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The stereotyped arrangement of cochlear sensory and supporting cells is critical for auditory function. Our
previous studies showed that Muenke syndrome model mice (Fgfr3P244R/+) have hearing loss associated with
a supporting cell fate transformation of two Deiters’ cells to two pillar cells. We investigated the developmental
origins of this transformation and found that two prospective Deiters’ cells switch to an outer pillar cell-like fate
sequentially between embryonic day 17.5 (E17.5) and postnatal day 3 (P3). Unexpectedly, the Fgfr3P244R/+ hearing
loss and supporting cell fate transformation are not rescued by genetically reducing fibroblast growth factor 8
(FGF8), the FGF receptor 3c (FGFR3c) ligand required for pillar cell differentiation. Rather, reducing FGF10, which
normally activates FGFR2b or FGFR1b, is sufficient for rescue of cochlear form and function. Accordingly, we
found that the P244R mutation changes the specificity of FGFR3b and FGFR3c such that both acquire
responsiveness to FGF10. Moreover, Fgf10 heterozygosity does not block the Fgfr3P244R/+ supporting cell fate
transformation but instead allows a gradual reversion of fate-switched cells toward the normal phenotype between
P5 and at least P14. This study indicates that Deiters’ and pillar cells can reversibly switch fates in an FGF-
dependent manner over a prolonged period of time. This property might be exploited for the regulation of sensory
cell regeneration from support cells.
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The sensory epithelium of the mammalian cochlear duct
comprises a stereotyped mosaic of sensory and supporting
cells, both of which are derived from a prosensory pro-
genitor pool and are critical to auditory function. From
cochlear base to apex, there are four longitudinal rows of
sensory hair cells situated above a basilar membrane. The
row closest (medial) to the central axis of the coiled
cochlea is composed of inner hair cells, and the three
more lateral rows are composed of outer hair cells. These
sensory cells convert sound-induced movement of the
basilar membrane into electrical signals that travel
through the cochlear nerve and into the brain for auditory
perception. Each type of hair cell has associated support-
ing cells that transmit basilar membrane movement to
the sensory cells, provide rigidity to the epithelium, and
assist with recycling ions and neurotransmitters pro-

duced by hair cells. Viewed in cross-section (Fig. 1B,C),
an inner phalangeal cell supports the inner hair cell, and
a Deiters’ cell supports each outer hair cell. In addition,
two pillar cells separate the rows of inner and outer hair
cells, forming the tunnel of Corti. Dysfunction of any of
these cell types consequent to genetic mutation or
environmental or age-related insults causes hearing im-
pairment, and in most cases, sensory hair cell death
ensues. In fish and birds, hair cells regenerate naturally
by either direct transdifferentiation or proliferation and
subsequent differentiation of remaining support cells.
Mammalian hair cells, however, do not normally regen-
erate, and most strategies designed to promote such
regeneration are based on manipulating the developmen-
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tal signals controlling cochlear prosensory progenitor
proliferation and differentiation (for review, see Kelly
and Chen 2009; Groves 2010; Monzack and Cunningham
2013; Rubel et al. 2013; Wan et al. 2013).

Fibroblast growth factor (FGF) signaling plays critical
dosage-sensitive roles in many aspects of inner ear de-
velopment, from induction of the otic placode through

otic vesicle morphogenesis to cochlear sensory and sup-
porting cell fate specification (for review, see Schimmang
2007; Groves and Fekete 2012; Wu and Kelley 2012).
Mammalian FGFs comprise an 18-member family of
secreted ligands that signal by activating FGF receptor
(FGFR) tyrosine kinases, which are encoded by four genes.
Fgfr genes 1–3 are alternatively spliced such that differ-
ential inclusion of either of two exons encoding a portion
of the FGF-binding domain leads to alternative produc-
tion of ‘‘b’’ and ‘‘c’’ receptor isoforms. These differ with
respect to FGF-binding specificity and affinity in cell
culture-based activity and in vitro binding assays (for
review, see Goetz and Mohammadi 2013). Mutations in
ligand/receptor pairs often lead to shared loss-of-function
phenotypes. For example, FGF3 and FGF10 both prefer-
entially activate FGFR2b, and loss of any one of these
genes causes abnormal morphogenesis of the otic vesicle
(Pirvola et al. 2000; Pauley et al. 2003; Hatch et al. 2007).
In the developing cochlear sensory epithelium, shared
loss-of-function phenotypes suggest that FGF8, which is
expressed specifically by the developing inner hair cell,
signals through FGFR3, expressed in the laterally adja-
cent developing support cells, to promote differentiation
of the two closest support cells as pillar cells. Thus, mice
lacking Fgfr3 or humans carrying a presumed dominant-
negative mutation in FGFR3 are hearing impaired, and
the mice show incomplete differentiation of pillar cells
(Colvin et al. 1996; Toydemir et al. 2006; Hayashi et al.
2007; Puligilla et al. 2007). Similarly, mice lacking inner
ear expression of Fgf8 also show aberrant pillar cell
differentiation (Jacques et al. 2007; Zelarayan et al.
2007). FGFR3c is presumed to be the relevant isoform
for pillar cell specification because although Fgfr3c-null
mice have not been tested for hearing loss, they show
other phenotypes associated with complete loss of Fgfr3,
whereas Fgfr3b-null mice have no reported abnormalities
(Eswarakumar and Schlessinger 2007).

Just as a loss of FGF signaling leads to hearing impair-
ment, so, too, does a gain of FGF signaling. Mice lacking
the negative feedback regulator of FGF signaling, Sprouty2,
show significant hearing loss and a cochlear supporting
cell fate transformation of one Deiters’ cell to one pillar
cell such that they have three, instead of two, rows of
pillar cells and only two, instead of three, rows of Deiters’
cells. Significantly, the hearing loss and supporting cell
fate transformation are rescued when one copy of Fgf8 is
removed from the Spry2-null background (Shim et al.
2005). These data, together with the loss-of-function
studies (Colvin et al. 1996; Hayashi et al. 2007; Jacques
et al. 2007; Puligilla et al. 2007; Zelarayan et al. 2007),
support the model of an FGF signaling gradient in the
developing cochlear sensory epithelium in which support
cell progenitors experiencing the highest levels of FGF8/
FGFR3 signaling differentiate as pillar cells, and those
that are farther from the FGF source differentiate as
Deiters’ cells (Shim et al. 2005).

A gain of FGF signaling can also be caused by FGFR
missense mutations. Such dominant mutations are fre-
quent causes of craniosynostosis in humans, and some,
like that causing Muenke syndrome (Online Mendelian

Figure 1. A sequential transformation of two Deiters’ cells to
two pillar cells occurs between E17.5 and P3 in Muenke syndrome
model cochleae. Hematoxylin and eosin-stained basal cochlear
cross-sections from wild-type (A–C) and Fgfr3P244R/+(A1–C1) mice.
Stage is indicated at the top right of the wild-type sections, and
a dotted line marks the basilar membrane. Yellow lines and text
in mutant panels indicate support cell nuclei and presumptive
identification based on position. Bars in the bottom right of
A–C indicate 25 mm and apply to corresponding mutant
panels. (D–K) Mid-base cochlear cross-sections of wild-type and
Fgfr3P244R/+samples treated with primary antibodies directed
against CD44 (outer pillar cells) and MYO7A (hair cells) (left

column), CD44 and SOX2 (support-cell nuclei) (middle column),
or CD44 and p75NTR (inner pillar cells) (right column). The color
of the name of each antigen shown in the column headings
indicates the color of the secondary antibodies used for detection.
DAPI (blue) labels all nuclei. Genotypes are indicated at the left
of each row, and stages are indicated at the top right of the first
panel in each row. White arrows indicate outer pillar or pillar-like
cells. The bar shown in D applies. For all panels, lateral is to the
left. (D) Deiters’ cells; (H) Hensen’s cell; (i) inner hair cell; (ipc),
inner pillar cell; (is) inner sulcus; (o) outer hair cell; (op) outer
pillar; (os) outer sulcus; (t) tunnel of Corti.
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Inheritance in Man [OMIM] 602849; FGFR3 P250R), are
also associated with hearing loss (Agochukwu et al.
2010). The Muenke syndrome mutation is located in
the extracellular domain of FGFR3, affects both the ‘‘b’’
and ‘‘c’’ receptor isoforms, and increases the binding
affinity of FGFR3c for certain FGFs (Ibrahimi et al.
2004b). Although Muenke syndrome hearing loss was
originally thought to be variable, we found that all
subjects have a mild–moderate predominantly low-fre-
quency sensorineural (cochlear) hearing loss of ;20–40
decibels (dB). Furthermore, mice heterozygous for the
paralogous mutation (FGFR3 P244R) have 100% pene-
trant hearing loss that is similar in character (worse at
low frequencies than at high) but more severe in degree
(up to 60 dB, depending on genetic background). The
Muenke syndrome model mice have a support cell fate
transformation similar to that of Spry2-null mice but
more severe: Two rows of Deiters’ cells are converted to
two rows of pillar cells such that there is a total of
four rows of pillar cells and one row of Deiters’ cells
(Mansour et al. 2009).

Here, we explore the development of this pheno-
type and determine the FGF ligand responsible for the
Muenke syndrome model inner ear phenotypes by as-
saying for rescue of auditory function and support cell
fate consequent to reducing cochlear-expressed Fgfs
in the Fgfr3P244R/+ background. Our results implicate an un-
expected ligand driving Fgfr3P244R/+ cochlear pathogenesis,
and our studies of the development and rescue of the
support cell phenotype reveal an extended period of FGF-
dependent plasticity in the identity of supporting cells
that might ultimately prove useful in regulating sensory
hair cell regeneration.

Results

The Muenke syndrome model cochlear support cell
fate transformation starts between embryonic day
17.5 (E17.5) and E18.5 and is complete by postnatal
day 3 (P3)

To determine when the supporting cell fate transforma-
tion occurred in the Muenke syndrome model, we first
examined histologic basal cross-sections of wild-type and
Fgfr3P244R/+cochleae between E15.5 and P10. In P5 (Fig.
1A) and younger (data not shown) wild-type samples, each
of the presumptive outer pillar (op), inner pillar (ip), and
three Deiters’ (D) cell nuclei were located immediately
above the basilar membrane (dashed line) and beneath the
inner (i) and outer (o) hair cell nuclei. At these stages
Fgfr3P244R/+ samples showed no obvious differences in
cytoarchitecture (Fig. 1A1, support cell nuclei are in-
dicated by yellow lines, and presumptive identities are
based on position). By P7 in wild-type samples, the tunnel
of Corti (t) opened, and while the two pillar cell nuclei
remained quite close to the basilar membrane, the three
Deiters’ cell nuclei had moved upward with the hair cell
nuclei (Fig. 1B). In contrast, P7 Fgfr3P244R/+ samples had
an abnormal appearance. Although the tunnel of Corti
had opened and there were five support cell nuclei
found lateral to the inner hair cell, four were still

located immediately above the basilar membrane, as
expected for pillar cells. Only one support cell nucleus
(the most lateral) had moved upward and was close to the
nucleus of the most lateral outer hair cell, assuming the
position expected for a Deiters’ cell (Fig. 1B1). By P10, just
prior to the onset of hearing in mice, the differences
between the two genotypes were more striking. While
wild-type sections showed normally located pillar and
Deiters’ cell nuclei (Fig. 1C), the Fgfr3P244R/+ sample had
four pillar-like cells and only one with a Deiters’-like
position (Fig. 1C1), similar to the differences reported in
mature samples (Mansour et al. 2009).

To determine when molecular differences between
supporting cell types were first evident as well as the
time course of supporting cell fate transformation, we
examined immunostained mid-base cochlear cross-sec-
tions prepared from wild-type and Fgfr3P244R/+ samples
between E17.5 and P3 (Figs. 1D–K). Outer pillar cells were
labeled with antibodies directed against CD44, which is
also expressed by a subset of cells in the inner and outer
sulci on either side of the sensory epithelium but not by
inner pillar cells (Hertzano et al. 2010). Sensory hair cell
bodies and support cell nuclei were identified using
antibodies directed against MYO7A and SOX2, respec-
tively. DAPI was used to label all nuclei. We found that in
wild-type samples, CD44 immunoreactivity was just
barely detectable at E17.5 and was localized to a single
organ of Corti support cell (Fig. 1D, white arrows)
adjacent to the innermost (medial) outer hair cell (Fig.
1D, o). The CD44 staining surrounded a SOX2-positive
nucleus that was adjacent to three SOX2-positive Deiters’
cell nuclei (Fig. 1D, D), identifying it as an outer pillar
cell. The same pattern of immunoreactivity was found in
the E17.5 Fgfr3P244R/+ sample (Fig. 1E), indicating that the
cell fate change seen in older animals had not yet
occurred. One day later, at E18.5, we found that relative
to the wild-type sample (Fig. 1F), the Fgfr3P244R/+ epithe-
lium had acquired an additional CD44-positive cell that
costained for SOX2, but the number of SOX2-positive
nuclei located immediately above the basilar membrane
was unchanged (Fig. 1G), suggesting that one Deiters’ cell
had converted to an outer pillar cell-like fate. Immuno-
staining of P0 samples (Figs. 1H,I) was similar to those at
E18.5, but by P3, we found that relative to wild-type
samples (Fig. 1J), Fgfr3P244R/+ samples now had three
CD44-positive cells with SOX2-positive nuclei, and there
was still no change in the total number of SOX2-positive
nuclei above the basilar membrane (Fig. 1K). The CD44-
positive cells did not costain with antibodies directed
against the inner pillar cell marker p75NTR in any sample
(Fig. 1D–K, third column). Thus, the cell fate transforma-
tion of two Deiters’ cells to two pillar cells, identified as
outer pillar-like cells based on CD44 staining, occurred
gradually starting at E18.5 and finishing by P3. Attempts
to determine whether the outer pillar-like cells seen in
Fgfr3P244R/+ cochleae retain any Deiters’-like character by
labeling them with antibodies directed against S100A1
(Hayashi et al. 2007; Puligilla et al. 2007) were frustrated
by persistent colabeling of pillar cells even in wild-type
controls (data not shown).
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FGF signaling expands laterally in Muenke syndrome
model cochleae

After E18.5, developing Deiters’ and pillar cells are the
only cochlear cell types that express Fgfr3 (see Supple-
mental Fig. S1; Hayashi et al. 2010). To determine where
FGF signaling activity changes during the development of
the Fgfr3P244R/+ cochlear phenotype, we assayed expres-
sion of known transcriptional targets of FGF signaling
(Hey2, Pea3/Etv4, Erm/Etv5, and Spry1) by in situ hy-
bridization to RNA in wild-type control, heterozygous,
and homozygous mutant sections (Fig. 2). At P0, Hey2
was expressed in developing pillar cells (Fig. 2A1;
Doetzlhofer et al. 2009), and although unaffected in
heterozygotes, its domain expanded laterally into the
Deiters’ cell region in homozygotes (Fig. 2A2,A3). At
P3, Pea3 and Erm were expressed strongly and weakly,
respectively, in cells flanking the Deiters’ cell area in
wild-type samples (Fig. 2B1,C1; Hayashi et al. 2008). Pea3
expression expanded into the Deiters’ cell area in homo-
zygotes (Fig. 2B3), and Erm expression expanded in both
heterozygotes and homozygotes (Fig. 2C2,C3). At P5,
Spry1 was expressed in wild-type developing pillar cells
(Fig. 2D1; Shim et al. 2005), and ectopic expression was
detected in the Deiters’ cell region of both heterozygotes
and homozygotes (Fig. 2D2,D3). At P7, weak expression
of Erm and Spry1 was evident in wild-type pillar cells (Fig.
2E1,F1), and ectopic expression of both genes was evident
in both heterozygotes and homozygotes (Fig.
2E2,E3,F2,F3). Thus, in Fgfr3P244R/+ cochleae, FGF signal-
ing was expanded and/or elevated in cells that would

ordinarily develop as Deiters’ cells but assumed an outer
pillar cell-like fate. Furthermore, this expansion persisted
beyond P3, the stage at which the supporting cell fate
transformation was complete.

The hearing loss and supporting cell fate
transformation characteristic of the Muenke
syndrome model are rescued by reducing the copy
number of Fgf10

The hearing loss and one-to-one Deiters’-to-pillar cell
fate transformation characteristic of Spry2-null mice are
rescued by reducing the copy number of Fgf8 (Shim et al.
2005). To determine the FGF ligand responsible for the
hearing loss and supporting cell fate transformation seen
in Fgfr3P244R/+ cochleae, we first reduced the copy
number of Fgf8 and several other FGFs that, like FGF8,
are expressed in the cochlear duct and effectively in-
teract with FGFR3c in cell culture-based activity or in
vitro binding assays (Ibrahimi et al. 2004b; Zhang et al.
2006). We then assayed auditory brainstem response
(ABR) thresholds to broadband click and pure tone pip
stimuli of 8, 16, and 32 kHz (representing the low-,
middle-, and high-frequency ranges of mouse hearing) in
3- to 5-wk-old animals and calculated the degree of
hearing loss.

Preliminary studies of Fgfr3P244R/+ mice lacking one
copy of Fgf8, one copy of Fgf9, or one copy each of Fgf8
and Fgf9 (Supplemental Fig. S1 of Mansour et al. 2009)
were expanded, and we also determined ABRs of mice
with those same genotypes after removing the remaining
wild-type copy of Fgfr3. In addition, we tested Fgfr3P244R/+

mice in which one copy of Fgf20 was removed. Fgf20
encodes another potential FGFR3c ligand (Zhang et al.
2006) that is expressed in the developing prosensory
domain and is required for outer hair cell differentiation
(Hayashi et al. 2008; Huh et al. 2012). Even in a mixed
genetic background, Fgfr3P244R/+;Fgf8+/+;Fgf9+/+ mice had
hearing loss that was 100% penetrant, mild–moderate in
degree (30–40 dB), and more severe (40 dB) at low
frequencies than at high (30 dB) (Fig. 3A, left four gray
boxes). None of the copy number reductions involving
Fgf8, Fgf9, Fgf20, or Fgfr3 rescued Fgfr3P244R/+ hearing
loss, and in some cases, they actually made the hearing
loss worse (Fig. 3A).

Next, we noticed that Fgf3 and Fgf10, which encode
effective ligands for FGFR2b and FGFR1b (Zhang et al.
2006) but are unable to bind in vitro to either FGFR3c or
FGFR3c P250R (equivalent to mouse FGFR3c P244R)
(Ibrahimi et al. 2004b), are expressed weakly and strongly,
respectively, in the vicinity of the developing cochlear sup-
port cells (Supplemental Figs. S1, S2 for Fgf10; Wilkinson
et al. 1989; Pirvola et al. 2000; Pauley et al. 2003). Re-
moving one copy of Fgf3 from Fgfr3P244R/+ mice had no
effect on hearing loss. Remarkably, however, removing
one copy of Fgf10 was sufficient to completely restore
ABRs in 13 of 17 Fgfr3P244R/+ mice and improved high-
frequency responses in the remaining four such animals
(Fig. 3B).

To assess cochlear support cell differentiation in mice
with the double-heterozygous genotype, we prepared

Figure 2. FGF signaling expands into the Deiters’ cell region of
Fgfr3P244R/+ and/or Fgfr3P244R/P244R cochleae. In situ hybridiza-
tion of mid-base cochlear cross-sections with cRNA probes for
known transcriptional targets of FGF signaling is shown. Geno-
types (on the 129S6 inbred background) are indicated at the top

of each column. Developmental stages are shown at the bottom
left of each row, and probe names are indicated at the left of each
row. Brackets indicate the location of the developing Deiters’
cells, and red stars highlight expansion and/or intensification of
the hybridization signal into this region. For each panel, lateral
is to the left, and the bar shown in A1 applies.
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histologic sections of inner ears following ABR testing. As
expected, wild-type and Fgf10�/+ control animals with
normal hearing had cochleae that showed the normal
pattern of three Deiters’ cells and two pillar cells

(Fig. 3C,D). Support cells from hearing-impaired Fgfr3P244R/+

mice were transformed, showing one Deiters’-like and
four pillar-like cells (Fig. 3E), similar to those of inbred
Fgfr3P244R/+ mice reported previously (Mansour et al.
2009) and hearing impaired Fgfr3P244R/+; Fgf8�/+ mice
(data not shown). Support cells of normal hearing
Fgfr3P244R/+; Fgf10�/+ mice (Fig. 3F), however, appeared
similar to those of controls. Therefore, these data provide
genetic evidence that FGF10 is responsible for generating
the Muenke model hearing loss and cochlear supporting
cell fate transformation.

Rescue of the Muenke syndrome model
Deiters’-to-pillar cell fate transformation by Fgf10
reduction occurs gradually after P5

To determine when Fgf10 heterozygosity rescues the
Fgfr3P244R/+ support cell fate transformation, we exam-
ined immunostained mid-base cochlear cross-sections
prepared from wild-type, Fgf10�/+, Fgfr3P244R/+, and
Fgfr3P244R/+;Fgf10�/+ samples between E17.5 and P14
(Fig. 4A–P). No differences in Deiters’-like versus outer
pillar-like cell numbers between Fgfr3P244R/+ and
Fgfr3P244R/+;Fgf10�/+ samples were apparent between
E17.5 and P3 (data not shown). Even at P5, a stage when
cochlear Fgf10 expression is diminishing naturally in
a basal-to-apical wave (Supplemental Fig. S2), relative to
the control samples with one outer pillar cell and three
Deiters’ cells (Fig. 4A,B) and Fgfr3P244R/+ samples with
three outer pillar-like cells and one Deiters’-like cell (Fig.
4C), Fgfr3P244R/+;Fgf10�/+ samples still had a cochlear
support cell phenotype similar to that of Fgfr3P244R/+

samples, with only a slight diminishment in CD44
staining of the most lateral outer pillar-like cell (Fig.
4D). It was not until P7, when Fgf10 expression in the
cochlear base is almost extinguished (Supplemental Fig.
S2), that we first detected a reversion of Fgfr3P244R/+;
Fgf10�/+ support cells back toward a more normal phe-
notype. Fgfr3P244R/+;Fgf10�/+ sections showed two outer
pillar-like cells (the outermost of which had weak CD44
expression) (Fig. 4H, gray arrow) and two Deiters’-like
cells (Fig. 4H). A similar phenotype was seen in P10
Fgfr3P244R/+;Fgf10�/+ samples relative to control and
Fgfr3P244R/+ samples (Figs. 4I–L). Even at P14, when the
CD44 immunoreactivity in outer pillar cells was severely
diminished even in control samples (Figs. 4M,N),
Fgfr3P244R/+;Fgf10�/+ support cells were much closer to
but not entirely normal, with residual CD44 expression
in one more support cell than normal (Figs. 4O,P). This
may suggest that either double heterozygotes are never
entirely normal (although the large majority become
hearing-competent) (Fig. 3B) or fate transformation is
not complete until after the stages at which CD44
expression can be detected. Regardless, heterozygosity
for Fgf10 does not prevent the cochlear support cell fate
transformation characteristic of the Muenke syndrome
model. Rather, it appears that the levels of FGF10 in
a heterozygote become insufficient to maintain the trans-
formation, and this permits a reversion to the normal
phenotype after the fact.

Figure 3. The hearing loss and cochlear support cell fate
transformation characteristic of Muenke syndrome model mice
are rescued by removing one copy of Fgf10. (A) Gray boxes show
mean hearing loss (in decibels; SPL 6 tandard error of the mean
[SEM] difference) on the Y-axis plotted against click (C) and 8,
16, and 32 kHz tone pip stimuli calculated following ABR
testing of Fgfr3P244R/+ and control mice heterozygous for null
alleles of Fgf8, Fgf9, Fgf8, and Fgf9, and Fgf20. Black boxes show
the mean hearing loss after removal of one copy of Fgfr3 and
Fgf8, Fgf9, or Fgf8 and Fgf9. (B) Gray boxes show mean hearing
loss of Fgfr3P244R/+ mice to the same stimuli as in A and
heterozygous for either Fgf3 or Fgf10. The Fgf10 results are
further split into the majority (13 of 17) showing full restoration
of auditory thresholds and the minority (four of 17) in which
only high-frequency hearing improved. (C–F) Hematoxylin and
eosin-stained cochlear cross-sections from ABR-tested mice of
the genotypes indicated at the bottom left of each panel. (D)
Deiters’ cell; (i) inner hair cell; (o) outer hair cell; (p) pillar cell.
For C–F, lateral is to the left, and the bar shown in C (20 mm)
applies to all panels.
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Removing one copy of Fgf10 rescues the expansion
of FGF signaling in Muenke syndrome model cochleae

To ask whether removing one copy of Fgf10 from
Fgfr3P244R/+ mice affected FGF signaling in the developing
Deiters’ cell region, we examined Pea3 and Spry1 expres-
sion at P3 and P5. At both stages, Pea3 expression flanked
developing Deiters’ cells in wild-type and Fgf10�/+ con-
trol samples (Fig. 4Q1,R1,U1,V1), expanded into the
Deiters’ cell region in Fgfr3P244R/+;Fgf10+/+ samples (Fig.
4S1,W1), and was restored to normal in Fgfr3P244R/+;
Fgf10�/+ samples (Fig. 4T1,X1). The more obvious lateral
spreading of Pea3 expression in this P3 Fgfr3P244R/+

sample (Fig. 4S1) relative to that in Figure 2B2 could
be a consequence of genetic background and/or in situ
hybridization development times. Similarly, Spry1, which
was expressed most strongly in the wild-type and Fgf10�/+

control pillar cell region (Fig. 4Q2,R2,U2,V2) and expanded
into the Deiters’ cell region of Fgfr3P244R/+ samples (Fig.
4S2,W2), was restored to its normal domain in Fgfr3P244R/+;
Fgf10�/+ samples (Fig. 4T2,X2). Therefore, rescue of the
Muenke syndrome model support cell phenotype corre-
lates with a reduction in FGF signaling indicators in the
developing Deiters’ cell region.

FGF10 activates FGFR3b P244R and FGFR3c P244R
but not their wild-type counterparts

Since FGF10 is not an effective ligand for FGFR3b or
FGFR3c in cell culture-based assays (Zhang et al. 2006)
and does not bind to human FGFR3c or FGFR3c P250R in
surface plasmon resonance assays (Ibrahimi et al. 2004b),
one mechanism that could explain how FGF10 mediates
the Muenke syndrome model support cell phenotype

Figure 4. Rescue of the Fgfr3P244R/+ Deiters’-to-
pillar cell fate transformation by Fgf10 heterozy-
gosity proceeds gradually after P5 and is preceded
by reversal of FGF signaling expansion into the
Deiters’ cell region. (A–P) Immunostaining of
mid-base cochlear cross-sections prepared from
wild-type and Fgf10�/+ controls and Fgfr3P244R/+

and Fgfr3P244R/+;Fgf10�/+ samples with anti-
bodies directed against CD44 (outer pillar cells)
and MYO7A (hair cells) or CD44 and SOX2
(support cell nuclei). The color of the name of
each antigen shown in the column headings
indicates the color of the secondary antibodies
used for detection. DAPI (blue) labels all nuclei.
White arrows indicate outer pillar cells. Gray
arrows indicate CD44-positive cells with dimin-
ished staining. (Q–X) In situ hybridization of P3
and P5 mid-base cochlear cross-sections with
cRNA probes directed against FGF signaling
targets Pea3 and Spry1. Brackets indicate the
location of the developing Deiters’ cells, and
red stars indicate expansion and/or intensifica-
tion of the hybridization signal in Fgfr3P244R/+

samples. Genotypes are indicated at the left of
each row, stages are indicated above each set of
four genotypes, and for each panel, lateral is to
the left. The bar in A applies to A–H, the bar in
I applies to I–P, and the bar in Q applies to Q–X.
(D) Deiters’ cells; (H) Hensen’s cell; (i) inner hair
cell; (ipc) inner pillar cell; (o) outer hair cell.
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would be if FGF8 activation of the mutant receptor
induces expression of an FGF10 receptor, such as
FGFR2b or FGFR1b, in developing Deiters’ cells, mak-
ing them responsive to FGF10. However, we found that
not only was there no change in cochlear Fgfr2 expres-
sion in Fgfr3P244R heterozygotes and homozygotes rel-
ative to wild-type samples, there were also no changes
in Fgfr1 or Fgfr3 expression, and furthermore, neither
Fgf8 nor Fgf10 expression was altered (Supplemental
Fig. S1).

Next, we asked whether the Muenke syndrome model
cochlear phenotype might be caused by FGF10 activa-
tion of signaling through FGFR3b P244R, the human
equivalent of which was not tested in the binding assay
(Ibrahimi et al. 2004b). RT–PCR assays confirmed that
both the Fgfr3b and Fgfr3c splice isoforms are indeed
expressed in wild-type and Fgfr3P244R/+ cochlear epithelia,
with the level of Fgfr3c consistently higher than that of
Fgfr3b, despite extensive cycles of amplification (Supple-
mental Fig. S3).

To determine the relative abilities of FGF8 and FGF10
to activate the wild-type and P244R versions of FGFR3b
and FGFR3c, we transiently transfected expression vec-
tors for each wild-type and mutant receptor isoform
together with an FGF-responsive firefly luciferase re-
porter plasmid and a Renilla luciferase transfection
control plasmid into L6 rat myoblasts, treated the trans-
fected cells with several FGF concentrations, and de-
termined the ratio of firefly to Renilla luciferase activity
(Fig. 5). The Fgfr3 cDNAs were modified previously such
that the extracellular domain encodes FGFR3b or
FGFR3c, but the intracellular domain is derived from
FGFR1 (Ornitz et al. 1996). Renilla luciferase activity
from the transfection control vector was robust but
showed no FGF responsiveness (data not shown). Neither
FGF was able to induce luciferase activity in cells trans-
fected with an expression vector lacking an Fgfr cDNA
(empty vector), whereas, as expected, FGF8, but not
FGF10, induced luciferase activity significantly above
background levels in cells transfected with a wild-type
FGFR1c expression vector. FGFR1c was also activated by
FGF2 to the same extent seen by Raivio et al. (2009) (data
not shown). These control conditions confirmed that
there is no endogenous FGFR expression in L6 cells
(Olwin and Hauschka 1989; Roghani et al. 1996) and that
there is endogenous FGF expression and/or perdurant
FGF from the serum used to culture the L6 cells.

As expected, we found that, in all three trials, FGF8, but
not FGF10, significantly induced wild-type FGFR3c (ap-
proximately threefold) (Fig. 5). FGF2 was also able to
activate FGFR3c (data not shown). Also as expected, in all
three trials, neither FGF8 nor FGF10 activated wild-type
FGFR3b. In contrast, although FGF8 significantly acti-
vated FGFR3c P244R to an extent similar to wild-type
FGFR3c in all three trials, in two of the three trials,
FGF10 also significantly activated FGFR3c P244R (ap-
proximately twofold) (Fig. 5). Finally, FGF8 did not
activate FGFR3b P244R, but FGF10 did so significantly
in all three trials (approximately threefold) (Fig. 5). Thus,
FGF8 can activate FGFR3c P244R similarly to the wild-

type receptor, and FGF10 is an effective ligand for both
of the Muenke syndrome FGFR3 receptor isoforms.

Discussion

Collectively, our data show that in the mouse Fgfr3P244R/+

Muenke syndrome model cochlea, two Deiters’ cells
transform sequentially into two outer pillar-like cells
between E17.5 and P3, and this transformation is associ-
ated with the expansion of FGF signaling into the de-
veloping Deiters’ cell region. Surprisingly, the Muenke
syndrome model hearing loss and supporting cell fate
transformation are not rescued by reducing the copy
number of FGF8, the FGFR3c ligand required for pillar
cell differentiation, or reducing other cochlear FGF li-
gands that activate FGFR3c but rather reducing FGF10,
a ligand that normally activates FGFR2b and FGFR1b. In
addition, we found that the Muenke syndrome mutation
changes FGFR3b and FGFR3c such that both acquire
responsiveness to FGF10. These results are integrated
into a diagram summarizing the effects of loss and gain of
FGF signaling on cochlear support cell differentiation, in
which low levels of FGFR3 signaling promote Deiters’
cell differentiation, and high levels promote pillar cell
differentiation (Fig. 6). Intriguingly, we also found that
FGF10 heterozygosity does not prevent the supporting
cell fate transformation but instead, starting between P5
and P7, when Fgf10 transcripts naturally begin to di-

Figure 5. FGF10 activates both FGFR3b P244R and FGFR3c
P244R but not their wild-type counterparts. Bar graph from one
of three replicate experiments showing luciferase activity in-
duced by FGF8 or FGF10 stimulation of FGFRs. L6 myoblasts
were transfected with the indicated FGFR expression plasmid
(or an empty vector [EV]), an FGF-responsive firefly luciferase
plasmid, and a Renilla luciferase transfection control plasmid.
Cells were treated with the indicated concentrations (in pico-
molar) of FGF8 (F8) or FGF10 (F10). The ratio of firefly to Renilla

luciferase activity for each assay is shown by the height of each
bar. Error bars represent 1 SEM. Horizontal bars topped with
asterisks indicate significant induction of luciferase activity using
Dunnett’s multiple comparison test. (*) P # 0.05; (**) P # 0.01;
(***) P # 0.001; (WT) wild type; (M) P244R.
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minish in the cochlear base, appears to allow a gradual
reversion toward the normal phenotype. This is associ-
ated with a reduction of FGF signaling in the developing
Deiters’ cell region, indicating that Deiters’ and pillar
cells can reversibly switch fates in an FGF-dependent
manner over a prolonged period of time.

Our previous histologic study of ABR-tested Muenke
syndrome model heterozygotes and homozygotes showed
that the FGFR3 P244R mutation induces two Deiters’
cells to transform into two presumptive pillar cells
(Mansour et al. 2009). The present study examined the
development and molecular identity of support cells in
the Muenke syndrome model. Inner pillar cells are the
first support cells to differentiate (Thelen et al. 2009), and
this occurs at E16 in rats (approximately E14.5 in mice).
By E17 (approximately E15.5 in mice), these cells express
p75NTR (von Bartheld et al. 1991), although the timing of
specificity for inner pillar cells in mice may be somewhat
later (Mueller et al. 2002; Woods et al. 2004). We found
that the earliest expression of the only known outer pillar
cell marker, CD44 (Hertzano et al. 2010), occurred in
controls at E17.5, when inner pillar cells, identified by
p75NTR staining, had clearly already differentiated. Since
the number of CD44-positive cells increased in Fgfr3P244R/+

cochlear cross-sections by one at E18.5 and by two at P3
but p75NTR-positive cells did not change and neither did
the number of SOX2-positive support cells, we conclude
that Muenke syndrome model cochleae have a cell fate
transformation from Deiters’ to outer pillar-like cells that
occurs over 4–5 d. This fate transformation is likely a
direct effect of increased signaling by FGFR3 P244R
because Fgfr3 is expressed in developing support cells,
and the Deiters’ cell region of Fgfr3P244R/+ cochleae shows

ectopic and/or enhanced expression of several FGF target
genes.

Normally, FGF8 promotes pillar cell differentiation by
activating FGFR3 (Hayashi et al. 2007; Jacques et al.
2007; Puligilla et al. 2007; Zelarayan et al. 2007), so
increasing FGF signaling by removing Spry2, the nega-
tive feedback regulator that is initially expressed broadly
in cochlear support cells but eventually becomes re-
stricted to Deiters’ cells, causes one Deiters’ cell to trans-
form into a pillar cell by P7. This transformation is rescued
by removing one copy of Fgf8 (Shim et al. 2005). The
Spry2�/� cell fate transformation is complete a bit later
and is weaker than that found in Fgfr3P244R/+ cochleae,
suggesting that the P244R mutation leads to a higher
level of FGF signaling in developing Deiters’ cells than
occurs in Spry2-null mice. Thus, developing cochlear
support cells are exquisitely sensitive to the level of
FGF signaling, and it is conceivable that even higher
levels of FGF signaling could convert all three Deiters’
cells to outer pillar cells. Normal Deiters’ cells are
presumably protected from such high levels of signaling
by the inability of FGF10 to activate wild-type FGFR3
isoforms.

The failure of phenotypic rescue found for Fgfr3P244R/+

animals heterozygous for Fgf8 and/or lacking a normal
copy of Fgfr3 and the success of phenotypic rescue
following Fgf10 copy number reduction suggest that the
P244R mutation is neomorphic. Our finding that FGFR3b
P244R and FGFR3c P244R gain responsiveness to FGF10
in a cell culture assay supports this conclusion. Previous
surface plasmon resonance assays of FGF10 interactions
with FGFR3c P250R did not detect binding (Ibrahimi
et al. 2004b); however, it is possible that our cell culture

Figure 6. Model of FGFR3 signaling levels control-
ling differentiation of cochlear support cells. Nor-
mal support cell differentiation of two pillar cells
and three Deiters’ cells is depicted in the second
column (boxed). The column at the far left shows
cochlear differentiation when FGFR3 signaling is
reduced; i.e., when Fgfr3 is globally absent or Fgf8 is
conditionally absent in the Foxg1 domain, which
includes the entire cochlear duct. Both conditions
lead to incomplete or abnormal differentiation of
pillar cells. The third column shows cochlear differ-
entiation when FGFR3 signaling is increased by
global deletion of Spry2. These cochleae have a cell
fate transformation of one Deiters’ cell to one pillar
cell. The column at the far right shows cochlear
differentiation when FGFR3 signaling is increased in
the Muenke syndrome model (Fgfr3P244R/+). These
cochleae have a cell fate transformation of two
Deiters’ cells to two pillar cells. Rescue of the
Spry2�/� phenotype by Fgf8 heterozygosity and of
the Fgfr3P244R/+ phenotype by Fgf10 heterozygosity
is depicted in the same column as the wild type

(boxed). The genetic rescue results together with the L6 transfection assay data suggest that normal pillar cell differentiation is
controlled by activation of FGFR3c by FGF8, whereas the Muenke syndrome model phenotypes arise by inappropriate activation of
FGFR3b P244R and/or FGFR3c P244R by FGF10. Inner hair cells are colored in purple, outer hair cells are in blue, Fgf10-expressing cells
are in gray, and support cells are in a shade of green depending on the level of FGFR3 signaling (light: low; dark: high). (DC) Deiters’ cell;
(IPC) inner pillar cell; (OPC) outer pillar cell.
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assay, which involves a hybrid receptor with an intracel-
lular domain derived from FGFR1, provides greater sen-
sitivity. The extent of FGF10 activation of FGFR3c P244R
in cell culture, however, was less than that found with
FGF10 and FGFR3b P244R and was statistically signifi-
cant in only two out of three cases. Nevertheless, this
interaction may well be relevant in the cochlear duct,
where Fgf10 mRNA and presumably FGF10 protein are
highly expressed and where both Fgfr3 splice isoforms are
also found, with our results suggesting that Fgfr3c is
likely more prevalent than Fgfr3b. Determining whether
one or both FGFR3 isoforms are responsible for the
observed phenotypes in vivo would require simultaneous
knock-in of the P244R mutation and knockout of each of
the ‘‘b’’- and ‘‘c’’-specific Fgfr3 exons. In the absence of
such information, the L6 cell culture assay nevertheless
provides a system that could be exploited to identify
small molecules that interfere with FGF10/FGFR3b or
FGF10/FGFR3c P244R interactions and have no effect on
the FGF8/FGFR3c signaling required for normal develop-
ment. A similar approach could also be relevant to the
ligand-dependent Apert syndrome mutations that render
FGFR2c sensitive to ‘‘b’’-type ligands and FGFR2b sensi-
tive to ‘‘c’’-type ligands (Yu et al. 2000; Ibrahimi et al.
2004a; Hajihosseini et al. 2009). Such molecules could
have therapeutic utility.

It was unexpected that Fgfr3P244R/+ mice do not fre-
quently exhibit coronal craniosynostosis, the original
defining feature of Muenke syndrome (Muenke et al.
1997; Twigg et al. 2009). Our present results suggest a
possible explanation. It could be that mice do not express
high enough levels of an FGF ligand, such as FGF10,
capable of activating the Muenke syndrome FGFR3 in the
developing coronal suture, whereas humans may do so.
Thus, studies of therapies for Muenke syndrome based on
the amelioration of hearing loss in the mouse model
could also prove relevant to human craniosynostosis.

The rescue of Muenke syndrome model cochlear phe-
notypes by Fgf10 heterozygosity begs the question of the
normal role of Fgf10 in the cochlear duct. Fgf10 is very
strongly expressed in the developing cochlear ganglion
and all of the developing inner ear prosensory patches,
eventually resolving in the cochlear duct to the broad
inner sulcus (Pirvola et al. 2000; Pauley et al. 2003)
immediately medial to the developing inner hair cell,
which expresses Fgf8. Fgf10-null mutants have severely
deranged vestibular system morphogenesis and abnor-
malities of cochlear and vestibular innervation (Pauley
et al. 2003; Ohuchi et al. 2005), but cochlear duct defects
have not been reported and are currently being assessed.

The prolonged period of development of the Muenke
syndrome model support cell fate transformation and the
finding that Fgf10 heterozygosity does not block the
phenotype but instead allows fate-transformed support
cells to convert gradually back to a normal fate indicate
a great deal of FGF-dependent plasticity in the identity of
these cells and has implications for strategies aimed at
sensory cell regeneration. Mammalian hearing loss can
occur by many different genetic and/or environmental
insults, but the end result is the death of sensory hair

cells, which cannot naturally regenerate. However, sup-
port cells often remain and, in birds and fish, appear to be
the source of replacement hair cells, whether by direct
transdifferentiation or proliferation followed by differen-
tiation (Monzack and Cunningham 2013; Rubel et al.
2013; Wan et al. 2013). Indeed, immature mouse pillar
cells can be induced in cultured cochleae to convert to
hair cells when both Notch and FGF signaling are blocked
(Doetzlhofer et al. 2009), and following noise damage,
Notch inhibition in vivo has a limited ability to convert
residual cochlear support cells into functional hair cells
(Mizutari et al. 2013). Furthermore, induced expression of
Atoh1 in immature but not mature Deiters’ cells pro-
motes hair cell differentiation (Liu et al. 2012). Interest-
ingly, mature Deiters’ cells continue to express Fgfr3 well
past the stage when cochlear FGF expression is extin-
guished (Hayashi et al. 2010). The exquisite sensitivity of
supporting cells to FGF signaling levels suggests that it
will be important to carefully calibrate the FGF signaling
environment when attempting to promote hair cell
generation from residual support cells. Finally, other
strategies for hearing restoration involve generation of
hair cells in vitro from embryonic stem cells or induced
pluripotent stem cells followed by reintroduction into the
damaged ear. Some of these already rely on manipulation
of FGF signaling to promote otic progenitor production
(Oshima et al. 2010; Chen et al. 2012; Koehler et al. 2013),
but further consideration of FGF signaling levels at later
stages of differentiation might be helpful in producing
immature support cell progenitors that could be trans-
planted and then induced to differentiate in situ into
hair cells.

Materials and methods

Mutant mice and genotyping

All experiments reported here complied with protocols approved
by the University of Utah Institutional Animal Care and Use
Committee. The mouse Fgfr3P244R allele (Fgfr3tm1.1Aomw; Mouse
Genome Informatics [MGI]: 3831364) serving as a model of
Muenke syndrome has been described (Twigg et al. 2009).
Fgf8�/+ mice (Fgf8tm1Mrc; MGI: 2150350) were described by Moon
and Capecchi (2000). Fgf9�/+ mice (Fgf9tm1Dor; MGI: 2135961)
were described by Colvin et al. (2001). Fgfr3�/+ mice (Fgfr3tm1Dor;
MGI: 1931521) were described by Colvin et al. (1996). Fgf20�/+

mice (Fgf20tm1.1Dor; MGI: 5425761) were described by Huh et al.
(2012). The Fgf3�/+ (Fgf3tm1.1Sms; MGI: 3767558) and Fgf10�/+

(Fgf10tm1.1Sms; MGI: 3526181) strains were generated and de-
scribed previously (Urness et al. 2010). Embryonic development
was considered as E0.5 on the day a mating plug was observed.
The day of birth was considered P0. Primer sets used for PCR-
based genotyping of each allele are shown in Supplemental Table 1.

The Fgfr3+/+, Fgfr3P244R/+, and Fgfr3P244R/P244R cochleae that
were studied histologically (Fig. 1) and assayed for expression of
FGF signaling targets (Fig. 2) or Fgf or Fgfr gene expression
(Supplemental Fig. S1) all came from an intercross of heterozy-
gotes maintained on the 129S6 inbred background characterized
previously (Mansour et al. 2009), whereas all other samples in
this study were derived from mixed genetic backgrounds conse-
quent to crossing the Fgfr3P244R allele to the various Fgf loss-of-
function alleles.
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Immunostaining of cochlear cryosections

For E17.5 and E18.5 samples, the whole head was bisected in the
sagittal plane and fixed for 2 h at room temperature in 4%
paraformaldehyde prepared in phosphate-buffered saline (PBS).
For postnatal samples, the temporal bone was dissected and fixed
for 2 h at room temperature or overnight at 4°C and then
decalcified overnight at 4°C in a solution of 10% EDTA/PBS.
Heads or temporal bones were embedded in sucrose/gelatin as
described (Hurley et al. 2003) with the following modifications:
5% sucrose infiltration overnight at 4°C, 15% sucrose infiltra-
tion overnight at 4°C, and 15% sucrose/7.5% gelatin (Sigma,
G2500; Bloom, 300) infiltration overnight at 37°C. Samples were
cryosectioned at 14-mm thickness in the sagittal or modiolar
parallel planes, respectively; collected on SuperFrost Plus slides;
and stored at �20°C. Primary antibodies were diluted into
PBS/5% normal serum of the secondary antibody species/0.2%
Triton X-100 and applied at the following dilutions: rat anti-
CD44 (1:800 for E18.5 and younger and 1:1000 for P0 and older;
BD Biosciences, no. 550538), rabbit anti-MYO7A (1:1000; Pro-
teus Biosciences, no. 25-6790), goat anti-SOX2 (1:250; Santa Cruz
Biotechnology, no. sc-17320), and rabbit anti-p75NTR (1:650;
Millipore, no. 07-476). Secondary antibodies were all from
Invitrogen and diluted 1:400 into PBST/5% normal serum (Alexa
Fluor 594 goat anti-rat [A11007], AlexaFluor 488 donkey anti-rat
[A21208], Alexa Fluor 488 goat anti-rabbit [A11034], and Alexa
Fluor 594 donkey anti-goat [A11058]). DAPI was included in the
mounting medium (Vectashield, Vector Laboratories). For tech-
nical reasons, the secondary antibodies used to detect SOX2
with CD44 in Figures 1 and 4 were red and green, respectively.
However, to provide visual consistency across the entire data
set, we used Photoshop CS6 to exchange the red and green
channels such that SOX2-expressing cells appear green (or pale
green, when overlapped with DAPI) and CD44-expressing cells
appear red.

Cochlear RNA in situ hybridization

Temporal bones were dissected from postnatal animals, fixed,
embedded in paraffin, sectioned parallel to the modiolus at 10 mm,
and hybridized as described (Urness et al. 2008). Digoxigenin-
labeled cRNA probes were prepared from cDNA-containing
plasmids or following PCR amplification of 39 untranslated
regions (UTRs) from mouse genomic DNA. Erm(Etv5), Fgf8,
Fgf10, Fgfr1, and Spry1 probes were described previously (Li et al.
2007; Urness et al. 2010, 2011). Pea3(Etv4) came from IMAGE
cDNA 5318783. The cDNA clone was cut with SacI and
transcribed with T7 RNA polymerase to yield a 39 UTR anti-
sense probe of 515 b. The Fgfr2 cDNA clone was described by
Hayashi et al. (2010) and provided by the investigators. Hey2 and
Fgfr3 39 UTRs were first amplified with T7 promoter-containing
primers Hey2F (59-GTAACTGATGTCGTCCATTTCGG-39)
plus Hey2R (59- ggatcctaatacgactcactatagggagAAACCAGGGTT-
CACTAGAGGTATGG-39) and Fgfr3F (59- CTAGACTCCATG
TCCAGAGTGG-39) plus Fgfr3R (59- ggatcctaatacgactcactatagggag
TGGGACTAAACGCTATGAACCTGG-39), respectively, and the
antisense strand was transcribed using T7 RNA polymerase.

ABR measurements

All animals were tested at 3–5 wk of age for response thresholds
to broadband click and 8, 16, and 32 kHz pure tone pip stimuli as
described (Mansour et al. 2009). Testing was performed blind
with respect to genotype, and in the mixed genetic background,
it was not possible to infer genotypes based on craniofacial
phenotypes except in very rare instances for the Fgfr3P244R/+

genotype. To simplify the data presentation and analysis, we
calculated a mean hearing loss value by subtracting the Fgfr3+/+;
FgfX�/+ mean threshold value from the corresponding Fgfr3P244R/+;
FgfX�/+ (or Fgfr3P244R/�;FgfX�/+) mean value and then computed
the standard error of the mean difference. Some of the data for the
animals from which one copy of Fgf8, Fgf9, or both genes were
removed were presented previously, with the Fgfr3+/+;FgfX�/+ and
Fgfr3P244R/+;FgfX�/+ data plotted separately (Supplemental Mate-
rial; Mansour et al. 2009), but these data were augmented by
additional animals bred specifically for this study and are shown
along with the entirely new data obtained following removal of one
copy of Fgfr3, Fgf20, Fgf3, and Fgf10 so that the ABR rescue result
can be better appreciated.

RT–PCR of cochlear RNA

Total RNA was isolated from four wild-type and four heterozygous
P3 cochlear epithelia using Qiagen RNAeasy. One microgram of
RNA was reverse-transcribed using MMLV polymerase (RETRO-
script, Ambion), and 1 mL of cDNA was added to a PCR mixture
containing a common Fgfr3 forward primer, p1 (59-CAAGTTTGG-
CAGCATCCGGCAGAC-39), and either a ‘‘b’’-specific reverse
primer, p2 (59-TCTCAGCCACGCCTATGAAATTGGTG-39), or
a ‘‘c’’-specific reverse primer, p3 (59-CACCACCAGCCACGCA-
GAGTGATG-39). To detect Fgf10 expression, we used the follow-
ing primers: F10-F (59-TGTCTTCGTTCCCTGTCACCTG-39) and
F10-R (59-CATACATTTGCCTGCCATTGTG-39). Forty cycles of
amplification were performed. The Fgfr3b-specific product is 350
base pairs (bp), the Fgfr3c-specific product is 373 bp, and the Fgf10

product is 450 bp.

Transient transfection of L6 myoblasts to assay FGFR activity

Chimeric mouse Fgfr3 cDNA clones that consist of the coding
sequences for the extracellular domain of FGF3b and FGFR3c,
each fused to coding sequences for the intracellular tyrosine
kinase domain of FGFR1 (Ornitz et al. 1996), were mutated to
the corresponding Muenke syndrome form by changing an exon
7 C to a G (coding for P244R) using the QuickChange kit
(Stratagene). Mutations were confirmed by sequencing. Both
the wild-type and mutated cDNAs were transferred into the
pcDNA1 expression vector used by Chellaiah et al. (1994) to
express other Fgfr3 constructs. A human FGFR1c expression
vector (Raivio et al. 2009) was used as a control. The FGF-
responsive OCFRE-luc vector was described previously (Newberry
et al. 1996). The pGL4.73 Renilla luciferase expression vector
(Promega) served as a transfection control. Rat L6 myoblasts were
purchased from American Type Culture Collection. Purified FGFs
were purchased from Peprotech and diluted and stored as recom-
mended by the manufacturer.

The FGFR activity assays were conducted as described by
Raivio et al. (2009) with the following modifications. The assays
were scaled down for the 96-well format, and each FGF/FGFR
combination was replicated six times. Only four FGF concen-
trations (0, 50, 500, and 5000 pM) were assayed. Following
a personal communication from Dr. Yisrael Sidis, we used
FuGeneHD (Promega) as the transfection reagent and did not
starve the cells of serum prior to FGF treatment. Luciferase
activities were determined using the Promega Dual-Luciferase
assay system and a microplate luminometer (Veritas). Firefly
luciferase units for each well were normalized by dividing by the
corresponding Renilla luciferase units and averaged across the
six replicates. Each set of assays was repeated three times, and
a representative assay is shown.

The data were graphed and analyzed using GraphPad Prism.
One-way ANOVA with Dunnett’s post-hoc test for multiple
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comparisons identified FGF/FGFR combinations exhibiting sig-
nificant induction of luciferase activity in each experimental
replicate. The assay graphed in Figure 5 shows each significant
induction marked with asterisks indicating the adjusted P-value.
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