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Abstract

The mammalian cochlea detects sound and transmits this information to the brain. A cross 

section through the cochlea reveals functionally-distinct epithelial domains arrayed around the 

circumference of a fluid-filled duct. Six major domains include two on the roof of the duct 

(Reissner’s membrane medially and the stria vascularis laterally) and four across the floor of 

the duct, including the medial and lateral halves of the sensory domain, the organ of Corti. 

These radial domains are distinguishable in the embryonic cochlea by differential expression of 

transcription factors, and we focus here on a subset of the factors that can influence cochlear fates. 

We then move upstream of these genes to identify which of five signaling pathways (Notch, Fgf, 

Wnt, Bmp and Shh) controls their spatial patterns of expression. We link the signaling pathways to 

their downstream genes, separating them by their radial position, to create putative gene regulatory 

networks (GRNs) from two time points, before and during the time when six radial compartments 

arise. These GRNs offer a framework for understanding the acquisition of positional information 

across the radial axis of the cochlea, and to guide therapeutic approaches to repair or regenerate 

distinct cochlear components that may contribute to hearing loss.
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Introduction

Complex yet esthetically pleasing patterns are found throughout nature, and the mechanisms 

underlying their formation offer an intriguing set of puzzles to solve. One of the most 
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highly-ordered epithelia of the vertebrate body is the sensory organ for hearing, the organ of 

Corti, that is housed within the cochlear duct. Because the readout of pattern is so striking 

at a cellular level when looking down on the surface of the organ of Corti, it is frequently 

studied in the context of planar cell polarity (Tarchini and Lu, 2019). Another mechanism, 

involving the use of morphogen gradients, is likely to be involved in the establishment of 

cellular patterning at the multicellular level, both along and across this organ (Groves and 

Fekete, 2012). This review is focused on pattern formation across the organ’s width, its 

radial axis. We address how five well-known signaling families may act locally through 

cell-cell interactions, or across the radial axis as morphogens, to regulate the expression of 

key transcription factors. This, in turn, likely endows cells with positional information to 

specify cell fates.

We first provide a brief primer on organization and terminology for the mammalian organ 

of Corti, with a schematic to orient the reader (Figure 1). The organ, like the cochlea, is 

elongated in one dimension--its longitudinal axis. This axis is specialized for the detection 

of sounds of different frequencies: there is an orderly arrangement of highest frequencies 

located at the base and lowest frequencies at the apex. This longitudinal dimension also 

spirals, such that the apex (most distal) terminates near the center and the base (most 

proximal) terminates on the outside of the spiral. The base is connected by a fluid-filled duct 

to the vestibular chambers of the inner ear (not shown). A surface view of the elongated 

sensory epithelium reveals 4 rows of stereociliary bundles protruding upward into the fluid­

filled chamber: a single row adorning the tops of the inner hair cells (IHCs) is arrayed in 

parallel with 3 rows of bundles on the outer hair cells (OHCs). Interspersed with the hair 

cells, and holding them aloft, are different classes of supporting cells. The two types of hair 

cells are separated by the tunnel of Corti, a triangular fluid compartment running the length 

of the organ that is created by space that develops between two rows of mechanically stiff 

supporting cells called pillar cells. Thus, a transverse section across the width of the organ 

reveals cellular patterning of this radial axis (Lim, 1986; Slepecky, 1996).

The radial dimension of the sensory organ serves to separate two types of hair cells that 

carry out two distinct and critical functions for the auditory system. IHCs are the sensory 

arm of the system, sending the bulk of sensory information to the brain, while OHCs can 

be considered like the motor arm of the system, amplifying movements of the sensory organ 

within the cochlea, and receiving efferent information from the brain that can dampen this 

movement, much like a reflex arc in the spinal cord (Nayagam et al., 2011; Guinan, 2018). 

Additionally, afferent fibers projecting from OHCs into the brain appear to mediate the 

sensation of pain arising from injury to the cochlea (Liu et al., 2015). These two halves of 

the organ of Corti arise from a common prosensory domain during embryonic development 

(Groves and Fekete, 2012; Wu and Kelley, 2012).

If we look beyond the sensory organ, several other non-sensory tissues differentiate from 

what started out as a continuous epithelial sheet lining the walls of the fluid-filled scala 

media compartment of the cochlear duct. Thus, the segregation of epithelial subdomains 

around the circumference of the cochlear duct must involve the acquisition of positional 

information of its resident cells. The roof of the cochlear duct, which in fact resides 

ventrally within the head, is considered the non-sensory side. It consists of Reissner’s 
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membrane on the medial side, and the stria vascularis on the lateral side. The floor of 

the duct is the sensory side, and this is subdivided from medial-to-lateral as the medial 

inner sulcus, the organ of Corti, and the lateral outer sulcus. Of these, only the organ 

of Corti is considered sensory proper. Eventually, the organ of Corti further subdivides 

into medial (IHC-containing) and lateral (OHC-containing) subdomains. The emergence of 

these subdivisions during development can be visualized based on gene expression patterns 

(Figure 2). A major focus of this review is to understand how these expression domains 

become specified and, in in the case of the sensory domain, further subdivided.

This basic medial-lateral organizational framework of the hearing organ is conserved 

across birds, monotremes and mammals, albeit with some modifications related to the 

widths and obvious separation (or not) of the two halves by a tunnel-like opening (Smith 

and Takasaka, 1971; Ladhams and Pickles, 1996) (Figure 3). The figure also illustrates 

putative concentration gradients of some key signaling molecules that form the subject 

of this review. These molecules are expressed in the cochlear epithelium as it transitions 

from a uniform population of presumed equipotent cells, to a sheet of cells with distinct 

identities (Groves and Fekete, 2012). Understanding the molecular mechanisms by distinct 

cell types are specified around the circumference of the cochlea also has potential clinical 

significance, because the restoration of hearing loss due to cellular defects may require 

different therapeutic strategies, depending upon which component of the radial axis needs to 

be repaired.

Secreted signals regulate transcription factors to specify distinct 

subdomains across the radial axis

In this review, most of the data, and the embryonic time points, come from the mouse. 

We first describe the spatial distribution of key transcription factors, along with available 

functional data, for three major components of the developing cochlear duct: the roof of the 

duct (which subdivides into Reissner’s membrane and stria vascularis), the floor of the duct 

(which subdivides into inner sulcus, organ of Corti and outer sulcus) and the hair cells. Here, 

we will present the medial side on the left and the lateral side on the right. The sensory 

side is pictorially represented on the bottom row of domains (the floor of the duct), while 

the non-sensory side is shown on the top row of domains (dark blue and grey; the roof of 

the duct) (Figures 1, 2 and 4). Following this, we introduce five signaling pathways that 

regulate cochlear development: Notch, fibroblast growth factor (Fgf), wingless/int-1 (Wnt), 

bone morphogenetic protein (Bmp) and Sonic hedgehog (Shh). As each signaling pathway is 

considered, with the exception of Shh, we merge the information provided by a host of gene 

perturbation experiments to predict potential gene regulatory networks (GRNs) that may be 

acting to endow cochlear cells with positional information. GRNs were assembled using the 

Biotapestry software (Longabaugh et al., 2009; Paquette et al., 2016). GRNs are presented 

for two developmental stages: prior to differentiation, the sensory domain is shown in pale 

blue (Figure 4) and during the stages when the nascent sensory domain becomes segregated 

into medial (purple) and lateral (pink) subdomains (Figures 1, 3 and 5). Flanking the sensory 

domain are the inner sulcus (yellow) and the outer sulcus (orange) in Figures 1, 3-5. In 

many cases, direct links between a signaling pathway and the gene(s) it regulates have been 
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validated in other systems but not in the cochlea. Nonetheless, when the relative spatial 

localizations in the cochlea support the possibility of a direct link between a signal and a 

presumed downstream target, we offer this as a plausible link in the presented GRNs. Future 

cis-regulatory analysis will be required to determine the validity of these links. This review 

is not comprehensive and only a subset of a large body of current literature was able to be 

incorporated into the predicted GRNs, with an emphasis on signaling pathways that impact 

the regulation of selected transcription factors.

Transcription factors expressed on the roof of the cochlear duct

The non-sensory roof of the cochlear duct is the Sox2-negative side. It will give rise to 

two structurally and functionally distinct domains: the future Reissner’s membrane and 

the epithelial components of the stria vascularis. Reissner’s membrane is more medial 

within the duct and separates the scala media from the scala vestibuli compartment. The 

fully differentiated stria is more lateral, and is created by a merger between cochlear duct 

epithelium and neural crest-derived cells originating beyond the duct (Steel and Barkway, 

1989; Kim et al., 2014). It becomes highly vascularized, and it plays a key role in 

maintaining the ionic homeostasis of endolymph, the fluid that resides in scala media 

(Anniko and Wroblewski, 1986; Wangemann and Schacht, 1996; Shi, 2016). The high 

potassium and calcium concentrations of endolymph carry the electrical currents underlying 

mechanotransduction. The entire epithelial lining of the scala media is sealed by tight 

junctions between the cells, to confine endolymph to this cavity.

The specification of Reissner’s membrane depends on a homeobox-containing transcription 

factor, Otx2, that also functions during development of the eye and related structures. In 

the developing cochlea, Otx2 transcripts are expressed in the domain that will become 

Reissner’s membrane (Morsli et al., 1999). The loss of Otx2 results in the formation of an 

ectopic organ of Corti in place of Reissner’s membrane, on the medial side of the normal 

organ. Loss of Otx2 causes an expansion of Sox2 expression into the roof of the duct 

on its medial side. Likewise, Fgf10 and Jag1 are ectopically present in this domain. The 

over-expression of these prosensory genes likely stimulates a mirror-image duplication of 

the organ of Corti. Thus, the spatial confinement of Otx2 to Reissner’s membrane anlage 

prevents its conversion into a second prosensory domain in the normal cochlea (Vendrell et 

al., 2015).

Similarly, perturbation of gene expression in the future stria can also result in organ of 

Corti duplication, except now it appears in the lateral part of the non-sensory duct. Lmo4 is 

expressed in the external sulcus (located just beyond the outer sulcus) within the domains 

that will become the stria and the sensory epithelium (Deng et al., 2014). Lmo4 is a 

co-transcription factor without a DNA binding motif; hence, its transcriptional function 

is dependent on its binding partners. The mutant for Lmo4 results in a mirror-image 

duplication of the organ of Corti in place of the stria. There are no reported defects on 

the sensory side of the cochlea. Although Lmo4 is expressed on the sensory side including 

the outer sulcus (Deng et al., 2014), we surmise that the sensory domain lacks a specific 

binding partner required for Lmo4 to repress organ of Corti formation. The absence of this 

binding partner is thus permissive to organ of Corti formation. Therefore, there are active 
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mechanisms in the cochlea that distinguish the two halves of the non-sensory side from each 

other, and that independently inhibit their conversion into sensory fate.

Lmx1a is transcription factor that is highly expressed in the outer sulcus, the future stria 

and Reissner’s membrane. Patterning of the sensory epithelium is disrupted in Lmx1a 
mutants (Nichols et al., 2008) and the gene is required for maintaining proper sensory and 

non-sensory domains (Koo et al., 2009). The lateral boundary of the sensory epithelium and 

the hair cell arrays are disorganized in mutants. As a result, this mis-patterning also disrupts 

afferent innervation (Nichols et al., 2008). Given the spatial localization to the outer sulcus 

and the non-sensory domains of the cochlea, it is possible that the Lmx1a mutant phenotype 

in the sensory domain is non-cell autonomous. Defects have not been reported within the 

future Reissner’s membrane or stria vascularis domains in Lmx1a mutants.

Transcription factors expressed on the floor of the cochlear duct

The prosensory domain can be loosely defined as the Sox2+ progenitor domain that will 

give rise to the organ of Corti; however, earlier in development, almost the entire otocyst is 

Sox2+ and not all of these cells will join the prosensory domain (Gu et al., 2016; Steevens 

et al., 2019). Sox2 is an HMG transcription factor of the SoxB1 group and is an important 

pluripotency factor (Sarkar and Hochedlinger, 2013). In the E12.5 cochlea, Sox2 is confined 

to the floor of the duct, where it extends from the inner sulcus towards the outer sulcus. At 

this time, the roof no longer expresses Sox2. Thus, by E12.5, Sox2 demarcates the sensory 

side from the non-sensory side.

By E13.5, the Sox2+ floor of the cochlear duct undergoes refinement to reveal two new 

internal boundaries that delineate three subdomains from medial-to-lateral: the inner sulcus, 

the prosensory domain, and the outer sulcus (Ohyama et al., 2010; Basch et al., 2016). 

These are indicated schematically in Figures 3-4 (dimensions not drawn to scale). The 

prosensory domain is recognized as a narrow central region that exits the cell cycle in 

a gradient from apex (first) to base (last) over about 2 days (Lee et al., 2006). Sox2 
expression remains elevated in these newly post-mitotic cells. Sox2 mutants exhibit a loss 

of the sensory domain; therefore, it is a crucial transcription factor involved in sensory 

development. Sox2 expression and/or maintenance is regulated through Notch-mediated 

lateral induction (Kiernan et al., 2005). Sox2 is initially required to activate the transcription 

of Atoh1, the first gene expressed in nascent hair cells, within the sensory domain (Figure 4) 

(Neves et al., 2012; Puligilla and Kelley, 2017). After differentiation, Sox2 is downregulated 

in the hair cells. In supporting cells, Sox2 downregulates Atoh1 expression by promoting 

expression of the negative regulators of Atoh1; this reflects an incoherent feed-forward 

mechanism (Figure 5) (Neves et al., 2013). An incoherent feed-forward mechanism occurs 

when a transcription factor activates a gene directly, while also activating a repressor of 

that gene. Potential negative regulators of Atoh1 that are induced by Sox2 include Id genes 

and Notch effector genes (such as Hey1). Id genes are thought to be regulated primarily 

by Bmp signaling, but there is evidence that Sox2 may regulate Id genes as well, although 

this has not been systematically tested (Neves et al., 2012). Sox2 can also promote Hey1 
transcription, which is a negative regulator of Atoh1 (Neves et al., 2011). Supporting cells 

retain their Sox2 expression, and this may explain how they maintain a certain plasticity 
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and can be stimulated to transdifferentiate into hair cells, which can be advantageous for 

regeneration. However, such evidence of transdifferentiation ceases near the end of the first 

postnatal week after birth (Maass et al., 2016).

Once the prosensory domain is specified, its cells must acquire positional information across 

the radial axis that drives the differential development of the medial and lateral sensory 

halves. One of the earliest indicators of this dichotomy is the differential expression of 

Prox1. Around E14.5, cells in the lateral portion of the sensory domain begin to express 

Prox1. This expression persists as a distinguishing feature between the supporting cells of 

the lateral sensory domain and those of the medial sensory domain (Kirjavainen et al., 2008). 

Although Sox2 can activate Prox1 expression (Dabdoub et al., 2008), it is not known what 

restricts its expression to the lateral half, nor is it known why there is a delay in the onset 

of Prox1 relative to Sox2. In the lateral compartment, Prox1 suppresses Gfi1 and Atoh1 
expression (Kirjavainen et al., 2008); thus, Prox1 is inhibitory to hair cell formation. Like 

Sox2, Prox1 is first expressed in progenitors and nascent OHCs and is then downregulated in 

differentiated OHCs (Figure 5). In mutants with reduced Prox1, neurite outgrowth to OHCs 

is impaired, but there is no apparent defect in OHC organization, with 3 rows formed as 

usual (Fritzsch et al., 2010).

Two other markers of sensory organ fate are Pea3 and Erm. These are members of the Ets 

family of transcription factors that are generally known to be activated by the Fgf signaling 

pathway. Both genes are expressed within the sensory domain and to a lesser extent in the 

outer sulcus domain (Hayashi et al., 2008b). Other than this intriguing spatial localization, 

their roles in the cochlea have yet not been investigated. Based on their spatial localization 

alone, we postulate that Pea3 and Erm are not necessarily regulated by all members of the 

Fgf family. We will re-visit this again in the context of Fgf signaling below.

Inhibitor of differentiation (Id) genes are negative regulators of basic helix-loop-helix 

factors. There are three Id genes expressed in the sensory side of the cochlear epithelium: 

Id1, Id2 and Id3. From E13.5 onwards, they show graded expression, with the highest 

levels lateral and a tapering off towards the medial side. The overexpression of Id2 in the 

cochlea inhibits hair cell formation. Although any direct interaction of Ids with Atoh1, 

the hair-cell-specification gene, is unclear, they somehow act within a subgroup of cells 

(supporting cells) to prevent them from acquiring hair cell fates (Jones et al., 2006; Kamaid 

et al., 2010). Not surprisingly, then, they are downregulated in differentiating hair cells 

(Figure 5).

Nuclear transcription factors downstream of the Notch signaling pathway are abundant in 

the developing cochlea. There are five widely known effectors of the Notch pathway that 

are basic helix-loop-helix transcriptional inhibitors: Hey1, Hey2, HeyL, Hes1 and Hes5. The 

Atoh1 enhancer has highly-conserved binding sites for Hes and Hey genes (Abdolazimi et 

al., 2016). Hey1 and Hey2 are expressed early during cochlear development, beginning on 

E12.5. Hey1 is most broadly expressed on E12.5 and later becomes restricted to the sensory 

domain with very faint expression in the inner sulcus by E16.5. On P0, Hey1 expression 

in the sensory domain extends laterally up to Hensen’s cells of the outer sulcus. Hey2 
expression overlaps with the Sox2 positive sensory domain. HeyL is not expressed in the 
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outer sulcus until E14.5 nor in the sensory domain until E16.5. By P0, it is expressed 

medially in the inner sulcus and partially in the medial sensory domain including the IHCs, 

and also laterally in the Deiter’s cells (Hayashi et al., 2008a). Hes1 is expressed somewhat 

diffusely throughout the sensory epithelium and is temporally downregulated in the sensory 

domain beginning on E13.5. As cells exit the cell cycle in the future organ of Corti, Hes1 

flanks this quiescent p27kip1 domain (Murata et al., 2009). Hes5 expression begins later 

than Hes1 on E15.5 and is restricted to the supporting cells in the sensory epithelium 

(Lanford et al., 2000; Tateya et al., 2011). Hes5 along with Jag1 and Lfng are downregulated 

in COUP-TFI null mice, which produces supernumerary hair cells; hence, COUP-TFI is 

an important regulator of Notch pathway genes (Tang et al., 2006). It is likely that the 

combinatorial expression of all these Notch effectors is crucial for patterning in the cochlea.

Hair cell transcription factors

The sequential appearance of several key transcription factors in nascent hair cells is now 

known to control their specification and subsequent differentiation. Atoh1 was the first such 

gene to be identified in the literature (Bermingham et al., 1999), and its central role in hair 

cell specification has stood the test of time. Over-expression of Atoh1 stimulates ectopic 

hair cell formation that mainly resides in the medial nonsensory greater epithelial ridge, 

a transient inner sulcus derivative that disappears after birth. This reveals that the medial 

nonsensory floor of the duct maintains some sensory competence during development 

(Woods et al., 2004; Gubbels et al., 2008; Ahmed et al., 2012; Costa et al., 2015). 

However, these Atoh1-induced ectopic hair cells remain immature. Atoh1 has the capacity 

to autoregulate its own expression, in addition to the many enhancers that regulate Atoh1 
expression (Helms et al., 2000). Atoh1 directly activates the Pou4f3 gene (Ikeda et al., 

2015), which then activates Gfi1 (Hertzano et al., 2004). Thus, in Figure 4, we show 

that these genes are directly connected in hair cells. A recent study shows that a triad of 

transcription factors are required for hair cell programming: Pou4f3, Gfi1 and Atoh1 can 

directly program hair cells from mouse embryonic stem cells (Costa et al., 2015). Although 

Sox2 is initially required for Atoh1 expression, Atoh1 antagonizes Sox2 expression in 

differentiated hair cells (Dabdoub et al., 2008). Sox2 then antagonizes Atoh1 expression 

in supporting cells through the aforementioned incoherent feed-forward mechanisms. This 

mutually antagonistic relationship segregates the hair cell populations from the supporting 

cell populations.

At least two transcription factors have been tied to the process of differentiating IHCs versus 

OHCs. Prox1 is associated only with the lateral (OHC) compartment, but it also labels 

lateral supporting cells. Prox1 is tied to differentiating the medial and lateral compartments 

(Kirjavainen et al., 2008). Even more specific to the OHC fate is Insm1. The gene is 

expressed only in nascent OHCs and in its absence, the OHCs transdifferentiate into IHCs. 

Using Ism1 to sort OHC from IHC populations, the authors identified several additional 

genes that were specific to IHCs versus OHCs (Wiwatpanit et al., 2018). To differentiate 

IHCs from OHCs, we note the presence of Insm1 in OHCs in the GRN. (Figure 5). For 

a comprehensive list of IHC and OHC genes, the readers are directed to the original 

manuscript.
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GRNs related to Notch signaling

In this and the next several sections, we look upstream of selected transcription factors 

to identify the signals that may influence their transcription, and insert this information 

into GRNs. We first consider the Notch pathway, which operates through direct cell-cell 

communication. After this, we consider four families of secreted factors.

In the Notch pathway, membrane-bound ligands, such as Jagged and Delta, are located 

on the surface of signal-sending cells where they are poised to interact with the EGF 

repeats of the Notch receptors displayed on the surface of neighboring, signal-receiving 

cells. During early development of the cochlea, Jag1-Notch signaling acts via a lateral 

induction mechanism to establish the prosensory domain (Kiernan et al., 2006). As evidence, 

perturbation of Notch signaling very early in development inhibits prosensory formation. 

Curiously, at the apical end of the cochlea, these same loss-of-function mutants maintain 

expression of Sox2 and p27kip1 (marking prosensory cell cycle exit) (Brooker et al., 2006; 

Kiernan et al., 2006). As cochlear development progresses, the opposite mechanism of 

lateral inhibition surfaces. Jag2 and Delta ligands participate in lateral inhibition to develop 

a mosaic patterning of hair cells and supporting cells in the sensory domain (Lanford et al., 

2000; Brooker et al., 2006). Jag1-Notch signaling can inhibit Dll-Notch signaling through 

cis-inhibition (Petrovic et al., 2014); therefore, the transition of Notch signaling from one 

mechanism (lateral induction) to the other (lateral inhibition) is dependent on the ligands 

and their relative strengths. How the Notch pathways transitions from Jag1 to Delta is not 

known and remains a fascinating story that has yet to be told. There are differing opinions on 

which downstream gene(s) mediate the Notch effects during cochlear development and this 

uncertainty demonstrates a need to examine the spatial and temporal contexts of signaling.

As mentioned earlier, the Hey family of Notch effectors are the earliest to be expressed in 

the prosensory domain. At this time, they repress Atoh1 and thereby prevent premature hair 

cell differentiation (Abdolazimi et al., 2016). They are highly expressed during prosensory 

formation and are downregulated during differentiation (Hayashi et al., 2008a; Li et al., 

2008; Doetzlhofer et al., 2009). Mutants for Hey1 and Hey2 show that they are important 

for prosensory maintenance, but not prosensory specification. Thus, there must be alternative 

mechanisms that are involved in prosensory specification. Proliferation is unaffected, but 

there are some patterning defects in double-knockouts even though hair cell differentiation 

itself is unaffected (Benito-Gonzalez and Doetzlhofer, 2014).

Another Notch effector, Hes1, confines cell cycle withdrawal to the prosensory domain and 

affects the spatial restriction of the inner hair cell fate. Hes1 mutants have an extra row of 

IHCs (Zheng et al., 2000; Zine and de Ribaupierre, 2002) and it is needed in the cochlea 

to repress p27kip1 (Murata et al., 2009). Loss of Hes1 results in an increase in p27kip1 and 

premature cell cycle exit. Since Hes1 expression flanks the p27kip1 domain, Figures 4- 5 

represent Hes1 as acting on both the medial and the lateral sides of this domain to spatially 

restrict p27kip1 to the center on E13.5 (Lee et al., 2006; Li et al., 2008; Murata et al., 2009). 

At an earlier timepoint on E12.5, it is possible that Hes1 expression is on in the prosensory 

domain before the onset of p27kip1 to perhaps maintain its proliferative status. One missing 

allele of Hes1 is sufficient to stimulate the overproduction of hair cells and supporting cells 
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(Zheng et al., 2000). Hes5 mutants, in contrast to Hes1, have an extra row of OHCs. So, its 

influence is largely on the lateral supporting cell compartment, while Hes1 operates on the 

medial supporting cell compartment (Figure 5).

When one allele of Hes1, Hes5 or Hey1 is absent, there is an increase in hair cell numbers, 

which is also accompanied by an over-production of supporting cells (Tateya et al., 2011). 

Even though the loss of Hes1 alone can upregulate p27kip1, it would appear that the Notch 

effectors function cooperatively to regulate the temporal and spatial onset of cell-cycle exit 

within the sensory domain, and to limit cell numbers (Li et al., 2008; Tateya et al., 2011). 

Despite some of these conflicting data, Hey and Hes genes are linked with Notch/ Rbpj 

signaling to repress Atoh1 expression in supporting cells (Figures 4-5). It is also likely that 

these effectors are regulated by more than just the Notch pathway. Manipulation of Fgf, Wnt 

and Bmp signaling pathways also show downstream effects on Hes/ Hey gene regulation 

(Petrovic et al., 2015). For example, Hey1 and Hey2 were upregulated in response to Shh 

(Benito-Gonzalez and Doetzlhofer, 2014) and Hes1 was downregulated in Tbx1 conditional 

knockout mice (van Bueren et al., 2010). However, it is not known if any of these effectors 

are direct downstream targets of Tbx1 and/or the above signaling pathways. Nevertheless, 

these perturbation data illustrate how signaling pathways can be interconnected.

Another approach to study the timing and patterning effects of Notch signaling is with 

conditional deletions of Rbpj, the transcription factor that complexes with the Notch 

intracellular domain (NICD) to drive Notch signaling. These mutants have a shortened 

cochlea and supernumerary hair cells restricted to the apex. The absence of hair cells 

elsewhere is consistent with Notch signaling being required for lateral induction of the 

prosensory domain, and indeed Sox2 levels were markedly reduced (but not absent) in 

the prosensory domain. When deleted prior to sensory specification using the Foxg1-Cre 

driver, loss of Rbpj decreases cell proliferation, leaving only the cells at the extreme apex 

to express the prosensory marker, p27kip1. The expression of Fgf10 and Lfng, marking 

portions of the floor of the duct, is disrupted in the mutants on E15.5 but not at earlier 

timepoints, indicating the persistence of some prosensory identity and perhaps residual 

Notch signaling. As expected, Notch effector genes such as Hey1, Hey2 and Hes1 are 

reported to be downregulated in one study (Yamamoto et al., 2011). But, in another study 

using a different (but also earlier) driver (Pax2-Cre) to delete Rbpj there is no change in 

Hey1, Hey2 or p27kip1 expression (Basch et al., 2011). Outside of the cochlea, Rbpj is 

required for the expression of Sox2 (Ehm et al., 2010); thus, Figure 4 represents Sox2 

to be directly regulated by Notch signaling during early development, and thus promoting 

prosensory specification. However, Sox2 expression is not completely suppressed in either 

of the Rbpj conditional mutants (Basch et al., 2011; Yamamoto et al., 2011). While this 

may be a technical artifact of the timing of Cre-mediated deletion, an alternative explanation 

is that there are other factors that also determine Sox2/ prosensory specification, even 

though Jag1-Notch signaling can stabilize Sox2 expression in the cochlea (Pan et al., 

2010). The second study concluded that Notch is not even active on E12.5 or E13.5 in 

the cochlea (based on a Notch reporter and Notch effector genes) and hence, is not required 

for prosensory formation at all. Instead, they argue Notch is only active once hair cell 

differentiation is initiated, to carry out its lateral inhibition role (Basch et al., 2011). Both 

studies agree that there is increased cell death and confirm that hair cell differentiation does 
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not require active Notch signaling (Basch et al., 2011; Yamamoto et al., 2011). It is possible 

that some additional complexities arise because Rbpj is a Janus transcription factor that acts 

as a repressor in the absence of Notch.

In addition to its effects on lateral induction and/or maintenance of a prosensory fate and 

lateral inhibition of a hair cell fate, Notch signaling is also required for an even more 

subtle patterning feature: the precise location of the medial boundary of the organ of 

Corti within the margin of error of two cell diameters. In this context, Notch acts through 

the Fringe enzymes, Lfng and Mfng (Basch et al., 2016). Fringe enzymes are beta1,3-N­

acetylglucosaminyltransferases that modify the O-fucosylated EGF repeats on the Notch 

receptor (Rampal et al., 2005). The expression pattern of Lfng is dynamic through cochlear 

development with initial expression in the inner sulcus that gradually transitions to the IHCs 

and inner phalangeal cells. Eventually, Lfng is also expressed in the lateral supporting cells. 

Mfng is expressed in all hair cells. Lfng and Mfng determine the position of the IHC and 

its associated inner phalangeal cell. A double knockout of both Lfng and Mfng results in 

a duplication of the IHCs and the inner phalangeal cells at the medial boundary of the 

sensory domain. When Notch signaling was greatly reduced, the duplicated inner phalangeal 

cell converted into an extra IHC. By modifying the Notch receptor, Fringe proteins can 

titrate the strength of Notch signaling. Thus, cochlear cell fate commitment is extremely 

sensitive to the levels of Notch signaling. In this way, Fringe proteins can influence hair cell 

specification (Shaya et al., 2017).

GRNs related to Fibroblast growth factor (Fgf) signaling

We now consider how cochlear patterning can be modified by secreted ligands, some of 

which may be present in gradients and affect cell fates differently at different concentrations, 

thus fulfilling the criteria of a morphogen. Fgfs are a large family of secreted signaling 

molecules that bind to Fgf receptors (Fgfr), a small group of receptor tyrosine kinases with 

several alternative splice variants. MAPKs (ERK1/2) regulate Fgf-mediated transcription of 

genes. Many Fgf ligands have a high binding affinity to heparan sulfate (HS) proteoglycans, 

which often sequester in the extracellular matrix (Ornitz and Itoh, 2001). As a result, it is 

only when these Fgf-binding sites on HS become saturated that the excess of Fgf ligands 

can be mobilized over larger distances. However, there are a subset of Fgfs that do not bind 

to HS and these can routinely travel longer distances in the blood stream, for example to 

acquire endocrine functions. These latter Fgfs are members of the Fgf19 subfamily and are 

not amongst those discussed in this review. For more information, readers are directed to 

excellent reviews on Fgfs (Ornitz and Itoh, 2001; Itoh and Ornitz, 2004). There are 4 Fgfs 

that have been investigated in depth in the mouse cochlea; namely, Fgf10, Fgf9, Fgf20 and 

Fgf8. To detect these ligands in the cochlear epithelium, three Fgf receptors, Fgfr1, Fgfr2 
and Fgfr3 are expressed, while Fgfr4 is expressed in the surrounding mesenchyme (Hayashi 

et al., 2010).

Fgf10 is expressed in the greater epithelial ridge as early as E11.5 (Pirvola et al., 2000; 

Pauley et al., 2003), where it is positioned to generate a protein gradient across the floor of 

the cochlear duct (shown schematically in Figure 3). Fgf10 knockout mice yield two notable 

phenotypes on opposite sides of the cochlear duct that suggest it acts non-cell autonomously 

Munnamalai and Fekete Page 10

Dev Dyn. Author manuscript; available in PMC 2021 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



over some distance. Specifically, it seems to be required both for the formation of Reissner’s 

membrane and for the regulation of Bmp4 expression in the outer sulcus (Urness et al., 

2015). Fgf10 only binds with high binding affinity to Fgfr2b, which is expressed in the 

outer sulcus, the presumptive stria and Reissner’s membrane (Pirvola et al., 2000). Based on 

these expression patterns, we hypothesize that Fgf10 may act as a long-range morphogen, 

diffusing from its source in the inner sulcus all the way to the outer sulcus. If Bmp4 is 

directly regulated by Fgf10 binding with Fgfr2b, here we predict that this could occur 

through MAPKs, ERK1/2, which can act as transcriptional regulators in this signaling 

pathway (Figure 4). Alternatively, the influence of Fgf10 on Bmp4 transcription could 

be indirect, via other downstream transcription factors. For example, levels of the Lmx1a 

transcription factor are also reduced in the stria vascularis and the outer sulcus in Fgf10 

KOs; thus, Lmx1a might be a target gene of Fgf10 (Urness et al., 2015) in addition to 

being downstream of Bmp4 (Ohyama et al., 2010) as discussed below. Fgfr2b mutants 

do not develop a cochlea (Pirvola et al., 2000). On the other hand, there were minimal 

effects on cochlear length in Fgf10 KOs. Perhaps Fgf3 acts redundantly with Fgf10 through 

Fgfr2b to regulate the length of the cochlea. The expressions of Pea3 and Erm (both Fgf 

effector genes) are unchanged by the loss of Fgf10 (Urness et al., 2015). This finding is 

consistent with the lack of spatial overlap between Pea3/Erm and Fgfr2b (and points toward 

the independence of an Fgf10-Fgfr2b signaling cassette). Although Fgf10 knockouts lose 

Fgf9 expression, the absence of Reissner’s membrane is not phenocopied in Fgf9 mutants 

(Pirvola et al., 2004; Urness et al., 2015). This is surprising, considering Fgf9 is expressed 

on the side of the cochlear roof that eventually becomes Reissner’s membrane. Instead, Fgf9 

mutants have an enlarged scala vestibuli and disorganization of the mesenchymal trabeculi 

lining that is present between scala vestibuli and scala media. Moreover, the structures of the 

vestibular system are affected, although their sensory epithelia are normal. Even though Fgf9 

mutants do not show any defects in the sensory epithelium of the cochlea, one hypothesis 

suggests that Fgf9 and Fgf20 may co-operate together to specify Sox2+ sensory progenitors 

(Huh et al., 2015).

While the expression of Fgf10 is highly asymmetric within the floor of the developing 

cochlear duct, Fgf20 peaks in its center. Fgf20 expression begins on E13.5 within the 

post-mitotic Sox2-positive sensory domain (Hayashi et al., 2008b). Studies have shown 

that Fgf signaling is partially required for prosensory development. The Fgfr1 receptor is 

thought to regulate this specification due to its binding affinity for the Fgf9 subfamily, 

which also comprises Fgf20. In support of this, Fgfr1 localization indeed overlaps with the 

Sox2-positive prosensory domain (Pirvola et al., 2002; Hayashi et al., 2008b; Munnamalai 

et al., 2012; Ono et al., 2014). Either pharmacological inhibition of Fgfrs with SU5402, 

or the knockout of the Fgfr1 receptor, yield comparable effects on the formation of the 

sensory epithelium, the organ of Corti (Pirvola et al., 2002; Hayashi et al., 2008b). Fgfr1 is 

also required for the maintenance of the Sox2-positive sensory domain (Ono et al., 2014). 

Although Fgf20 is expressed downstream of the Notch pathway, whether this regulation 

is direct as an active binding site for the Notch transcription factor, Rbpj, has yet to be 

determined. In the presence of the Notch inhibitor DAPT, rescue experiments on cochlear 

cultures with exogenous recombinant hFGF20 are successful in restoring Sox2+ prosensory 

expression (Munnamalai et al., 2012). Pea3 and Erm are two Fgf effector genes that respond 
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to SU5402. Pea3 and Erm are localized to the sensory domain where Fgf20 and Fgfr1 are 

also expressed (Hayashi et al., 2008b; Hayashi et al., 2010). Thus, both are likely to be 

effectors of Fgf20.

Fgf8 acts to promote pillar cell fates. It is secreted from the IHCs and is first expressed on 

E15.5 (Jacques et al., 2007). Fgf8 binds with highest binding affinity to the Fgfr3 receptor 

(Itoh and Ornitz, 2004). Fgfr3 is highly expressed in the pillar cells and is slightly decreased 

in the OHCs and their associated Deiter’s cells. Fgfr3 knockout mice lack pillar cells and the 

OHCs are stalled in development; however, there is an extra row of OHCs (Hayashi et al., 

2007; Jacques et al., 2007). The current hypothesis is that the loss of pillar cells (along with 

their Fgf binding capacity) allows Fgf8 to diffuse further laterally to induce an extra row of 

OHCs, presumably through a different Fgf receptor. Pea3 and Erm are highly expressed on 

the lateral side of the sensory epithelium (Hayashi et al., 2008b; Hayashi et al., 2010), so in 

Figure 5 they are represented as being downstream of Fgfr3 and Fgfr1. It would be valuable 

to see if there would be any decrease in Pea3 and Erm expression in Fgfr3 knockouts.

GRNs related to Wnt signaling

Wnts are secreted glycoproteins that signal via the canonical β-catenin pathway to specify 

cell fates, and via non-canonical pathways to regulate planar cell polarity and Ca2+ 

signaling. Wnt ligands bind to Frizzled (Fzd) receptors, while their canonical versus non­

canonical roles are determined by the Fzd co-receptors. Like Fgfs, Wnts are typically 

thought of as short-range morphogens, although their diffusion is dependent on HS 

distribution (Fuerer et al., 2010). Wnts are known to induce proliferation through the 

canonical pathway; therefore, this pathway has been extensively studied in the contexts of 

stem cells, development and disease. As expected, manipulating the Wnt pathway increases 

cell proliferation in the cochlea; hence, it also increases hair cell numbers (Jacques et al., 

2012). Beyond its profound effects on sensory cell numbers, molecules in the Wnt signaling 

pathway can also influence radial axis identities (medial versus lateral). These two different 

functions can be challenging to disentangle: for example, an increase in a particular hair cell 

type could be due to changes in progenitor numbers within a compartment due to increased 

proliferation, movement of compartment boundaries due to changes in morphogen doses, 

and/or a switch in cell fates in an adjacent compartment.

Early during inner ear development, Wnts contribute to establishing the dorso-ventral axis 

that generally separates vestibular and auditory components (Groves and Fekete, 2012; 

Brown et al., 2015). More recently, there has been a surge of publications investigating a 

later role for Wnts within the developing cochlea. There are four Wnts expressed in the 

embryonic mouse cochlear epithelium. Wnt4 is expressed by the roof of the duct in the 

region that becomes Reissner’s membrane. Wnt7b and Wnt7a are more broadly expressed, 

but both are downregulated as development progressed (Dabdoub et al., 2003; Bohnenpoll et 

al., 2014; Munnamalai and Fekete, 2016). The onset of Wnt5a occurs on E13.5 (Bohnenpoll 

et al., 2014; Munnamalai and Fekete, 2016), but is the only Wnt ligand whose expression on 

the medial side of the cochlea persists past birth (Qian et al., 2007). The Wnt inhibitor, Frzb, 

is expressed in the outer sulcus (Qian et al., 2007). There are additional Wnt inhibitors that 

are expressed in the cochlea, but these are expressed at higher levels in the postnatal cochlea 
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(Geng et al., 2016). One exception, Dkk3, is expressed medially in the greater epithelial 

ridge on E15.5, but this onset of expression occurs after the medial and lateral compartments 

are established (Geng et al., 2016). Kremen1, a transcript that encodes a Dkk1 receptor, is 

expressed at the highest levels in the pillar cells, Deiter’s cells and in some cells of the 

greater epithelial ridge located medial to the IHCs on E15.5 (Mulvaney et al., 2016). This 

argues for the need to regionally buffer Wnt signaling in the developing cochlea.

A non-genetic exploration of the function of the Wnt pathway during cochlear development 

is to culture the developing organ and subject it to pharmacological reagents. For example, 

embryonic cochlear cultures were treated with 10μM CHIR99021 (CHIR), a high dose of 

inhibitor to glycogen-synthase-kinase-3β (GSK-3β). Because a GSK-3β is also repressed 

through the activity of the Wnt signaling pathway, CHIR is used as a proxy for Wnt 

activation. If added on the equivalent of E13.5 (1 day after E12.5 explants are initiated) 

for a 24h pulse, CHIR treatment yields a robust and specific increase in the size of the 

medial compartment and IHCs 5 days later (Munnamalai and Fekete, 2016). There is also 

a decrease in the size of the Prox1+ lateral compartment. At this dose, several known 

Wnt target genes are up-regulated, suggesting that Wnts can promote specification of 

medial sensory identity to both the IHCs and their associated supporting cells (Munnamalai 

and Fekete, 2016). When Wnt9a is overexpressed in the chicken cochlea, there is a 

similar increase in the tall hair cells (homologous to IHCs in the medial domain) and a 

nearly complete loss of the short hair cells (homologous to OHCs in the lateral domain) 

(Munnamalai et al., 2017). The loss of these short hair cells is consistent with the effects 

brought about by Wnt activation in the mouse. Together these data suggest that there is 

evolutionary conservation in the ability of Wnts to promote a medial sensory fate.

Wnt signaling may also play a more direct role in hair cell fate specification. The Wnt 

co-transcription factor, β-catenin, can interact with the Atoh1 enhancer (Shi et al., 2010). 

Moreover, in our study, Atoh1 is expressed within a few hours of high-dose CHIR treatment, 

and this occurs before the onset of enhanced proliferation (Munnamalai and Fekete, 2016). 

Other work also suggests that the Wnt pathway can promote hair cell formation (Shi et al., 

2010; Shi et al., 2014). For these reasons, we have represented Atoh1 to be a direct target of 

Wnt signaling (Figure 4) and a specific regulator of IHCs (Figure 5).

Another approach is to interfere with the function of Wnt inhibitors, with an expectation 

that this will mimic some of the effects of Wnt activation. Indeed, forced downregulation 

of the Wnt inhibitor, Kremen1, through RNAi, increases hair cell formation. The normal 

presence of a negative feedback on the Wnt pathway may limit the number of rows of hair 

cells and the number of pillar cells in response to Wnt activity (Mulvaney et al., 2016). 

When Wnt is pharmacologically activated, there is also a slight decrease in the size of the 

lateral compartment, but this is likely to be a secondary effect associated with the repression 

of Bmp4. Here, we suggest that Wnts play a role in restricting Bmp4 expression to the 

outer sulcus (Figure 4). When the Bmp pathway is inhibited, there is an increase in Fgf8+ 
expressing IHCs (medial compartment), and a decrease in the size, or loss of the lateral 

compartment (Ohyama et al., 2010; Munnamalai and Fekete, 2016).
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An alternate hypothesis is that these effects on sensory compartmentalization are brought 

about by a positive role for GSK-3β activity in the lateral compartment (via its effects on 

Bmp signaling), rather than, or in addition to, the need to repress GSK-3β activity (via 

Wnts) to specify a medial sensory fate (Ellis et al., 2019). This recent study uses lower 

(2 μM) and longer (4-6 days) doses of CHIR and other drugs to draw this conclusion, 

influenced in large part because an alternative Wnt agonist that bypasses GKS-3β does 

not phenocopy their CHIR-mediated effects on hair cell fates. These authors raise an 

important point about the potential for cross-talk between pathways that intersect at common 

intracellular mediators. Moreover, pharmacological approaches can be tricky to interpret and 

compare when the dosing regiments are varied across studies. It is therefore essential to 

evaluate known downstream target genes at several time points to have an accurate readout 

of the progression of signaling activity, which may drive feedback loops that could override 

the drug effects. It should be noted that at a timepoint (E14.5) when the medial-lateral 

prosensory boundary is already evident, GSK-3β is expressed in peaks and valleys across 

the radial axis rather than appearing as a single counter-gradient to Wnt (Ellis et al., 2019). 

Specifically, GSK-3β is highly expressed in the inner pillar cells (at the medial-lateral border 

on the lateral side according to the authors) and outer sulcus cells (lateral compartment), 

but is reduced in the region in between (where the OHCs will form). In other words, 

GSK-3β indeed reflects radial patterning, and the emergence of boundaries across the radial 

axis. These GSK-3β level differences could impact ongoing Wnt signaling because cells 

with higher levels of GSK-3β protein may have higher thresholds for Wnt activation. This 

possibility is not mutually exclusive of additional downstream functions for GSK-3β activity 

that diverge from Wnt signaling. At E16.5, GSK-3β is also expressed in cells medial to 

IHCs. At both time points examined (E14.5 and E16.5), expression of GSK-3β in the IHCs 

is difficult to discern. A major role for canonical Wnts in specifying medial-lateral identities 

may already have passed by E16.5. On the other hand, these later GSK-3β expression 

patterns (consistently lower in nascent hair cells) could suggest that GSK-3β activity must 

remain limited during the initial stages of differentiation of both IHCs and OHCs, and Wnts 

could help to accomplish this.

Returning for a moment to canonical Wnt as a regulator of cell proliferation, the 

perturbation of β-catenin also influences radial patterning by modifying hair cell and inner 

pillar cell numbers (Shi et al., 2014). In a normal, developing context, their numbers are 

likely restricted by other players. Both Kremen1 and GSK-3β could prevent an excess 

number of IHCs and pillar cells (Mulvaney et al., 2016; Ellis et al., 2019); however, Wnt 

inhibition does not imply that Kremen1 and Gsk-3β play a role in specifying hair cells/pillar 

cells, but merely regulate their numbers. Therefore, the hypothesis that Wnts help specify 

IHCs/ tall hair cells is still valid (Munnamalai and Fekete, 2016; Munnamalai et al., 2017), 

even though Wnts are unlikely to be the only regulator of Atoh1 expression (Figures 4-5). 

As the field progresses, new regulators of Atoh1 will be identified.

Bmp4 expression is repressed upon CHIR treatment at concentrations that are either high 

(presumed Wnt-mediated) or low (presumed GSK-3β-mediated). Given the expression 

pattern of Wnt ligands, we hypothesize that this repression spatially restricts Bmp4 
expression to the outer sulcus where the Wnt inhibitors, Frzb and GSK-3β, are expressed 

(Qian et al., 2007; Ellis et al., 2019). It is possible that GSK-3β is required for positively 
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regulating Bmp4 expression within the outer sulcus, as suggested by Ellis and colleagues 

(2019). In summary, the current data support the idea that both Wnt signaling (from the 

medial side) and Bmp4 signaling (from the lateral side, promoted perhaps by GSK-3β 
activity) may act in concert to determine the final number of medial sensory cells and the 

precise location of the medial-lateral boundary, and that they may do so through mutual 

antagonism.

In considering the function of Wnt signaling, changes in downstream genes resulting from 

perturbation of the pathway can be informative. In both the mouse and chicken cochlear 

systems, Jag1/Ser1 expression is increased in response to Wnt activation. Jag1 has a 

TCF/Lef binding site in its promoter in cells extracted from hair follicles (Estrach et al., 

2006). Although this has not been demonstrated in the cochlea, we depict Jag1 acting as 

a downstream target gene of Wnt (Figure 4). When Wnt is activated on different days 

in the cultured mouse cochlea, Jag1 is not activated at all timepoints. In such cases, we 

surmise that there may be an incoherent feed-forward network acting to block Wnt-mediated 

induction of Jag1 expression (Figure 5) (Munnamalai and Fekete, 2016). Fgf20 is also 

upregulated in response to Wnt activation. Fgf20 is a highly conserved Wnt target gene 

with TCF/Lef binding sites located within its promoter (Chamorro et al., 2005); thus, it is 

represented as a direct target of Wnt signaling (Figure 4).

GRNs related to Bmp signaling

There is good evidence that the Bmp signaling pathway is active during the specification and 

radial subdivision of the sensory domain, particularly on its lateral side. Bmp4 transcripts 

are expressed in the outer sulcus (Takemura et al., 1996). Studies from mouse embryonic 

stem cells and C2C12 myoblasts showed that inhibitor of differentiation (Id) genes are direct 

targets of Bmp signaling (Hollnagel et al., 1999; Nakahiro et al., 2010) and are negative 

regulators of basic helix-loop-helix factors. They are expressed in the cochlea and their 

over-expression has been shown to suppress hair cell fates (Jones et al., 2006; Kamaid et 

al., 2010). Therefore, here we represent Id1, Id2 and Id3 as downstream effectors in the 

cochlea as well. However, as with most putative target genes in the cochlea, this has not 

been explicitly demonstrated. The expression patterns of Id1, Id2 and Id3 extend beyond 

the Bmp4 expression domain, which suggests that positional information imposed by Bmp4 

signaling extends further radially, possibly as a ligand gradient.

The evaluation of positional information that may be mediated by Bmp signaling has come 

from compound mutations of two Bmp receptors, specifically the conditional deletion of 

Alk3 combined with Alk6+/− heterozygosity. These animals show an expansion of inner 

sulcus genes such as Fgf10, Jag1 and Lfng, the loss of sensory markers such as p27kip1 and 

Hey2, the loss of Bmp4 from the outer sulcus and the loss of its putative Bmp target gene, 

Id2. There is also an enhancement of cell proliferation and no indication that prosensory 

cells initiate withdrawal from the cell cycle. Thus, Bmp normally acts at intermediate 

concentrations as a prosensory factor, repressing proliferation and stimulating differentiation 

of hair cells and supporting cells. However, this effect is sensitive to Bmp levels. Fgf10, Jag1 
and Lfng transcripts, associated with medial and/or sensory fates, decrease with increasing 

concentration of Bmp4 ligand on E11.5 explants, while Id2, Lmx1a, Lmo4 and the Wnt 
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inhibitor, Frzb, are all increased (Ohyama et al., 2010). It remains unclear if these changes in 

gene expression reflect an enhancement of medial fates at the expense of lateral fates, or in 

fact are regulated by Bmp. Here we represent these downstream effects through dashed blue 

lines in the outer sulcus. Additional data suggest that Bmp4 doses that are either too high 

or too low can be inhibitory for sensory fates. Again, as with the other signaling pathways, 

the use of pharmacological inhibitors on cochlear cultures can also offer some insights. Bmp 

pathway inhibition causes a decrease in the size of the Prox1+ lateral compartment with 

a decrease in the number of OHCs, accompanied by an increase in the number of IHCs 

(medial compartment) (Munnamalai and Fekete, 2016). This supports the hypothesis that the 

Wnt and Bmp pathways counter-regulate each other and that Bmp promotes the formation 

of the lateral compartment and its associated cells. In view of the Fgfr3 knockout phenotype 

discussed earlier, it is possible that both Bmp and Fgfs act synergistically to regulate OHC 

specification.

Shh signaling to the cochlear anlagen

During cochlear development, Shh is released from the spiral ganglion to influence the 

nearby developing sensory organ. Shh signaling negatively influences the timing of hair cell 

differentiation in a wave from the base to the apex along the longitudinal axis by repressing 

Atoh1 (Driver et al., 2008; Bok et al., 2013; Tateya et al., 2013). Loss of Shh results 

in a shortened cochlear duct, possibly because the sensory precursors exit the cell cycle 

prematurely. This, in turn, leads to the premature differentiation of hair cells. Most recently, 

the longitudinal expression of the Inhba (Activin A subunit inhibin bA) and Fst (Follistatin) 

genes were found to be influenced by Shh regulation (Son et al., 2015). It was found that 

a counter-gradient activity of Activin A and Fst regulates both hair cell differentiation and 

cell cycle exit along the longitudinal axis (Prajapati-DiNubila et al., 2019). Even though the 

Shh pathway was primarily associated with timing of differentiation along the longitudinal 

axis, we included it because it is an important morphogen and it is critical for regulating the 

timing of cochlear development. However, it is not represented in the GRNs of Figures 4-5, 

due to their focus on medial-lateral patterning.

Summary and Future Directions

In this review, we offer potential GRNs for two phases of cochlear duct development: on 

E13.5 at the time of hair cell specification and E14.5-E16.5 when IHCs and OHCs are 

acquiring separate identities. We make connections between signaling factors at the cell 

surface, and some known downstream target genes that (1) are sensitive to perturbations 

in those signals, (2) are known transcription factors, and (3) have been shown to impact 

cell fates when mutated. We further attempt to synthesize these descriptive genetic studies 

by placing the regulatory connections in the context of an epithelial sheet that is gradually 

transitioning into distinct spatial domains. We recognize that the field is moving at a rapid 

pace, and with large-scale transcriptomics becoming routine, such networks will soon be 

overwhelmed by increasingly large numbers of putative downstream targets, both direct and 

indirect. Nonetheless, we hope that this framework is temporarily useful, and that future 

studies can either confirm or refute some of the direct connections we have proposed. There 

is also a very large body of literature that describes the interactions of Wnt and Notch 
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signaling (Collu et al., 2014) as well as Bmp and Fgf signaling (Schliermann and Nickel, 

2018). For example, Jag1, a Notch component, is regulated by the Wnt pathway (Estrach 

et al., 2006). Both Fgf and Bmp signaling are poised to regulate the expression of Bmp4 
and Lmx1a in the cochlea (Ohyama et al., 2010; Urness et al., 2015). Wnt can also regulate 

Fgf20 (Chamorro et al., 2005); thus, there is potential for crosstalk across all pathways, 

especially in complex systems such as the cochlea.

The synthesis we provide here leaves out many known mechanisms of gene regulation, most 

notably epigenetic mechanisms. Modifications such as acetylations and methylations can 

influence chromatin remodeling and alter the accessibility of enhancers to transcriptional 

controls. Similarly, even if a gene is expressed, microRNAs can directly target the transcripts 

and knockdown protein translation. This means that gene expression patterns may offer only 

a rough guestimate of which cells may be sending signals, how far those signals may travel, 

and which cells receive the signals at a given time and place.

Regardless of these limitations, we feel confident that the explosion of new information 

related to pattern formation in the cochlea will continue to inform studies aimed 

at stimulating cochlear regeneration and repair. Ever more sophisticated GRNs, and 

particularly the connections between different signaling pathways, must be appreciated 

and considered when strategizing about how to repair a damaged cochlea using either 

pharmacological or genetic therapeutic approaches. The more we learn about these signaling 

pathways and the cellular contexts in the organ in question, the better we will be able to 

appreciate when they crosstalk and decipher how the same set of signaling pathways gives 

rise to different organs, be they the cochlea, the eye, the heart or the brain, etc. For a 

comparison of Wnt signaling in eye versus cochlear development, readers are directed to 

the following review (Munnamalai and Fekete, 2013). Another unknown that is yet to be 

discovered is how genetic diversity among mouse models changes the relationships of these 

players in these gene networks (Ohlemiller et al., 2016).
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Figure 1. Cochlear anatomy and connectivity.
Inner hair cells reside on the “medial” side of the tunnel of Corti. This is the direction 

closer to the center (or middle) of the cochlear coil, where axons entering and leaving the 

cochlea through the auditory nerve are bundled together. The IHC bodies are arranged in a 

row above the nuclei of their associated supporting cells, called inner phalangeal cells. They 

are contacted by the peripheral processes of neurons residing in the nearby spiral ganglion. 

The overwhelming majority of spiral ganglion neurons, the type I neurons, each make a 

synapse with a just one IHC. Each IHC makes synapses with 20-30 spiral ganglion neurons 

(not shown). The stereocilia bundles of the IHCs are displaced by fluid movement within 

the scala media. Sensory input to the brain thus begins at the hair cell, travels across the 

chemical synapse to depolarize the neuron’s peripheral process, which generates an action 

potential that travels along the neuron’s central process into the cochlear nucleus of the 

brain. Once this axon enters the brain, it branches extensively to make chemical synapses 

with (i.e., to innervate) a variety of cell types and subdivisions of the cochlear nucleus (not 

shown). Just lateral to the IHCs are the inner and outer pillar cells that create the tunnel 

of Corti. The pillar cells are placed within the “lateral” side of the organ of Corti, which 

also included three rows of OHCs and the Deiter’s cells that support them. The OHCs are 

stimulated by the mechanical displacement of the stereocilia that are in contact with the 

tectorial membrane upon movement of the basolateral membrane. OHCs receive innervation 
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from the small population of type II spiral ganglion neurons whose peripheral processes 

cross the tunnel, turn basally and branch extensively. The medial and lateral sides of the 

organ of Corti also receive efferent innervation from distinct populations of neurons located 

in the brainstem (not shown). Overall, the differences in neural circuitry and organ of Corti 

cellular phenotypes emphasize and impart very different functions to the two halves of the 

organ of Corti’s radial axis. Abbreviations: DCs, Deiter’s cells, IHC, inner hair cell; IPC, 

inner pillar cell; IPhC, inner phalangeal cell, OHCs, outer hair cells; OPC, outer pillar 

cell; RM, Reissner’s membrane; SV, stria vascularis; TC, tunnel of Corti, TM, tectorial 

membrane.
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Figure 2. Gene expression is segregated into 5 compartments across the radial axis on E13.5.
(A) Gene expression pattern of Wnt4 and Gsc on the nonsensory roof of the duct. (B) Gene 

expression pattern of Bmp4 and Isl1 on the floor of the duct. (C) Overlay of images in 

A and B reveals that 5 compartments are already established on E13.5 to give rise to the 

future Reissner’s membrane (RM), the future stria vascularis (SV), the outer sulcus (OS), the 

sensory domain (S) and the inner sulcus (IS). Dual chromogenic in situ hybridizations were 

carried out using RNAScope®.
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Figure 3. A model for how protein gradients across the floor of the cochlear duct may contribute 
to its segregation into compartments.
(A) Protein concentrations (y-axis) are presumed to be distributed as gradients across the 

radial axis from medial (left) to lateral (right). This schematic is representative of the mouse 

cochlea during the window of embryonic days 11.5-15.5 (see Groves and Fekete, 2012, 

for a more explicit temporal sequence). These proteins are encoded by mRNA transcripts 

(not shown) that end rather abruptly at borders of the prosensory domain, thus providing 

asymmetric sources of proteins that may function as morphogens. (B) Within the prosensory 

domain, exposure to specific levels (+, ++, +++) of the major signaling factors could serve to 

subdivide it into medial and lateral compartments. (C) Later, within each compartment, each 

cell has acquired positional information that instructs its eventual fate across the radial axis 

of the organ of Corti. Domains are shown as different colors; oval-shaped hair cells shown 

in green; pillar cells shown as vertical rods. In different species, the radial pattern that arises 

is homologous but not identical to the mammal, when considering cell types or their relative 

numbers. This is probably due to differences in the shape of the morphogen gradients, along 

with evolutionary modifications of the precise developmental programs that are activated in 

response to morphogen exposure. Abbreviations: IHCs, inner hair cells; OHCs, outer hair 

cells; SCs, supporting cells; SHCs, short hair cells; THCs, tall hair cells.
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Figure 4. Gene-regulatory networks that segregate the cochlear duct into five subdomains across 
the entire radial axis.
The rectangular regions represent subdomains across the radial axis on E13.5. The non­

sensory roof (top) of the cochlea are shown as two large subdomains: the future Reissner’s 

membrane (dark blue) and the future stria vascularis (grey). The sensory side (bottom) 

consists of three subdomains: the inner sulcus (yellow), the sensory domain (light purple) 

and the outer sulcus (orange). Domains are not drawn to scale. Genes are represented as 

having three different levels of activity that are variable over space and time. Inactive genes 

are drawn as light grey. Genes at their highest level of activity are shown in black and 

intermediate levels of expression are shown as a dark grey. Morphogens (and transcription 

factor genes) are depicted by a specific color and downstream genes that are predicted to be 

direct targets are connected by lines of the same color. If the putative association between 

a signaling pathway and a downstream affected gene is more likely to be indirect based on 

available evidence, then the two are connected by an interrupted line (shown as --//--) and 

dark blue dashed connector lines. Numbered references are in alphabetical order, as follows: 

1. Abdolazimi Y et al., 2016, 2. Chamorro MN et al., 2005, 3. Dabdoub A et al., 2008, 4. 

Deng M et al., 2014, 5. Ehm O et al., 2010, 6. Estrach S et al., 2006, 7. Hayashi T et al., 

2008b, 8. Hayashi T et al., 2010, 9. Helms AW et al., 2000, 10. Hertzano R et al., 2004, 11. 

Hollnagel A et al., 1999, 12. Huh SH et al., 2015, 13. Ikeda R et al., 2015, 14. Itoh N and 

Ornitz DM, 2004, 15. Jones JM et al., 2006, 16. Kamaid A et al., 2010, 17. Kirjavainen A et 

al., 2008, 18. Munnamalai V and Fekete DM, 2016, 19. Murata J et al., 2009, 20. Nakahiro 

T et al., 2010, 21. Neves J et al., 2012, 22. Neves J et al., 2013, 23. Ohyama T et al., 2010, 

24. Ono K et al., 2014, 25. Puligilla C et al., 2017, 26. Qian D et al., 2007, 27. Shi F et al., 

2010, 28. Urness LD et al., 2015, 29. Vendrell V et al., 2015, 30. Yamamoto N et al., 2011.
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Figure 5. Gene regulatory networks that act to subdivide the floor of the cochlear duct (sensory 
side) into four subdomains across the radial axis after E14.5.
During E14.5- E16.5, the sensory side alone segregates into 4 subdomains across the radial 

axis: the medial inner sulcus (yellow), the medial sensory with its medial supporting cells 

(SCs) (dark purple) and IHCs (light green), the lateral sensory with its lateral SCs (light 

pink) and OHCs (dark green) and finally, the lateral outer sulcus (orange). The sensory 

domain, the organ of Corti, encompasses the medial SC, IHC, lateral SC and OHC. SC- 

supporting cell, IHC- inner hair cell, OHC- outer hair cell. Numbered references are in 

alphabetical order, as follows: 1. Abdolazimi Y et al., 2016, 2. Chamorro MN et al., 2005, 3. 

Dabdoub A et al., 2008, 4. Deng M et al., 2014, 5. Ehm O et al., 2010, 6. Estrach S et al., 

2006, 7. Hayashi T et al., 2008b, 8. Hayashi T et al., 2010, 9. Helms AW et al., 2000, 10. 

Hertzano R et al., 2004, 11. Hollnagel A et al., 1999, 12. Huh SH et al., 2015, 13. Ikeda R 

et al., 2015, 14. Itoh N and Ornitz DM, 2004, 15. Jones JM et al., 2006, 16. Kamaid A et al., 

2010, 17. Kirjavainen A et al., 2008, 18. Munnamalai V and Fekete DM, 2016, 19. Murata 

J et al., 2009, 20. Nakahiro T et al., 2010, 21. Neves J et al., 2012, 22. Neves J et al., 2013, 

23. Ohyama T et al., 2010, 24. Ono K et al., 2014, 25. Puligilla C et al., 2017, 26. Qian D et 

al., 2007, 27. Shi F et al., 2010, 28. Urness LD et al., 2015, 29. Vendrell V et al., 2015, 30. 

Yamamoto N et al., 2011, 31. Neves et al., 2011.
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