenotype of
FGF20 knock-out mice is strikingly similar to MEKK4 mutant
mice in most aspects of differentiation defects within the inner
ear. However, the alterations in HC patterning in MEKK4 mu-
tants in vivo are less severe when FGF20 is deleted. Nonetheless,
based on these observations, it is plausible that the two factors
share a common signaling pathway during embryonic inner ear
development. Consistent with this hypothesis, our loss- and gain-
of-Fgf20 function analyses using in vivo and ex vivo approaches
demonstrate that Fgf20 acts to regulate MEKK4 expression in the
developing sensory epithelial cells. This conclusion is further
supported by the demonstration of a similar expression pattern
of MEKK4 and FGF20 in the developing cochlea. Together, these
data indicate that Fgf20 controls the spatial and temporal pattern
of MEKK4 expression in the developing cochlea and that the
Fgf20-MEKK4 axis acts to influence specification and subsequent
differentiation of OHCs and Deiters’ cells.

Similarly, FGFR1, which acts as a likely receptor for FGF20-
mediated signaling (Hayashi et al., 2008, 2010; Huh et al., 2012),
has also been shown to be important for the development of
cochlear HCs and supporting cells (Pirvola et al., 2002; Huh et al.,
2012; Ono et al., 2014). In addition, recent studies demonstrate
that FGF20-FGFR1 signaling also regulates the total number of
prosensory progenitor cells (Ono et al., 2014; Huh et al., 2015).
These studies, together, imply a dual role for Fgf signaling: ini-
tially, it is required for the maintenance of cochlear progenitor
cells; and subsequently, it promotes sensory HC differentiation.
However, the molecular mechanism by which Fgf signaling con-
trols these processes during sensory specification is unclear. Pre-
vious studies have suggested that Fgf signaling may act via MAPK
or mesenchymal FGFR2 or its downstream transcriptional tar-
gets Pea3 and Erm to influence cochlear progenitor cell popula-
tion or sensory cell differentiation, respectively (Hayashi et al.,
2008; Ono et al., 2014; Huh et al., 2015). Our data demonstrate
that MEKK4 is a key kinase that acts as a “hub” in integrating
FGF20-FGFR1-mediated signaling responses in inducing OHC
differentiation and that MEKK4 expression dictates specific re-
sponse of Fgfrl signaling during HC development. These data
also suggest that Fgf signaling is activated via yet unidentified
distinct molecule, probably another MEKK, to regulate the total
number of cochlear progenitor cells.

Interestingly, recent studies have revealed that MEKK4 activ-
ity stimulates the JNK pathway (Abell et al., 2007, 2009) in
trophoblast stem cells during placental development, thus main-
taining trophoblast stem cells in an undifferentiated state. In the
inner ear, JNK activity is reported to be involved in spiral gan-
glion neurite outgrowth; however, its role in the sensory cell de-
velopment, if any, is not known (Bodmer et al., 2002; Atkinson et
al., 2011). Our data here demonstrate the presence of active JNK
in the developing organ of Corti. However, loss of MEKK4 func-
tion does not affect the levels of JNK activity within the organ of
Corti, suggesting that the cellular phenotypes observed in
MEKK4-deficient inner ears are not due to insufficient active
JNK. On the other hand, we found that phosphorylated ERK
levels are repressed in inner ears of MEKK4 signaling-defective
mutants, supporting a novel JNK-independent role for MEKK4
during development. The data thus suggest that MEKK4-ERK

J. Neurosci., January 27,2016 - 36(4):1347-1361 « 1359

signaling mediates inner ear development and that FGFR1 acts
upstream to regulate MEKK4-ERK signaling. In agreement with
this hypothesis, studies have demonstrated that phospho-ERK is
activated by FGF and participates in the regulation of prolifera-
tion, differentiation, survival, and apoptosis within CNS, among
other systems (Sato et al., 2004; Gotoh, 2009). The effects of
inhibition of MEKK4-ERK signaling on OHC development can
be explained by Atoh1l downregulation observed in MEKK4 mu-
tants. Given that downregulation of Atoh1 levels is seen in Fgf20-
inhibited and MEKK4<"**'® cochleae, it is likely that FGF
signaling via MEKK4-ERK might disrupt the Atohl feedback
loop through post-translational modifications. Also, phospho-
ERK activity is downregulated in Fgfr] mutants within the devel-
oping otocyst, suggesting that FGFR1 signaling is mediated via
ERK to regulate prosensory development (Ono et al., 2014). To-
gether, these data indicate that the FGF20, possibly by binding to
FGFRI, signals via MEKK4 to activate ERK activity to influence
HC differentiation. This, in turn, suggests that FGF20-FGFR1
signaling is dependent on MEKK4 expression levels to regulate
HC development and differentiation and that FGF20-FGFR1 is
activated via MEKK4-ERK to regulate inner ear HC develop-
ment. We summarize these signaling interactions in Figure 80.
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