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Abstract

The mammalian outer, middle and inner ears have different embryonic origins and evolved at 

different times in the vertebrate lineage. The outer ear is derived from first and second branchial 

arch ectoderm and mesoderm, the middle ear ossicles are derived from neural crest mesenchymal 

cells that invade the first and second branchial arches, whereas the inner ear and its associated 

vestibule-acoustic (VIIIth) ganglion are derived from the otic placode. In this review, we discuss 

recent findings in the development of these structures and describe the contributions of members 

of a Forkhead transcription factor family, the Foxi family to their formation. Foxi transcription 

factors are critical for formation of the otic placode, survival of the branchial arch neural crest, and 

developmental remodeling of the branchial arch ectoderm.

1: THE ANATOMY AND EMBRYONIC ORIGINS OF THE INNER, MIDDLE 

AND OUTER EARS

1.1: Components of the mammalian ear

The mammalian auditory apparatus comprises three compartments, termed the inner, 

middle, and outer ears. Each compartment arises from a separate embryonic origin (Figure 

1), but the final structures work in concert to detect sounds and translate them into electrical 

signals transmitted by sensory neurons to the brain.

The Inner Ear—The mature inner ear is found inside a highly calcified bony labyrinth. 

The soft tissue of the inner ear, termed the epithelial or membranous labyrinth, is composed 

of three parts containing six sensory patches to detect sound and motion. First, the three 

semi-circular canals, each with a sensory crista housed in an ampulla, serve to detect angular 

acceleration. Second, the utricle and the saccule, each containing a sensory macula, detect 

linear acceleration and gravity. Finally, the cochlea serves to detect sound with its sensory 
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patch, the organ of Corti, running the length of the cochlear duct (Groves and Fekete, 2012). 

The sensory patches consist of highly polarized, mechanically sensitive sensory epithelial 

cells, called hair cells. Hair cells are surrounded by supporting cells that provide physical 

and trophic support and help to maintain potassium balance in the endolymph bathing each 

sensory organ.

The middle ear—In aquatic vertebrates, sound vibrations from the surrounding water pass 

directly into the inner ear where they are translated into neural signals. Land tetrapods, on 

the other hand, require additional structures to allow impedance matching between air 

pressure sound waves and fluid vibrations within the epithelial labyrinth. This process is 

achieved by vibrations of one or more small middle ear bones, or ossicles, against the wall 

of the cochlea. The ossicles, the air filled space they occupy, and a vibrating tympanic 

membrane comprise the vertebrate middle ear. While birds and reptiles possess a single 

ossicle, the columella, mammals have three, the malleus, the incus, and the stapes. When 

sound waves strike the tympanic membrane it vibrates, creating pulses that move the 

malleus. Movements of the malleus cause the incus to pivot, which presses the stapes in and 

out against the oval window of the inner ear with the same frequency as the original air-

borne sound, causing vibrations in the fluid inside the cochlea. The middle ear ossicles 

occupy an air-filled space that is connected to the external environment by the Eustachian 

tube, with one end in the middle ear and the other in the throat. The Eustachian tube permits 

adjustments in air pressure in response to external pressure changes and drainage of any 

fluid that might accumulate in the middle ear space. The middle ear itself is lined with a 

ciliated epithelium that covers the entire middle ear cavity in birds, but only the ventral two 

thirds in mammals, where the remainder is non-ciliated epithelium derived from cranial 

neural crest cells (Thompson and Tucker, 2013). It is now accepted that the tympanic middle 

ear evolved independently several times in different vertebrate lineages (Manley, 2010).

The outer ear—The tympanic membrane separates the middle ear from the outer ear, 

consisting in land mammals of an ear canal and an external pinna. Birds, most reptiles, 

aquatic mammals, and monotremes also possess ear canals but lack an obvious pinna 

structure. The pinna assists in selecting directionality of sound input by diffraction of 

incoming sound waves, and in many mammals can be rotated to detect sounds from a 

specific source. The relationship between the diffractive capacity of an object and sound 

wavelength suggests that pinnae arose in small mammals with the ability to hear moderately 

high frequency sounds (Clack and Allin, 2004).

1.2: Development of the inner ear primordium – from non-neural ectoderm to the otic 
placode

Complex sequential signaling leads to the formation of the pre-placodal 
region from non-neural ectoderm—The entire inner ear, together with the vestibulo-

acoustic ganglion that will connect its sensory regions to the hindbrain, develops from a 

thickened region of embryonic ectoderm next to the hindbrain termed the otic placode 

(Groves, 2005; Streit, 2001). As discussed in other chapters in this volume, the otic placode 

is one of several cranial placodes that form the olfactory and lens epithelium, the 

epibranchial and ophthalmic trigeminal sensory ganglia, the inner ear and in some vertebrate 
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taxa, the lateral line system (Baker and Bronner-Fraser, 2001; Saint-Jeannet and Moody, 

2014; Schlosser, 2006; Schlosser, 2010; Streit, 2004; Streit, 2007). The transition from early 

embryonic ectoderm to a definitive placode proceeds through a series of sequential 

developmental decisions. These can be divided conveniently into three stages: the choice 

between neural and non-neural ectoderm, the division of non-neural ectoderm into neural 

crest and early “pre-placodal” progenitors in the medio-lateral axis, and the singling out of 

individual placodes from pre-placodal progenitors along rostro-caudal axis of the head. 

These developmental decisions have been well-summarized in a number of recent reviews 

(Grocott et al., 2012; Groves and LaBonne, 2014; Patthey and Gunhaga, 2011; Patthey and 

Gunhaga, 2013), but we will briefly describe some of these steps below.

An emerging consensus is that early embryonic ectoderm shows evidence of division into 

presumptive neural and non-neural ectoderm even before the start of gastrulation in 

vertebrates. The action of FGF signals from tissues underlying early ectoderm (such as 

hypoblast, future definitive endoderm, or anterior visceral endoderm), together with 

antagonists of the Wnt and BMP signaling pathways leads to the expression of pre-neural 

genes, such as ERNI, Otx2, Geminin and Sox3 (Bally-Cuif et al., 1995; Groves and 

LaBonne, 2014; Kroll et al., 1998; Papanayotou et al., 2008; Rex et al., 1997; Streit et al., 

2000). Coincident with this early induction, BMP and Wnt signaling in more ventral 

ectoderm populations specifies non-neural ectoderm, defined by the expression of Dlx, 

Gata2/3 and Foxi gene families (Brown et al., 2005; Hans and Westerfield, 2007; Hoffman 

et al., 2007; Knight et al., 2003; Li and Cornell, 2007; Luo et al., 2001; Matsuo-Takasaki et 

al., 2005; McLarren et al., 2003; Ohyama and Groves, 2004a; Papalopulu and Kintner, 1993; 

Pera and Kessel, 1999; Phillips et al., 2006; Pieper et al., 2012; Sheng and Stern, 1999; 

Woda et al., 2003).

The exposure of pre-neural ectoderm to neural inducing factors leads to expression of 

markers of the definitive neural plate, such as Sox2 (Rex et al., 1997; Streit et al., 1997; 

Uchikawa et al., 2003), whereas non-neural ectoderm genes such as Dlx5/6 and Gata3 begin 

to be restricted to the border between neural and non-neural ectoderm (Feledy et al., 1999; 

Khudyakov and Bronner-Fraser, 2009; Kwon et al., 2010; Pieper et al., 2012; Streit, 2002; 

Woda et al., 2003). Evidence from a number of vertebrate species suggests this border is 

sharpened by cross-repressive interactions between neural and non-neural transcription 

factors and by positive feedback within each domain (Feledy et al., 1999; Kwon et al., 2010; 

Linker et al., 2009; Luo et al., 2001; Matsuo-Takasaki et al., 2005; McLarren et al., 2003; 

Pieper et al., 2012; Tribulo et al., 2003; Woda et al., 2003). As ectoderm further 

differentiates, a thin strip at the neural plate border receives both FGF and Wnt signaling; 

however, it is also subject to continuing BMP inhibition from secreted antagonists (Ahrens 

and Schlosser, 2005; Brugmann et al., 2004; Litsiou et al., 2005). This border region divides 

into two molecularly distinct populations around the time of head formation: the pre-

placodal region (PPR) confined to the anterior region of the embryo, and premigratory 

neural crest that is generated from all levels of the embryo other than the forebrain (Betancur 

et al., 2010; Grocott et al., 2012; Groves and LaBonne, 2014; McCabe and Bronner-Fraser, 

2009; Milet and Monsoro-Burq, 2012; Prasad et al., 2012; Sauka-Spengler and Bronner-

Fraser, 2008; Schlosser, 2006; Schlosser, 2010; Steventon et al., 2014; Stuhlmiller and 
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Garcia-Castro, 2012). The pre-placodal region is defined by expression of members of the 

Six (sine oculis homeobox) transcription factors and their Eya (eyes absent) co-factor 

partners (Bailey and Streit, 2006; Saint-Jeannet and Moody, 2014; Streit, 2007). This 

domain lies lateral to the neural crest progenitor domain at the boundary of the neural plate.

To date, no genetic fate mapping studies have been performed to determine the derivatives 

of Six- or Eya-expressing progenitors, although dye labeling studies suggest this region will 

contribute to all craniofacial placodes including the otic placode (Bhattacharyya et al., 2004; 

Kozlowski et al., 1997; Streit, 2002; Xu et al., 2008). In addition to these definitive pre-

placodal markers, non-neural ectoderm genes such as foxi1 (in fish), Foxi3 (in amniotes) and 

Dlx5/6 and Gata3 become restricted to the pre-placodal region (Grocott et al., 2012; Groves 

and LaBonne, 2014). The expression and maintenance of pre-placodal markers is dependent 

on FGF signaling and the inhibition of Wnt and Bmp signaling (Ahrens and Schlosser, 2005; 

Brugmann et al., 2004; Litsiou et al., 2005), while cells closer to the neural plate respond to 

FGF, BMP and Wnt signaling and express early neural crest markers such as Msx1 and 

Pax3/7 (Groves and LaBonne, 2014; Milet and Monsoro-Burq, 2012; Prasad et al., 2012). 

Figure 2 summarizes the series of signals involved in specification of the pre-placodal 

region from non-neural ectoderm before and after gastrulation.

Induction of the otic placode by FGFs and its refinement by Wnt and Notch 
signaling—As discussed above, the pre-placodal ectoderm gives rise to all craniofacial 

sensory placodes of the vertebrate head (Grocott et al., 2012; Litsiou et al., 2005; Sato et al., 

2010; Streit, 2007), and the progenitors for each of the placodes are indistinguishable during 

early establishment of the pre-placodal region at the neural plate boundary. The 

differentiation of distinct placodal fates requires regional signals, and in the case of the otic 

placode, data from all major vertebrate groups suggests that FGF signaling plays an early 

and critical role (Ohyama et al., 2007; Riley and Phillips, 2003; Solomon et al., 2004). 

Interestingly, both the location and identity of FGFs involved in otic placode induction vary 

between species; for example, FGF3 from the hindbrain and FGF10 from cranial mesoderm 

are necessary for otic placode induction in mice (Urness et al., 2010; Wright and Mansour, 

2003), while in zebrafish, this role is served by Fgf3 and Fgf8 that are both expressed in the 

hindbrain (Leger and Brand, 2002; Maroon et al., 2002; Phillips et al., 2001). The absolute 

necessity for FGF signaling in otic placode induction has been shown in multiple organisms. 

(Alvarez et al., 2003; Ladher et al., 2005; Leger and Brand, 2002; Yang et al., 2013; 

Zelarayan et al., 2007). The earliest otic markers expressed by pre-placodal ectoderm in 

response to FGF signals are members of the Pax2/5/8 family (Groves and Bronner-Fraser, 

2000; Heller and Brandli, 1999; Ohyama and Groves, 2004b; Pfeffer et al., 1998). Fate-

mapping studies in mice and chick suggest that the Pax2-expressing domain contains all the 

progenitors of the inner ear but also gives rise to the epibranchial placodes and some parts of 

the epidermis (Ohyama and Groves, 2004b; Ohyama et al., 2007; Streit, 2001). This region 

of Pax2-expressing cells has been referred to as the otic-epibranchial progenitor domain, or 

OEPD (Freter et al., 2008; Ladher et al., 2010).

Studies in amniotes suggest that one mechanism that refines the broad domain of Pax2-

expressing cells into the otic placode and epibranchial placodes and ectoderm is the strength 

and duration of FGF signaling (Freter et al., 2008; Ladher et al., 2010). Some of the earliest 
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markers of the otic placode are negative regulators of the FGF pathway, such as Sprouty 

genes and dual-specificity phosphatases such as Dusp6 and Dusp9 (Chambers and Mason, 

2000; Urness et al., 2008). The importance of attenuating FGF signaling in otic placode 

induction was demonstrated by a failure of induction following prolonged ectopic activation 

of FGF signaling (Freter et al., 2008); extended FGF signaling is instead required to promote 

epibranchial placode fate (Ladher et al., 2010). Two other mechanisms that demarcate otic 

from non-otic derivatives within the Pax2 domain are Wnt and Notch signaling (Groves and 

Fekete, 2012). A gradient of Wnt signals from the midline and border of the neural plate 

directs Pax2-expressing cells towards an otic fate rather than epidermal derivatives (Ohyama 

et al., 2007). Disruption of canonical Wnt signaling (for example, by conditional deletion of 

β-catenin in Pax2-expressing cells) greatly reduces the size of the otic placode, while 

activation of Wnt signals by expression of constitutively active forms of β-catenin drive the 

entire Pax2 domain towards an otic fate (Freter et al., 2008; Ohyama et al., 2006). The final 

step in the refinement of otic and non-otic fates is up-regulation of ligands of the Notch 

signaling pathway such as Jagged1 in presumptive otic ectoderm in response to high levels 

of Wnt signaling (Jayasena et al., 2008). Jagged1-Notch signaling in this region positively 

feeds back to further increase the strength of Wnt signaling in regions of Pax2-expressing 

cells close to the neural plate, but not in more lateral regions where Wnt levels are too low to 

induce Jag1 expression and activate the Notch pathway (Jayasena et al., 2008). In this way, 

a continuous gradient of Wnt becomes discontinuous, fixing otic and non-otic fates (Figure 

2).

Although Pax2/5/8 gene family members are the earliest known markers of the otic placode, 

these genes do not appear to be necessary for otic placode induction. However, they are 

necessary for later events in inner ear development (Bouchard et al., 2010; Burton et al., 

2004). To date, no combination of Six and Eya mouse knockouts, knock-down, or dominant-

negative mutants in other vertebrates prevents the induction of the otic placode (Bricaud and 

Collazo, 2006; Zhang et al., 2004; Zheng et al., 2003; Zou et al., 2006), though these genes 

are also individually necessary for later aspects of ear development and some double 

mutants of these genes can have very small otic vesicles (Chen et al., 2009; Grifone et al., 

2005; Zou et al., 2004). Mutation or knock-down of Dlx gene family members can greatly 

reduce the size of the inner ear (Esterberg and Fritz, 2009; Liu et al., 2003; Solomon and 

Fritz, 2002; Solomon et al., 2004), but Dlx genes again do not appear to be necessary for otic 

placode induction (Robledo and Lufkin, 2006; Robledo et al., 2002). To date, the only genes 

individually necessary for otic placode induction appear to be foxi1 in fish (Hans et al., 

2007; Hans et al., 2004; Nissen et al., 2003; Solomon et al., 2003a) and Foxi3 in chick and 

mouse (Edlund et al., 2014; Khatri et al., 2014). We will return to the role of Foxi genes in 

inner ear induction later in the chapter. First, we will discuss the development of the first 

and second pharyngeal arches that generate much of the middle and external ears, together 

with the jaw.

1.3: The middle and outer ears develop from the first two branchial arches

During vertebrate embryogenesis, structures in the face and neck develop from transient 

branchial arches, also called pharyngeal arches. Following establishment of the embryonic 

body plan and the development of a basic neural tube, five to six pairs of arches expand 
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from the ventral side of the embryo at the level of the hindbrain and eventually fuse 

medially (Figure 3A). The arches are arranged in a simple serial pattern and contain 

elements of all three embryonic germ layers. The surface of each branchial arch (BA) is 

composed externally of ectoderm, and each arch is lined internally with endoderm. Between 

the epithelial layers lies a mesodermal core surrounded by immigrating neural crest cells 

from the midbrain and hindbrain. The boundaries between arches are defined by points of 

direct contact between ectoderm and endoderm, termed pharyngeal pouches (Figure 3B). 

The endoderm of the pouches is critical for branchial arch development (Grevellec and 

Tucker, 2010) and the detailed morphology of pharyngeal tissue types has been 

comprehensively reviewed by Graham, Liu and colleagues (Graham et al., 2004; Graham 

and Richardson, 2012; Graham and Smith, 2001; Szabo-Rogers et al., 2010)

Branchial arch ectoderm, mesoderm, and endoderm contribute to middle and 
outer ear structures—As branchial arch development progresses, the dorsal (proximal) 

territory of the first arch bifurcates into two processes, a posterior mandibular process and an 

anterior maxillary process. A portion of the outer ear derives from posterior ectoderm and 

mesoderm of the mandibular process and anterior ectoderm and mesoderm of BA2 (Alasti 

and Van Camp, 2009). Three auricular hillocks arise on the surface of each arch, then 

expand and remodel, while the ectoderm of the two arches fuses to form the external pinna 

that is the visible portion of the mammalian ear. Ectoderm from BA1 invaginates and 

develops into the outer ear canal that leads to the tympanic membrane (Minoux et al., 2013).

Meanwhile, ear structures also develop from pharyngeal pouch endoderm. The Eustachian 

tube and a portion of the middle ear cavity lining develop from the first pouch. The middle 

ear consists of an air filled cavity containing one ossicle in birds and reptiles (the columella) 

or three ossicles in mammals (the malleus, incus, and stapes) that transmit vibrations from 

the ear drum to the cochlea. In birds and reptiles the epithelial lining of this cavity is 

completely derived from first pouch endoderm. In land tetrapods, however, the three ossicles 

condense adjacent to the endodermal epithelium of the first pouch (Mallo, 1998; Mallo, 

2001). The endoderm must therefore rupture to line the middle ear cavity, where it 

comprises only the ventral portion of the cavity epithelium. The dorsal portion is composed 

of epithelialized neural crest cells, as described below (Thompson and Tucker, 2013). An 

excellent recent review of middle ear evolution is given by Manley (Manley, 2010).

Cranial neural crest cells contribute to middle ear structures—One of the 

developmental innovations unique to vertebrates is the neural crest, a specialized population 

of cells that exit the neuroepithelium and populate the periphery of the body. Neural crest 

cells have the potential to differentiate into a variety of cell types and structures. Cranial 

crest cells derived from the midbrain and hindbrain are particularly plastic, generating bone 

and cartilage that forms much of the face, jaw, and anterior skull, as well as melanocytes and 

peripheral neural structures. The process by which cranial neural crest populations adopt 

their final fate is complicated, involving interactions between all three embryonic primary 

germ layers and finely tuned signaling, much of which takes place in the branchial arches 

(Creuzet et al., 2005; Graham and Smith, 2001; Medeiros and Crump, 2012; Minoux and 

Rijli, 2010).
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By the time arch-derived structures begin to take shape, the bulk of mesenchymal cells are 

cranial neural crest cells that delaminated from the posterior midbrain and the hindbrain. 

Migration occurs in separate, distinct, and stereotypical streams of cells, with cells 

delaminating from the posterior midbrain and rhombomeres 1 and 2 of the hindbrain 

populating BA1, and cells from rhombomere 4 populating BA2. As these cells migrate, they 

often express Hox genes characteristic of their respective rhombomeres of origin, 

contributing to the establishment of a distinct identity for each branchial arch.

The neural crest in the mandibular process gives rise to Meckel’s cartilage that develops in 

mammals into two of the three ossicles of the middle ear, the incus and the malleus, as well 

as supporting the mandible during ossification (Chai et al., 2000). Neural crest cells in the 

maxillary process differentiate into the upper jaw, or maxilla, associated connective tissue, 

and the squamosal bone. The second branchial arch (BA2) contains neural crest cells that 

develop into Reichert’s cartilage from which the third ear ossicle, the stapes, is derived 

(Sienknecht, 2013). Additionally, in mammals the three neural-crest derived middle ear 

ossicles are surrounded by mesenchymal neural crest cells at the site of the future middle ear 

cavity. After the incus and malleus separate from Meckel’s cartilage and the stapes separates 

from Reichert’s cartilage, the surrounding crest cells retract to create an air filled space and 

undergo a mesenchymal to epithelial transition to form the dorsal portion of the middle ear 

cavity lining (Thompson and Tucker, 2013).

1.4: Signals and transcriptional regulators involved in the development of the first and 
second branchial arches

The ectoderm and endoderm surrounding the arches produce multiple signaling factors, 

including FGFs, BMPs, Endothelins, and Sonic Hedgehog, that communicate to the 

underlying mesenchyme – a mixture of mesoderm and neural crest cells (Figure 4). Fgfs are 

expressed in the epithelial tissues of the branchial arches and are particularly enriched in the 

pouch endoderm and overlying ectoderm in the clefts between the arches (Crossley and 

Martin, 1995; Wall and Hogan, 1995). In the developmental context of the branchial arches, 

FGFs function as survival factors for neural crest entering the arches, and as signals that 

induce expression of arch patterning transcription factors in mesenchyme and ectoderm.

One important function of signaling factors from the arch ectoderm is defining the dorsal-

ventral signals that pattern post-migratory neural crest cells in the arches (reviewed in 

(Medeiros and Crump, 2012)). In order to establish the dorsal-ventral axis in BA1, dorsally 

expressed Fgf in the ectoderm is restricted by Bone Morphogenetic Protein 4 (BMP4), 

expressed in the ventral (distal) portion of the BA1 ectoderm. Ectopic Bmp4 expression or 

implantation of a BMP4 soaked bead reduces Fgf8 expression in the branchial arches of 

chick embryos (Shigetani et al., 2000). Interestingly, in the arches BMP4 induces expression 

of its own antagonists, Noggin and Chordin (Stottmann et al., 2001). In addition to 

maintaining the boundaries of ectodermal Fgf8 expression, BMP4 also plays important roles 

in dorsal-ventral patterning of BA1. A signaling network in which BMP4 and Endothelin 1 

(EDN1) overlap to establish the dorsal-ventral axis is conserved from fish to mammals 

(Alexander et al., 2011; Ozeki et al., 2004; Ruest et al., 2004). BMP4 promotes expression 

of ventral territory transcription factors in the arch mesenchyme and represses expression of 
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dorsal transcription factors (Liu et al., 2005). Conditional deletion of Bmp4 from both mouse 

arch ectoderm and endoderm results in almost complete absence of the mandible and shift 

toward the midline of the tympanic ring and Meckel’s cartilage (Liu et al., 2005).

There is evidence in zebrafish that Bmp4 induces ectodermal expression of Edn1 (Alexander 

et al., 2011) and as the arches develop, factors induced by Bmp4 come to define the most 

ventral region of BA1, whereas Edn1 targets occupy a more intermediate domain. One key 

role of Edn1 signaling is to establish the nested expression pattern of Dlx transcription 

factors that delineate the dorsal-ventral axis of BA1 (Ozeki et al., 2004). Zebrafish and 

mouse Edn1-null mutants transform mandibular arch structures into structures normally 

derived from the maxillary process, with a mirror duplication observable in skeletal staining 

(Miller et al., 2000; Ozeki et al., 2004; Ruest et al., 2004).

A fourth signaling pathway, the Hedgehog pathway is also of critical importance for 

patterning the pharyngeal region. Sonic hedgehog (Shh) is expressed in the foregut 

endoderm prior to arch outgrowth (Wall and Hogan, 1995). Ablation of Shh-expressing 

endoderm in chick embryos leads to absence of BA1 derived structures, defects that can be 

rescued by implantation of Shh soaked beads in the approximate location of the missing 

endoderm (Brito et al., 2006). These ablation and bead rescue experiments demonstrate a 

role for Shh in establishing much of the ectodermal patterning required for arch 

development, including Fgf8 and Bmp4 expression (Haworth et al., 2007).

2: FORKHEAD PROTEINS AS TRANSCRIPTION FACTORS AND PIONEER 

FACTORS

In 1989, a new transcription factor containing a previously uncharacterized protein motif 

was identified in Drosophila melanogaster. Named Forkhead (FKH), the protein was first 

shown to function in gut development (Weigel et al., 1989). Shortly thereafter a homolog, 

HNF-3, was identified in rat and the motif conserved between the two proteins was 

determined to be a DNA binding domain, now called a Forkhead box (Lai et al., 1990; 

Weigel and Jackle, 1990). In the ensuing years, an extraordinary number of additional 

factors containing the Forkhead box motif have been found across diverse animal species. In 

an effort to systematize nomenclature of these related genes, a consensus naming strategy 

was established for chordates in which each gene containing the motif was labeled “Fox” for 

forkhead box, sorted into a class lettered A-S based on closest homology, and assigned a 

unique number within that class (Jackson et al., 2010; Kaestner et al., 2000). For example, 

Hnf-3 is renamed Foxa2 to indicate that it is a Forkhead-box protein in the a class distinct 

from Foxa1.

Forkhead proteins are archetypal pioneer factors

While the classical description of transcription factors views these proteins as binding their 

target sites in DNA and influencing transcription of target genes within a short time after 

binding, a subset of transcription factors can influence transcriptional activity in a delayed 

fashion. Often termed pioneer factors, such proteins can act through more than one 

mechanism, both passive and active. Pioneer factors that operate in a passive role are 
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necessary but not sufficient for transcriptional activation (Bossard and Zaret, 1998; Zaret 

and Carroll, 2011). Rather, they bind target sequences that control gene expression via 

multiple transcription factors acting in concert, and binding of the pioneer factor merely 

reduces the number of steps required to initiate gene expression at the appropriate timepoint. 

On the other hand, many pioneer factors can actively influence gene regulation through 

manipulation of chromatin structure. They are able to bind the outer face of DNA in regions 

of tightly compacted chromatin and then open the chromatin to improve accessibility to 

other transcription factors (Cirillo et al., 2002; Cirillo and Zaret, 1999; Cuesta et al., 2007; 

Perlmann, 1992). Interestingly, some pioneer factors demonstrate the ability to remain 

bound to chromatin during mitosis (Yan et al., 2006; Zaret and Carroll, 2011). Although 

chromatin remains transcriptionally inactive during this time, the presence of pioneer factors 

at target sequences upon completion of cell division allows rapid reactivation of target gene 

transcription (Blobel et al., 2009; Dey et al., 2009; Kadauke et al., 2012). This mechanism 

has been described as “bookmarking” the DNA in a specific cell lineage, as a form of 

epigenetic mark, to aid in preparing lineage-specific genes for subsequent rapid 

transcription.

The shared DNA-binding domain in FOX proteins is composed of three α helices and two 

loops resembling insect wings, and was thus called a winged-helix domain (Lai et al., 1993). 

Interestingly, the winged helix domain bears a distinct resemblance and possibly an 

evolutionary relationship to the linker histones H5 and H1 (Zaret and Carroll, 2011). The 

similarity of the FOX winged helix domain to linker histones suggests that FOX proteins 

might have access to DNA in regions of compacted chromatin. Indeed, this appears to be the 

case for more than one member of the Forkhead family; three FOXA factors, FOXD3, 

FOXE1, and FOXO have been shown to be pioneer factors that can actively open chromatin 

to allow for binding of additional transcription factors (Cuesta et al., 2007; Hatta and Cirillo, 

2007; Xu et al., 2009; Zaret and Carroll, 2011). Additionally, these FOX factors and other 

pioneer factors commonly bind in an unusually tight manner to chromatin (Zaret and 

Carroll, 2011).

Perhaps the best-characterized Forkhead pioneer factors are the FOXA proteins, originally 

identified as early arrivals to mouse albumin regulatory sites during endoderm 

differentiation (Gualdi et al., 1996). The presence of redundantly expressed FOXA1 or 

FOXA2 at this albumin regulatory site is required for early liver development (Bossard and 

Zaret, 1998; Lee et al., 2005). The FOXA factors, in the cellular context of liver progenitors, 

bind their target sites in compacted chromatin and open it for further transcription factor 

binding (Cirillo et al., 2002). FOXA1 protein remains bound to chromatin during mitosis, 

both at specific target sites and non-specific sites throughout the compacted chromosomes 

(Caravaca et al., 2013). This suggests a bookmarking role for FOXA1 at its specific target 

sites, and non-specific binding as a mechanism for retaining FOXA1 close at hand to jump-

start activity at nearby target sites upon the conclusion of telophase. Of note, a classical 

transcription factor role has been proposed for FOXA2 in inducing expression of Tbx1 in the 

endoderm (Yamagishi et al., 2003). Overexpression of Foxa2 alone in HeLa cells was 

sufficient to activate a luciferase reporter fused to the FOXA binding site of the Tbx1 

enhancer. While this may be an artifact of the in vitro system, it is important not to discount 

Edlund et al. Page 9

Curr Top Dev Biol. Author manuscript; available in PMC 2015 October 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the possibility that a transcription factor may behave as either a pioneer factor or classical 

transcription factor depending on the target gene and cellular context. Whether acting as 

classical transcription factors or pioneer factors, with their abundance in chordate genomes, 

their presence in almost every tissue throughout development, and their ability as pioneer 

factors to prime genomic regions for rapid activation, FOX transcription factors are critical 

and universal developmental regulators.

3: THE ROLE OF FOXI FAMILY MEMBERS IN INNER EAR DEVELOPMENT

3.1: The role of Foxi1 in mammalian ear development

The first Foxi family member to be identified in mammals was Fkh10, now re-named Foxi1 

(Hulander et al., 1998). Foxi1 mutant mice display hyperactivity, circling behavior, and 

deafness (Hulander et al., 1998) and although the inner ear initially develops normally, 

much of the epithelial labyrinth becomes swollen and expanded by late embryonic stages, 

consistent with a failure in endolymphatic fluid regulation in the ear (Hulander et al., 2003). 

Foxi1 is initially expressed in the primordium of the endolymphatic duct in the developing 

otocyst (Ohyama and Groves, 2004a), and is later restricted to the epithelium of the 

endolymphatic duct and sac (Hulander et al., 2003; Raft et al., 2014; Vidarsson et al., 2009). 

FOXI1 is known to regulate a number of genes involved in ion transport, such as Slc26A4 

which encodes the pendrin anion exchanger implicated in Pendred syndrome (Everett et al., 

1997), and human FOXI1 mutations can also cause Pendred syndrome (Yang et al., 2007). 

FOXI1 also regulates subunits of other ion transporters such as the vacuolar H+-ATPases 

(Vidarsson et al., 2009), and mice with mutations in some of these subunits also have 

enlarged endolymphatic compartments (Lorente-Canovas et al., 2013). Interestingly, the 

apparent functional homolog of Foxi1 in zebrafish is foxi3, which also appears to regulate 

the development and function of transport epithelial cells, the ionocytes of the fish epidermis 

(Cruz et al., 2013; Hsiao et al., 2007; Janicke et al., 2007; Janicke et al., 2010; Solomon et 

al., 2003b; Thermes et al., 2010).

3.2: Expression, regulation and function of Foxi1/3 factors in inner ear development – from 
non-neural ectoderm to otic placode via the pre-placodal domain

Both DNA sequence data and phenotypic analysis of mutants suggest that zebrafish foxi1 

and mouse and chicken Foxi3 should be considered to be homologs (Figure 5). For 

convenience, we will refer to the genes as Foxi1/3 in the following sections to refer to 

results that have been confirmed in both fish and mouse and/or chicken. Foxi1/3 transcripts 

are initially expressed in non-neural ectoderm surrounding the future neural plate (Khatri et 

al., 2014; Khatri and Groves, 2013; Kwon et al., 2010; Lee et al., 2003; Nissen et al., 2003; 

Ohyama and Groves, 2004a; Solomon et al., 2003a; Solomon et al., 2003b), overlapping 

with other transcription factor markers of non-neural ectoderm such as Gata3, Dlx5/6, and 

Ap2α. In common with these other non-neural ectoderm genes, Foxi1/3 becomes restricted 

to the pre-placodal domain with definitive pre-placodal region markers such as Six and Eya 

gene family members(Grocott et al., 2012; Groves and LaBonne, 2014; Kwon et al., 2010; 

Streit, 2007). After formation of the otic placode, Foxi1/3 is down-regulated in the otic 

region but continues to be expressed in epibranchial placode ectoderm and ectoderm of the 

future pharyngeal arches (Edlund et al., 2014; Khatri et al., 2014; Khatri and Groves, 2013; 
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Ohyama and Groves, 2004a; Solomon et al., 2003a; Solomon et al., 2003b). Later in 

development, Foxi3 is also expressed in pharyngeal clefts and pouches (Edlund et al., 2014; 

Ohyama and Groves, 2004a) and in placodes associated with epidermal appendages such as 

tooth primordia and hair follicles (Drogemuller et al., 2008; Shirokova et al., 2013).

Pre-placodal Foxi1/3 expression is regulated by the same signals that initiate expression of 

other non-neural ectoderm genes. Zebrafish foxi1 is dependent on BMP signaling before, but 

not after, gastrulation (Bhat et al., 2013; Hans et al., 2004; Kwon et al., 2010; Solomon et 

al., 2003a). A number of studies have reached different conclusions regarding a possible role 

for Fgf signaling in regulating foxi1 expression in zebrafish (Hans et al., 2007; Nechiporuk 

et al., 2007; Padanad et al., 2012; Phillips et al., 2004), although the precise time and manner 

in which Fgf signaling was manipulated may explain some of the differences in these 

experiments. Furthermore, another zebrafish study suggests that, in addition to Bmps and 

Fgfs, foxi1 is also regulated by retinoic acid (Hans and Westerfield, 2007). Expression of 

Pax8, induced by foxi1, as well as expression of foxi1 itself, expand ectopically in the 

presence of retinoic acid, whereas pax8 expression decreases in response to RA inhibitors. 

This action of retinoic acid may be direct (rather than indirectly affecting anterior-posterior 

patterning) as dlx3b expression in the preplacodal domain is not affected by manipulating 

retinoic acid levels (Hans and Westerfield, 2007). Finally, in chick, ectodermal Foxi3 

expression in gastrulating embryos is regulated by signals released from the hypoblast, as 

has also been shown for Dlx5/6 genes (Khatri et al., 2014; Pera et al., 1999). These 

hypoblast signals appear to be functionally distinct from later signals in cranial 

mesendoderm, which regulate Six and Eya family genes in the pre-placodal region (Khatri et 

al., 2014; Litsiou et al., 2005).

In both zebrafish and chick, Foxi1/3 genes are part of a transcriptional regulatory network 

that gives the tissue its competence to adopt a pre-placodal identity and to respond to FGF 

signals. In zebrafish Foxi1, Gata3 and Tfap2a form a complex, cross-regulatory feedback 

network that is at least partially dependent on Bmp signaling (Bhat et al., 2013; Kwon et al., 

2010). Although the same experiments have yet to be performed in chick, recent evidence 

suggest that amniote Foxi3, Dlx5, and Six/Eya genes can cross-regulate each other. Ectopic 

expression of Dlx5 or Six1 and Eya2 leads to ectopic Foxi3 expression in non-neural 

ectoderm (Khatri et al., 2014). Furthermore, Foxi3 overexpression at the same 

developmental stage leads to activation of these three genes in non-neural ectoderm. 

Together, these fish and chick data support the idea that Foxi1/3 is part of a transcriptional 

regulatory network in non-neural ectoderm that is essential for the transition of pre-placodal 

ectoderm into the otic placode.

The only other amniote Foxi homolog, Foxi2, does not appear to be expressed in the otic 

placode, although it is notably expressed in the future epidermis surrounding the otic 

placode, in progenitors for delaminating epibranchial sensory neurons, and in branchial arch 

ectoderm (Freter et al., 2008; Khatri and Groves, 2013; Ohyama and Groves, 2004a). 

Zebrafish foxi2 is expressed in chordamesoderm during somitogenesis and is later found in 

the retina and the branchial arches (Solomon et al., 2003b). Genetic manipulations that 

reduce the size of the otic placode in amniotes, such as conditional deletion of β-catenin in 

Pax2-expressing progenitors, lead to an expansion of the Foxi2 ectodermal domain, while 
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manipulations that expand the otic placode lead to a corresponding reduction in Foxi2 

expression (Freter et al., 2008; Jayasena et al., 2008; Ohyama et al., 2006; Urness et al., 

2010). Homozygous Foxi2 mutant mice have been generated in our laboratory, but appear to 

have no obvious defect (Ohyama, Edlund, Birol, and Groves, unpublished observations).

3.3: Functional role of Foxi1/3 in otic placode induction

foxi1 was first identified in two different zebrafish mutagenesis screens as the hearsay and 

foo mutants, both of which have significant jaw defects and either very small or completely 

absent otocysts (Nissen et al., 2003; Solomon et al., 2003a). The consensus from a number 

of studies suggests that foxi1 acts to provide ectoderm with competence to respond to FGF 

signaling during otic placode induction (Bhat et al., 2013; Hans et al., 2007; Hans et al., 

2013; Hans and Westerfield, 2007; Kwon et al., 2010; Padanad et al., 2012; Padanad and 

Riley, 2011). Zebrafish foxi1 is also required for epibranchial placode induction (Lee et al., 

2003; Nechiporuk et al., 2007; Nechiporuk et al., 2005), consistent with the derivation of 

both the otic placode and epibranchial placodes from a common Pax2-expressing domain. 

However, an understanding of the precise role of foxi1 in zebrafish leading from the 

establishment of the pre-placodal domain to the induction of the otic placode in response to 

FGF signals is complicated by several observations. Analysis of otic placode markers shows 

that expression of pax2, one of the first otic markers, is decreased, but still present in foxi1 

mutants (Hans et al., 2007; Hans et al., 2004; Nissen et al., 2003; Solomon et al., 2003a; 

Solomon et al., 2004). Abolishing otic induction completely in zebrafish requires knocking 

down foxi1 together with either three other non-neural ectoderm genes (tfap2a and 2c and 

gata3 (Bhat et al., 2013; Kwon et al., 2010)) or with dlx3b and dlx4b (Hans et al., 2007; 

Solomon et al., 2004). In these embryos pax2a expression is completely abolished and the 

ear does not form even in the presence of fgf8 overexpression. (Hans et al., 2007; Hans et 

al., 2004; Solomon et al., 2004). Moreover, in zebrafish unlike mammals, the early otic 

placode markers pax2a and pax8 appear to be expressed over slightly different time courses 

(Hans et al., 2004; Mackereth et al., 2005; Ohyama and Groves, 2004b), and appear to be 

regulated by different signals. Pax8 can be regulated independently by either foxi1 or FGF 

(Hans et al., 2004; Phillips et al., 2004; Solomon et al., 2004), whereas pax2a is regulated by 

both dlx3b/4b and FGF signals (Hans et al., 2007; Hans et al., 2004; Solomon et al., 2004). 

Further complicating matters, knockdown of pax2a, pax2b and pax8 leads to the 

disappearance of the inner ear in zebrafish, but not in mice (Bouchard et al., 2010; 

Mackereth et al., 2005). Finally, dlx3b and dlx4b do not appear to have counterparts in 

amniotes that share expression pattern and function. Dlx5 and Dlx6 are expressed much 

earlier and more broadly in amniotes than dlx3b/4b in fish (McLarren et al., 2003; Pera et 

al., 1999; Streit, 2002; Streit, 2007), and are not necessary for otic placode induction 

(Robledo and Lufkin, 2006; Robledo et al., 2002). Therefore the relationship of these genes 

to foxi1 is difficult to compare with the interactions between Foxi3 and Dlx5/6 in amniotes.

The function of Foxi3 in otic placode induction in amniotes has received much less 

attention, and it is not clear at present whether the pathways regulated by Foxi3 are 

mechanistically more simple, or simply less well explored. Knockdown of Foxi3 in chick 

embryos at pre-placodal stages can effectively abolish Pax2 expression, as well as greatly 

attenuate the ability of pre-placodal ectoderm to express Pax2 when cultured in the presence 
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of FGFs (Khatri et al., 2014). Foxi3 mutant mice appear to entirely lack an inner ear (Edlund 

et al., 2014), although it is not clear whether this represents a complete loss of otic tissue, or 

whether a small amount of Pax2-expressing otic tissue remains as in zebrafish (Hans et al., 

2007; Hans et al., 2004; Nissen et al., 2003; Solomon et al., 2003a; Solomon et al., 2004). 

We are currently characterizing the otic placode phenotype of Foxi3 mutant mice in more 

detail; our preliminary results suggest that, like foxi1 mutant zebrafish, Foxi3 mutant mice 

also have defects in their epibranchial ganglia in addition to lacking the inner ear (Birol, 

Ohyama, Edlund and Groves, unpublished observations).

4: THE ROLE OF FOXI FAMILY MEMBERS IN MIDDLE EAR, OUTER EAR 

AND JAW DEVELOPMENT

4.1: The role of Foxi1/3 in Jaw, Middle Ear, and Outer Ear Development

In zebrafish, Foxi1 is necessary not only for otic placode induction, but also for jaw 

development(Nissen et al., 2003; Solomon et al., 2003a). foxi1 is expressed in pharyngeal 

endoderm and ectoderm of zebrafish, but not in neural crest cells. Yet, the jaw phenotype in 

these fish is at least partially attributable to neural crest apoptosis that occurs in the first and 

second arches, concurrent with decreased fgf3 expression in the endoderm (Edlund et al., 

2014; Nissen et al., 2003). In zebrafish Foxi1 remains bound to chromatin over multiple 

cycles of mitosis in cell cultures and may be a chromatin-remodeling pioneer factor that 

does not itself actively induce expression of many genes, but rather poises genes required for 

specific developmental processes for rapid expression upon receipt of the appropriate signals 

(Yan et al., 2006).

Foxi3 is expressed in the pharyngeal region of mouse embryos in a segmented pattern 

between the branchial arches (Edlund et al., 2014; Ohyama and Groves, 2004a)). Foxi3 is 

expressed in the endoderm of each pharyngeal pouch as well as the overlying cleft ectoderm. 

It is important to note that Foxi3 is expressed neither in branchial arch mesoderm nor in the 

cranial neural crest cells that populate arch mesenchyme (Edlund et al., 2014; Ohyama and 

Groves, 2004a). Further supporting homology between the amniote Foxi3 gene and the 

zebrafish foxi1 gene is the catastrophic suite of branchial arch defects present in Foxi3 

mutant mice highly reminiscent of Hearsay mutant zebrafish. Foxi3 mutants are postnatal 

lethal but born with completely absent middle and outer ears and severely truncated and 

deformed jaws (Edlund et al., 2014). The mutant pups are readily identifiable by their lack 

of a mouth, with a continuous ectodermal covering over the lower half of the face, and by 

the absence of outer ear pinnae. Skeletal preps of the heads of E18.5 Foxi3 mutant embryos 

reveal a number of severe defects in bone and cartilage development. In Foxi3 mutants, only 

a small anterior portion of the mandible develops which is fused to the distal end of maxilla. 

The maxilla itself is also malformed (Edlund et al., 2014). In zebrafish foxi1 mutants, the 

size of jaw cartilages is significantly reduced and jaw morphology is substantially disrupted 

(Nissen et al., 2003; Solomon et al., 2003a).

The middle ear ossicles are evolutionary derivatives of the two anterior arch cartilages: 

Meckel’s cartilage in BA1 and Reichert’s cartilage in BA2 (Sienknecht, 2013). Both 

cartilages are neural crest derived, thus the severe defects in crest-derived tissue in Foxi3 
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mutant mice also affects middle ear structures. There is no sign of the tympanic ring or 

incus, malleus, or stapes of the middle ear, and the entire temporal bone and inner ear are 

absent. The absence of the outer ear may be attributable to aberrant ectodermal morphology 

in Foxi3 mutant mice, which show a failure to demarcate distinct arches (Edlund et al., 

2014). In Foxi3 mutants, cranial neural crest cells undergo apoptosis as they populate the 

branchial arches. Since neural crest cells do not express Foxi3, this suggests that FOXI3 

may regulate the expression of trophic or survival factors in arch ectoderm or endoderm.

Of the four signaling pathways regulating branchial arch development described in Section 

1.4, FGF signaling has the clearest role in neural crest cell survival. The presence of strong 

ectodermal Fgf expression promotes post-migratory neural crest survival in the branchial 

arches. Increased levels of apoptosis in the arch mesenchyme are observed in fgf3 

knockdown zebrafish, in chicks treated with Fgf8 RNAi, and in mouse Fgf8 hypomorphs and 

arch ectoderm-conditional Fgf8 knockouts (Abu-Issa et al., 2002; Creuzet et al., 2004; Frank 

et al., 2002; Nissen et al., 2003; Trumpp et al., 1999). Experiments with mice carrying 

hypomorphic alleles of Fgf8 and with mice in which Fgf8 is locally knocked out of the arch 

ectoderm reveal its importance in promoting normal development of the neural crest-derived 

skeleton. In two studies on compound heterozygote mice, each carrying one null allele and 

one hypomorphic allele of Fgf8, neural crest development is affected in all branchial arches 

(Abu-Issa et al., 2002; Frank et al., 2002; Inman et al., 2013; Macatee et al., 2003; Trumpp 

et al., 1999). In BA1, the maxilla, mandible, and middle ear ossicles, among other skeletal 

elements either fail to form or are hypoplastic. This is likely attributable to the substantial 

increase in cell death in the BA1 mesenchyme.

As apoptosis can be reduced by artificial introduction of FGF when arch morphology is 

already defective, it is probable that FGF signaling directly promotes survival of migrating 

neural crest cells (Edlund et al., 2014). FGFs from the ectoderm also play a role in 

patterning the underlying mesenchyme. Expression of transcription factors, including Dlx2, 

Gsc, Barx1, Pax9, and Lhx6, which contribute to defining the dorsal territory of BA1, 

requires ectodermal signaling (Ferguson et al., 2000; Neubuser et al., 1997; Tucker et al., 

1999). foxi1 and Foxi3 expression are required for normal pharyngeal pouch morphology in 

zebrafish and mouse respectively, FOXI factors establish signaling centers in the developing 

branchial arches necessary for crest survival, and the craniofacial phenotype seen in Foxi3 

mouse mutants is due to reduced FGF8 signaling in the pharyngeal region. The activity of 

FOXI3 in pharyngeal epithelia is required for early expression of Fgf8 in arch ectoderm; this 

pathway is conserved in zebrafish where fgf3 is expressed in branchial arch ectoderm and 

requires the expression of foxi1. In zebrafish foxi1 morphants, ectopic expression of fgf3 in 

pharyngeal ectoderm can reduce neural crest cell death (Edlund et al., 2014).

4.2: Foxi3 has a conserved role in mammalian pharyngeal development

The pharyngeal development function of FOXI3 is conserved in mammals as evidenced by 

phenotypes seen in three breeds of hairless dogs, all of which possess identical mutations in 

the Foxi3 gene (Drogemuller et al., 2008). The mutation, a seven-base pair duplication 

introduces a premature stop codon prior to the DNA binding domain and is presumed to 

create a null allele. In addition to a striking lack of hair, possibly related to a role for FOXI3 

Edlund et al. Page 14

Curr Top Dev Biol. Author manuscript; available in PMC 2015 October 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in regulating the mammalian ectodysplasin pathway (Shirokova et al., 2013), heterozygous 

dogs have malformed and missing teeth and occasional malformations in the outer ear 

(Drogemuller et al., 2008; Tassano, 2014). A human patient with a deletion in one copy of 

chromosome 2 encompassing seven genes including Foxi3 has also been identified. The 

patient was found to have mandibular asymmetry and unilateral malformation of the outer 

ear (Tassano, 2014).

It is clear from studies in zebrafish, chick, mouse, dog, and from one case study of a human 

patient, that FOXI1/3 homologs are highly conserved developmental regulators critical for 

proper formation of all portions of the ear. Because of the structural and phenotypic 

similarities between mammalian FOXI3 and zebrafish Foxi1, it is likely that if Foxi1 is a 

pioneer factor, so is FOXI3. Their conserved role in mammalian branchial arch development 

suggests that examination of genes and signaling pathways regulated by FOXI3, perhaps 

through epigenetic changes and chromatin remodeling, may provide insight into the 

developmental processes involved with shaping jaws and ears from simple branchial arches.

5: CONCLUSIONS

5.1: Ear development is a complex process that requires Foxi1/3 in multiple steps

In land vertebrates the ear consists of three compartments derived from multiple embryonic 

tissues, while in fish only the inner ear is present. The inner ear arises first during 

development via sequential refinement of ectodermal identity. Intercellular signaling and 

subsequent changes in transcriptional profiles of increasingly smaller patches of ectoderm 

confer otic identity on a small portion of pre-placodal ectoderm. This ectoderm forms the 

otic placode from which the inner ear develops. Mice and fish lacking Foxi3 or foxi1, 

respectively, fail to form complete otic placodes, a process normally mediated by FGF 

signaling, and lack all inner ear structures upon completion of embryonic development. In 

addition, the middle and outer ears are absent in Foxi3 mutant mice due to failure to form 

distinct and properly patterned branchial arches. In the presumptive branchial arches of 

Foxi3 mutant mice, post-migratory neural crest cells undergo apoptosis. This function of 

Foxi is conserved in morphant zebrafish, which also have severe branchial arch derived 

skeletal defects, although middle and outer ears are not present in fish. In Foxi3 mutant 

mice, Fgf8 expression in the branchial ectoderm is delayed. Artificial introduction of FGF 

can rescue neural crest cell apoptosis in zebrafish Foxi1 morphants, indicating that the 

proximal cause of cell death in Foxi mutants is likely to be reduced FGF signaling.

5.2: Pioneer factors may play a role in morphological diversity

From an evolutionary perspective, it is interesting to speculate about the ways in which 

minor perturbations of cranial neural crest can lead to the broad spectrum of facial structures 

present in vertebrates. While apoptosis of neural crest cells in the arches, at least in 

laboratory genetic experiments, frequently results in severe facial skeletal defects, it is 

intriguing that induction of apoptosis or even ablation of sizeable populations of trunk neural 

crest cell precursors often presents no appreciable obstacle to animal development (Vaglia 

and Hall, 1999). Trunk neural crest is not usually skeletogenic, with the notable exception of 

turtle shells. Interestingly, these skeletogenic trunk crest cells migrate in a distinct second 
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wave and express cranial neural crest markers (Cebra-Thomas et al., 2013). Aside from the 

turtle shell, structures derived from trunk crest: the peripheral nervous system and 

melanocytes, remain relatively unchanged between classes of vertebrates. Is it possible that 

the sensitivity of cranial neural crest to changes in total cell number represents a rich 

substrate for natural selection?

Recent evidence suggests a pivotal role for non-coding DNA in subtle variations of facial 

shape. While small changes to coding sequences of genes involved with craniofacial 

development can give rise to disabling phenotypes, sequence changes and even deletions of 

elements that regulate expression of these same genes can instead generate normal variations 

in face shape (Attanasio et al., 2013). The authors of the study found that single enhancer 

deletions resulted in subtle but quantifiable changes to the shape of the mouse skull. It seems 

then, that enhancers may be underappreciated in craniofacial developmental studies. It is 

possible that some changes in enhancer function are related to chromatin compaction, that is, 

alterations in the timing or extent of enhancer-containing chromatin in open conformation 

may permit transcription factor binding in new temporal and spatial patterns. One 

mechanism potentially at play is changes in pioneer factor activity. Pioneer factors can 

function to actively open and expose chromatin, priming regions of DNA for transcription 

factor binding and maintaining cellular lineage throughout multiple rounds of mitosis (Zaret 

and Carroll, 2011). FOXI1/3 is included among the forkhead transcription factors proposed 

as pioneer factors. Zebrafish Foxi1, the homolog of mammalian FOXI3, has been shown to 

remain bound to DNA during mitosis in cultured cells (Yan et al., 2006). Yan and 

colleagues examined chromatin fractions and found Foxi1 both in active chromatin and in 

chromatin tightly bound to the nuclear matrix, suggesting a dual role for Foxi1 in chromatin 

organization. Interestingly, the study showed very small changes in gene expression in 

response to ectopic Foxi1 induction. Although transcription factor overexpression in 

cultured cells may not produce results representative of in vivo activity, the evidence 

suggests that zebrafish Foxi1 acts not to immediately promote target gene expression, but 

rather as a pioneer factor that alters the set of genes accessible to other transcription factors 

necessary for developmental lineage specification. It is tempting to speculate that Foxi1 and 

FOXI3 could be pioneer factors that influence timing and expression of a suite of 

pharyngeal patterning factors and might be key in evolution of diverse jaw and ear shapes 

and sizes. Regardless, when subtle temporal or spatial changes spontaneously occur to 

branchial arch gene expression, new and potentially adaptive facial structures can arise. 

Thus, on an individual level the sensitivity of cranial neural crest to genetic perturbations 

may occasionally result in deformities incompatible with survival, but from a population 

perspective, accumulation of subtle facial shape changes may advantageous enough that the 

very same cranial neural crest sensitivity is a powerful force of evolution in vertebrates.
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Figure 1. Simple schematic diagram of the auditory apparatus
The diagram shows the external ear and canal (red), the middle ear cavity (blue) and ear 

ossicles (yellow) and the inner ear (green), with the embryonic origins of each component.
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Figure 2. Requirements for otic induction from primitive ectoderm
The figure depicts a consensus scheme of otic induction for amniotes. For each step, the 

necessary signaling factors for the otic pathway are shown. The alternative pathway is 

chosen in the absence of the specific combination of signaling and/or with additional 

signals. Gene expression defining tissue identity for individual steps are indicated. X 

represents the requirement for an inhibitor of a signaling pathway, such as BMP or Wnt 

inhibitors.
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Figure 3. Arrangement of germ layers and neural crest cells in the branchial arches
(A) sagittal view of an embryonic day 9.5 (E9.5) mouse embryo showing branchial arches 

(BA) 1–3. The external surface of each arch is ectoderm. Neural crest cells (NC) in three 

distinct streams populate the arches. The most anterior stream contains NC from the 

midbrain and rhombomeres 1 and 2 from the hindbrain. Rhombomeres 3 and 5, the white 

regions between streams of yellow neural crest produce very few neural crest cells. (B) 

Schematic of a coronal section through the arches of the embryo in (A). Branchial arches 

consist of external ectoderm, an endodermal lining, a core of mesoderm, and neural crest 

cells from the midbrain and hindbrain. The boundaries of the arches are defined by points of 

contact between endoderm and ectoderm: the pharyngeal pouches.
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Figure 4. Signaling factors from the pharyngeal ectoderm and endoderm
At embryonic day 9.5 (E9.5), four major signaling factors are secreted from the ectoderm 

and endoderm. Fgf8 is expressed in the ectoderm between the arches and between the 

mandibular and maxillary processes of BA1 and in the endoderm at the tips of the 

pharyngeal pouches. Shh is expressed in endoderm underlying BA2 and BA3. Edn1 is 

expressed in ventral arch ectoderm, endoderm underlying the mandibular process, BA2, and 

BA3, and in the mesoderm of each arch. Bmp4 is expressed in the ectoderm overlying the 

ventral domain and the maxillary process of branchial arch 1 (BA1).
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