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Abstract

Loss of sensory hair cells is the leading cause of deafness in humans. The mammalian cochlea 

cannot regenerate its complement of sensory hair cells. Thus at present, the only treatment for 

deafness due to sensory hair cell loss is the use of prosthetics, such as hearing aids and cochlear 

implants. In contrast, in nonmammalian vertebrates, such as birds, hair cell regeneration occurs 

following the death of hair cells and leads to the restoration of hearing. Regeneration in birds is 

successful because supporting cells that surround the hair cells can divide and are able to 

subsequently differentiate into new hair cells. However, supporting cells in mammals do not 

normally divide or trans-differentiate when hair cells are lost, and so regeneration does not occur. 

To understand the failure of mammalian cochlear hair cell regeneration, we need to understand the 

molecular mechanisms that underlie cell division control and hair cell differentiation, both during 

embryogenesis and in the postnatal mouse. In this review, we present a discussion of the regulation 

of cell proliferation in embryogenesis and during postnatal maturation. We also discuss the role of 

the Cip/Kip cell cycle inhibitors and Notch signaling in the control of stability of the differentiated 

state of early postnatal supporting cells. Finally, recent data indicate that some early postnatal 

mammalian supporting cells retain a latent capacity to divide and transdifferentiate into sensory 

hair cells. Together, these observations make supporting cells important therapeutic targets for 

continued efforts to induce hair cell regeneration.
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Introduction: The Problem of Hair Cell Regeneration

Environmental factors, such as noise or ototoxic drugs, combine with a variable genetic 

background to predispose many individuals to hearing loss. Indeed, age-related hearing loss 

affects over 50% of the population by the age of 65.1,2 People become deafened primarily 
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because the sensory hair cells in their inner ears die. As in most of the mammalian nervous 

system, regeneration does not occur, and so the loss of hearing due to sensory hair cell death 

is permanent.3,4 Aside from prosthetics, such as hearing aids and the cochlear implant, 

developing therapies to induce regeneration in the sensory epithelia of the inner ear offers 

the only hope to the millions of people suffering from hearing loss.

In contrast to the permanent nature of mammalian deafness, the avian auditory organ readily 

regenerates lost hair cells. The supporting cells that normally surround the sensory hair cells 

are capable of acting as precursors in response to hair cell loss to regenerate the sensory 

epithelium.5–9 This regeneration can occur in two ways: quiescent supporting cells can 

directly differentiate into new hair cells, or they can first divide and subsequently 

differentiate as new hair cells and supporting cells.4 These two regenerative processes occur 

sequentially in the bird, and their temporal separation suggests that they may be regulated by 

distinct signaling pathways.10–13 Moreover, additional mechanisms must exist to regulate 

the extent of regeneration, as well as to re-establish the orderly mosaic of cells that is 

necessary for auditory function14,15 (Fig. 1).

Understanding the underlying causes of the failure of hair cell regeneration in mammals is a 

major focus of much recent research and has important implications for the treatment of 

hearing loss in humans. As in birds, regulation of two basic processes, proliferation of 

sensory precursors and their subsequent differentiation into hair cells, is likely to underlie 

any regenerative therapies. In this brief discussion, we will focus primarily on recent efforts 

to understand how proliferation is regulated during development in the mammalian cochlea, 

how it might be regulated during regeneration, and how precursors differentiate into hair 

cells.

Control of Cell Proliferation in the Inner Ear during Development

During the development of the mouse organ of Corti, the progenitors that give rise to hair 

cells and supporting cells make their final cell division prior to the apparent onset of 

differentiation, and then do not normally divide again for the life of the animal.16 Our hope 

is that by studying the regulation of cell cycle exit during embryogenesis, we will get a 

better understanding of the failure of supporting cell proliferation when hair cells are lost.

The cyclin-dependent kinases (CDK) and their regulatory machinery are prime targets of 

developmental signaling to co-ordinate proliferation with differentiation.17 The mouse organ 

of Corti arises from a prosensory region of the elongating cochlea defined by the expression 

of the CDK inhibitor p27Kip1.18 Developmentally, p27Kip1 is under transcriptional control 

and appears in a wave of expression that begins in the apical tip of the cochlear duct and 

progresses to the base.19 This expression establishes a postmitotic prosensory domain within 

the cochlear duct prior to apparent hair cell or supporting cell differentiation20 and parallels 

the pattern of cell cycle exit in the organ of Corti.16

Subsequently, differentiation and patterning within this postmitotic domain initiates in the 

base of the cochlea and progresses in a wave toward the apex, finishing just prior to birth. 

Thus, cells that first become postmitotic in the apical regions of the organ of Corti are 
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maintained in a nondividing, but undifferentiated state for several days. Loss of p27Kip1 

disrupts the normal pattern of cell cycle exit, and although the onset of differentiation occurs 

normally, the coordination between cell cycle exit and differentiation is lost. This suggests 

that during development the pattern of cell cycle exit and the onset and progression of 

differentiation are independently regulated. In p27Kip1 knockout mice, supernumerary hair 

cells and supporting cells are produced. Furthermore, these mice are deaf,18,21 most likely 

because the biomechanical integrity of the organ of Corti is compromised. Thus, fine control 

of p27Kip1 expression is crucial, not only for the correct morphological development of the 

organ of Corti, but also for its function.

Maintenance of the Postmitotic State

As differentiation progresses along the length of the nascent organ of Corti, p27Kip1 is 

rapidly downregulated in differentiating hair cells, but is maintained at high levels in 

differentiating supporting cells.18 This suggests the hypothesis that changing levels of CDK 

inhibitors may be involved in the maintenance of the postmitotic state of hair cells and 

supporting cells. Moreover, the high p27Kip1 levels in supporting cells might be responsible 

for their lack of regenerative response when hair cells are dead.

Given that p27Kip1 is rapidly and permanently downregulated as hair cells differentiate, 

other mechanisms must be responsible for maintaining the postmitotic state of these cells. 

P19Ink4d, a member of the Ink4 family of CDK inhibitors, is expressed at relatively high 

levels in hair cells, and its deletion leads to a progressive hair cell loss in postnatal mice.22 

This occurs because in the absence of p19Ink4d, hair cells, unable to maintain the postmitotic 

state, sporadically re-enter the cell cycle and ultimately undergo apoptosis. Moreover, 

mutation of p21Cip1, another CDK inhibitor of the Cip/Kip family, when combined with 

mutation of p19Ink4d causes hair cells to re-enter the cell cycle en masse after birth, and then 

die.23 Similarly, the loss of retinoblastoma1 (Rb1) also causes a loss of control of the 

postmitotic state and leads to hair cell apoptosis,24–26 suggesting that p19Ink4d and p21Cip1 

might act upstream to maintain CDKs in an inactive state and protect hair cells from 

inappropriate phosphorylation and inactivation of Rb1. Taken together, these results indicate 

that, like many neurons,27 the terminally differentiated state of postnatal hair cells is 

incompatible with cell cycle reentry. Thus, inducing conditional proliferation in surviving 

hair cells does not seem to be an attractive strategy for therapeutic design.

Supporting cells are the source of new hair cells in regenerating bird auditory organs14; thus, 

they are an attractive target for therapeutic manipulation. To regenerate a functional cochlea, 

the correct ratio of hair cells to supporting cells must be reproduced in the mosaic: therefore, 

lost cells must be replaced through mitosis. Although p27Kip1 levels are downregulated in 

hair cells during differentiation, p27Kip1 levels increase in differentiating supporting cells.
18,24 This high level of CDK inhibitor expression is partly responsible for maintaining the 

postmitotic state of supporting cells, as supporting cell proliferation occurs at a low level in 

the p27Kip1 knockout.21

Additional evidence for a role of p27Kip1 in regulating supporting cell quiescence comes 

from recent studies on purified, dissociated supporting cells grown in culture from perinatal 
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and 2-week-old organ of Corti.28 Interestingly, wild-type perinatal cochlear supporting cells 

maintain a latent capacity for proliferation. When these cells are purified and placed in 

culture, they rapidly downregulate p27Kip1 and expand in number.28 However, they undergo 

an age-dependent change in their ability to divide under these conditions. Supporting cells 

purified from 2-week-old organ of Corti do not downregulate p27Kip1, and very few cells are 

able to re-enter the cell cycle.

The correlation between p27Kip1 downregulation and cell cycle reentry in perinatal 

supporting cells suggested a role in the failure of regeneration. However, only partial rescue 

of proliferation is observed in supporting cells obtained from p27Kip1-null mice,28 indicating 

that p27Kip1 is only one element in the machinery responsible for maintaining the 

postmitotic state of supporting cells. Forced expression of the F-box protein Skp2, an 

ubiquitin ligase that targets p27Kip129 and other cell cycle regulatory molecules, results in 

supporting cell proliferation in the mature guinea pig cochlea.30 Thus, both transcriptional 

and posttranslational mechanisms of p27Kip1 present important targets for future research 

and potential therapeutic manipulation.

Stability of the Differentiated State of Supporting Cells in the Postnatal 

Organ of Corti

In uninjured birds and mammals, auditory hair cells and supporting cells maintain their 

differentiated state through the life of the animal. When hair cells are lost in birds, 

supporting cells can undergo direct transdifferentiation into hair cells in response to the loss 

of hair cells.12,13,31 This is marked by the upregulation of the basic helix-loop-helix (bHLH) 

transcription factor Atoh1 in the differentiating cell,13 followed by the expression of other 

hair cell specific genes.12 In mammals, it is unknown what molecular changes the 

surrounding supporting cells undergo in response to hair cell loss. Although supporting cells 

do not undergo transdifferentiation to replace lost hair cells, they are able to maintain and 

apparently expand the tight junctions at their apical surface in order to maintain epithelial 

integrity. In some cases, the supporting cell phenotype is lost as well, and a flat, cuboidal 

epithelium appears.32

In spite of the lack of supporting cell transdifferentiation in response to hair cell loss in 

mature mammals, a number of experiments have indicated a latent capacity for embryonic 

and perinatal mammalian supporting cells to differentiate into hair cells. In embryonic organ 

of Corti, laser ablation of nascent hair cells led to the recruitment of surrounding supporting 

cells.33 More recently, White28 and colleagues showed that purified perinatal mouse 

supporting cells were also capable of direct transdifferentiation into hair cells in specific 

culture conditions. This latent capacity was also observed in young, hearing mice.28

Given that Atoh1 is the earliest known marker for hair cell differentiation, both in 

embryogenesis and avian regeneration, understanding its regulation may be key to 

stimulating regeneration in mammals. Indeed, forced expression of Atoh1 in prenatal rodent 

supporting cells causes the differentiation of these cells into sensory hair cells, both in 
vitro34 and in vivo.35,36 Several lines of evidence suggest that Atoh1 in supporting cells may 

be negatively regulated through lateral inhibition via Notch signaling. First, Notch receptors 
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and ligands, as well as downstream effectors, such as the Hes/Hey family of bHLH 

transcription factors, are all expressed in supporting cells.37–39 Second, genetic disruption of 

Notch signaling during development leads to the production of supernumerary hair cells.
38,40–42 In addition, disruption of Notch signaling by pharmacological inhibition of gamma-

secretase leads to the direct transdifferentiation of embryonic and perinatal supporting cells 

into hair cells, and is accompanied by the downregulation of some members of the Hes/Hey 

family and by the upregulation of Atoh1.39,43–46 Taken together, these results suggest that 

most supporting cells are held in the differentiated state through a process of Notch-

dependent lateral inhibition, signaled either through neighboring hair cells, supporting cells, 

or both (but see Doetzlhofer and co-workers46 for one exception).

Conclusion: Mammalian Cochlear Regeneration

To regenerate a functional organ, lost cells must be replaced in kind, number, and position. 

The maturational changes in the organ of Corti that limit this capacity remain unknown. 

Given that, in damaged avian auditory sensory epithelia, supporting cells are able to 

replenish lost hair cells, it is important to evaluate the capacities of mammalian supporting 

cells for proliferation and hair cell generation. Current research, briefly summarized above, 

suggests that embryonic and perinatal mammalian supporting cells retain a latent capacity 

for regeneration. These studies give hope and direction to investigations aimed at stimulating 

regeneration in the inner ear. Further research on molecular pathways that control 

proliferation, differentiation, and patterning the mammalian cochlea will be vital for the 

design of therapies to regenerate human hearing.
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Figure 1. 
The death of hair cells (yellow) in the cochlea of chicks (left panels) stimulates the 

surrounding supporting cells (red) to re-enter the cell cycle and differentiate as new hair 

cells. In mammals, the death of cochlear hair cells is permanent. Supporting cells do not 

normally re-enter the cell cycle and no regeneration occurs. The red arrow indicates the 

stereocilia bundle of a single chick hair cell. The red asterisk and brackets indicate the 

position of the single row of inner hair cells and three rows of outer hair cells typically found 

in mice and humans. (Scanning electron micrographs are courtesy of Dr. Ed Rubel and 

House Ear Institute.)
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