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Abstract

Purpose—There are a number of craniosynostosis syndromes with hearing loss—including
Muenke, Apert, Pfeiffer, Crouzon, Beare-Stevenson, Crouzon with acanthosis nigricans, and
Jackson-Weiss syndromes—that result from mutations in the fibroblast growth factor receptor
(FGFR) genes. Studies of FGFRs and their ligands, fibroblast growth factors (FGFs), have
revealed clues to the precise contribution of aberrant FGFR signaling to inner ear morphogenesis
and the hearing loss encountered in craniosynostoses. The purpose of this article is to review basic
studies of FGFRs with emphasis on their function and expression in the inner ear and surrounding
structures.

Method—A Medline search was performed to find basic science articles regarding FGFR, their
ligands, and their expression and relevant mouse models. Additional items searched included
clinical descriptions and studies of individuals with FGFR-related craniosynostosis syndromes.

Results—The FGF signaling pathway is essential for the morphogensis and proper function of
the inner ear and auditory sensory epithelium.

Conclusion—The variable auditory phenotypes seen in individuals with Muenke syndrome may
have a genetic basis, likely due to multiple interacting factors in the genetic environment or
modifying factors. Further analysis and studies of mouse models of Muenke syndrome, in
particular, may provide clues to the specific effects of the defining mutation in FGFR3 in the inner
ear not only at birth but also into adulthood. In particular, investigations into these models may
give insight into the variable expression and incomplete penetrance of this phenotype.
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Hearing loss is one of the leading causes of childhood disability in the United States (Mehra,
Eavey, & Keamy, 2009) and is a common and serious problem that can have a significant
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impact on speech and language development, cognitive abilities, and educational
performance (American Academy of Audiology, 2011). It is estimated that 1-3 in every
1,000 newborns has significant permanent hearing loss (Bielecki, Horbulewicz, & Wolan,
2011; Joseph, Pillinger, Pretorius, & Martinez-Devesa, 2010; Mehl & Thomson, 1998).
When mild or greater hearing losses are considered, prevalence in children and adolescents
is estimated to be 3.1% (Mehra et al., 2009).

Of all children with congenital or early-onset deafness, 50%—60% are estimated to have
hereditary hearing loss. One-third of these children have syndromic hearing loss, with
associated abnormalities (Marazita et al., 1993). Syndromes and physical findings associated
with syndromes are important risk factors for hearing loss (Bielecki et al., 2011) and
comprise four of the ten risk factors for hearing loss stipulated by the Joint Committee on
Infant Hearing (JCIH) Position Statement (2007). These risk factors include craniofacial
anomalies, syndromes associated with permanent hearing loss, physical findings associated
with syndromes known to have hearing loss (e.g., white forelock), and neurodegenerative
disorders (e.g., Charcot-Marie-Tooth syndrome).

There are more than 300 syndromic causes of hearing loss (Marazita et al., 1993), including
well-known conditions such as CHARGE (coloboma, heart defects, atresia choanae,
retardation of growth and/or development, genitourinary anomalies, and ear anomalies and
deafness) syndrome, Waardenburg syndrome, Treacher Collins syndrome, KID (keratitis,
ichthyosis, and deafness) syndrome, and syndromic craniosynostosis (Ohlms, Chen, Stewart,
& Franklin, 1999). To date, there are over 180 identified forms of syndromic
craniosynostosis. The most common forms are associated with mutations in the fibroblast
growth factor receptor (FGFR) genes (Kimonis, Gold, Hoffman, Panchal, & Boyadjiev,
2007). Muenke syndrome—an autosomal dominant cranio-synostosis syndrome caused by a
single defining ¢.749 C>G mutation in the FGFR3 gene, resulting in a proline to arginine
amino acid substitution at codon 250 (p.Pro250Arg)—is the most common syndromic form
of craniosynostosis, with an incidence of approximately 1 in 30,000 live births (Boulet,
Rasmussen, & Honein, 2008; Muenke et al., 1997). In addition to craniosynostosis, or
premature fusion of the cranial sutures, individuals characteristically have sensorineural
hearing loss, tarsal and/or carpal bone coalition, and developmental delay (Muenke et al.,
1997); see examples of carpal bone fusion and clindodactyly in Figure 1. Of all FGFR-
related craniosynostosis syndromes, sensorineural hearing loss is most specific to Muenke
syndrome (Doherty et al., 2007; Honnebier et al., 2008; Mansour et al., 2009).

Hearing loss has been reported since the initial description of this syndrome in the 1990s,
and its recognition and management in conjunction with standard clinical care is important.
Initially thought to affect roughly 30%-40% of cases, more recent studies have shown that
almost all individuals with Muenke syndrome have at least mild to moderate low- to mid-
frequency sensorineural hearing loss (Doherty et al., 2007; Honnebier et al., 2008; Mansour
et al., 2009), as exemplified in Figure 2. This hearing loss configuration is characteristically
rising to normal hearing in the high frequencies, although some individuals have been
reported with high-frequency hearing loss. It is important to note this predominantly low-
frequency hearing loss may be missed on newborn and school hearing screenings, because
these measures predominantly test hearing at mid- and high frequencies. Although the
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hearing loss is mild in most cases, some individuals have hearing loss that necessitates
amplification (Doherty et al., 2007). Developmental delay is also a component of Muenke
syndrome (Muenke et al., 1997), and there may be a yet-unidentified role that the hearing
loss in these individuals plays in this developmental delay, particularly in regard to speech
delay.

In this review, we describe basic studies of the expression and role of FGFRs in the inner ear
and surrounding structures, with particular attention to FGFR3, the gene implicated in
Muenke syndrome. Mouse models of perturbation and excessive signaling of Fgfr3 have
provided much insight on the role of this protein in the morphogenesis, function, and
development of the inner ear. Further, mouse models of Muenke syndrome provide
compelling evidence of a plausible etiopathological nature of the hearing loss in individuals
with Muenke syndrome and additional FGFR-related syndromic craniosynostoses.

Review

A Medline search was conducted to find previously reported cases of Muenke syndrome
from 1996 to 2011. The key words and patient terms searched included Muenke, coronal
synostosis, FGFR3 craniosynostosis, P250R, Pro250Arg, syndromic craniosynostosis,
FGFR3, FGFR1, FGFR2, FGFR mouse, FGFR inner ear, hearing loss, newborn hearing
screen, and hearing loss epidemiology. References were also obtained from articles found
through the literature search.

FGFR3 and the Inner Ear

The organ of Corti comprises the auditory sensory epithelium of the cochlea. Composed of a
highly ordered array of sensory hair cells and nonsensory supporting cells that run along the
length of the snail-like cochlea from base to apex, the organ of Corti represents one of the
most striking examples of cellular patterning in vertebrates (Shim, Minowada, Coling, &
Martin, 2005). Inner hair cells (IHCs) function primarily in the mechanoelectric
transduction of sound, whereas outer hair cells (OHCs) function mainly in modulation and
amplification of the cochlear response. Sereocilia, localized to the apical surface of the hair
cells, detect sound-induced fluid motion with subsequent opening of ion channels,
depolarization of the hair cells, and excitation of the auditory nerve. The network of
supporting cells surround and couple the hair cells to the basilar membrane. These
supporting cells include pillar cells, which form the triangular fluid-filled tunnel of Corti,
separating the rows of IHCs and OHCs; Deiter's cells, which are found underlying each
OHC; phalangeal cells, which surround the IHC; and border cells, which contact the medial
surface of the IHCs (Mann & Kelley, 2011; Shim et al., 2005).

Studies in which researchers investigated the molecular mechanisms and pathways of
hearing have helped demonstrate the roles of the different components in the development
and maintenance of this intricate auditory network. Thus far, precise roles for two signaling
pathways in patterning of the organ of Corti have been unveiled: (a) the Notch signaling
pathway in hair cell specification and (b) the fibroblast growth factor (FGF) signaling
pathway in the generation of hair cell progenitor pools and in the specification or
differentiation of pillar cells (Colvin, Bohne, Harding, McEwen, & Ornitz, 1996; Kelley,
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2003; Kiernan, Steel, & Fekete, 2002; Mueller, Jacques, & Kelley, 2002). FGFs signal via
endocrine (substrate or hormone to distant target) or paracrine (cell-to-cell communication)
signaling in order to mediate biological activities including developmental signaling and the
regulation of metabolic processes (Belov & Mohammadi, 2013). FGF signals are carried out
by the binding and subsequent dimerization of FGFRs. After dimerization, signaling may
then proceed with the assistance of cofactors such as heparan sulfate and Klotho
coreceptors. FGF signaling is required for the normal induction, patterning, and
morphogenesis of the inner ear, as well as for the differentiation of cell types within the
organ of Corti (Schimmang, 2007; Shim, 2006; Wright & Mansour, 2003a, 2003b). In
particular, FGF20 and Fgfrl are required for the differentiation of hair cells, whereas Fgf8
and Fgfr3 are required for pillar cell differentiation (Colvin et al., 1996; Dominguez-Frutos
et al., 2009; Jacques, Montcouquiol, Layman, Lewandoski, & Kelley, 2007; Pirvola et al.,
2002; Zelarayan et al., 2007). Fgfr2 signaling also plays a role in inner ear morphogenesis,
particularly in formation of the membranous labyrinth, cochleovestibular ganglion, and
nonsensory epithelium (Pirvola et al., 2000). Of these two signaling pathways, the focus
from hereon will be on the FGF-FGFR signaling pathway, the pathway implicated in
FGFR-related cranio-synostosis syndromes.

The hair cell has a central role in hearing as a mechanosensory receptor. Therefore, it is not
surprising that mutations causing the loss or malfunction of hair cells lead to hearing deficits
(Steel & Kros, 2001). An example is human deafness caused by mutations in the myosin
genes (MYO7A, MYO3A, and MYO15); mouse studies have shown that these genes play a
role in the organization of and are expressed in and around the hair cells and hair cell
stereocilia (Liu et al., 1997; Probst et al., 1998; Self et al., 1998, 1999; Steel & Kros, 2001;
Wang et al., 1998; Weil et al., 1995).

It is reasonable to predict that disturbances in the patterning of the organ of Corti via effects
on supporting cells might also lead to hearing deficits. The auditory phenotype of mice
lacking Fgfr3 (Fgfr3 -/-), the gene associated with Muenke syndrome, has lent much
credence to this prediction. These mice are profoundly deaf; the only obvious defect in their
inner ears involves the organ of Corti, where there is incomplete development of the pillar
cells and the tunnel of Corti (Colvin et al., 1996). Specifically, these Fgfr3 -/-mice have no
recognizable inner and outer pillar cells and lack the tunnel of Corti. In addition, the
cochleae of these mice lack maturation and differentiation. Adult Fgfr3 -/- mice had
cochleae resembling normal newborn mice with no differentiated pillar cells, an absent
tunnel of Corti, a patent vessel below the basilar membrane (which normally involutes 2
weeks after birth), and numerous mesothelial cells below the basilar membrane.
Additionally, mutant mice had reduced organ of Corti innervation. Hearing assessment via
auditory brainstem responses (ABRs) revealed an absence of ABRs in the mutant mice,
indicating profound deafness (Colvin et al., 1996). The inner ear defects in these mice not
only suggest specific roles for Fgfr3 in pillar cell differentiation but also demonstrate that
defects in cells comprising the organ of Corti that result in deafness are not limited to the
sensory hair cells. All of the cellular components of the organ of Corti must function
properly to achieve sound transduction.
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These results are not surprising, considering earlier expression studies showed that Fgfr3
was highly expressed in the developing cochlear duct of the mouse (Peters, Ornitz, Werner,
& Williams, 1993). In particular, Fgfr3 had intense expression in the differentiating hair
cells and support cells. In addition, Fgfr3-mRNA was distinctly expressed in the two types
of supporting cells in the rat organ of Corti, pillar cells, and Deiter's cells (Pirvola et al.,
1995). It is interesting to note that in this same study, there was a noise-induced increased
expression of Fgfr3 in the organ or Corti at both the mRNA and protein levels; this effect
was seen in the supporting cells and adjacent OHCs but not in the IHCs (Pirvola et al.,
1995). This finding suggests an additional role of FGFR3 in the protection and repair
process of the organ of Corti, further supporting a main role for FGFR3 in the supporting
cells—when OHC damage occurs, it is the supporting cells that prevent the progression of
damage (Raphael & Altschuler, 1991).

Further, the role of FGFR3 in pillar cell development has been shown by studies in which
inhibition of Fgfr3 by SU5402 (which inhibits the tyrosine kinase activity of all four
FGFRs) causes a disruption in the development of pillar cells, an effect that is dose
dependent (Mueller et al., 2002). This finding is consistent with the observations in the
Fgfr3 mutant mice and support the hypothesis that Fgfr3 is necessary for pillar cell
commitment and/or differentiation—a role that, when perturbed, results in hearing loss.
Treatment of cochlear explants with exogenous FGF2, a strong activator of FGFR3c (a
splice variant expressed in the developing cochlea), results in a marked increase in the
number of pillar cells; this increase far outnumbered the increase in IHCs that occurred
(Mueller et al., 2002). There was no increase in the number of OHCs or Deiter's cells.

A study of a mouse model of chondroplasia (Fgfr3 Y367C mutation) revealed hearing loss
and, interestingly, as in the mouse that lacks Fgfr3 completely, the only inner ear defect
observed in this mouse was an increased number of pillar cells and modified supporting
cells in the organ of Corti (Pannier et al., 2009).

Collectively, these studies support the theory that not only is activation of FGFR3 required
for pillar cell differentiation, but also that the FGF signaling pathway regulates the number
of cells that will develop as pillar cells. Further, mouse models have shown that disruption
of this pathway results in a lack of pillar cell differentiation, an effect that leads to hearing
loss. How, exactly, pillar cell abnormalities and/or absence causes hearing loss has yet to be
elucidated. Researchers speculate that changes in pillar cell number affect the properties of
the basilar membrane. Pillar cells form a rigid support that is thought to couple the motion of
the basilar membrane to deflection of the stereocilia on the apical surface of the hair cells
(Shim, 2006). Perhaps changes in the number of pillar cells, or the absence of pillar cells,
affects deflection of the stereocilia, causing an interruption in the transformation of
mechanical energy of sound to electrical signals responsible for excitation of the auditory
nerve.

The importance and necessity of the FGF signaling pathway for morphogenesis and proper
function of the inner ear and auditory sensory epithelium is evident in many experimental
systems—including zebrafish, chicken, and mouse models—where experimental
manipulations have demonstrated the necessity of FGFs during different steps of inner ear
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induction in vitro and in vivo (Ladher, Anakwe, Gurney, Schoenwolf, & Francis-West,
2000; Ladher, Wright, Moon, Mansour, & Schoenwolf, 2005; Maroon et al., 2002;
Schimmang, 2007; Wright & Mansour, 2003a; Zelarayan et al., 2007).

Inner Ear in Muenke Syndrome

All of these studies lead to a repetitive theme: the important role of FGFR3 in hearing
function and in the proper formation of the organ of Corti. The next question is how this
relates particularly to Muenke syndrome and what inner ear effects can be expected as a
result of the specific perturbation that occurs in FGFR3 signaling in Muenke syndrome. In
mice, both inhibition of Fgfr3 function and excessive Fgf signaling (via deletion of
Sprouty2, which encodes a negative regulator of signaling via receptor tyrosine kinases)
leads to hearing loss, with disturbances in the cryoarchitecture of the organ of Corti relating
to the number and organization of supporting cells (Colvin et al., 1996; Shim et al., 2005).
The model of excessive FGF signaling gives much insight into Muenke syndrome,
considering the causative mutation in FGFR3 is a gain of function mutation that results in
excess FGF-FGFR3 signaling due to enhanced ligand binding affinity (Ibrahimi, Zhang,
Eliseenkova, Linhardt, & Mohammadi, 2004). Further, binding of the Muenke syndrome
mutant FGFR3 receptor is notably enhanced for FGF9, a ligand shown to have a role in
inner ear morphogenesis (Pirvola, Zhang, Mantela, Ornitz, & Ylikoski, 2004). Given the
knowledge of these previous studies, it is reasonable to predict that not only would mouse
models of Muenke syndrome exhibit hearing loss, but this hearing loss would likely be a
result of aberrant development of the organ of Corti.

A mouse model of Muenke syndrome has provided much insight. Hearing was evaluated in
the corresponding mouse model of Muenke syndrome (p.Pro244Arg; Mansour et al., 2009).
Researchers measured ABR thresholds to click (broadband low frequency), 8-, 16-, and 32-
kHz tone-pip stimuli in wild-type, heterozygous, and homozygous Fgfr3P244R mice bred in
four different genetic backgrounds. In this study, Muenke syndrome model mice were found
to be moderately hearing impaired. The Muenke syndrome model mice had hearing loss that
was more severe but of a similar pattern to individuals with Muenke syndrome, with a
hearing loss that was greater in the lower frequencies (Doherty et al., 2007; Honnebier et al.,
2008; Mansour et al., 2009). Thus, hearing loss in Muenke syndrome model mice is
qualitatively similar but more severe than the hearing loss that occurs in individuals with
Muenke syndrome. The hearing loss in the Muenke syndrome model mice was dose
dependent: Homozygous mice had more hearing loss than heterozygous mice. Mice with
different genetic backgrounds displayed differences in the absolute and relative magnitudes
of hearing loss (Mansour et al., 2009). The underlying or baseline hearing status in the four
backgrounds was not described in this study. This finding proposes that the variable auditory
phenotypes seen in individuals with Muenke syndrome may have a genetic basis, likely due
to multiple interacting factors in the genetic environment or modifying factors.

Muenke syndrome model mice had abnormalities in organ of Corti differentiation, with
excess pillar cells, too few Deiter's cells, and extra OHCs. There was no change in the
amount of IHCs. These organ of Corti abnormalities were dose dependent (i.e., direct
correlation with the degree of expression of mutant FGFR3/genetic burden and degree of
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hearing loss) and were greater at apical (low-frequency) than basal (high-frequency) regions
of the cochlea, consistent with the hearing loss configuration in Muenke syndrome model
mice and individuals with Muenke syndrome.

Further analysis and studies of mouse models of Muenke syndrome, in particular, may
provide clues to the specific effects of the defining mutation in FGFR3 in the inner ear not
only at birth but also into adulthood. Particularly, investigations into these models may give
insight into the variable expression and incomplete penetrance of this phenotype—that is,
why individuals with the same causative mutation present with different degrees and types
of hearing loss. It is very likely that the answer to this relates to the particular histological
and morphological differences present in the organ of Corti as a result of each individual's
unique genetic environment in the presence of the FGFR3 mutation.

Because the changes in the inner ear of the Muenke syndrome mouse are histologically but
not macroscopically evident, the defects in the inner ear of individuals with Muenke
syndrome likely may not be evident on macroscopic examination—for example, via
computed tomography (CT) or magnetic resonance imaging (MRI) studies. Further
elucidation of the effects of the FGFR3 mutation on the structure and formation of the inner
ear in humans may require more intricate studies to discern changes that are likely only
microscopically apparent. Reported ear anomalies in Muenke syndrome include low-set and
posteriorly rotated ears, venous dysplasia of the left petrous bone in an individual with
tinnitus, and apical cartilage deformity (Kress et al., 2006; Roscioli et al., 2001). The most
striking ear anomalies were found in an individual with a hypoplastic right auricle, an absent
right external auditory meatus, and bony atresia of the right external auditory canal; this
individual was misdiagnosed in infancy with Treacher Collins syndrome, due in part to the
striking ear anomalies (Shah et al., 2006).

However, imaging studies of the outer, middle, and inner ear in individuals with Muenke
syndrome—such as those done in individuals with Apert, Crouzon, and Pfeiffer syndromes
—have not been performed or reported in Muenke syndrome literature to date. Thus, it is not
yet clear what role each network of the ear plays in the hearing loss that occurs in
individuals with Muenke syndrome. Imaging studies in individuals with Apert, Crouzon,
and Pfeiffer syndromes have revealed anomalies of the middle and inner ear, including
malformed and/or fused middle ear ossicles (Apert, Crouzon, and Pfeiffer syndromes),
dehiscence of the semicircular canal (Apert syndrome), hypoplasia of the middle ear ossicles
(Pfeiffer syndrome), ankylosis of the stapes (Pfeiffer syndrome), atresia of the external
auditory canal (Crouzon and Pfeiffer syndromes), and atrophy of the tympanic membranes
(Crouzon syndrome), just to name a few (Cremers, 1981; Desai et al., 2010; Orvidas, Fabry,
Diacova, & McDonald, 1999; Vallino-Napoli, 1996; Zhou, Schwartz, & Gopen, 2009).
Large studies such as these for Muenke syndrome will help further elucidate the precise
etiology of the hearing loss in individuals with Muenke syndrome, an etiology which the
Muenke syndrome mouse model has helped us get closer to understanding. CT scanning of
the middle and inner ear is a reasonable starting point for evaluation of bony anomalies of
the middle ear and inner ear in individuals with Muenke syndrome. As many of the changes
that occur in the cochlea are likely microscopic, as inferred from the Muenke syndrome
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mouse model, these may be difficult to elucidate solely from imaging, whether that be via
CT scanning or MRI.

This mouse model may also be useful in the research of hearing loss therapies through gene
manipulation. Most of the work in the field of hearing loss and gene therapy has focused on
the addition of a “missing” component by genetic methods (Atar & Avraham, 2005).
However, the modulation of key components by inhibition may also be a useful approach,
especially in situations where hearing loss has a known genetic component. In a study by
Maeda, Fukushima, Nishizaki, and Smith (2005), researchers silenced expression of the
mutant allele of the GIB2 gene, which causes the most common form of hereditary deafness
(Cohen-Salmon et al., 2002; Shim, 2006). By using the RNA interference technique (a
biological process in which RNA molecules inhibit gene expression) against the mutant
allele in vitro and in vivo, they succeeded in restoring hearing in a genetic mouse model.
The cochlea represents an ideal target for these therapies; not only is it isolated from the
remainder of the body by the blood-labyrinth barrier, but it is also bathed in fluid, permitting
the quick and efficient delivery of liquids (Atar & Avraham, 2005). Although there are
limitations to the delivery of such therapies (i.e., delivering therapies into the inner ear
without causing damage to existing or residual hearing) and to the therapies themselves
(gene therapy and RNA.), there is much hope and promise for the use of these therapies in
the future for the treatment of hearing loss in individuals with syndromic hearing loss, such
as in Muenke syndrome.
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Figure 1.
Panel A: Capal bone fusion (capitate-hamate) in an individual with Muenke syndrome

(black arrow). Panel B: Broad thumbs and clindodactyly in an individual with Muenke
syndrome (black arrow).
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Figure 2.

Composite audiogram showing mean (£SD) hearing threshold conduction (AC; 250 Hz-
8000 Hz) and bone conduction (BC; 250 Hz-8000 Hz) for better hearing ear. Data represent
averaged hearing thresholds on 18 individuals with Muenke syndrome from four facilities.
Image adapted from Muenke Lab National Institutes of Health Muenke syndrome study
(Doherty et al., 2007).
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