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Abstract 
 

 In the mammalian organ of Corti (OC), planar polarity of individual auditory 

hair cells is defined by their V-shaped hair bundle.  At the tissue level, all hair 

cells display uniform planar polarity across the epithelium.  Although it is known 

that tissue-level planar polarity of the OC is controlled by non-canonical 

Wnt/planar cell polarity (PCP) signaling, the mechanisms underlying hair cell-

intrinsic polarity are relatively poorly understood.  Genetic evidence suggests that 

hair bundle polarity and orientation are dictated by the position of the 

microtubule-based kinocilium and its associated basal body, which also 

organizes the cytoplasmic microtubule array.  Based on this idea, I hypothesized 

that microtubule-mediated processes regulate hair bundle morphology and 

orientation and set out to investigate this idea by focusing on two microtubule 

motor-associated proteins.  In this work, I have uncovered a role for the plus-end 

directed motor molecule Kif3a in regulating hair cell planar polarization through 

both ciliary and non-ciliary mechanisms.  Kif3a coordinates hair bundle 

orientation with basal body positioning through localized activation of Rac-PAK 

(p21-activated kinase) signaling at the cortex, leading me to speculate that 

microtubule capture at the hair cell cortex is integral to the polarization process. 

To examine microtubule-cortical interactions during hair cell polarization, I also 

investigated the role of the Lissencephaly 1 (Lis1) gene, a major regulator of the 

minus-end directed cytoplasmic dynein microtubule motor.  I present evidence 

that Lis1 regulates localized Rac-PAK signaling in embryonic hair cells, likely 

through microtubule-associated Tiam1, a guanine nucleotide exchange factor for 
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Rac. Lis1 ablation in postnatal hair cells significantly disrupts centrosome 

anchoring and the normal V-shape of hair bundles, accompanied by defects in 

the pericentriolar matrix and microtubule organization.  Together, my results 

describe a novel pathway that regulates the hair cell-intrinsic polarity machinery 

and provide important mechanistic insights into the role of microtubules during 

hair cell development.   
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Section 1.1: Development of the vertebrate inner ear 

 The vertebrate inner ear, housed within the temporal bone, consists of a 

number of interconnected fluid-filled ducts and chambers containing groups of 

sensory cells responsible for the sensation of hearing and balance.  There are six 

individual organs positioned precisely in three-dimensional space that mediate 

different aspects of hearing and balance.  Three cristae detect angular 

acceleration in response to fluid motion in three orthogonal semicircular canals.  

Two maculae, the utricle and saccule, are oriented at right angles to one another 

and detect acceleration due to gravity.  Finally, the spiral-shaped cochlea houses 

the organ of Corti (OC), the sensory epithelium specialized for hearing.  In 

addition to these sensory areas, the inner ear generates a population of spiral 

ganglion neurons that innervate these organs in a topographically precise fashion 

[1].   

 

1.1.1 Induction and patterning of the otocyst 

 The entire inner ear develops from the otic placode, a thickened plate of 

ectodermal tissue that arises adjacent to the dorsal hindbrain around embryonic 

day (E) 8.5 in the mouse.  Evidence suggests that fibroblast growth factor (FGF) 

signals arising from the underlying mesoderm, endoderm, and adjacent neural 

ectoderm are necessary and sufficient to induce early otic placode markers in 

competent ectoderm [2].  The earliest molecular marker of the future inner ear 

that is induced in response to FGF signaling in mammals is Pax2 [3].  Graded 

Wnt signals, originating from the midline and amplified via Notch signaling, act in 
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combination with FGF to further refine the presumptive placode into otic and non-

otic territories [4, 5].  Following specification, the otic placode invaginates, closes, 

and separates from the surface ectoderm to form the otic vesicle around E9 in 

the mouse [6]. 

 The complex morphology of the mature inner ear exhibits clear polarity in 

three axes, the dorsal-ventral (D-V), anterior-posterior (A-P) and medial-lateral 

(M-L) axes.  This polarity, beginning in the form of differential gene expression, is 

established early in development and is already present by the time of otocyst 

formation [7].  These early gene expression patterns are established according to 

axial position as an integrated response to morphogen gradients originating from 

the tissue surrounding the otocyst.  The D-V axis, which functionally divides the 

inner ear into a dorsal vestibular system and a ventral auditory component, is 

primarily established by Shh signaling.  Analogous to its role in patterning the 

neural tube, Shh produced by the notochord and ventral neural tube imparts D-V 

patterning information to the adjacent otocyst [8].  Consistent with this idea, Shh 

effectors, such as the Gli transcription factors, and direct targets of Shh, including 

its receptor patched 1, are expressed across the otocyst in a D-V gradient [9].  

Likewise, a retinoic acid (RA) signal present in the ectoderm surrounding the 

inner ear induces distinct responses along the A-P axis, which divides non-

sensory structures from neuronal elements and most sensory structures of the 

inner ear [10].  Importantly, each patterning signal must be integrated with others 

that emanate from the surrounding tissues, notably Wnts and BMPs, to establish 

an exact axial identity [7]. 
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1.1.2 Specification of the prosensory domain 

 Three main lineages of cells, prosensory (cells that become hair cells and 

closely-associated supporting cells), proneural (cells that develop into the 

auditory or vestibular neurons) and nonsensory (all other otocyst-derived cells), 

are derived from the otocyst, and gene expression analyses have led to the 

identification of genes involved in specifying each cell type.   

 The prosensory cell lineage gradually becomes restricted to particular 

regions of the inner ear, including the presumptive organ of Corti.  Based on 

mutant analysis, several studies implicated the Notch ligand Jag1  as having a 

critical role in specifying the prosensory domain [11, 12].  Subsequent loss- or 

gain-of-function experiments have confirmed a crucial role for the Notch signaling 

pathway in the formation of prosensory domains (see [13]).  This function for 

Notch signaling is in contrast to the well-established role in lateral inhibitory 

signaling that determines hair cell versus supporting cell fates later in otic 

development (see Section 1.1.3).  The transcription factor SOX2 is also a 

marker of the presumptive prosensory domains, and mice harboring Sox2 

mutations show a loss of both hair cells and supporting cells [14].  Recent work 

suggests that Notch signaling induces prosensory fate by enforcing Sox2 

expression within competent cells [15].  The transcriptional coactivator gene 

Eya1, associated with syndromic hearing loss in humans, also has an important 

role in prosensory specification [16].  While genetic analysis has led to the 

identification of genes necessary for prosensory specification, comparatively little 

is known about the factors responsible for refining the position and boundaries of 
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the domain within the cochlear epithelium, though there is strong evidence that 

the Shh and BMP pathways play a role in this process [13].      

 

1.1.3 Hair cell differentiation 

 Cells within the prosensory domain are further specified to develop as 

either hair cells or supporting cells in a precise ratio.  A large body of work has 

shown that lateral inhibition between developing hair cells and surrounding 

undifferentiated progenitors determines this fate and limits the production of hair 

cells.  This lateral inhibitory process is mediated by the Notch signaling pathway 

and is independent of Notch’s earlier role in prosensory development [17].  While 

the receptor Notch1 is expressed throughout the cochlear duct, the Notch ligands 

Jag2, Dll1, and Dll3 are expressed exclusively in developing hair cells [13].  

Consistent with this idea, targets of Notch activation that inhibit hair cell specific 

gene expression, such as the Hes family of proteins, are expressed selectively in 

supporting cells [18, 19].  As development continues, prosensory cells upregulate 

the cyclin-dependent kinase inhibitor p27Kip1 and withdraw from the cell cycle 

beginning around E12 in mice [20]. 

 Atoh1 (formerly known as Math1), encoding a basic helix-loop-helix 

transcription factor, has been identified as the earliest hair cell-specific gene 

required for definitive hair cell development, because the loss of Atoh1 results in 

a total failure of hair cell differentiation in the mouse cochlea [21]. Moreover, 

forced expression of Atoh1 within the prosensory domain or even outside of it is 

sufficient to induce hair cell fate [22].  Although the deletion of Sox2 or Eya1 also 
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causes a lack of hair cell differentiation, this is thought to involve a loss of the 

progenitor cell population in general and not a specific block in hair cell 

differentiation [13]. 

 

1.1.4 Cochlear morphogenesis 

 The cochlear duct first extends from the postero-lateral region of the 

otocyst and then descends ventro-laterally to form an L-shaped organ by E12 in 

the mouse [6].  The murine cochlea continues to elongate over development until 

reaching a mature length of one and three-quarters turns.  After the onset of 

Atoh1 expression, sensory cell precursors in the primordial OC exit the cell cycle 

between E12 and E14 and form a precursor domain that is four to five cells thick 

[23].  During terminal differentiation, this domain thins to a two cell-layered 

epithelium that extends in length along the longitudinal axis.  Extension and 

thinning occur independently of cell death and proliferation, indicating that 

cellular rearrangements within the developing OC are responsible for the final 

form of the mature cochlea [23].  Such movements are similar to the process of 

convergent extension (CE) that occurs during Xenopus gastrulation and 

neurulation [24].  Like other morphogenic processes where tissues undergo CE, 

it is thought that radial and mediolateral cell intercalation behaviors underlie 

cochlear extension [25–27], and this process is governed, at least in part, by 

Wnt/planar cell polarity (PCP) signaling (see Section 1.3.6) [28, 29].  The small 

GTPase Rac1 also contributes to cochlear morphogenesis by coordinating cell 

adhesion, cell proliferation, and cell movements [30, 31].   
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 Terminal differentiation of hair cells in the organ of Corti initiates near the 

base of the cochlea following the onset of Atoh1 expression.  This wave of 

differentiation proceeds in a base-to-apex gradient along the length of the 

cochlea in mouse between E15.5 and E17.5, alongside extension of the cochlear 

duct.  Simultaneous with differentiation along the longitudinal axis, a gradient of 

differentiation along the mediolateral (i.e. inner hair cell to outer hair cell) axis is 

also present.  By E18.5, nearly all cells in the OC have adopted a mature 

configuration consisting of three rows of outer hair cells (OHCs) and one row of 

inner hair cells (IHCs) with several types of supporting cells interdigitated 

between them (Fig. 1A).  While Notch signaling is thought to be responsible for 

segregating hair cell and supporting cell fates, the checkerboard-like pattern of 

the OC is regulated by the nectin family of immunoglobulin-like cell adhesion 

proteins [32].  IHCs are located medially (i.e. closer to the center of the cochlear 

spiral) in the OC, while OHCs are on the lateral side farthest from the cochlear 

spiral.   

 The fully mature OC consists of a continuous array of cells that are 

tonotopically organized along the length of the cochlea.  Based on the 

mechanical properties of the basilar membrane and the electrical properties of 

the cells themselves, each sensory hair cell is tuned to a particular frequency 

based on its location along the length of the cochlea [33].  This progressive 

tonotopical response is organized in ascending order from the apex of the 

cochlea to its base.  
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Section 1.2: Hair cell structure and function 

1.2.1 Hair bundle structure and function 

 Vertebrate hair cells are characterized by the presence of a 

mechanosensory hair bundle (or stereociliary bundle) that projects from their 

apical surface.  The hair bundle consists of two or more rows of modified 

microvilli, known as stereocilia, and a single microtubule-based kinocilium that 

develops from the basal body immediately underlying it.  The stereocilia are 

arranged in rows of increasing height with the tallest row of stereocilia adjacent to 

the kinocilium.  In spite of their name, individual stereocilia are composed of F-

actin filaments that are highly cross-linked by actin bundling proteins such as 

espin and fimbrin [34].  Growth of stereocilia occurs via addition of new actin 

monomers to the barbed ends of filaments which are aligned toward the 

stereocilia tips.  Some actin filaments pass through the tapered base of the 

stereocilia to form a rootlet which anchors the entire structure in the cuticular 

plate, a dense meshwork of actin in the apical domain of the hair cell that forms 

just before birth.  Given the fundamental importance of actin in stereocilia, factors 

that regulate actin filament assembly and dynamics are critical for both the 

development and maintenance of the hair bundle [35]. 

 Hearing depends on sound-induced deflection of the stereocilia.  The actin 

core of each stereocilia forms a rigid array that allows the stereocilium to pivot at 

its base in response to stimulation by sound waves traveling through the cochlear 

duct.  The deflection of stereocilia opens mechanically gated ion channels 

located on the tips of stereocilia.  Tip links, extracellular filaments that connect 
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the tips of adjacent stereocilia, are believed to transmit tension force onto 

transduction channels [36].  The opening of the mechanotransduction channel 

allows Ca2+ to enter the stereocilia near the lower tip link insertion site 

depolarizing the hair cell toward 0 mV.  This depolarization activates 

neurotransmitter release at the base of the hair cell, passing the signal on to the 

central nervous system. 

 Based on the discovery of genes required for hearing (the so-called 

“deafness” genes) and the study of mouse and zebrafish mutants, significant 

progress has been made in identifying the molecular components of the 

mechanotransduction machinery of auditory hair cells.  Notably, these studies 

have showed that tip links are composed of heterophilic complexes of cadherin 

23 and protocadherin 15 homodimers [37].  In addition, a network of other 

proteins expressed in the stereocilia, many of which encode genes affected by 

the human sensory disorder Usher syndrome, have been incorporated into an 

integrated model of the mechanotransduction network.  These include adaptor 

proteins such as harmonin [38], whirlin [39]  and sans [40], cell surface receptors 

such as Usherin [41], actin binding proteins like espin [42], and several myosin 

motors including myosin VIIa [43], myosin VI [44], and myosin XV [45] (see [46, 

47] for a full discussion of the mechanotransduction apparatus).  Despite these 

advances, the identity of the proteins comprising the mechanotransduction 

channel remains unknown.  The channel-like proteins Tmc1 and Tmc2 have 

been proposed as components of the channel complex, but a definitive 
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demonstration that they are integral components of the complex awaits further 

study [48]. 

 

1.2.2 The hair cell microtubule network 

 The specialized nature of hair cells in the organ of Corti is reflected in the 

architecture of their microtubule network, which differs significantly from that 

found in supporting cells.  While tubulin immunofluorescence reveals subtle 

differences in staining between OHCs and IHCs, several features are common to 

all hair cells [49].  The kinocilium, a specialized non-motile primary cilium, is 

found on the apical surface of hair cells [50].  The axoneme of the cilia extends 

from the basal body, which is derived from the mother centriole of the 

centrosome and found at the base of the kinocilium within the cuticular plate [51].  

In auditory hair cells, the kinocilium is a transient structure that recedes following 

maturation of the hair bundle, suggesting a crucial role during development (see 

Section 1.3.6.3).   

 In addition to organizing the kinocilium, the basal body and its associated 

pericentriolar material (PCM), or centrosome, organize the cytoplasmic 

microtubule array of the hair cell [50].  This array is highly ordered, with a 

majority of microtubules radiating outward toward the lateral pole of the cell (see 

Fig. 31).  After contacting the cortex with their plus-ends, these microtubules 

continue to grow, angling back toward the medial pole of the cell between the cell 

membrane and the cuticular plate.  In addition to filaments that span the 

mediolateral axis of the cell, a portion of microtubules extends from the 
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centrosome into the cytoplasm toward the base of the hair cell.  During the 

postnatal period, the entire microtubule network grows more diffuse, eventually 

forming a filamentous mesh that extends to the basal portions of the mature hair 

cell [52, 53].  Extensive post-translational modification of microtubules is 

observed in embryonic and postnatal hair cells; a majority of tubulin in hair cells 

is found in a tyrosinated and/or acetylated state, though the functional 

implications of these modifications is not known [54]. 

 

1.2.3 Hair cell polarization 

  A prominent feature of the OC is the polarization of hair cells within the 

plane of the epithelium.  Hair cell planar cell polarity (PCP) is manifested by the 

V-shaped hair bundle formed near the lateral pole of the cell.  At the tissue level, 

each hair cell orients its hair bundle in a uniform direction such that the vertex of 

the bundle points toward the lateral edge of the OC (Fig. 1A).  The asymmetric 

structure of the stereociliary bundle is critical for proper mechanotransduction, as 

it renders the bundle directionally sensitive to mechanical movement.  Hair cells 

are depolarized (excited) by displacement toward the tallest row of stereocilia 

and hyperpolarized (inhibited) by movements in the opposite direction [36].  

Thus, the directional sensitivity of each bundle makes uniform orientation of 

stereociliary bundles across the OC critical for proper sensation of sound. 
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Figure 1. Hair cell planar cell polarity. (A) Diagram of the organ of Corti as 
seen en face showing the mosaic pattern of hair cells (shaded white) and 
supporting cells (shaded gray).  The medial lateral and longitudinal axes are 
indicated.  Abbreviations indicate distinct cell types:  IHC, inner hair cell row; 
OHC1-3, outer hair cell row; DC, Deiters’ cell; OPC; outer pillar cell; IPC, inner 
pillar cell; IPhC, inner phalangeal cell. (B) Diagram depicting the steps in 
establishment of hair cell planar cell polarity in mammalian auditory hair cells.  
Green circles represent kinocilia, red dotted lines depict the nascent hair 
bundle, and red triangles indicate mature hair bundles.      

 During development, the kinocilium and its associated basal body are 

thought to play an instructive role in hair bundle polarity (Fig. 1B) [55].  Hair cell 

polarization begins shortly after cell cycle exit when the kinocilium grows from the 

center of the apical cell surface which is covered by a carpet of short microvilli 

[56].  Around E16 in the mouse, the kinocilium migrates toward the periphery of 

the cell in a non-random fashion; the position of the kinocilium after migration is 

biased toward the side of the cell nearest the lateral edge of the OC [57].  Here, it 

initiates outgrowth of the surrounding microvilli which subsequently organize into 

rows, thicken and elongate, and become anchored in the cuticular plate.  This 
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process occurs alongside an extended period of reorientation, when hair bundles 

rotate to achieve a precise uniform orientation across the plane of hair cells [58, 

59].  After bundle formation and orientation are complete, around P10 in the 

mouse, the kinocilium degenerates, leaving its basal body behind in the 

fonticulus, an area in the cuticular plate devoid of actin.   

 On a molecular level, the uniform orientation of hair bundles in the OC is 

controlled by the Wnt/PCP signaling pathway, an evolutionarily conserved set of 

proteins that directs morphogenesis in a number of developmental contexts (see 

Section 1.3) [60].  Loss-of-function of mammalian core PCP genes causes a 

characteristic misorientation of hair bundles (see Section 1.3.6).  Despite loss of 

planar polarity on the tissue level in these mutants, the intrinsic asymmetry of the 

bundle remains intact, indicating that planar polarity on the cell and tissue level 

are separable.  However, the mechanisms that establish hair cell-intrinsic planar 

polarity are poorly understood.  To date, attention has focused on the role of 

ciliary proteins [61] and the importance of kinociliary links with neighboring 

stereocilia [62].   

 Previous work in our laboratory has suggested that the Rac small 

GTPases and their downstream effector, PAK, serve as polarity cues within hair 

cells [30].  A major goal of the current study is to elucidate the cellular processes 

that establish cell-intrinsic polarity through spatial regulation of Rac-PAK 

signaling on the hair cell cortex.  
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Section 1.3:  Planar cell polarity 

 Cell polarity is a fundamental characteristic of nearly all cells.  Different 

cell types use polarity to orient themselves in a variety of ways.  For example, 

epithelial cells maintain a strict apical-basal polarity axis, while migrating 

mesenchymal cells organize their cytoplasm into distinct forward and rear 

compartments.  This variation allows for a wide range of cellular functions, 

including changes in cell shape, cell adhesion, migration, cell division, cell fate 

determination, and the uptake and release of molecules [63].  Despite this 

diversity of function, each of these polarized processes is underpinned by a 

common molecular mechanism.  In each case, molecular polarity determinants 

localize to specific domains of the plasma membrane where they subsequently 

act to polarize other cellular systems.  A key feature of these polarity 

determinants is the ability to respond to extracellular cues from neighboring cells 

or the surrounding environment [64].  However, in some cases, polarity 

determinants can spontaneously polarize in the absence of external cues [63]. 

 Planar cell polarity (PCP) refers to the coordinated orientation of cells 

across the plane of a two-dimensional cell sheet.  PCP is perhaps most evident 

in epithelial tissues, such as the organ of Corti of the inner ear, but can occur in a 

wide range of cell types and contexts.  Historically, planar polarity had long been 

appreciated in the cuticle of Drosophila, where hairs and bristles align 

themselves precisely with respect to the body axes.  These observations 

culminated in the seminal work by Gubb and Garcia-Bellido that identified the 

genetic basis for this phenomenon [65].  It is now appreciated that a relatively 
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small set of evolutionarily conserved genes coordinates many of the complex cell 

movements and polarized structures required to elaborate the final morphology 

of both invertebrates and vertebrates.   

 

1.3.1 Manifestation of PCP 

 The biological processes where PCP is important can be broadly 

categorized based on the tissue or cell context in which they occur.  The simplest 

manifestation of PCP is the uniform alignment of an array of identical cells, as in 

the wing of Drosophila.  Here, each epithelial cell extends a single bristle pointing 

toward the distal axis of the wing [66].  An analogous circumstance occurs in the 

posterior notochordal plate of vertebrates, where each cell extends its primary 

cilium toward the posterior of the cell so that left-right fluid flow can be induced by 

their coordinated beating [67].  A more complex arrangement arises when 

polarized cells reside in a heterogeneous epithelium where polarity information 

must be transmitted through non-polarized cell types.  Such is the case for multi-

ciliated cells in the epidermis of the frog Xenopus, which form in an internal cell 

layer and subsequently migrate to intercalate with unciliated cells in the outer 

surface layer [68].  These cells direct fluid flow along the A-P axis by orientating 

their cilia and underlying basal bodies uniformly.  Another example of this type of 

PCP occurs in hair cells of the mammalian inner ear (see Section 1.3.6). 

 PCP also manifests within multicellular structures.  For example, hair 

follicles in mammalian skin are composed of a number of cell types, each with 

distinct morphology and gene expression patterns [69].  In rodent skin, body 
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hairs are directed toward the posterior, and this orientation is based on the angle 

at which each protrudes from the follicle.  Disruption of follicle polarity affects this 

angle, leading to whorls and ridges in fur [70].  Finally, PCP processes govern 

morphogenetic processes requiring the transient orientation of cells within a 

tissue.  The prime example is during convergent extension (CE) movements that 

occur during gastrulation and the elongation of axial tissue.  Cells produce 

polarized protrusions that allow neighboring cells to converge on an axis and 

intercalate by “pulling” on each other, thereby forming a narrower, longer array 

[24].  Disruption of these polarized cell movements underpins the open neural 

tube defects in individuals with compromised PCP signaling.    

 Throughout each of these circumstances, two unifying functions for PCP 

signaling are observed.  First, it provides individual cells within a group the ability 

to discriminate their position relative to the overall tissue arrangement.  For 

example, cells undergoing CE must identify a common axis before organized cell 

movements can occur.  Second, it transmits tissue-level information to the cell-

intrinsic machinery to direct the placement of polarized structures, the outward 

manifestations of PCP.  For example, polarized regulation of the cytoskeleton 

brings about asymmetric hair formation in the Drosophila wing epithelium and 

directs stereociliary bundle formation in hair cells of the inner ear.   

 The establishment of PCP requires polarized cell-cell interactions that 

align cells with their immediate neighbors and long-range cues to orient this 

polarization in relation to tissue axes.  It is now understood that the establishment 

of PCP in a diverse assortment of tissues is coordinated by two separate but 
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highly coordinated molecular systems, the non-canonical Wnt/PCP signaling 

pathway and the Fat/Dachsous system, both of which generate asymmetric cell-

cell contacts through interactions between cell-surface proteins.  Recent 

evidence also suggests that mechanical tension can provide physical cues to 

direct polarization. 

 

1.3.2 The noncanonical Wnt/PCP signaling pathway 

 A set of core components, first identified by genetic studies in Drosophila 

but highly conserved in vertebrates, is required for most, if not all, aspects of 

PCP signaling; a lack of any of these genes (or the vertebrate ortholog) results in 

polarity defects in a number of tissues [60].  This core cassette of proteins 

consists of the seven-pass transmembrane receptor Frizzled (Fz), the seven-

pass transmembrane cadherin Flamingo (Fmi; also known as Starry Night/Stan), 

the four-pass transmembrane Strabismus (Stbm; also known as Van 

Gogh/Vang), and three cytoplasmic proteins, Dishevelled (Dsh), Prickle (Pk), and 

Diego (Dgo).  Fz and Dsh are also components of the canonical Wnt signaling 

pathway, however both have roles in PCP that are independent of Wnt/β-catenin 

signaling [71].  

 Core PCP proteins are spread uniformly throughout the cell prior to the 

onset of signaling but become asymmetrically localized and differentially 

enriched during active signaling [72].  The ability to communicate polarity 

information between neighboring cells, critical for the maintenance of planar 

polarity, is thought to be propagated by asymmetric assembly of cell-surface 
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PCP protein complexes that are set up via both intracellular and cell-autonomous 

interactions.  In support of non-cell-autonomous regulation of PCP protein 

complex assembly, experiments in Drosophila revealed that wild-type cells 

adjacent to a clone of cells lacking a PCP component adopt a misoriented 

phenotype, turning either toward or away from the mutant clone (a phenomenon 

termed ‘domineering non-autonomy’) [73].  It has subsequently been shown that 

heterophilic interactions between cell-surface PCP protein complexes on 

adjacent cells propagate the planar polarization signal by enforcing their 

asymmetric localization in the neighboring cell [74, 75].  Within a given cell, 

interactions between core PCP proteins also determine their asymmetric 

localization by interfering with one another’s membrane localization or 

accumulation [72, 76].  The integration of both intra- and inter-cellular signals 

results in a self-organizing system; this hypothesis has been further 

substantiated by conceptual models where the application of relatively simple 

rules leads to accumulation of PCP protein complexes on opposite sides of the 

cells [77–79].  Importantly, the interactions with neighboring cells continually 

reinforce this arrangement of proteins to assure coordinated polarization.  In 

particular, Fmi acts as a central mediator by communicating bi-directionally 

between neighboring cells [80].   

 

1.3.2.1 Vertebrate noncanonical Wnt/PCP pathway components 

 A more diverse set of core PCP proteins has radiated in vertebrates, 

adding complexity to the regulation of PCP signaling compared to lower 
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organisms.  There are at least 10 members of the Frizzled family in vertebrates 

compared with only four in Drosophila [81].  While not all Fz receptors are 

involved in PCP signaling, those that are have some degree of functional 

overlap.  Fz3 and Fz6 are implicated in PCP signaling and have overlapping 

asymmetric localization patterns in the cochlea; genetic redundancy accounts for 

the severe neural tube phenotype of Fz3-/-/Fz6-/- mice when individuals lacking 

either gene alone do not have the defect [82].  Likewise, mammals have three 

Dishevelled (Dvl) genes [83].  Dvl1/Dvl2 compound mutants display open neural 

tube defects and misorientation of stereocilia bundles in the inner ear, despite a 

lack of such phenotypes in Dvl1-/- or Dvl2-/- mice [27, 84].   

 The increased number of cells and greater size of vertebrates have led to 

the suggestion that a long-range signal might be necessary to coordinate PCP in 

these organisms [60].  Because Fz proteins function as receptors for diffusible 

Wnt signals during canonical signaling, Wnts present themselves as likely 

candidates for a long-range PCP signaling molecule.  Indeed, a growing body of 

evidence from vertebrate species has supported a role for Wnt regulation of PCP 

processes, ranging from CE movements to polarization of hair cells [85–88].  In 

contrast, functional evidence for Wnt involvement in Drosophila PCP signaling is 

scarce [80].  Given the expanded role of Wnts in vertebrate PCP, it is not 

unexpected that vertebrate cells employ several accessory proteins that act as 

Wnt coreceptors to regulate PCP signaling.  Glypican 4 [89] and Ryk [88] both 

bind Wnts and positively regulate PCP, in the case of Ryk through interactions 

with Vangl2 (vertebrate homolog of Drosophila Stbm) to control downstream 
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effectors.  Similarly, the Ror kinases are a family of transmembrane receptors 

that form Wnt-induced receptor complexes with Vangl2 to sense Wnt dosage and 

regulate levels of Vangl2 phosphorylation [90].   

 Given the importance of asymmetric localization of core PCP proteins in 

the generation of polarity, their regulated trafficking, transport, and turnover is 

crucial and highly regulated in vertebrates.  In fact, mutations in genes that 

control these processes can lead to phenotypes indistinguishable from those of 

the core PCP mutants [91]. Scribble1 (Scrb1), a PDZ-containing protein, was 

identified on the basis of a neural tube defect in the circletail mouse mutant and 

subsequently shown to be responsible for asymmetric targeting of membrane 

Vangl2 complexes [58, 92, 93].  Sec24, a component of the coat protein complex 

II (COP II) that is essential for ER-to-Golgi intracellular transport, selectively sorts 

PCP proteins, including Vangl2 and Scrb1, into vesicles [94, 95].  Convergent 

extension defects and stereocilia misorientation have also been observed in mice 

lacking the Smurf1/2 ubiquitin ligases.  These phenotypes are attributed to loss 

of Pk asymmetric localization caused by defective protein degradation, normally 

mediated by a Smurf/Par6/Dvl complex [96].  In addition, evidence is emerging 

that vertebrate PCP genes are regulated at the transcriptional level; mutations in 

Cdx1/2, a homeodomain transcription factor that binds in the promoter region of 

Ptk7, cause axial defects that genetically interact with Scrb1 [97]. 

 Protein tyrosine kinase 7 (Ptk7), an atypical receptor tyrosine kinase, is 

another regulator of vertebrate PCP for which there is no evidence for a 

homologous function in Drosophila [98].  Ptk7-null mice exhibit craniorachischisis 
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(CRS) and misoriented hair bundles in the inner ear [98], and Ptk7 is required for 

convergent extension movements in Xenopus [98], zebrafish [99], and mammals 

[100].  However, evidence suggests that Ptk7 is not an obligatory component of 

the core PCP pathway [101] and likely functions in novel alternative pathways to 

regulate PCP.  In Xenopus, Ptk7 appears to mediate PCP signaling by controlling 

the recruitment of Dvl to the plasma membrane [102].  The interaction of Ptk7 

with Dvl is mediated by RACK1 [103], an evolutionarily conserved adapter 

protein, that is also required for Vangl2 membrane localization [104].  An 

additional protein, PKCδ, cooperates with Ptk7 and RACK1 to bring about 

membrane recruitment of Dvl, but its functional role in the process remains 

unclear [103].  In stark contrast to Xenopus, mammalian Ptk7 does not regulate 

membrane localization of Dvl2 in mesodermal cells [100] or hair cells in the inner 

ear [101], suggesting heterogeneous molecular functions for Ptk7 during 

polarization.  Recent work in our laboratory indicates that Ptk7 acts in parallel to 

the core PCP pathway to orient PCP in the auditory sensory epithelium [101].  In 

this circumstance, Ptk7 mediates the assembly of a myosin II network that exerts 

polarized contractile tension between supporting cells and hair cells.  The current 

model for Ptk7 function in hair cells speculates that this anisotropic tension acts 

as a polarity cue by influencing spatial patterns of Rac-PAK activity. 

 

1.3.3 The Fat/Daschous pathway 

 The second major planar cell polarity signaling pathway has been most 

extensively characterized in Drosophila.  Fat (Ft) and Daschous (Ds) encode 
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atypical cadherins that preferentially bind to one another heterophilically across 

cell boundaries.  Their affinity for one another is modulated by the 

phosphorylation of their extracellular domains by the Golgi protein Four-jointed 

(Fj) [105, 106]. Similar to Fz mutant clones, groups of cells that lack Ft or Ds 

mediate a directional non-autonomous effect on neighboring cells [107, 108].  

Despite their role in polarity, these proteins exhibit no obvious asymmetric 

subcellular localization [109].   

 Ft/Ds expression domains are organized in developing tissues via 

coordination with upstream morphogens.  In the Drosophila eye, Ft is expressed 

uniformly, but opposing gradients of Ds and Fj expression are set up by Wg, 

leading to a gradient of interactions between the two [106, 110].  The discovery 

of such gradients in a range of tissues initially led to the supposition that the 

Ft/Ds system might serve as a classical long-range polarity cue [107].  However, 

evidence argues against this as a universal function of the Ft/Ds gradient since 

its disruption does not interfere with the establishment of PCP in the wing [110, 

111].  An alternative model that considers Ft and Ds expression boundaries 

rather than gradients as a means of signaling has also been proposed [112].       

 The interface between Ft/Ds and the core PCP signaling pathway remains 

enigmatic.  In the Drosophila eye, clones lacking Ft, Ds, or Fj retain core PCP 

protein asymmetry [113].  However, Ft mutant clones lose their ability to affect 

polarity in clones doubly mutant for core Wnt/PCP signaling genes, suggesting 

that Ft/Ds can act upstream of core PCP signaling [113].  Despite such evidence, 

there has been no molecular link established between the two pathways to date 
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[112].  There are also tissue-specific differences in the interpretation of Ds/Ft 

signaling; in some tissues (such as the eye and anterior segment compartments 

of the abdomen), core PCP signaling orients toward high levels of Ds expression 

[113, 114], and in others (the wing and posterior segment compartments of the 

abdomen) toward low Ds expression [107, 108, 114].  Thus, there is unlikely to 

be a universal relationship between Ft/Ds activity and the asymmetry of core 

PCP proteins. 

 To date, relatively little is known about the extent to which the Fat/Ds 

polarity system is conserved in vertebrates.  Mammals have four Fat-related 

proteins, two Ds-related proteins, and a single Fj-related protein [115].  Among 

these, only Fat4 shares similarity with Drosophila Ft in its cytoplasmic domain.  

Mutations in murine Fat4 or Dchs1 cause PCP phenotypes in a number of 

tissues, and disruption of either gene increases the protein levels of the other 

[116, 117].  The role of the Fat/Ds signaling pathway and the extent to which it 

interfaces with Wnt/PCP signaling in vertebrates is an area of intense interest. 

 

1.3.4 PCP regulation by mechanical cues 

 Recent evidence from Drosophila has supported the idea that the 

establishment of PCP can be tightly coupled to active mechanical events.  

Investigation into this phenomenon revealed that a global planar polarity signal, 

as measured by Fz/Stbm asymmetry, was present in the imaginal disc cells 

giving rise to the wing epithelium [118].  At this early stage, PCP is aligned to the 

wing margin rather than in its final configuration along the proximodistal axis.  
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During the transition to pupal stages, the wing hinge contracts, generating 

anisotropic tension across the epithelium.  This tension is thought to guide a 

series of oriented cell divisions, cell elongations, and neighbor exchanges that 

cause the tissue to elongate and narrow.  These morphogenetic movements 

ultimately result in a realignment of PCP along the proximodistal axis of the wing 

epithelium.  Interestingly, mutation of Ds perturbs this pattern by altering 

epithelial dynamics rather than changing the asymmetric localization of PCP 

proteins [118], perhaps by influencing microtubule dynamics [119].  A separate 

study used genetic manipulation to flatten several morphogen gradients 

emanating from organizer regions in the epithelium [120].  Intracellular polarity 

was not affected; instead, morphogenetic movements were disrupted, ultimately 

perturbing the global PCP pattern.  Whether a similar mechanism might regulate 

PCP in vertebrate tissues is only beginning to be explored.  Our laboratory has 

recently suggested that anisotropic tension in the developing OC might control 

polarity acquisition in hair cells [101].  

 

1.3.5 Downstream effectors of PCP signaling 

 In addition to the core components of the Wnt/PCP signaling pathway, a 

wider group of proteins is essential for executing PCP but are not solely 

dedicated to it.  These proteins, which lie downstream of Fz and Dsh, have been 

implicated in both Drosophila and vertebrates, and they are conserved between 

the two groups.  Due to the wide range of processes mediated by PCP signaling, 

cellular context dictates the contribution of various downstream effectors.  This 
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heterogeneity between organisms and tissues has led some to caution against 

the use of the term ‘PCP signaling’ as a general descriptor [121, 122].     

 Arguably the most important of the PCP effectors are the small Rho-family 

GTPases, RhoA, Rac and Cdc42, all of which have been implicated as planar 

polarity effectors during vertebrate gastrulation (see [60] and references therein).  

These GTPases function as bimolecular switches, existing in a GDP-bound 

inactive form and an active GTP-bound form, that interact with effector proteins 

to trigger multiple cellular responses, notably the rearrangement of the actin 

cytoskeleton to induce changes in cell shape and motility.  In general, RhoA 

regulates assembly of actin/myosin filaments to mediate contractile forces, while 

Rac and Cdc42 promote actin polymerization at the cell periphery to generate 

protrusive forces [123]. 

 Dishevelled signals to two parallel pathways that lead to the activation of 

the Rho GTPases [124, 125].  A direct interaction between Dsh and the formin 

Daam1, which specifically associates with Dsh at the plasma membrane, 

activates Rho-associated kinase (ROCK) through its GTP exchange factor, 

WGEF [126, 127].  A second pathway directly activates Rac and stimulates JNK 

signaling, which stands atop a MAPK cascade capable of regulating a wide 

variety of targets, including those involved in actin polymerization [128].  During 

CE movements in Xenopus, Dsh can also form a complex with Ptk7 at the cell 

membrane to activate JNK signaling [129].     

 Another group of proteins are thought to function exclusively as planar 

polarity effectors.  In Drosophila, these proteins, Fuzzy (Fy), Inturned (In) and 
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Fritz (Frtz), influence the polarity of wing cells and hair bristles, but not the 

ommatidia of the eye.  In the pupal wing, they colocalize on the proximal edge of 

cells with Fmi, Stbm, and Pk, though they do not physically associate with core 

Wnt/PCP proteins [130, 131].  Here, they regulate the subcellular localization of 

another downstream effector, Multiple Wing Hairs (Mwh), that antagonizes actin 

polymerization to prevent bristle formation on that side of the cell [132, 133].  The 

roles of the vertebrate homologs of In, Fy, and Frtz are less clear, as loss of their 

activity causes only mild gastrulation defects in frog and mouse [134–136].  

Further complicating matters, their loss disrupts ciliogenesis, causing widespread 

defects in Hedgehog (Hh) signaling [136, 137].  This, combined with the 

importance of cilia in many morphogenetic processes, makes it difficult to 

separate the contributions of In, Fy, and Frtz to true PCP signaling versus other 

non-polarity roles.   

 Defining the effectors of the Ft/Ds signaling pathway has proved 

challenging because of its dual roles in mediating polarity and tissue growth.  In 

the Drosophila wing, the Ft/Ds pathway influences polarity by changing core PCP 

protein localization, indicating that the core PCP signaling pathway can serve as 

a downstream effector of Ft/Ds in some contexts [107].  In other tissues, such as 

the abdomen and larval cuticle, Ft/Ds probably acts directly with unidentified 

downstream effectors independently of the core PCP proteins [114].  During 

control of oriented cell division in the wing, Ft/Ds activity does control the 

polarized distribution of at least one downstream effector, the atypical myosin 

Dachs [109].  However, Dachs does not appear to be required in all Ft/Ds 
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signaling contexts (e.g. hair polarity) [109].  To date, the effector proteins lying 

downstream of the vertebrate Ft/Ds PCP signal are not known.  

  

1.3.6 PCP in the organ of Corti 

1.3.6.1 Manifestation of PCP in the organ of Corti 

 The OC is a complex epithelium composed of hair cells separated from 

one another by interdigitated supporting cells.  Hair cells within the OC have one 

of the most prominent manifestations of vertebrate PCP:  all hair cells exhibit a 

uniform orientation of their hair bundles in relation to one another, with the 

vertices of each aligned along the medial-lateral axis of the OC.  In addition to 

planar polarity at the tissue level, hair cells display a cell-intrinsic form of planar 

polarity.  The stereociliary bundle itself is asymmetric, being composed of a V-

shaped staircase of stereocilia with the kinocilium eccentrically placed at its 

vertex.  Moreover, the basal body and its associated daughter centriole adopt a 

precise orientation relative to the mediolateral axis of the OC (see Fig. 7A,C).     

 Cochlear extension defects in PCP mutants also support a role for PCP 

signaling during the morphogenesis and patterning of the cochlea itself.  During 

terminal differentiation, the postmitotic OC intercalates to thin from an epithelium 

of 4-5 cells thick to a final two cell-layered structure [23].  This occurs 

simultaneously with mediolateral cell movements that extend the cochlear duct 

along the longitudinal axis [29].  Such coordinated cell movements are 

characteristic of the CE movements observed during vertebrate gastrulation and 

neurulation, which are governed by PCP signaling [24].   
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1.3.6.2 Molecular basis of PCP in the OC 

 Evidence has demonstrated a conserved role for polarized core PCP 

proteins in establishing PCP in the inner ear.  A hallmark of Drosophila PCP 

signaling is the polarized membrane distribution of PCP proteins.  In the 

mammalian inner ear, Dvl2 and Dvl3 [27, 138], Vangl2 [93], Fz3 and Fz6 [82] 

show asymmetric membrane localization in the OC.  In fact, asymmetric 

localization of Vangl2 is observed prior to the outward manifestation of polarity in 

hair cells, indicating a key role in establishing the future planar polarity axis [61].  

 Localization studies indicate that core PCP complexes in the inner ear 

might diverge from those of Drosophila.  In the OC, Dvl2 is localized to the lateral 

pole of hair cells, and Vangl2, Fz3, and Fz6 to the medial pole.  The localization 

of Dvl2 and Vangl2 to opposite poles of the cell mirrors the Dsh-Stbm 

antagonism observed during PCP signaling in the fly.  However, it is unexpected 

that Dvl2 and Fz3/Fz6 do not colocalize and, instead, Fz3/Fz6 colocalize with 

Vangl2.  It should be noted that inferences drawn from these observations are 

tempered by the difficulty in distinguishing the cell membranes of tightly 

juxtaposed hair and supporting cells [26].  Furthermore, observations from the 

utricle indicate that PCP complex localization is not an absolute determinant of 

final polarity in all inner ear tissues; Fz6 and Pk2 are localized to the same side 

of vestibular hair cells regardless of the cell’s final polarity in relation to the line of 

reversal [139].    
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 Loss of mouse core PCP gene function in the inner ear, including Vangl2 

[58], Dvl1/2 [27, 140], Fz3/6 [82], and Celsr1 (vertebrate homolog of Drosophila 

Fmi) [141], causes various degrees of hair bundle misorientation.  As in 

Drosophila, loss of any of the core components disrupts asymmetric localization 

of the others in hair cells.  Moreover, many core PCP gene mutations are 

associated with a shortened, wider cochlear duct and open neural tube 

phenotypes, ranging in severity from spina bifida to CRS, presumably by virtue of 

disrupting CE [142]. 

 The long-range signal, if any, that allows cells to discriminate their position 

relative to the medial-lateral axis of the OC remains unclear.  Given the 

importance of Fz in transmission of the PCP signal, the Wnt proteins, which bind 

Fz and its coreceptors, present themselves as likely candidates for such a signal.  

Indeed, many Wnts are expressed in the developing mouse cochlea [59], and 

they are required for PCP-mediated CE movements in zebrafish and Xenopus 

[85, 86, 143, 144].  However, disruption of Wnt genes in mice has failed to 

produce dramatic inner ear phenotypes.  To date, the best candidate for Wnt 

involvement in inner ear PCP signaling is Wnt5a.  It shares a reciprocal 

expression pattern with the Wnt antagonist, Frzb, along the planar polarity axis, 

and Wnt5a knockout mice have shortened, wider cochleae as well as some 

bundle orientation defects [87].  Experiments involving exogenous application of 

Wnt7a in cochlear explant cultures indicate that Wnt signaling may be involved in 

reorienting OHC hair bundles during early postnatal development [59].  Despite 
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these hints of Wnt involvement, no conclusive evidence of an instructive Wnt 

gradient has been found in the developing OC. 

   

1.3.6.3 The role of the kinocilium in PCP signaling 

 Both hair cells and supporting cells have a single microtubule-based 

primary cilium on their apical surface.  The kinocilium of hair cells has long been 

suspected to be involved in establishing polarity.  First, the polarized structure of 

the hair bundle itself is based around the eccentric position of the kinocilium at 

the vertex of the V-shape.  The kinocilium is connected to the adjacent 

stereocilium via protein links, and this association is required for normal V-shape 

and orientation of the nascent hair bundle (see Chapter 3) [61, 62].  Second, the 

migration of the kinocilium and its associated basal body is the first outward 

manifestation of hair cell polarity and precedes hair bundle development.  Finally, 

the kinocilium recedes after hair bundle maturation is complete, suggesting it has 

a developmental role. 

 Genetic evidence for a link between primary cilia and PCP signaling first 

came from genes involved in the human disorder Bardet-Biedl Syndrome (BBS) 

[145].  BBS proteins, 14 of which have been identified to date, localize 

preferentially or exclusively to the basal body and/or cilium.  A subset of these 

form a multi-subunit complex called the BBSome that acts as a scaffold to 

regulate axonemal transport [146, 147].  Similar to PCP mutants, mice lacking 

BBS genes exhibit CE defects in zebrafish and misoriented hair bundles in the 

ear [145, 148, 149].  Moreover, Bbs4-null mice display CRS and open eyelids, 
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phenotypes associated with impaired PCP signaling [145].  Localization of BBS 

proteins in the OC are consistent with a similar role of regulating cilia and/or 

basal body functioning in the inner ear [149].  A genetic interaction between BBS 

genes and Vangl2 in the OC is further evidence for a link between ciliary proteins 

and PCP signaling in the inner ear [145].   

 Other studies have taken a more direct approach to addressing the role of 

the kinocilium in PCP signaling by disrupting the intraflagellar transport (IFT) 

system in hair cells.  IFT transports ciliary components up the axoneme and is 

absolutely required for ciliogenesis and subsequent maintenance of cilia length 

(reviewed in [150]).  In Ift88 mutants, which have stunted kinocilia or lack them 

altogether, the OC is shorter and wider, and hair bundles are misoriented [61].  

These defects occur in spite of normal core PCP protein membrane localization, 

though the hair bundle misorientation and cochlear extension phenotypes were 

augmented when combined with the Vangl2 mutation looptail.  Interestingly, hair 

cells with disrupted ciliary proteins, including ALMS1 [151], Ift88 [61] and the 

BBS [145] proteins, often exhibit abnormally-shaped flat or circular hair bundles, 

indicating that cell-intrinsic planar polarity is also disrupted.  Taken together, 

there is compelling evidence for a link between ciliogenesis in the OC and PCP 

signaling, though the exact nature of the relationship remains obscure. 

 Given that both the canonical (β-catenin dependent) and non-

canonical/PCP Wnt signaling pathways rely on shared molecular components 

that converge on Dvl, they have been hypothesized to have an interconnected, 

reciprocal relationship [83].  Evidence from cultured cells suggests that the 
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primary cilium and its associated basal body impact PCP signaling by acting as a 

switch between the two pathways.  Suppression of Bbs1/4/6 leads to CE 

extension defects in zebrafish with a concomitant increase in canonical Wnt 

signaling [148].  Importantly, increased canonical signaling was also observed 

after disruption of the IFT component Kif3a and occurred independently of the 

microtubule cytoskeleton, indicating the increase was a true ciliary effect.  Other 

studies investigating the effects of ciliary (Kif3a, Ift88, Dync2h1) and basal body 

(Ofd1) mutants have reached similar conclusions [152, 153].   

 Despite the evidence that the primary cilium and its associated proteins 

generally restrain canonical Wnt signaling, other experiments have failed to 

detect changes in Wnt activity after disruption of ciliary genes [154–156].  This 

suggests the existence of cell- or tissue-specific regulatory mechanisms to 

control canonical versus non-canonical Wnt signaling.  To date, the only reported 

evidence of such a switch in the inner ear comes from mice lacking the ciliopathy 

protein Rpgrip1l, which have both basal body positioning and stereociliary 

orientation defects in hair cells [157].  Rpgrip1l, in complex with other ciliopathy 

proteins, modulates Dvl levels by regulating its proteasomal degradation.  A full 

understanding of how the balance between canonical and non-canonical/PCP 

signaling is maintained in the inner ear awaits further study.  
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Section 1.4:  The role of microtubules in cell polarity 
 
 While it is long established that actin and actin-associated proteins 

generate molecular and morphological polarity (see [58, 59]), recent work has 

shown that cell-intrinsic cues from the microtubule cytoskeleton can likewise 

induce and/or maintain polarity in a wide range of cell types.  A common function 

for microtubules in the generation of polarity across a range of cell types is the 

delivery of positional information to the cell cortex.  Once microtubules and their 

associated proteins and cargos have established a specialized cortical domain, it 

is thought that positive feedback loops between the actin-rich cell cortex and 

microtubules reinforce and maintain this polarity [64].    

 This section will introduce three well-studied instances of microtubules 

and microtubule-associated pathways in regulating cell polarity in different 

contexts.  These pathways represent paradigms for understanding the role of the 

microtubule cytoskeleton during hair cell polarization.  The special case of the 

primary cilia in the establishment of planar cell polarity is discussed elsewhere 

(see Section 1.3.6.3).   

 

1.4.1 Microtubule structure and dynamics 

 Microtubules are dynamic polar filaments built from 13 parallel 

protofilaments, each composed of alternating α-tubulin and β-tubulin molecules 

[160].  In a typical interphase cell, microtubules form a radial array centered 

around the centrosome (composed of the basal body, daughter centriole, and 

their associated pericentriolar material).  Microtubule minus-ends are slow 
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growing and usually anchored at the centrosome, while faster growing plus-ends 

are closer to the cell cortex.  Growing microtubule plus-ends are composed of 

GTP-bound tubulin which acts to stabilize the ends of the filament.  Over time, 

tubulin hydrolyzes the bound GTP to its GDP form, making the filament more 

susceptible to depolymerization, or collapse.  The constant rate of hydrolysis 

necessitates continual growth to maintain the microtubule’s GTP cap.  This cycle 

of rapid growth and collapse is termed dynamic instability.  This behavior confers 

upon a cell the ability to spatially and temporally regulate its cytoskeletal 

structure, necessary for any polarization process [64].   

 A group of proteins, collectively known as the plus-end tracking proteins 

(+TIPS), localize exclusively to dynamic microtubule plus-ends and are intimately 

involved in microtubule-mediated polarization processes.  +TIPs regulate plus-

end dynamics and mediate the microtubule-cortex interactions necessary for 

cargo delivery, force generation, and cortical signaling [161].   

   

1.4.2 Microtubules regulate Rho GTPase activity during cell migration 

 Migrating cells display a characteristic polarized morphology that defines 

their direction of movement.  Forward motion occurs through the extension of 

actin-rich lamellipodia, followed by the establishment and maturation of adhesion 

plaques and subsequent contraction of the trailing edge of the cell to translocate 

the cytoplasm and nucleus toward the leading edge [162].  Accordingly, the 

leading edge of the cell contains a complex arrangement of actin and its 
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associated polymerization machinery, while the trailing end of the cell contains 

actin stress fibers and integrin-mediated attachments to the substrate [163].      

 The microtubule array in a migrating cell is highly polarized, with the 

minus-ends of microtubules anchored at the centrosome near the middle of the 

cell and plus-ends contacting the leading edge as well as targeting focal 

adhesions at the rear of the cell [164].  The importance of microtubules for cell 

migration was first demonstrated by treating fibroblasts with microtubule-

depolymerizing agents, which resulted in unpolarized membrane ruffling and a 

lack of directional migration [165].  Thus, microtubules are not required for 

migration per se, but they are essential for establishing a polarized leading edge.  

Subsequent experiments demonstrated that low concentrations of nocodazole or 

taxol, which arrest microtubule dynamics without affecting filament polarity or 

abundance, block cell migration [166].  Moreover, a key study by Waterman-

Storer et al. [167] showed that the rapid growth of a short microtubule array 

induced by taxol brought about transient polarized protrusions.  Together, these 

results indicate that long-range microtubule-based intracellular transport is 

dispensable for polarized protrusive activity and, instead, implicate microtubule-

cortex interactions as driving the process.   

 A clue to the question of how microtubule plus-ends alter cortical polarity 

was provided by data linking transient microtubule stabilization with increased 

levels of the activated form of the Rho-family small GTPase Rac1, which 

regulates actin turnover and stimulates lamellipodial growth [123, 167].  By virtue 

of its role in regulating levels of Rho GTPase signaling [168], its ability to directly 
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bind actin [169], and its association with the +TIP CLIP-170 [170], IQGAP1 was 

identified as a candidate protein linking the microtubule and actin cytoskeletons.  

In fact, gain- or loss-of-function of IQGAP1 positively or negatively regulates both 

the levels of Rac1-GTP and cell migration rates [168, 171].  IQGAP1 colocalizes 

with Rac1 on the cortex on the leading edge of the cell, and this localization 

requires the presence of another +TIP, adenomatous polyposis coli (APC) [170, 

171].  In a process that also involves modulation of signaling by Rho-family 

GTPases, IQGAP1 forms a complex with CLIP-170 and Lis1 in response to 

calcium influx, linking the cortical actin network to microtubules at the leading 

edge of migrating neurons [172].  Whether Lis1 is a constitutive member of the 

IQGAP/CLIP-170 complexes described in other cell types has not been 

addressed in the literature to date.   

 In addition to IQGAP1-dependent mechanisms, crosstalk between the 

microtubule and the actin cytoskeleton in migrating cells is likely regulated by 

guanidine exchange factors (GEFs), which activate Rho-family GTPases to their 

GTP-bound form.  A leading candidate is GEF-H1, which binds to and is held 

inactive by its association with microtubules [173].  With increased microtubule 

instability, GEF-H1 is released and becomes free to activate RhoA, which 

organizes leading edge extension and ruffling and myosin-mediated contraction 

at the rear of the cell [174].  More recent work has shown that microtubule-

mediated Rac1 activation also occurs through the GEF activity of Tiam1 [175] 

and Tiam2/STEF [176], possibly through association with MAP1B, a +TIP. 
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 Besides establishing polarity during cell migration, microtubules are also 

involved in positive feedback loops that stabilize and reinforce the polarity axis.  

Several intertwined pathways that utilize +TIPs to anchor microtubule ends to the 

cell cortex via association with cortical protein complexes have been described.  

For instance, activated Rac1, after its initial activation by IQGAP1, promotes 

microtubule/IQGAP1/CLIP-170 complex formation and longer microtubule-cortex 

dwell times [170, 171].  Moreover, the activity of another Rho-family GTPase, 

Cdc42, regulates the phosphorylation and inactivation of GSK-3β in concert with 

the Par-6 and PKCξ kinases.  This phosphorylation event, in turn, recruits APC to 

microtubule plus-ends where it is necessary for reorientation of the microtubule 

organizing center (MTOC), an important polarizing event during cell migration 

[177].  Likewise, microtubule plus-ends are captured and anchored at the leading 

edge by association of the +TIPs EB1 and APC with the cortical formin mDia 

[178].  More direct regulation of microtubule turnover can also occur, as when 

high Rac1 activity represses stathmin function, which normally inhibits tubulin 

polymerization, promotes catastrophe events, and modulates tubulin GTP 

hydrolysis [179].   

 

1.4.3 Cortical protein complexes anchor Lis1-dynein during C. elegans 

spindle positioning 

  The C. elegans egg is initially symmetrical, but upon fertilization becomes 

polarized along its A-P axis.  The identity of the first two daughter cells is 

determined by asymmetric distribution of cortical proteins during the first cell 
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division.  The entry point of the sperm defines the posterior pole in the one-cell 

zygote [63].  Before the first mitosis can occur, the two pronuclei and their 

associated centrosomes move to the cell center (known as centration) and rotate 

90º to align the centrosome pair along the A-P axis (known as spindle 

orientation).  During early anaphase, the mitotic spindle moves toward the 

posterior pole (termed spindle positioning), ultimately resulting in a dorsal 

daughter cell that is smaller than the anterior daughter [180]. 

 A set of polarity determinants crucial in the establishment of asymmetry 

was discovered in genetic screens for genes regulating the asymmetric 

partitioning of granules during the first cell division in C. elegans [181].  A large 

body of work has shown that the evolutionarily conserved PAR-3/PAR-6/aPKC 

complex is localized to the anterior cortex of the zygote, whereas PAR-1 and 

PAR-2 localize to the posterior cortex [121, 182].  In the absence of any one of 

the anterior proteins, the localization of the other two is lost and the posterior 

determinants spread toward the anterior pole [182].  In the absence of PAR-2, 

PAR-1 is lost from the posterior pole and the anterior determinants spread 

toward the posterior.  Thus, the cortical polarity determinants act to mutually 

exclude one another from the anterior and posterior domains of the cell, likely by 

phosphorylating each other to inhibit plasma membrane association [63, 183].  

Interestingly, it has recently been proposed that the high density of microtubules 

around one of the centrosomes induces polarized PAR domains by physically 

shielding PAR-2 from phosphorylation by aPKC [183].  Loss of cortical Par 
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polarity disrupts spindle orientation and positioning, resulting in anterior and 

posterior daughter cells of the same size [181].   

 Numerous lines of evidence, including spindle disruption experiments 

[184–186], genetic manipulation [184, 187], and mathematical modeling [186, 

187], have demonstrated that spindle orientation and positioning rely on astral 

microtubule anchoring at the cell cortex.  An asymmetric pulling force, larger on 

the posterior spindle pole, results in generation of a larger anterior and smaller 

posterior blastomere [180].  Building on evidence of their similar role in other 

contexts (see [90]), attention focused on the role of cortical dynein complexes in 

generating this asymmetric force.  Dynein heavy chain is enriched on the cell 

cortex near the plus-ends of microtubule asters, and inactivation of dhc-1 results 

in characteristic cell division defects in one-cell-stage embryos [189].  

Subsequent work identified Lis1 as essential for all known dynein-mediated 

process in the one-cell embryo [185, 190].  Dynein and Lis1 are found uniformly 

throughout the cytoplasm and enriched on the cell cortex during all phases of the 

cell cycle [189, 190], leading to the question of how dynein-mediated pulling 

forces are spatially and temporally regulated to direct spindle positioning. 

 Heterotrimeric G proteins are also required for several aspects of spindle 

positioning and have a central role in linking asymmetric Par protein distribution 

to dynein-mediated force generation.  Disruption of two partially redundant Gα 

proteins results in spindle positioning defects reminiscent of those caused by 

dynein loss-of-function [191, 192].  Though canonical heterotrimeric G protein 

signaling pathways are activated primarily by cell surface receptors, work in 



40 
 

Drosophila neuroblasts revealed receptor-independent mechanisms involving the 

TPR/GoLoco protein Pins [193].  The C. elegans orthologs, GPR-1/2 (known as 

LGN/GPSM2 in mammals) are enriched on the posterior cortex by Par polarity 

signaling during anaphase spindle positioning [192, 194].  Here, GPR-1/2 binds 

Gα and undergoes a conformational change, freeing its TPR domain from 

autoinhibition.  The TPR domain of GPR-1/2 interacts with LIN-5 (known as Mud 

in flies and NuMA in mammals), and together they associate with Lis1 and 

dynein to exert a pulling force [195, 196].  The final link between the microtubule 

machinery and cortical polarity determinants occurs via LET-99, a protein which 

inhibits cortical accumulation of GPR-1/2 and restricts it to the posterior cortex 

[194].  On the anterior side of the cell, PAR-3 and PAR-1 inhibit the localization of 

LET-99, generating differential pulling forces on each centrosome during 

anaphase [194, 197].   

 Notably, the major components of the spindle positioning pathway are 

highly conserved among species and used in similar contexts.  Nearly identical 

functions for the cortical components, including LGN, Gαi and NuMA [198–202], 

and Lis1-dynein [196, 202–204] have been described in polarized mammalian 

cell types. 

 

1.4.4 Microtubules organize adherens junctions in epithelial cells 

 Adherens junctions (AJs) are cell-cell adhesion complexes crucial for 

embryogenesis and cellular homeostasis [205].  AJs form the zonula adherens of 

epithelial cells, which link cells into a continuous sheet and separate the apical 
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and basolateral membrane domains of each polarized cell.  The AJs of adjacent 

cells are directly apposed to one another, and the interacting plasma membranes 

are held together by homophilic bonds between transmembrane cadherin 

molecules.  Within each cell, a contractile bundle of actin filaments lies adjacent 

to the AJs, oriented in parallel with the plasma membrane.  This actin interacts 

with a large set of intracellular anchoring proteins that link filaments to cadherin 

complexes, forming a transcellular network capable of contracting via the action 

of myosin motor proteins.  This actomyosin machinery allows a variety of cell 

shape changes important in many cell- and tissue-level processes, making the 

establishment of polarized AJs a fundamental step in morphogenesis. 

 Several lines of evidence have established that AJs intimately associate 

with dynamic microtubules, and that these interactions are important for 

organizing the intracellular microtubule array.  The plus-ends of dynamic 

microtubules have been shown to repeatedly contact cadherin-based cell 

junctions [206–208].  Moreover, dynamic instability of microtubules is reduced 

with cell-cell contact, suggesting that AJs stabilize microtubule plus-ends [207].  

By contrast, microtubule integrity is required for AJ stability since treatment with 

depolymerizing agents disrupts morphology and organization of E-cadherin 

contacts [206, 207, 209].  Interactions between microtubules and AJs are 

mediated, at least in part, by +TIPs.  CLIP-170 and EB1 localize adjacent to 

cadherin clusters, and disruption of CLIP-170 results in a loss of cadherin 

clustering without lowering the overall levels of cell surface cadherin [206, 208].  

Furthermore, cytoplasmic dynein localizes at nascent and mature AJs via an 
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association with β-catenin [210] and/or PLAC24 [211], and injection of dynein 

antibodies causes microtubules to dissociate from AJs [209].  Thus, AJs can 

function as dynein-mediated microtubule anchoring sites that tether filaments to 

the cell cortex.  During polarization processes, these anchored microtubules 

could serve as tracks for targeted delivery of AJ components or allow dynein-

mediated force generation in a configuration analogous to that described in the 

C. elegans zygote.  

 In Drosophila development, microtubules have a key role in AJ assembly 

during cellularization, the process whereby the syncytial embryo 

compartmentalizes into an epithelium of columnar cells [212].  Polarized apical 

junctions first form as cadherin-catenin clusters located between microvilli on the 

apical plasma membrane.  These clusters subsequently shift position to the 

apicolateral membrane domain to form spot AJs in a cytoplasmic dynein-

dependent process that is guided by the minus-ends of centrosomal microtubules 

[213].  Microtubules also influence AJ position through the cortical polarity 

determinant Bazooka (the Drosophila Par3 ortholog) [214].  Bazooka colocalizes 

at spot AJs with cadherin clusters, and both become mislocalized together when 

dynein function is compromised [214].  Without Bazooka, cadherin-catenin 

clusters still form at microvilli but are unable to reposition and instead become 

spread throughout the plasma membrane [214].  Current evidence suggests a 

model whereby the minus-ends of centrosomal microtubules provide a polarity 

cue for the deposition of Bazooka clusters, which, in turn, engage cadherin-

catenin clusters to promote polarized AJ assembly [215]. 



 
 
 

Chapter 2 
 

Materials and Methods 
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2.1 Mice 

 Animal care and use were performed in compliance with NIH guidelines 

and the Animal Care and Use Committee at the University of Virginia.  Mice were 

obtained from either the Jackson Laboratory or the referenced sources and 

maintained on a mixed genetic background.  For timed pregnancies, the morning 

of the plug was designated as E0.5 and the day of birth as P0.  The primers used 

to genotype each strain are listed in Table 1.  Specific mating schemes for each 

strain can be found within the appropriate section of Results. 

 

2.2 Tissue collection and fixation 

 For tissue collection, pups were decapitated and their heads placed in 

PBS for dissection.  The roof of the skull and brain were immediately removed 

and discarded.  Excess tissue was removed, and the temporal bone was pierced 

in two locations to enhance fixative permeation.  The skull was then transferred 

into a 12-well dish containing fixative.  Tissue was fixed in 4% PFA for 1 hour at 

room temperature or overnight at 4ºC.  For some antibodies (see Table 2), skulls 

were fixed in 10% TCA for 1 hour on ice.  Following fixation, tissue was rinsed 

three times in PBS for 5 minutes, and the temporal bones subsequently removed 

from the skull in PBS.  For whole-mount preparations, cochleae were dissected 

out of the temporal bones and Reissner's membrane was removed to expose the 

sensory epithelium.  For utricle preparations, dissected utricles were transferred 

to PBS containing protease XXVII (50 μg/ml) for 5 min at room temperature to 

remove the otolithic membrane.  For sectioning, fixed temporal bones were 
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equilibrated in 30% sucrose, snap frozen in OCT (Tissue Tek), and 

cryosectioned at 12 μm thickness. 

 

2.3 Genotyping 

 The distal portion of each pup tail was clipped, placed into 100 µl 50 mM 

NaOH, and incubated at 95ºC for 30 minutes.  The mixture was subsequently 

neutralized with 30 µl of 1M Tris-HCl (pH 7.5) and centrifuged for 1 minute to 

pellet insoluble material.  This DNA was used as a template to amplify products 

via PCR for genotyping using the primers indicated in Table 1.  PCR products 

were analyzed on 0.8% or 2% agarose gels. 

 

2.4 Immunohistochemistry 

 Sections or dissected cochleae were incubated in PBS containing 5% 

HIGS, 0.1% Triton-X 100, 0.02% NaN3 (blocking solution) for 1 hour at room 

temperature, followed by overnight incubation with primary antibodies (Table 2) 

diluted in blocking solution at 4°C. After three 5 minute washes in PBST, samples 

were incubated with secondary antibodies diluted in blocking buffer for 1 hour at 

room temperature. Samples were then washed in PBST three times for 5 

minutes each.  Cochleae or utricles were flat-mounted on glass slides in Mowiol 

containing 5% N-propyl gallate.  Alexa- conjugated secondary antibodies 

(1:1000), Alexa-488 and rhodamine-conjugated phalloidin (1:200) and Hoechst 

33342 (1:10,000) were obtained from Invitrogen. 
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2.5 Fluorescent image acquisition 

 Z-stacks of images were collected using a Deltavision deconvolution 

microscope equipped with a Plan-Apochromat N 60×/1.42 oil objective (Olympus) 

and a CoolSNAP HQ2 CCD camera (Photometrics) at 0.2 µm intervals using the 

Softworx software package (Applied Precision).  Alternatively, image stacks were 

collected using a Zeiss LSM 510 confocal microscope equipped with a Plan-

Apochromat 100×/1.40 oil objective at 0.2-0.5 µm intervals using the Zeiss image 

acquisition software.  Optical slices along the Z-axis and maximum intensity Z-

projections were generated using the Zeiss LSM Image Browser program or 

ImageJ 1.45s (NIH).  Individual images were cropped and levels adjusted using 

Adobe Photoshop (Adobe Systems). 

 

2.6 Scanning electron microscopy 

 For SEM, temporal bones were dissected from embryos of the indicated 

age and fixed at 4°C in 0.1 M sodium cacodylate buffer containing 4% PFA, 2.5% 

glutaraldehyde and 2 mM CaCl2. Cochleae were then dissected from temporal 

bones in cacodylate buffer and postfixed for 2 hours in 1% osmium tetroxide. 

After three 30 minute washes, cochleae were dehydrated in a series of graded 

ethanol washes (25%, 50%, 80%, 90%, 100%), critical point dried, mounted on 

metal stubs, and sputter coated with gold. Samples were imaged on a JEOL 

6400 scanning electron microscope (SEM) at 20 kV. 

 

2.7 Organotypic cochlear explant cultures 
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 Explant cultures of cochleae were established at the indicated ages.  

Cochleae were dissected from temporal bones in sterile HBSS containing 10 mM 

HEPES (pH 7.5).  After dissection, cochleae were transferred to glass slides 

coated with Cell-Tak (BD Biosciences) and flat mounted.  Culture media 

consisted of DMEM/F12 (1:1) supplemented with N2 (1:100; Invitrogen) and 

penicillin, and cultures were maintained in 5% CO2 at 37ºC.  Cultures were 

maintained for the indicated number of days, fixed for 30 minutes in 4% PFA, and 

then processed for immunohistochemistry.  For FM1-43 uptake assays, explants 

were treated with 5 µM FM1-43 (Invitrogen) for 10 seconds and then washed 

three times with fresh culture media and imaged immediately. For PAK inhibition 

experiments, explant cultures from GFP-centrin2 mice were established on 

E16.5, treated with 10 µM IPA-3 (Calbiochem) or vehicle (DMSO) the following 

day, and processed for immunohistochemistry after 3 days in vitro. For Rac1 

inhibition experiments, explant cultures from GFP-centrin2 mice were established 

on E16.5, treated with 100 µM NSC 23766 (Calbiochem) after 3 hours in vitro, 

and processed for immunohistochemistry after 2 days in vitro. 

  

2.8 Quantification of hair cell phenotype 

 Care was taken to ensure that an equivalent mid-basal region of the 

cochlea was compared between experimental groups. The data presented for 

hair bundle and centriole measurements include only those of outer hair cells 

(OHCs), because the tilt of the tissue surrounding and including the inner hair 

cells (IHCs) precluded an accurate measurement of their centriole position. 
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Cochlear length was determined from whole-mount images using ImageJ 

software (NIH).  For all experiments, measurements were obtained from hair 

cells in the basal region of the cochlea (25% cochlear length; at least 3 cochleae 

per genotype). 

 2.8.1 Hair bundle orientation:  For quantification of hair bundle orientation, 

the angle formed by the intersection of a line drawn through the axis of symmetry 

of the hair bundle and one parallel to the mediolateral axis of the OC (assigned 

as 0°) was measured using ImageJ. Clockwise deviations from 0° were assigned 

positive values and counterclockwise negative values. The orientation of flat hair 

bundles in Kif3acKO hair cells was apparent owing to the asymmetric distribution 

of short microvilli on their apical surface.  Mutant cells with dysmorphic bundles 

lacking a discernible orientation were not included in the analysis.  

 2.8.2 Centriole/centrosome position:  To generate rose diagrams of the 

planar position of hair cell centrioles, projected z-stacks were used to assign 

centriole positions to one of six 60° sectors within the hair cell.  Rose diagrams 

were plotted using the CircStats library in the R software package (http://www.r-

project.org/). 

 To quantify the deviation of basal body position from the mediolateral axis, 

the intersection of a line drawn from the hair cell center through the basal body 

and one parallel to the mediolateral axis of the OC (assigned as 0°) was 

measured in ImageJ. Clockwise deviations from 0° were assigned positive values 

and counterclockwise negative values.  Microsoft Excel was used to calculate 

Pearson’s correlation coefficient and generate scatter plots.   

http://www.r-project.org/
http://www.r-project.org/
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 To quantify hair cell centriole pair distance, the three-dimensional 

coordinates of each centriole were recorded using the point plotting function in 

Softworx and the Euclidean distance calculated. Typically, GFP fluorescence 

from a single centriole was visible in multiple z-planes. The coordinate of the 

plane with the brightest GFP fluorescence was used for distance measurement.  

Box plots of hair cell measurements were generated using Sigmaplot 11 (Systat 

Software). The boundary of the box closest to zero indicates the 25th percentile, 

a line within the box marks the median, and the boundary of the box farthest from 

zero indicates the 75th percentile. Whiskers (error bars) above and below the 

box indicate the 90th and 10th percentiles, respectively. Experimental data sets 

were tested for significance using a Student’s t-test in the R software package or 

Microsoft Excel, and data are presented in the form of mean ± standard error of 

the mean (s.e.m.). 

  To quantify basal body migration, a line was drawn from the center of the 

hair cell through the basal body to the cell membrane. The distance between the 

basal body and cell membrane along this line was measured with ImageJ. Hair 

cells and support cells were readily distinguished by their morphology and 

position in the epithelium. 

 To quantify the distance of the centrosome from the cell membrane, a line 

was drawn from the center of the centrosome (visualized by α-tubulin 

immunostaining) to the closest edge of the cell. The distance along this line 

between the centrosome and the edge of the cell was measured using ImageJ. 
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2.9 Western blot 

 For each sample, two cochleae were dissected from the temporal bone, 

immediately lysed in 1% TritonX-100 lysis buffer (0.14M NaCl, 20 mM HEPES 

(pH 7.4), 25 mM NaF, 1 mM Na3VO4, 5 mM Na4P2O7, 4 mM EDTA) with 1X 

Protease inhibitor cocktail (Roche) and diluted with 4X SDS sample buffer. 

Samples were boiled at 95°C for 5 minutes and run on 12.5% acrylamide gels. 

Transfer was carried out on nitrocellulose membranes at 300mA. Membranes 

were blocked in 5% milk/PBST for 1 hour at room temperature and then 

incubated with primary antibodies diluted in PBST containing 3% BSA and 0.02% 

NaN3 overnight at 4°C. Primary antibodies were: rabbit anti-PAK1 (1:1000; Cell 

Signaling #2602), rabbit anti-phospho-PAK1/2/3 (1:2500, Invitrogen #44940G, lot 

#980627A), mouse anti-GAPDH (1:10,000; Invitrogen #AM4300).  Membranes 

were then incubated with IRDye-labeled secondary antibodies (1:15,000; LI-

COR, Inc.) in PBST with 2% fish gelatin for 1 hour at room temperature, washed 

3 times in PBST, and scanned using the Odyssey Infrared Imaging System (LI-

COR, Inc.).  Absolute band intensities were quantified using Image Studio (LI-

COR, Inc.).  The relative levels of PAK1 and phospho-PAK were normalized to 

their respective GAPDH loading controls, and the ratio of pPAK to PAK in each 

sample was calculated.  Data from control (n=9) and Lis1cKO-early (n=5) 

samples were tested for significance using a two-tailed Student’s t-test, and data 

are presented as mean ± standard error of the mean (s.e.m.). 
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Table 1. Genotyping Primers 
 

Strain Sequence (5′ to 3′)  

Cre 
AGAACCTGAAGATGTTCGCG 

GGCTATACGTAACAGGGTGT 

Kif3aflox/Kif3a+ AGGGCAGACGGAAGGGTGG 

TCTGTGAGTTTGTGACCAGCC 

Lis1flox/Lis1-/Lis1+ 

TGAATGCATCAGAACCATGC 

CCTCTACCACTAAAGCTTGTTC 

ATCTCCGATGTTTGAGTATG 

GFP-centrin2 
ACGACTTCTTCAAGTCCGCCATGCC 

GATCTTGAAGTTCACCTTGATGCC 
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Table 2. Primary antibodies used for immunohistochemistry 
 

Antigen Host Dilution Source / Catalog # 

acetylated-tubulin mouse mAb 1:500 
Sigma 
T6793 

α-tubulin mouse mAb 1:1000 
Sigma 
T6074 

β1/β2 tubulin mouse mAb 1:200 
Sigma 
T8535 

cleaved caspase-3 rabbit 1:200 
Cell Signaling 

9661 

Dvl2
1
 rabbit mAb 1:100 

Cell Signaling 
3224 

dynein intermediate 
chain (74.1)

 1
 

mouse mAb 1:100 
Kevin Pfister 

UVA 

E-cadherin rat 1:200 
Sigma 
U3254 

Fz3 rabbit 1:200 
Jeremy Nathans 

JHU 

GM130 mouse 1:250 
BD Biosciences 

610822 

Lis1 goat 1:50 
Santa Cruz 

sc-7577 

Lis1 rabbit 1:250 
Abcam 
ab2607 

mitochondria
1
 mouse mAb 1:50 

Abcam 
ab3298 

myosin VI rabbit 1:1000 
Proteus Biosciences 

25-6791 

myosin VIIa rabbit 1:1000 
Proteus Biosciences 

25-6790 

nectin 1 mouse mAb 1:100 
MBL 

D146-3 

nectin 2 rabbit mAb 1:200 
Epitomics 

6580-1 

nectin 3 mouse mAb 1:100 
MBL 

D084-3 

p27
kip1 

mouse mAb 1:200 
Thermo Scientific 

MS-256 

PCM-1
1
 rabbit 1:400 

Andreas Merdes 
Université de Toulouse 

phospho-β-catenin 
(ser33/37/Thr41) 

rabbit 1:100 
Cell Signaling 

9561 

phospho-ERM
1
 rabbit 1:1000 Cell Signaling 
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3141 

phospho-PAK1/2/3 rabbit 1:200 
Invitrogen 
44-940G 

Rac1
1
 mouse 1:100 

Millipore 
05-389 

Rac1-GTP
1
 mouse IgM 1:500 

NewEast Biosciences 
26903 

α-spectrin mouse mAb 1:100 
Millipore 

MAB1622 

Tiam1 rabbit 1:100 
Santa Cruz Biotechnology 

sc-872 

ZO-1 mouse mAb 1:300 
Invitrogen 
33-9100 

 
1 Antibodies used with 10% trichloroacetic acid (TCA) fixation protocol 



 
 
 

Chapter 3 
 

Kif3a regulates planar polarization through both ciliary 
and non-ciliary mechanisms  
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3.1 Introduction 

 Sensory hair cells in the hearing organ, the cochlea, convert sound energy 

into electrical signals, which are in turn transmitted to the central nervous system. 

The mechanotransduction organelle of the hair cell is the hair bundle, consisting 

of rows of actin-based stereocilia with graded heights that form a V-shaped 

staircase pattern. The asymmetric structure of the hair bundle renders it 

directionally sensitive to deflection. Hair cells are depolarized by deflections 

toward the tallest stereocilia, hyperpolarized by deflections toward the shortest 

stereocilia, and insensitive to perpendicular stimuli [36].  

 Because of their directional sensitivity, hair bundles in the cochlea must be 

uniformly oriented for correct perception of sound. In the auditory sensory 

epithelium, the organ of Corti, the vertex of the V-shaped hair bundle on every 

hair cell points toward the lateral edge of the cochlear duct. The uniform hair 

bundle orientation is controlled by the PCP/tissue polarity pathway, which 

regulates cytoskeletal remodeling during tissue morphogenesis in many systems 

[131]. In addition, the PCP pathway is also required for extension of the cochlear 

duct [28]. In PCP mutants, hair bundles are frequently misoriented relative to the 

medial-lateral axis of the cochlea. However, the structural polarity of individual V-

shaped hair bundles is not affected. Thus, planar polarization of auditory hair 

cells is manifested at both cell and tissue levels, which are genetically separable. 

Planar polarization at the single cell level is independent of the PCP/tissue 

polarity pathway. The molecular machinery that controls polarization of individual 

hair cells is poorly understood.  
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 The kinocilium, a specialized primary cilium, is thought to serve as the 

‘guidepost’ for hair bundle morphogenesis [55]. The axoneme of the kinocilium 

extends from the basal body, which is derived from the mother centriole of the 

centrosome [51, 216]. In addition to organizing the cilia, the basal body, along 

with the associated pericentriolar material (PCM), also organizes cytoplasmic 

microtubules and anchor their minus-end [217]. During development of 

mammalian auditory hair cells, before the onset of bundle morphogenesis, the 

kinocilium migrates from the center of the hair cell apex to the lateral edge of the 

hair cell apex. The surrounding microvilli then undergo selective elongation to 

form a V-shaped hair bundle, with the kinocilium at the vertex of the V next to the 

tallest stereocilia. Thus, migration of the kinocilium/basal body appears to be the 

critical polarizing event that orchestrates hair bundle morphogenesis and 

orientation.   

 Indeed, there is a growing body of evidence for a role of the 

kinocilium/basal body in hair bundle morphogenesis and orientation. It has been 

proposed that the PCP/tissue polarity pathway coordinates hair bundle 

orientation by controlling the direction of the kinocilium/basal body migration [58]. 

Mutations in BBS genes that underlie the Bardet-Biedl syndrome, a human 

ciliopathy, cause defects in hair bundle morphology and inner ear PCP in mice 

[145, 149]. Mouse models for human Usher syndrome type I have defects in 

kinocilium positioning and hair bundle fragmentation and misorientation [218]. In 

particular, an isoform-specific knockout of protocadherin 15 (PCDH15-ΔCD2) 

caused disruption of the kinociliary links that connect the kinocilium to the 



57 
 

adjacent stereocilia, leading to hair bundle orientation and polarity defects [62]. 

Moreover, the Alström Syndrome protein ALMS1 has been shown to localize to 

basal bodies of cochlear hair cells and regulate hair bundle shape and orientation 

[151]. Finally, a role for the kinocilium in hair cell PCP regulation has been 

demonstrated by genetic ablation of the kinocilium [61]. Cilia assembly and 

maintenance require the intraflagellar transport (IFT) process, in which particles 

are transported bidirectionally along axonemal microtubules [51, 216]. Deletion of 

Ift88, which encodes one component of IFT particles, in the inner ear resulted in 

the absence of kinocilia and basal body migration defects, causing PCP 

phenotypes including a shortened cochlear duct and hair bundle misorientation 

[61].  

 In spite of the evidence pointing to a pivotal role for the kinocilium/basal 

body in planar polarization of hair cells, the cellular and molecular mechanisms 

by which basal body migration instructs hair cell polarity remain unresolved. 

Because the basal body is the microtubule organizing center of the hair cell, we 

speculated that microtubule-dependent processes control hair cell polarization. 

To gain mechanistic insights into microtubule-mediated processes, we 

investigated the role of Kif3a, a component of the microtubule plus-end directed, 

heterotrimeric kinesin-II motor complex. Kinesin-II is the motor for anterograde 

IFT required for ciliogenesis [216]. Kif3a-deficient mice lack nodal cilia, have left-

right asymmetry defects and die around embryonic day 10.5 [219, 220]. In 

addition to ciliogenesis, the kinesin-II motor is also required for intracellular 

transport of various cargos in different cell types [219, 221, 222]. In this study we 
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uncover a non-ciliary function of Kif3a critical for basal body positioning during 

hair cell polarization. We show that Kif3a mediates localized p21-activated kinase 

(PAK) activation on the hair cell cortex, which in turn regulates basal body 

positioning. Together with published results, we describe a model in which Kif3a 

is a component of the cell-intrinsic polarity machinery. 

 

3.2 Results 

3.2.1 Kif3a deletion causes PCP-like phenotypes in the organ of Corti 

 To investigate the function of Kif3a in inner ear development, we 

generated Kif3a conditional mutants using a floxed allele of Kif3a [219] and a 

Foxg1Cre allele that drives Cre expression in the otic epithelium, including 

precursor cells of the OC [223]. As the conditional Kif3a mutants (referred to as 

Kif3acKO) die shortly after birth, we first examined cochlear development in vivo at 

late embryonic stages.  

 Consistent with an essential role for Kif3a in ciliogenesis, primary cilia 

were absent from all cochlear epithelial cells as early as E14.5 in Kif3acKO 

mutants (Fig. 2B). The length of the Kif3acKO cochlea was much shorter than 

wild-type (Fig. 2C,D). At E18.5, wild-type cochleae had a length of 5225 μm ± 

149 (n=3). By contrast, Kif3acKO cochleae were 2503 μm ± 104 (n=6) in length. 

Toward the apex of the Kif3acKO cochlea, many supernumerary rows of hair cells 

were observed (bracket, Fig. 2F). These defects are reminiscent of PCP/tissue 

polarity mutant phenotypes and suggest that Kif3a regulates the convergent 

extension-like movements thought to underlie cochlear extension [28, 224]. 
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 We next examined hair bundle orientation, another event regulated by the 

PCP/tissue polarity pathway. In the basal and middle turns of the Kif3acKO OC, 

where patterning of hair cells and support cells appeared normal, hair bundle 

orientation defects were mild (Fig. 2H,K). Of note, compared to the normal V-

shaped hair bundles (Fig. 2G), Kif3acKO hair bundles appeared to have a 

flattened morphology (Fig. 2H).  Toward the apex of the Kif3acKO OC, where the 

hair cell rows were very disorganized, hair cells with misoriented hair bundles 

were more prevalent (Fig. 2J,K). We also examined the Kif3acKO utricular macula 

and observed no overt defect in PCP of utricular hair cells (Fig. 3). Taken 

together, these results suggest that Kif3a regulates aspects of planar polarity in 

the OC.  

 To further assess if PCP/tissue polarity signaling was affected in Kif3acKO 

OC, we asked if Kif3a regulates the asymmetric localization of the core PCP 

proteins Dishevelled-2 (Dvl2) and Frizzled3 (Fz3). In E17.5 wild-type OC, Dvl2-

EGFP is localized to the lateral side of hair cell membranes [27], whereas 

Frizzled3 is enriched on the medial side of plasma membrane in hair cells and 

support cells [82].  Using immunostaining, we found that in the wild-type, Dvl2 is 

asymmetrically localized in hair cells and support cells and appeared enriched on 

the lateral side of hair cell membranes (Fig. 4A,C,E,G). In the basal region of the 

Kif3acKO OC, Dvl2 localization was largely normal (Fig. 4B,D), as was the 

asymmetric localization of Frizzled3 (Fig. 5B,D). Towards the apex of the 

Kif3acKO OC, where hair cells and support cells form disorganized rows, 

asymmetric membrane localization of Dvl2 (Fig. 4F,H) and Frizzled3 (Fig. 5F,H) 
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was also apparent, albeit somewhat disorganized. Of note, the pattern of Deiters 

cells was disturbed in Kif3acKO mutants, particularly towards the apex. In the wild 

type, the apical extension of a single Deiters cell can be found in between 

neighboring hair cells. In Kif3acKO mutants, however, the number and position of 

Deiters cell extensions in contact with hair cells were abnormal (Fig. 4B,F). 

Together, these results suggest that PCP/tissue polarity signaling is still active in 

the Kif3acKO OC, and that Kif3a may regulate support cell movements during 

cochlear extension. 

 

3.2.2 Kif3a is required for the V-shape of the nascent hair bundle 

 Confirming the light microscopy results (Fig. 2H), SEM analysis showed 

that Kif3acKO hair cells displayed abnormal hair bundle morphology.  At E18.5, in 

contrast to the normal V shape (Fig. 6A), stereocilia in Kif3acKO hair cells were 

arranged in straight rows (Fig. 6B-D), indicating that Kif3a is required for the 

normal V-shape of the nascent hair bundle.  Notably, in control hair bundles, the 

heights of individual stereocilia decrease in relation to their distance from the 

vertex of the bundle.  In contrast, stereocilia in Kif3acKO hair bundles lack this 

taper and appear to maintain a uniform height across the entirety of the bundle. 

 To evaluate functional maturation of auditory hair bundles that normally 

takes place in the early postnatal period [225], we examined hair bundle 

morphology and FM1-43 dye uptake in explant cultures derived from Kif3acKO 

cochleae. FM1-43 is a fluorescent styryl dye that can be taken up by hair cells 

through their mechanotransduction channels upon brief exposure [226–228]. We 
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found that many Kif3acKO hair bundles became fragmented (Fig. 6G-H,J), 

suggesting that Kif3a is required for hair bundle cohesion. Despite hair bundle 

deformation, the stereocilia still formed a staircase with graded heights (Fig. 6F-

H), and FM1-43 uptake was normal in Kif3acKO explants (Fig. 6L), suggesting 

that Kif3a is dispensable for staircase formation and acquisition of the 

mechanotransduction apparatus. Of note, many flattened Kif3acKO hair bundles 

adopted a C-shape over time in explant cultures (Fig. 6F,J), probably as a result 

of remodeling of the cortical actomyosin network in OHCs during the early 

postnatal period [229].  

 

3.2.3 Kif3a is required for coupling of hair bundle orientation to basal body 

position 

 To investigate how Kif3a functions to shape the nascent hair bundle, we 

examined basal body migration, a key event during hair cell polarization, in 

Kif3acKO hair cells. To identify the centrioles, we used a GFP-centrin2 transgenic 

mouse line, which ubiquitously expresses GFP-tagged centrin2, a centrosomal 

protein [230]. In the OC, the expression pattern of GFP-centrin2 was identical to 

that of the centrosomal proteins -tubulin and pericentrin (Fig. 7A and data not 

shown), indicating that it faithfully marks the centrioles. To distinguish between 

the basal body and the daughter centriole, we used an antibody against 

phospho-β-catenin, which labels the basal body as well as the tips of the 

stereocilia (Fig. 7A and data not shown). In E18.5 wild-type OC, hair cell 

centrioles were invariably found near the lateral edge of the hair cell, and they 
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displayed remarkable planar polarity: they were aligned along the medial-lateral 

axis, with the basal body always positioned medial to the daughter centriole 

(arrows, Fig. 7A,C,E).  Notably, centrioles in the surrounding support cells lacked 

apparent planar polarity (arrowheads, Fig. 7A,C,E). In E18.5 Kif3acKO hair cells, 

centrioles have migrated to the edge of hair cells, however their position along 

the medial-lateral planar polarity axis was severely disrupted (Fig. 7B,D,F). While 

most of the centrioles were located in the lateral-most sector in wild-type hair 

cells, centrioles in Kif3acKO mutants were found at positions all around the edge 

of the hair cell (Fig. 7G), even near the medial edge (arrowheads, Fig. 7B,D,F).  

 The severe defect in planar position of basal bodies stood in contrast with 

the mild hair bundle orientation defects in Kif3acKO hair cells. This prompted us to 

examine if the coupling between hair bundle orientation and basal body position 

was affected. In the wild-type, there was a tight correlation between bundle 

orientation and basal body position (Fig. 7H,I; Pearson’s coefficient, r= 0.9), 

indicating that hair bundle orientation is coupled to basal body position. This 

coupling was intact in the PCP mutants examined, including PTK7 [98] (Fig.7H) 

and Vangl2Lp/Lp, which is mutant for the core PCP gene Van gogh-like 2 (Fig. 7I; 

r= 0.96). In Kif3acKO hair cells, on the other hand, this correlation was lost (Fig. 

7H,I; r= 0.6).  Hair cells with a mispositioned basal body can have normal hair 

bundle orientation (arrowheads, Fig. 7B,D,F). Conversely, the occasional hair 

cells with misoriented bundles can have a normally positioned basal body 

(arrows, Fig. 7B,D,F). These observations demonstrate that in the Kif3acKO 

mutant, hair bundle orientation is uncoupled from basal body position, and that 
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hair bundle orientation can proceed normally when uncoupled from basal body 

position. 

 

3.2.4 Kif3a is required for apical-basal positioning of the basal body in hair 

cells 

 To further investigate the cause for the uncoupling of hair bundle 

orientation from basal body position in Kif3acKO mutants, we closely followed the 

positions of hair cell centrioles over the course of hair bundle development. At 

E16.5, basal body migration toward the hair cell periphery had occurred in both 

control and Kif3acKO mutants (Fig. 8A,B). The distance from the basal body to 

the cell membrane was 1.35 μm ± 0.11 in control versus 1.21 μm ± 0.09 in 

Kif3acKO hair cells (p=0.34), confirming that Kif3a is not required for basal body 

migration.  We also examined the localization of IFT88, a protein that is normally 

localized to the basal body and kinocilium and partially required for basal body 

migration [61].  We found that IFT88 was still recruited to the basal bodies in the 

Kif3acKO mutants (arrows, Fig. 9B,D).  However, there was a striking difference in 

basal body position along the apical-basal axis between control and Kif3acKO hair 

cells.  The basal body in wild-type hair cells was positioned just underneath the 

apical surface, and the daughter centriole was positioned more basally (Fig. 8C). 

By contrast, in Kif3acKO hair cells, the basal body appeared to have descended to 

the same level as the daughter centriole (Fig. 8D). The aberrant positioning of 

the basal body persisted through later developmental stages (E17.5 and E18.5) 

in Kif3acKO hair cells (Fig. 8F,K). By contrast, basal body positioning in Kif3acKO 
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support cells (pillar and Deiters cells) was not affected compared to controls 

(data not shown). These results indicate that Kif3a regulates basal body 

positioning along the apical-basal axis of hair cells.  

 The apical-basal positioning defect of the basal body in Kif3acKO hair cells 

may reflect a requirement of Kif3a in apical docking of the basal body at the 

onset of ciliogenesis. We therefore examined basal body positioning at E15.5, 

before basal body migration. We found that the apical-basal position of the basal 

body was normal in Kif3acKO hair cells compared to controls (Fig. 8G-K). 

Therefore we conclude that Kif3a is not required for the initial apical docking of 

the basal body. Taken together, our results reveal that Kif3a controls an active 

developmental process that positions the basal body along both the apical-basal 

and planar polarity axes during hair cell polarization and raise the possibility that 

uncoupling of hair bundle orientation from basal body position may be related to 

the aberrant basal body position in Kif3acKO mutants.  

 

3.2.5 Kif3a regulates cortical PAK activity during hair cell polarization 

 To investigate the mechanisms by which Kif3a regulates basal body 

positioning in hair cells, we hypothesized that Kif3a is involved in generating or 

transducing a hair cell-intrinsic polarity cue to position the basal body near the 

lateral membrane. Previously, we discovered that activated p21-activated 

kinases (PAK), cytoskeletal regulators downstream of the small GTPases Rac 

and Cdc42 [231], are asymmetrically distributed in developing auditory hair cells 

as detected by an antibody specific for phosphorylated PAK (pPAK) [30]. Both 
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the developmental onset of PAK activation and its subcellular localization 

coincide with migration of the basal body to the lateral edge of hair cells, making 

PAK an attractive candidate component of the hair cell polarity machinery. During 

normal development, cortical localization of pPAK was first detected in hair cells 

between E16.5 and E17.5 at the base of the cochlea, where the basal body has 

migrated to the periphery [30]. By E17.5, pronounced pPAK staining correlated 

with the locations of hair cell centrioles (Fig. 10A,B,E). Just beneath the apical 

cell surface, pPAK was localized in a triangle-shaped ring around the basal body 

and the stereocilia insertion sites. We found that the basal body was 

stereotypically positioned at the lateral tip of the ring (Fig. 10A,G). Around 1 μm 

basal to the ring, pPAK was asymmetrically localized to the lateral side of the hair 

cell membrane, immediately adjacent to the location of the daughter centriole 

(Fig. 10B,G’).  

 In the Kif3acKO mutant, pPAK staining was present but disorganized at 

both subcellular locations (Fig. 10C,D,F). At the base of the hair bundle, pPAK 

staining lost its triangular pattern and instead conformed to the shape of the flat 

bundle (Fig. 10C,H-J). Strikingly, basal bodies were no longer positioned within 

the ring of pPAK staining around the base of the hair bundle.  Instead, both 

centrioles were located approximately 1 μm below the base of the hair bundle, 

closely juxtaposed to the plasma membrane (arrows, Fig. 10D, H’-J’). At this 

level, instead of the normal horseshoe-shaped pattern on the lateral membrane, 

pPAK was localized around the entire perimeter of the plasma membrane, albeit 

still relatively enriched on the lateral side (Fig. 10D,H’-J’). These results suggest 
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that Kif3a regulates localized PAK activation at the hair cell cortex adjacent to the 

centrioles, and show an intriguing correlation between mislocalized PAK activity 

and basal body positioning defects in Kif3acKO hair cells. 

 

3.2.6 Rac-PAK signaling regulates basal body positioning and hair bundle 

morphogenesis 

 If PAK activity was indeed a polarity cue that mediates basal body 

positioning downstream of Kif3a, then PAK signaling should be required for 

correct basal body positioning in hair cells. To test this hypothesis, we applied 

IPA-3, a small-molecule inhibitor of PAK [232], to cochlear explants and 

assessed the effect on basal body positioning and hair bundle morphogenesis. 

We found that IPA-3 treatment resulted in basal body positioning defects, as well 

as bundle morphology and orientation defects (Fig. 11B,C). Because PAK 

kinases are downstream effectors of the small GTPases Rac and Cdc42, we also 

tested if Rac activity is required for basal body positioning by treating cochlear 

explants with NSC 23766, a small molecule inhibitor of Rac [233]. We found that 

Rac inhibition also resulted in basal body positioning and bundle morphogenesis 

defects (Fig. 11E,F). Inhibitor treatment had no effect on ciliogenesis, suggesting 

that the basal body positioning defect is due directly to impaired Rac-PAK 

signaling rather than the absence of the kinocilium (Fig. 12).  Taken together, 

these results support the hypothesis that Rac-PAK signaling acts downstream of 

Kif3a to regulate basal body positioning during hair cell polarization.  
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3.2.7 Kif3a associates with the Rac GEF Tiam1 

 Rac GTPases are activated to the GTP-bound state by GEFs, and 

inactivated by GTPase-activating proteins (GAPs). We therefore considered Rac 

GEFs as potential kinesin-II cargos in hair cells and focused on those with 

reported expression in the nervous system.  T-cell lymphoma invasion and 

metastasis 1 (Tiam1) emerged as the leading candidate. Tiam1 associates with 

microtubules in neurons, and, like Kif3a [221, 234], Tiam1 is implicated in 

regulation of neuronal polarity [235]. We first examined Tiam1 localization during 

hair cell polarization, and found that Tiam1 is highly expressed in hair cells and is 

localized to the kinocilium and cytoplasmic microtubules (Fig. 13A-C). 

Interestingly, microtubule localization of Tiam1 was unaffected in Kif3acKO hair 

cells (data not shown), suggesting microtubule association of Tiam1 is 

independent of the kinesin-II motor.  

 We next asked if Tiam1 forms a complex with Kif3a in vivo. Because the 

small number of hair cells present in the mouse cochlea precludes biochemical 

analysis, we turned to embryonic brains as a source of tissue, where both Kif3a 

and Tiam1 are expressed. Endogenous Tiam1 was immunoprecipitated from 

brain lysates. Kif3a was present in the Tiam1 immunoprecipitates, but was 

undetectable in immunoprecipitates using normal IgG or antibodies against β-

PIX, a Rac/Cdc42 GEF highly expressed in the brain [236] (Fig. 13D). To further 

determine the specificity of the Kif3a-Tiam1 interaction, we took advantage of the 

fact that Kif3a was also deleted in the neocortex of Kif3acKO mutants (Fig. 13E) 

and performed immunoprecipitation using Kif3acKO cortices. Kif3a was detected 
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in the Tiam1 immunoprecipitates from control cortices but not Kif3acKO cortices 

(Fig. 13E). Together, these data demonstrate that Kif3a specifically interacts with 

Tiam1 in vivo and support a model in which Kif3a mediates localized Rac 

activation at the cell cortex by delivering the Rac GEF Tiam1.  

 

3.2.8 Additional experiments 

3.2.8.1 Effects of reduced Rac1 dosage  

 Our results suggest that a tightly regulated domain of PAK signaling acts 

as a polarity cue for basal body positioning downstream of Kif3a.   In Kif3acKO hair 

cells, Rac-PAK signaling is misregulated, allowing PAK to become activated 

around the entire cell cortex (Fig. 10D).  We reasoned that a global reduction in 

the levels of Rac1 signaling might limit unconstrained PAK activity at the cell 

cortex and rescue the phenotypes we observed in Kif3acKO hair cells.  To 

investigate this idea, we reduced the dosage of Rac1 in Kif3acKO OC by 

introducing a conditional knockout allele of Rac1 (Rac1cKO) [30] and examined 

cochlear extension, hair bundle orientation, and centriole positioning in these 

cochleae. 

Cochlear extension:   

At E18.5, temporal bones from Kif3acKO; Rac1cKO embryos were reduced in size, 

resembling those of Rac1cKO single mutants (Fig. 14A) [30].  The length of the 

Kif3acKO; Rac1cKO cochlea was considerably shorter than that of control cochleae 

(Fig. 14B).  While a small sample size prevented a quantitative analysis of 

cochlear length, Kif3acKO; Rac1cKO cochleae appeared to be shorter than either 
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Kif3acKO (Fig. 2D) or Rac1cKO [30] single mutant cochleae, indicating a possible 

genetic interaction between Kif3a and Rac1 during cochlear extension. 

Hair bundle orientation: 

Hair bundle morphology in Kif3acKO; Rac1cKO was highly disrupted and resembled 

that of Rac1cKO mutants, with most hair bundles exhibiting flattened, split, or 

generally dysmorphic morphologies (Fig. 14D,F).  Moreover, roughly the same 

degree of hair bundle misorientation was observed as in Rac1cKO mutants.  

Interestingly, the disruptions to the mosaic pattern of hair and supporting cells 

observed in single Rac1cKO mutants were largely absent in Kif3acKO; Rac1cKO OC.  

Consistent with what is observed in Kif3acKO single mutants, apical regions of the 

cochlea had supernumerary rows of hair cells (Fig. 14F). 

Planar position of centrioles: 

We also examined the planar and apical-basal position of centrioles in E18.5 

Kif3acKO; Rac1cKO mutants.  In comparison to control hair cells where centrioles 

were found exclusively on the medial side of the cell, Kif3acKO; Rac1cKO centrioles 

were observed in all sectors of the cell (Fig. 14G).  Centriole distribution was 

roughly similar to that observed in Kif3acKO single mutants, though a higher 

percentage of centrioles were found on the side of the cell nearest the apex of 

the cochlea (Fig. 14G, sectors 4 and 5).  

Apical-basal centriole positioning: 

Apical-basal distance between the basal body and daughter centriole in Kif3acKO; 

Rac1cKO hair cells was significantly shorter than that of control cells (Fig. 14H).  

However, reduced Rac1 dosage significantly increased this distance compared 
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to Kif3acKO hair cells, indicating a partial rescue of apical-basal centriole 

positioning defects.  These results lend support to the hypothesis that Kif3a is 

involved in regulating Rac signaling at the cell cortex to position hair cell 

centrioles appropriately along the apical-basal axis. 

  

3.2.8.2 The role of β-catenin  

 Recent evidence indicates that disruption of the primary cilium stabilizes 

β-catenin and leads to an overactivation of the Wnt transcriptional program in 

vitro [152].  Moreover, Rac signaling is involved in regulating nuclear localization 

of β-catenin during canonical Wnt signaling [237].  Given the localization of 

phospho-β-catenin to the hair cell basal body (Fig. 7) and the importance of β-

catenin regulation in other planar polarization processes [148], we investigated 

whether misregulation of β-catenin could be contributing to the observed defects 

in Kif3acKO hair cells.   

 We specifically expressed the Catnbex3 allele, which encodes a dominant 

stable mutant of β-catenin that lacks the phosphorylation residues in exon 3 

necessary for normal degradation [238], in developing hair cells using Atoh1-Cre.  

At E18.5, Atoh1-Cre; Catnbex3/+ hair cells did not exhibit any obvious OC 

patterning or hair bundle morphology defects when compared to controls (Fig. 

15B).  To enforce β-catenin stability in a larger set of cells with greater temporal 

control, we also used a ubiquitously-expressed tamoxifen-inducible Cre allele, 

CAGGSCre-ER [239].  The cochleae of embryos collected from a pregnant 

female injected with tamoxifen at E14.5 were examined.  At E18.5, CAGGSCre-
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ER; Catnbex3/+ OC displayed gross defects in cell patterning that appeared to 

arise from pockets of overproliferating supporting cells (Fig. 15C,D).  While hair 

bundle morphology was largely normal, some cells with abnormal hair bundles 

were observed around the pockets of supporting cells.  These results are 

consistent with a subsequently published study reporting that misregulation of β-

catenin in the cochlea using Catnbex3 initiates proliferation in sensory precursor 

cells in the postanatal OC [240]. 

 We reasoned that if Kif3acKO cells suffered from an overabundance of 

stabilized β-catenin, reducing β-catenin dosage might ameliorate Kif3acKO hair 

cell defects.  To investigate this, we introduced one copy of a β-catenin knockout 

allele (CatnbKO) into the Kif3acKO line.  At E18.5, CatnbKO/+ OC were completely 

normal, and we could detect no patterning or hair bundle defects (Fig. 15E).  

However, Kif3acKO; CatnbKO/+ OC continued to exhibit flattened hair bundle 

defects (Fig. 15G) and supernumerary apical hair cell rows and were 

indistinguishable from Kif3acKO  OC.  We also examined canonical Wnt signaling 

using a transgenic reporter line, BATgal, which expresses LacZ under the control 

of Tcf/Lef binding sites [225] and did not observe any overt changes in the level 

of Wnt/β-catenin signaling in Kif3acKO cochleae by X-gal staining (Fig. 16).  

Taken together, these results suggest that disruption of Kif3a function likely does 

not lead to misregulation of β-catenin in developing hair cells. 

 

3.2.8.3 Axin 
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 Axin is a multifunctional protein involved in several important regulatory 

pathways, most notably β-catenin-mediated canonical Wnt signaling.  In Wnt 

signaling, axin provides a platform for the assembly of the β-catenin degradation 

complex, consisting of APC, casein kinase 1 (CK1) and glycogen synthase 

kinase 3 (GSK3), to negatively regulate the activity of β-catenin [241].   

 To investigate further if misregulation of β-catenin contributes to the 

Kif3acKO phenotype, we examined OC from mice harboring a naturally-occurring 

transposon insertion into the axin locus (axinfu).  Axinfu/fu mice display widely 

varied phenotypes ranging from embryonic lethality to relatively normal adults 

with kinked tails [242].  Interestingly, it has been reported that some axinfu/fu mice 

are deaf [243].  At E18.5, the gross cochlear morphology of axinfu/fu ranged from 

near normal to some having an extremely dilated cochlear duct (Fig. 17B).  

Axinfu/fu OC exhibited minor patterning defects, with occasional extra cells in IHC 

and OHC rows (Fig. 17D), and a subset of axinfu/fu hair cells displayed flat or 

splitting hair bundle morphology defects which persisted into early postnatal 

stages (Fig. 17D,E).  Both patterning and hair bundle defects were more severe 

in cochleae that also had gross morphological defects.  Despite occasional 

abnormalities, the defects we observed in axinfu/fu OC were less prevalent and 

dissimilar to the predominant Kif3acKO flattened bundle phenotype, again 

suggesting that β-catenin misregulation likely does not contribute to defects in 

Kif3acKO hair cells.   

 

3.2.8.4 In vivo imaging of centriole search behavior 
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 Imaging of fixed samples is limited to the visualization of a single 

“snapshot” of centriole positioning during planar polarization.  In order to more 

fully characterize centriole behavior during hair cell planar polarization, we 

imaged live cochlear explants.  Explants from E16.5 GFP-centrin2 embryos were 

established, allowed to adhere to coverslips overnight, and imaged the following 

morning.  Z-stacks encompassing the apical region of hair cells were collected 

every hour.  We observed fluid centriole movements at E17, with centriole pairs 

moving toward and away from the cell center over the course of 7 hours (Fig. 

18).  During this time, the alignment of the centrioles in relation to the medial-

lateral axis of the OC also changed over time.  Moreover, the distance between 

the basal body and daughter centriole appeared to oscillate, with the maximum 

distance between them roughly doubling (Fig. 18A, arrowheads).  The lack of 

fluorescent landmarks on the cell apex precluded an accurate assessment of 

changes in the apical-basal position of the centrioles.  The centrioles of 

supporting cells were also observed to change position over the course of an 

hour (Fig. 18B, arrows).  We speculate that the observed centriole behaviors 

constitute a search for the cortical domain established by Rac signaling which 

ultimately defines the polarized position of the basal body at the lateral pole of 

the hair cell.   

 

3.3 Discussion 

 In this study, we identify the kinesin-II subunit Kif3a as a key component of 

the hair cell-intrinsic polarity machinery that couples hair bundle morphogenesis 
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and orientation to basal body positioning. In Kif3acKO hair cells, in addition to the 

absence of the kinocilium, basal body positioning along both epithelial polarity 

axes was disrupted, hair bundles failed to develop the stereotypical V-shape, and 

their orientation became uncoupled from basal body position. These phenotypes 

indicate that, by serving the dual functions of IFT and intracellular transport, Kif3a 

coordinates planar polarization of the hair bundle and the centrioles.  

 Both Kif3acKO and Ift88 mutants [61] lack primary cilia and display 

PCP/tissue polarity defects, including shortened cochlear ducts and hair bundle 

misorientation, demonstrating a general requirement of the primary cilium/basal 

body for tissue polarity. Interestingly, while the PCP/tissue polarity pathway acts 

in both hearing and vestibular organs, neither Kif3a nor Ift88 [61] mutations 

appear to affect PCP of utricular hair cells. It is conceivable that cell-cell 

interactions necessary for the propagation of polarity signals are different in 

hearing and balance organs due to their distinct mosaic patterns of hair cells and 

support cells. Moreover, distinct expression patterns of cell-adhesion molecules 

may contribute to differences in cell-adhesion and cytoskeletal organization 

between hearing and balance organs [244, 245]. Interestingly, there is evidence 

that an additional, as yet unidentified, patterning event operates together with the 

tissue polarity pathway to regulate PCP in the utricular macula [139].  

 The signaling events mediated by the IFT molecules during cochlear 

extension remain to be elucidated. An intriguing possible role of cilia/IFT is to 

maintain the balance between Wnt/β-catenin and Wnt/PCP signaling, however 

experimental evidence for this idea is controversial [148, 152, 154, 246]. We did 
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not detect changes in the localization of β-catenin or phospho-β-catenin in 

Kif3acKO OC, although it is possible that there are quantitative differences not 

revealed by immunofluorescence. β-catenin was localized to cellular junctions 

(data not shown), while phospho-β-catenin, destined for proteosome-mediated 

degradation, was localized to cellular junctions, the basal body and the tips of the 

stereocilia. Others have reported localization of phospho-β-catenin to the 

centrosome of cultured cells [152, 247]. The significance of the different 

localization of β-catenin versus phospho-β-catenin we observed in hair cells is 

currently unknown.  

 Furthermore, using a transgenic Wnt-signaling reporter line, BATgal, 

which expresses LacZ under the control of Tcf/Lef binding sites [248], we did not 

observe any overt changes in the level of Wnt/β-catenin signaling in Kif3acKO 

cochleae by X-gal staining (Fig. 16). Kif3a deletion in mouse embryonic 

fibroblasts causes hyperphosphorylation of Dishevelled proteins [152]. We 

showed that Kif3a is not required for asymmetric localization of Dvl2 in the OC, 

but it remains possible that Kif3a may regulate the activity of Dishevelled proteins 

in the OC. At present the relative contributions by hair cells and support cells to 

cochlear extension is not known. In the Kif3acKO OC, we often observed multiple 

Deiters cells in contact with one hair cell, particularly in the apical region where 

the hair cell rows were more disorganized. This suggests that Deiters cell 

movements could be regulated by Kif3a and may play a role in cochlear 

extension. 
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 Our cochlear explant experiments further delineate the role of Kif3a in hair 

bundle morphogenesis. Kif3a function is important for the V-shape of the nascent 

hair bundle and for the structural cohesion of the hair bundle during functional 

maturation. However, Kif3a and the kinocilium are dispensable for selective 

elongation of the stereocilia (staircase formation) or acquisition of the 

mechanotransduction apparatus. Consistent with our results, in PCDH15-ΔCD2 

mutant hair cells, where the kinocilium became detached from the hair bundle, 

staircase formation and mechanotransduction were also unaffected [62]. 

 Although both Kif3acKO and Ift88 [61] mutants have defects in bundle 

orientation and planar positioning of the basal body, there are important 

differences in their phenotypes. By comparing the differences, we can begin to 

tease apart the ciliary and non-ciliary functions of Kif3a in hair cell development. 

In contrast to Ift88 mutants, where a fraction of hair cells form circular hair 

bundles with a centrally positioned basal body [61], we did not observe any 

circular hair bundles or centrally positioned basal bodies in Kif3acKO mutants, 

indicating that Kif3a is not required for basal body migration. Another key 

difference in the phenotypes lies in the coupling between basal body position and 

hair bundle orientation. In Ift88 mutants, hair bundle orientation defects strongly 

correlated with basal body positioning defects [61]. By contrast, we show that in 

Kif3acKO hair cells, hair bundle orientation is no longer coupled to basal body 

position, and basal bodies are mispositioned along both apical-basal and planar 

polarity axes. These phenotypes are novel and striking in that they are not 

observed in previously reported PCP or ciliogenesis (Ift88) mutants. These 
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results suggest that coupling of hair bundle orientation and basal body position 

is, at least in part, mediated by a non-ciliary function of Kif3a. Interestingly, it has 

been suggested recently that the links between the kinocilium and stereocilia 

also play a role in coordinating hair bundle orientation and basal body position 

[62]. 

 We present evidence for a non-ciliary function of Kif3a in regulating 

cortical PAK activity. PAK activity exhibits several key properties of a polarity 

cue. First, it is asymmetrically localized in hair cells. Second, PAK activity is 

required for normal basal body positioning. Third, in Kif3acKO hair cells, 

mislocalized PAK activity correlated with basal body positioning defects, 

suggesting that the precise spatial pattern of PAK activation may also be 

important. Together with our previous findings, these results reveal multiple 

critical functions for PAK signaling in hair bundle morphogenesis. During the 

early phase of hair bundle formation, cortical PAK activity serves to position the 

basal body and direct hair bundle orientation. Subsequently, PAK signaling is 

required for the cohesion of the nascent hair bundles [30].   

 As a motor molecule, Kif3a may regulate PAK activity through direct or 

indirect mechanisms. Since our in vitro results indicate that both Rac and PAK 

signaling are required for basal body positioning, we speculate that Kif3a may 

transport a cargo that regulates activation of Rac GTPases at cortical locations.  

We have identified the Rac GEF Tiam1 as a candidate cargo of kinesin-II in hair 

cells. We showed in cochlear explants that pharmacological inhibition of Rac 

activation by GEFs, including Tiam1 [233], disrupted basal body positioning, 
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indicating a requirement for Rac activity in this process. Rac inhibition also 

severely disrupted hair bundle morphogenesis, probably a combined effect of 

inhibiting Tiam1 and other Rac GEFs in hair cells. The in vivo function of Tiam1 

in hair cell polarization remains to be determined. Tiam1 knock-out mice are 

viable and fertile with no reported inner ear phenotypes, suggesting that the 

closely related paralog TIAM2/STEF may functionally compensate for Tiam1-

deficiency [249]. 

 We propose that kinesin-II-mediated delivery of Tiam1 to the cell cortex 

and subsequent local activation of Rac is a key step in establishing the positive 

feedback loop between localized PAK activation and basal body positioning in 

hair cells. In the absence of kinesin-II-mediated transport, Tiam1 may still be able 

to translocate from microtubules to the cortex and activate Rac, for example, by 

virtue of microtubule growth (Waterman-Storer et al., 1999). However, the spatial 

and temporal dynamics of Rac activation are disrupted due to the lack of a 

positive feedback mechanism, leading to diffused PAK activation on the cortex 

and ‘’trapping” of the basal body at an aberrantly basal position. 

 Taken together, our results argue that the hair-cell intrinsic polarity 

machinery regulated by Kif3a acts in parallel to the PCP/tissue polarity pathway. 

First, we showed previously that the formation of the asymmetric pPAK domain 

per se was not affected in Vangl2Lp/Lp mutants; rather, it is misoriented in a 

manner that precisely correlates with hair bundle misorientation [30]. Thus, in 

PCP mutants, individual hair cells were able to polarize in response to hair cell-

intrinsic cues, using both morphological (V-shaped hair bundle) and molecular 
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criteria (asymmetric pPAK localization). By contrast, both forms of readout for 

hair cell polarization were disrupted in Kif3acKO mutants: hair bundles adopted a 

flattened morphology and pPAK staining became mislocalized around hair cell 

membranes. Second, Kif3a, but neither PTK7 nor Vangl2 (data not shown), is 

required for correct apical-basal positioning of the basal body. Third, there is 

evidence that PCP signaling is still active in Kif3acKO mutants.  The core PCP 

proteins Dvl2 and Frizzled3 were still asymmetrically localized in the Kif3acKO OC.  

Moreover, cortical PAK activity, though diffused around the hair cell membrane, 

was still somewhat enriched on the lateral side, suggesting that PAK activity is 

still regulated by tissue polarity cues in Kif3acKO mutants. Finally, hair bundle 

misorientation in Kif3acKO mutants was mild compared to the PCP mutants. 

Together, our data provide strong support for the model that the Kif3a-mediated 

cell-intrinsic and the PCP/tissue polarity pathways act in concert and converge 

on PAK kinases to regulate hair cell polarity. 

 
3.4 Figures 
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Figure 2. Cochlear extension and hair bundle orientation defects in Kif3acKO 
OC.  (A,B) Acetylated tubulin (green) and phalloidin (red) stained images of 
E14.5 control (A) and Kif3acKO (B) OC.  Kinocilia are present in control (arrows, 
A) but undetectable in Kif3acKO hair cells (B).  (C,D) E18.5 Kif3acKO cochleae (D) 
are shorter than controls (C).  (E,F) Kif3acKO cochleae (stained with phalloidin) 
exhibit an expansion of hair cell rows near the apex of the cochlea (bracket in F).  
(G-J)  Acetylated tubulin (green) and phalloidin (red) staining of control (G, I) and 
Kif3acKO (H, J) cochleae at E17.5. Triangles mark the row of pillar cells, and 
brackets indicate outer hair cell rows.  (K) Quantification of hair bundle 
orientation in E18.5 control (basal, n=116; apical, n=82) and Kif3acKO (basal, 
n=116; apical n=154) cochleae. Scale bars: A-B, 5 μm; C-D, 200 μm; E-F, 100 
μm; G-J, 5 μm. 
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Figure 3. Normal hair cell development in the Kif3acKO utricle. (A-D) α-
Spectrin (red) and phalloidin (green) stained images of E18.5 control (A,C) 
and Kif3acKO (B,D) utricles. (A,B) Planar polarity of hair cells appears normal 
in Kif3acKO utricles (B) compared with controls (A). Arrows indicate planar polarity 
as revealed by staining of the cuticular plate component, α-spectrin. Broken lines 
indicate the line of reversal. (C,D) Stereocilia organization appears normal 
in Kif3acKO utricular hair cells (D) compared with controls (C). 
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Figure 4. Localization of Dishevelled-2 in Kif3acKO OC.  (A-H) Dishevelled-2 
immunostaining (red) in basal (A-D) or apical (E-H) regions of E17.5 control and 
Kif3acKO OC.  Cell boundaries are labeled by Rac1 immunostaining (green). The 
box in B indicates the apical membranes of two Deiters cells found in between 
hair cells and is shown in a schematic diagram in the inset (hc, hair cell; *, 
support cell).  The asterisks in F indicate examples of abnormal Deiters cell 
extensions in contact with hair cells. Triangles indicate the row of pillar cells, and 
brackets indicate outer hair cell rows.  Scale bars: A-H, 6 μm. 
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Figure 5. Localization of frizzled 3 in Kif3acKO OC. (A-H) Frizzled 3 
immunostaining (red) in basal (A-D) or apical (E-H) regions of E17.5 control (left 
panels) and Kif3acKO (right panels) OC. Cell boundaries are labeled by phalloidin 
staining (green). Triangles indicate the row of pillar cells, and brackets indicate 
outer hair cell rows. Scale bars: 6 µm. 
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Figure 6.  Kif3a is required for normal hair bundle morphology.  (A-D) 
Scanning electron micrographs of control (A) and Kif3acKO outer hair cells (B-D) 
from the mid-basal region of E18.5 cochleae. (E-L) Hair cell maturation in explant 
cultures derived from E18.5 cochleae and maintained for 3.5-4 days in vitro. (E-
H) Scanning electron micrographs of outer hair cells from control (E) and Kif3acKO 

explants (F-H). White triangles in A and E indicate the kinocilium in control cells. 
(I, J) Control (I) and Kif3acKO (J) explants stained for acetylated-tubulin (red) and 
phalloidin (green). (K, L) FM1-43 dye (green) uptake is normal in Kif3acKO 
explants (L) compared to the control (K). Triangles mark the row of pillar cells, 
and brackets indicate outer hair cell rows.  Scale bars: A-H, 1 μm; I-J, 5 μm; K-L, 
10 μm. 
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Figure 7. Uncoupling of hair bundle orientation from basal body position in 
Kif3acKO hair cells.  (A-D) Planar position of centrioles in E18.5 control (A, C) 
and Kif3acKO (B,D) hair cells.  Green, GFP-centrin2; red, phospho-β-catenin; 
cyan, phalloidin. Examples of Kif3acKO hair cells showing uncoupling of hair 
bundle orientation from basal body position are boxed. Triangles mark the row of 
pillar cells, and brackets indicate outer hair cell rows. Scale bars: 6 μm. (E,F) 
Schematic diagrams of C and D, respectively. Green dots, daughter centrioles; 
red dots, basal bodies. Support cells are shaded. (G) Rose diagrams showing 
the percentage of centrioles located within the indicated 60° sectors in E18.5 
control (shaded grey; n=153) and Kif3acKO (shaded blue; n=142) hair cells. (H) 
Hair bundle orientation is coupled to basal body position in wild-type (left) and 
PTK7-/- (middle) but not Kif3acKO (right) hair cells. Green, GFP-centrin2; red, 
phospho-β-catenin; cyan, phalloidin. Hair cell boundaries are outlined by dashed 
circles. The lateral side of the cochlea is up in all diagrams. (I) Scatter plots 
showing hair bundle orientation in relation to the planar position of the basal 
body.  Control (n=73), Vangl2Lp/Lp (n=128) and Kif3acKO (n=115) hair cells were 
all from the mid-basal region of the cochlea. The dashed reference line in each 
graph indicates a perfect correlation.  
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Figure 8.  Aberrant apical-basal positioning of basal body in Kif3acKO hair 
cells. (A, B) Basal body migration in E16.5 control (A) and Kif3acKO (B) hair cells.  
Green, GFP-centrin2; red, phospho-β-catenin; blue, phalloidin. Schematic 
diagrams summarizing the planar positions of the hair cell basal bodies are 
shown in the insets. Triangles mark the row of pillar cells, and brackets indicate 
outer hair cell rows.  (C, D) Optical slices along the Z-axis of E16.5 control (C) or 
Kif3acKO (D) hair cells showing the apical-basal position of the centriole pairs. (E, 
F) Optical slices along the Z-axis showing the apical-basal position of hair cell 
centrioles relative to the tight junctions (as marked by ZO-1 immunostaining) in 
E18.5 control (E) and Kif3acKO (F) OC.  Green, GFP-centrin2; red, ZO-1.  
Brackets indicate the domains of hair cells (HC) and Deiters cells (DC) 
demarcated by ZO-1 staining.  Arrows indicate hair cell centrioles.  Arrowheads 
indicate the centrioles of DC.  (G-J) Optical slices along the Z-axis showing 
normal apical-basal position of centrioles in Kif3acKO hair cells (H,J) compared to 
controls (G,I) at E15.5. (G,H) Green, GFP-centrin2; red, phospho-β-catenin; blue, 
phalloidin. (I,J) Green, GFP-centrin2; red, ZO-1. (K) Distance along the Z-axis 
between the basal body and the daughter centriole in control (shaded gray) and 
Kif3acKO (shaded blue) hair cells at different developmental stages. Compared to 
controls, the Z distance between centriole pairs in Kif3acKO mutant hair cells is 
similar at E15.5, but significantly shorter at E16.5, E17.5 and E18.5. **, p<0.001. 
Scale bars: A-B, 5 μm; C-J, 1 μm. 
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Figure 9.  IFT88 localization is normal in Kif3acKO hair cells.  (A-D) IFT88 
(red) localization at E18.5 in control (A,C) and Kif3acKO (B,D) hair cells.  GFP-
centrin2 marks the hair cell centrioles (green).  Arrows indicate IFT88 localization 
on the basal body.  Triangles mark the row of pillar cells, and brackets indicate 
outer hair cell rows.     
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Figure 10. Abnormal phospho-PAK localization correlates with centriole 
defects in Kif3acKO hair cells.  (A-D) Single Z-sections showing centriole (green, 
GFP-centrin2) location in relation to phospho-PAK staining (red) in E17.5 control 
(A,B) and Kif3acKO (C,D) hair cells.  Plane Z’ is approximately 1 μm basal to plane 
Z. Arrows in D indicate aberrantly positioned centriole pairs. Triangles mark the 
row of pillar cells, and brackets indicate outer hair cell rows. (E,F) Schematic 
diagrams of centriole positions relative to pPAK localization in a control (E) and a 
Kif3acKO (F) hair cell.  On the left are side-views of a hair cell showing centriole 
(green barrels) positions relative to the hair bundle. Circles to the right represent 
cross sections through the hair cell at plane Z and plane Z’ and show the 
localization of pPAK (red) and the position of the centrioles (green dots). (G-J’) 
Higher magnification images of single Z sections showing pPAK localization (red) 
and centriole (green, GFP-centrin2) location at plane Z (G,H,I,J) and Z’ 
(G’,H’,I’,J’) in control (G,G’) and Kif3acKO hair cells (H-J’). Scale bars: A-D, 6 μm; 
G-J’, 3 μm. 
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Figure 11. Rac-PAK signaling regulates hair cell centriole positioning.  (A, 
B) Cochlear explants treated with vehicle (A) or 10 μM IPA-3 (B).  Green, GFP-
centrin2; red, phalloidin staining.  Arrows indicate centriole pairs. Examples of 
hair cells with centriole positioning defects are boxed in B. Triangles mark the 
row of pillar cells, and brackets indicate outer hair cell rows.  (C) Rose diagrams 
showing the percentage of centrioles located within the indicated 60° sectors in 
hair cells of explants treated with vehicle (shaded gray, n=270) or 10 μM IPA-3 
(shaded blue, n=432).  (D, E) Cochlear explants treated with vehicle (D) or 100 
μM NSC 23766 (E).  Arrows indicate centriole pairs.  Examples of hair cells with 
mispositioned centrioles are boxed in E.  (F) Rose diagrams showing the 
percentage of centrioles located within the indicated 60° sectors in hair cells of 
explants treated with vehicle (shaded gray, n=218) or 100 μM NSC 23766 
(shaded blue, n=218).  The lateral side of the cochlea is up in all diagrams. Scale 
bars: A-B, 5 μm; D-E, 5 μm. 
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Figure 12. Hair cell kinocilia persist after inhibition of Rac-PAK signaling in 
vitro. (A) Cochlear explants treated with vehicle or 10 µM IPA-3. (B) Cochlear 
explants treated with vehicle or 100 µM NSC 23766. Green, acetylated tubulin 
antibody staining; red, phalloidin staining. Arrows indicate examples of hair cell 
kinocilia. Triangles indicate the row of pillar cells, and brackets indicate outer hair 
cell rows. Scale bars: 6 µm. 
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Figure 13.The Rac GEF Tiam1 is a likely cargo of kinesin-II. (A-C) Tiam1 
(red) and a-tubulin (green) immunostaining in E17.5 control OC.  Triangles mark 
the row of pillar cells, and brackets indicate outer hair cell rows.  Scale bars: A-C, 
6 μm.  (D) Co-immunoprecipitation assays from E16.5 wild-type brain lysates.  
Lysates were incubated with normal rabbit IgG, anti-Tiam1, or anti-β-PIX 
antibodies, and the immunoprecipitates were analyzed by immunoblotting with 
the indicated antibodies.  (E) Co-immunoprecipitation assays from E16.5 control 
(Con.) or Kif3acKO mutant cortices.  Lysates were incubated with normal rabbit 
IgG or anti-Tiam1 antibodies as indicated, and the immunoprecipitates (IP) 
analyzed by Western blot for Kif3a. 
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Figure 14.  Hair cell phenotype and centriole positioning in Kif3acKO; 
Rac1cKO OC.  (A,B) E18.5 control and Kif3acKO; Rac1cKO temporal bones (A) and 
flat-mounted cochleae (B).  Kif3acKO; Rac1cKO cochleae are shorter in length than 
control and Kif3acKO cochleae (compare to Fig. 2D).  Brackets in A indicate the 
cochlear region.  (C-F) Centrin2-GFP (green) and phalloidin (red) staining of 
control (C,E) and Kif3acKO; Rac1cKO (D,F) at E18.5.  Triangles mark the row of 
pillar cells, and brackets indicate outer hair cell rows.  (G)  Graphs show the 
percentage of centrioles located within the indicated 60º sectors in E18.5 control 
(n=153), Kif3acKO (n=142), and Kif3acKO; Rac1cKO (n=172) hair cells.  Distance 
along the z-axis between the basal body and the daughter centriole in E18.5 
control (shaded gray), Kif3acKO (shaded blue), and Kif3acKO; Rac1cKO (shaded 
orange) hair cells.  Kif3acKO; Rac1cKO centrioles are closer together in the Z-axis 
than control centrioles but farther apart than those of single Kif3acKO mutants 
(**,p<0.001).    
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Figure 15. Effects of β-catenin misregulation in hair cells. (A-C) Acetylated 
tubulin (green) and phalloidin (red) staining in E18.5 control (A), hair cell-specific 
β-catenin gain-of-function (B), and tamoxifen-inducible β-catenin gain-of-function 
(C) OC.  Arrow in C indicates a region of overproliferating supporting cells.  (D) 
SEM image of an E18.5 OC expressing the tamoxifen-inducible β-catenin gain-
of-function mutation.  Arrows indicate pockets of overproliferating supporting 
cells.  (E-G) Phalloidin (red) staining of CatnbKO/+, single Kif3acKO (F), and double 
CatnbKO/+; Kif3acKO (G) OC.  Loss of β-catenin function in hair cells does not 
ameliorate the Kif3acKO flattened bundle phenotype.  Triangles mark the row of 
pillar cells, and brackets indicate outer hair cell rows. 
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Figure 16. Levels of canonical Wnt signaling are normal in Kif3acKO

 

cochleae.  (A,B) Whole mount images of cochlease from control (A) or Kif3acKO 

(B) mice that have been crossed with the BATGAL reporter line.  X-gal staining 
(blue) indicates active canonical Wnt signaling.  (C,D) Flat-mounted cochleae 
from control (C) or Kif3acKO (D) stained with X-gal. The roof of the cochlear duct 
has been removed to show BATgal expressing-cells in and around the organ of 
Corti. 
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Figure 17. Abnormal cochlear morphology and hair bundle phenotypes in 
axinfu/fu OC.  (A,B) Dissected temporal bones from control (A) and axinfu/fu (B) 
mice.  Axinfu/fu cochleae often have a shorter, dilated cochlear duct.  Brackets 
indicate the cochlea.  (C,D) Acetylated tubulin (green) and phalloidin (red) 
staining of E18.5 control (C) and axinfu/fu (D) OC.  Axinfu/fu OC have minor 
patterning disruptions of HC rows, and a subset of hair bundles display an 
abnormal flattened phenotype (arrow).  (E) SEM image of P3 axinfu/fu OC 
showing disruption of OHC patterning and an abnormal flattened hair bundle 
(arrow). Triangles mark the row of pillar cells, and brackets indicate outer hair cell 
rows.       
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Figure 18. In vivo imaging of centriole search behavior during hair cell 
polarization. (A,B) Collapsed Z-stacks show the centrioles (marked with GFP-
centrin2) of single hair cells at E17.  Images were collected every hour.  
Arrowheads in A indicate the increased distance between the basal body and 
daughter centriole at 7hr compared to 0hr.  Arrows in B indicate supporting cell 
centrioles that have changed alignment over the course of an hour.  
  



 
 
 

Chapter 4 
 

Lis1 mediates planar polarity through regulation of 
microtubule organization 
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4.1 Introduction 
 
 In addition to apical-basal polarity, PCP, or polarity within an epithelial cell 

sheet, is critical for epithelial morphogenesis and function. Sensory hair cells are 

specialized neuroepithelial cells that convert mechanical stimuli into electrical 

nerve impulses.  Mechanotransduction is accomplished by the V-shaped 

stereociliary bundle (or hair bundle) located on the apex of each hair cell.  Each 

hair bundle consists of rows of actin-based stereocilia arranged in a staircase 

pattern with a single microtubule-based kinocilium next to the tallest row of 

stereocilia.  This polarized structure renders the hair bundle directionally 

sensitive to deflections [47].  As a result, hair cells must be uniformly oriented 

across the plane of the auditory sensory epithelium, the organ of Corti, such that 

the vertex of each bundle points toward the lateral edge of the cochlear duct. 

Proper hair bundle polarity and orientation is essential for normal hearing. 

Hair cell planar polarity is established during embryogenesis in 

vertebrates. One of the earliest manifestations of planar polarization is the 

migration of the axonemal kinocilium from the center of the hair cell apex toward 

the cell periphery [55, 57]. The kinocilium is a specialized primary cilium that 

extends from the basal body located just below the apical surface.  Following its 

migration toward the lateral edge of the cochlear duct, microvilli adjacent to the 

kinocilium thicken and elongate, eventually forming a V-shaped bundle of 

stereocilia, with the kinocilium at its vertex. Nascent hair bundles then refine and 

align their orientation during late embryonic and early postnatal development 

[59]. Thus, positioning of the kinocilium/basal body near the lateral pole is tightly 
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coupled with hair bundle polarity and orientation, and together they constitute 

morphological features of hair cell planar polarity.  

Hair cell planar polarity is coordinated at the tissue level by the 

evolutionarily conserved, core Wnt/PCP pathway [60]. Downstream of the core 

PCP genes, the small GTPase Rac and its effector p21-activated kinases (PAK) 

have been shown to mediate basal body positioning and hair bundle orientation 

[30, 250]. Wnt/PCP signaling spatially orients localized Rac-PAK signaling on the 

hair cell cortex [30]; however, the underlying mechanisms remain incompletely 

understood.  

Accumulating evidence suggests that tissue-level PCP signaling impinges 

on a hair cell-intrinsic pathway that controls planar polarization of individual hair 

cells. The kinocilium and its connection to the adjacent stereocilium, via the 

kinociliary links, are required for the normal V-shape and orientation of the 

nascent hair bundle [61, 62, 250]. Moreover, a non-ciliary function of Kif3a, a 

component of the kinesin-II plus-end-directed microtubule motor complex, 

coordinates basal body positioning and hair bundle orientation through spatial 

regulation of Rac-PAK signaling, thus implicating microtubule-based intracellular 

transport in hair cell planar polarization [250]. In addition to templating the 

kinocilium, the basal body (or the mother centriole), along with the daughter 

centriole and the associated pericentriolar matrix, organize cytoplasmic 

microtubules in hair cells [49].  

To further elucidate the microtubule-mediated hair cell polarity pathway, 

we investigated the function of a well-established microtubule regulator, Lis1. 
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Lis1 mutations cause type I lissencephaly, a human brain malformation [251]. 

Functionally, Lis1 controls microtubule organization as a microtubule-associated 

protein and regulator of cytoplasmic dynein, a minus-end directed microtubule 

motor complex that participates in a range of cellular processes, including cell 

migration, organelle positioning and mitotic spindle assembly [188, 252, 253]. 

Lis1 regulates localization of dynein to microtubule plus-ends and the cell cortex, 

as well as the motor function of dynein [253, 254].  In addition to mediating 

dynein function, Lis1 also regulates actin dynamics and Rho GTPase signaling 

[172, 255, 256]. Thus, Lis1 is a strong candidate regulator of hair cell planar 

polarity.  

Here, we analyzed the inner ears of conditional Lis1 mouse mutants 

during both embryonic and postnatal development. Lis1 mutant embryos show 

defects in hair cell planar polarity and cellular organization of the organ of Corti 

due to impaired Rac-PAK signaling. In addition, we also uncover a critical role for 

Lis1 in maintaining planar polarity in postnatal hair cells by regulating cytoplasmic 

dynein and microtubule organization. Lastly, our results reveal a function of Lis1-

dynein in organelle positioning and hair cell survival. 

 

4.2 Results 

4.2.1 Lis1 is localized to the pericentriolar region in developing hair cells 

 To investigate a potential role for Lis1 in auditory hair cell development, 

we first determined the subcellular localization of Lis1 in the developing organ of 

Corti. At E17.5, Lis1 was detected on the stereocilia and the hair cell centrioles 
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(Fig. 19A-C, arrows).  At P1, Lis1 was prominently localized to the pericentriolar 

region in hair cells, forming a cloud surrounding the centrioles (Fig. 19G-I, 

circles), and was also detected at low levels on the centrioles of supporting cells 

(Fig. 18G-I, arrows).  These localization patterns are consistent with those 

reported in other cell types and suggest a function for Lis1 in the regulation of the 

hair cell microtubule network [257, 258].  

 

4.2.2 Lis1 deletion during embryonic development causes defects in hair 

bundle morphology and orientation 

 To investigate the function of Lis1 in developing hair cells, we generated 

Lis1 conditional mutants using a floxed allele of Lis1 [259] and an Atoh1Cre driver 

line that expresses Cre in developing hair cells and a subset of supporting cells 

starting around E14.5 [260].  We also used a Lis1 null allele (Lis-) that was 

derived from the Lis1flox allele by germline Cre expression. To perturb Lis1 

function in embryonic hair cells, we generated Atoh1Cre; Lis1flox/- embryos 

(hereafter referred to as Lis1cKO-early).  As expected, Lis1 levels in Lis1cKO-early hair 

cells were greatly reduced, and Lis1 no longer localized on the centrioles (Fig. 

19D-F).  Lis1+/-, Lis1flox/- and Lis1flox/+ mice did not exhibit any inner ear 

phenotypes at P0 (Fig. 20) and served as controls for subsequent experiments.     

 At E17.5, a subset of Lis1cKO-early hair cells had bundles with an abnormal, 

flattened morphology (Fig. 21B, arrow).  Moreover, Lis1cKO-early hair cells 

displayed hair bundle misorientation (Fig. 21B,F; average bundle deviation = 

20.1° ± 1.5) compared to littermate controls (Fig. 21A,E; average bundle 
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deviation = 8.6° ± 0.7).  We also examined the position of the kinocilium and 

found that it had migrated to the hair cell periphery (Fig. 21B).  However, 

kinocilia were often mispositioned with respect to both the hair bundle and the 

medial-lateral axis of the cochlea (Fig. 21B,D, arrows and arrowheads).  These 

defects in kinocilium/basal body positioning correlated with hair bundle 

misorientation.  Furthermore, in contrast to the regular aster-shaped array in 

control hair cells (Fig. 21C), cytoplasmic microtubules appeared disorganized in 

Lis1cKO-early hair cells (Fig. 21D, arrow and arrowhead). These results 

demonstrate that Lis1 regulates microtubule organization and planar polarization 

of embryonic hair cells. 

 Hair bundle orientation is coordinated by the core Wnt/PCP pathway [60].  

Therefore, we sought to determine if Wnt/PCP signaling was compromised in 

Lis1cKO-early cochleae by examining the asymmetric membrane localization of the 

core PCP protein Dishevelled 2 (Dvl2).  In E17.5 wild-type cochleae, Dvl2 was 

localized to the lateral side of hair cell membranes (Fig. 21G,J). This localization 

was essentially unchanged in Lis1cKO-early hair cells (Fig. 21H,I,K,L). Of note, the 

hair cell rows in Lis1cKO-early cochleae were slightly jumbled, and abnormal apical 

contacts between two supporting cells with Dvl2 staining were observed (Fig. 

21L, arrow).  Likewise, normal Fz3 localization at the lateral pole of hair cells was 

maintained in Lis1cKO-early hair cells, though at somewhat reduced levels (Fig. 

22B,D).  These results demonstrate that Lis1 is not required for asymmetric 

membrane localization of Dvl2 or Fz3, suggesting that Wnt/PCP signaling is at 

least partially active in Lis1cKO-early hair cells. 
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4.2.3 Defective cellular organization and nectin localization in Lis1cKO-early 

organ of Corti 

 To further assess cellular organization in Lis1cKO-early cochleae, we stained 

E18.5 tissue with myosin VI and β1/β2 tubulin to label hair cells and supporting 

cells, respectively. Instead of the normal “checkerboard” pattern of hair cells 

interdigitated with supporting cells (Fig. 23A), pairs of Lis1cKO-early hair cells often 

appeared to be in direct contact, without an intervening supporting cell (Fig. 23B, 

arrow).  Moreover, the apical surfaces of both hair cells and supporting cells in 

Lis1cKO-early cochleae were misshapen. Many hair cells adopted an oblong or 

irregular shape (Fig. 23B, asterisk), and the evenly spaced “hourglass” shape of 

supporting cell apical domains was frequently jumbled and distorted (Fig. 23B). 

We next examined transverse cochlear sections.  In control sections, hair cell 

nuclei were invariably located a uniform distance from the luminal surface of the 

epithelium (Fig. 23C).  In contrast, the Lis1cKO-early sensory epithelium was 

disorganized with hair cell nuclei frequently found at varying distances from the 

luminal surface (Fig. 23D).   

 The checkerboard pattern of the organ of Corti is regulated by the nectin 

family of cell adhesion molecules [32]. We therefore examined the localizations 

of nectin-1, -2 and -3 in E18.5 cochleae. In the control, all three nectins were 

localized to hair cell-supporting cell contacts, consistent with their role in 

mediating heterotypic adhesion between these two cell types [32] (Fig. 23G,I,K). 

By contrast, localization of all three nectins at cell-cell contacts was reduced in 
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Lis1cKO-early cochleae, with nectin-1 and -3 more affected than nectin-2 (Fig. 

23H,J,L). Junctional localization of E-cadherin, on the other hand, was not 

significantly changed (Fig. 24B). These results suggest that impaired nectin-

mediated cell adhesion contributes to the cellular organization defects in the 

Lis1cKO-early organ of Corti.  

 

4.2.4 Lis1 regulates Rac-PAK signaling in embryonic hair cells 

 Given the role of Lis1 as a regulator of cytoplasmic dynein in other 

systems, we investigated dynein localization using an antibody against the 

dynein intermediate chain [261].  Immunostaining of E17.5 control hair cells 

revealed a cloud of dynein in the apical cytoplasm, with a higher concentration in 

the pericentriolar region (Fig. 25A).  In Lis1cKO-early hair cells, dynein is still found 

in the pericentriolar region, but it was more diffuse (Fig. 25A), indicating a role for 

Lis1 in regulating dynein localization in hair cells. 

 To elucidate the mechanisms underlying the planar polarity and cellular 

organization defects, we next examined Rac-PAK signaling in Lis1cKO-early 

cochleae. Our previous work suggests a model in which microtubule-mediated 

transport regulates localized activation of Rac-PAK signaling on the hair cell 

cortex [250]. This model predicts that regulators of microtubule organization may 

be important for cortical Rac-PAK signaling. In support of this idea, Lis1cKO-early 

and Rac1cKO mutants have similar planar polarity and cellular organization 

defects [30]. To further test this hypothesis, we measured the levels of activated 

PAK using a phospho-specific antibody (pPAK). Immunoblotting of Lis1cKO-early 
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cochleae showed a significant decrease in the ratio of pPAK to total PAK1 in 

mutants (0.77 ± 0.05) when compared to controls (1.14 ± 0.09; p=0.006) (Fig. 

26A).   

 To more directly assess Rac signaling in situ, we examined the 

localization of active, GTP-bound Rac1 in E17.5 cochleae using an antibody 

specific for Rac1-GTP alongside a pan-Rac1 antibody to localize the total pool of 

Rac1 simultaneously. In agreement with previously reported pPAK localization 

[30, 250], Rac1-GTP was enriched on the lateral hair cell cortex in the control, 

whereas total Rac1 was uniformly distributed along the circumference of the hair 

cell (Fig. 26B,D,F,H). In addition, Rac1-GTP was also detected in the 

pericentriolar region and on the stereocilia (Fig. 25B). In Lis1cKO-early cochleae, 

the cortical domain of Rac1-GTP was significantly reduced and/or misoriented 

relative to the medial-lateral axis of the cochlea (Fig. 26C,E,G,I). In addition, 

localization of Rac1-GTP in the pericentriolar region was also disorganized and 

diffuse, while it was still detected on the hair bundle (Fig. 25B). These results 

indicate that Lis1 regulates localized Rac1 activity at the hair cell cortex and 

other subcellular locations. 

 Our previous work identified the Rac GEF Tiam1 as a possible cargo of 

kinesin-II implicated in activating Rac signaling during planar polarization of hair 

cells [250].  In other systems, Tiam1 associates with microtubules and regulates 

polarity [235]. Furthermore, the Tiam1 homolog Tiam 2/STEF has been shown to 

mediate microtubule-dependent Rac activation during cell migration [176].  We 

sought to determine if the microtubule disorganization observed in Lis1cKO-early 
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hair cells could impact Tiam1 distribution.  At E17.5, Tiam1 is highly enriched on 

microtubules and the kinocilium in control hair cells (Fig. 26J,L,N, arrows; Fig. 

25C-E). In Lis1cKO-early hair cells, while still detected on microtubules, Tiam1 

staining was greatly disorganized or diminished in cells with disorganized 

microtubules (Fig. 26K,M,O, arrows). These data suggest a potential role for 

microtubule-associated Tiam1 in stimulating cortical Rac-PAK activity. 

 

4.2.5 Lis1 is required for maintaining the V-shape of hair bundles during 

postnatal development  

 Having demonstrated a role for Lis1 in planar polarization of embryonic 

hair cells, we next sought to determine the function of Lis1 in postnatal hair cells. 

To this end, we generated Atoh1Cre; Lis1flox/flox mice (hereafter referred to Lis1cKO-

late). In contrast to Lis1cKO-early mutants, two Cre-mediated recombination events 

are required to generate a Lis1 deficient hair cell.  Since Lis1 protein levels 

correlate tightly with gene dosage [262], we reasoned that the combined effects 

of slower DNA excision and longer protein perdurance in Lis1cKO-late would enable 

slower depletion of Lis1 compared to Lis1cKO-early mutants.  Immunostaining 

confirmed a near complete absence of Lis1 protein in hair cells in the basal 

region of P1 Lis1cKO-late OC (Fig. 19J,K).  

 At P0, the Lis1cKO-late OC had normal cellular organization (Fig. 27B).  Hair 

bundle morphology and orientation were also normal, suggesting that Lis1 

function in the Lis1cKO-late cochlea was sufficient to sustain the embryonic phase 

of hair cell morphogenesis.  However, starting around P2 and following a base-
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to-apex gradient along the cochlea, some Lis1cKO-late outer hair cells displayed 

hair bundle morphology defects ranging from a flattened bundle (Fig. 27D, arrow; 

27F,G) to splitting of the bundle into two separate groups of stereocilia (Fig. 27D, 

arrowheads; 27H-J).  Rarely, hair bundles were severely dysmorphic or 

completely fragmented (Fig. 27K). Overall, 13% of Lis1cKO-late hair bundles in 

outer hair cell rows exhibited a flattened morphology, 8% were split, and 1% 

were dysmorphic (Fig. 27E).  By contrast, Lis1cKO-late vestibular hair cells in the 

utricular macula at P4 had no overt defects in hair bundle morphology or 

orientation (Fig. 28).  These results indicate that, in addition to its earlier function, 

Lis1 is required for maintaining the normal V-shape of the auditory hair bundle 

during postnatal development.   

 

4.2.6 Lis1 mediates the positioning of the hair cell centrosome near the 

lateral cortex 

 To understand the basis for the hair bundle defects in Lis1cKO-late hair cells, 

we examined basal body positioning at P2.  In control hair cells, the centrosome 

(the basal body and daughter centriole) was invariably found near the lateral pole 

and aligned along the medial-lateral axis of the cochlear duct (Fig. 27L).  In 

contrast, the centrosome in many Lis1cKO-late hair cells was located away from the 

lateral pole and toward the center of the cell, particularly in those cells with a 

flattened or split hair bundle (Fig. 27M, arrows).  Indeed, the distance between 

the centrosome and the lateral hair cell membrane (DC-M) closely correlated with 

hair bundle morphology defects (Fig. 27N). On average, DC-M in Lis1cKO-late hair 
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cells with a normal bundle morphology (0.90 µm ± 0.05; n=42) was similar to that 

of controls (0.87 µm ± 0.02; n=60).  However, DC-M was dramatically increased in 

Lis1cKO-late hair cells with a flattened hair bundle (1.55 µm ± 0.06; n=45) and 

increased still further in cells with a split hair bundle (2.04 µm ± 0.07; n=34) (Fig. 

27N). Thus, using basal body position and V-shaped hair bundle as 

morphological readouts for planar polarity, we conclude that Lis1 is required for 

the maintenance of planar polarity in postnatal hair cells. 

 To investigate if Wnt/PCP signaling plays a role in postnatal hair cells, we 

examined Dvl2 localization at P2. Similar to embryonic hair cells, Dvl2 was 

asymmetrically localized on the lateral hair cell membranes, suggesting a 

potential role for Wnt/PCP signaling in maintaining planar polarity (Fig. 29A,E).  

In Lis1cKO-late cochleae, asymmetric Dvl2 localization was unchanged (Fig. 

29B,F), suggesting that Wnt/PCP signaling remains intact in Lis1cKO-late hair cells. 

We also wondered whether localized cortical Rac signaling persists in postnatal 

hair cells to maintain planar polarity. In control hair cells at P3, the cortical 

domain of Rac1-GTP on the lateral side of hair cells was no longer detectable 

(Fig. 30A-C), whereas Rac1-GTP was still localized to the hair bundle and 

pericentriolar region (Fig. 30D-I). Furthermore, Tiam1 localization to microtubules 

but not the kinocilium was greatly reduced compared to embryonic hair cells (Fig. 

30J-O). Together, these results suggest a developmental downregulation of 

Tiam1-mediated cortical Rac activation. 
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4.2.7 Lis1 is required for proper dynein localization and pericentriolar 

matrix organization  

 To understand the basis for the centrosome positioning defects in Lis1cKO-

late hair cells, we next examined the localization of cytoplasmic dynein.  

Immunostaining of dynein intermediate chain in control hair cells at P2 revealed a 

three-dimensional lattice of dynein in the pericentriolar region, extending from the 

centrosome basally for approximately 2 µm to the level of Dvl2 membrane 

localization (Fig. 29C, arrowhead).  At the plane of the centrosome, dynein 

formed an organized ring surrounding the centrosome and also localized to one 

of the centrioles (Fig. 29G,I, arrow).  Dynein staining was also detected on the 

cell cortex, partially overlapping with Dvl2 (Fig. 29E, inset).  In Lis1cKO-late hair 

cells, instead of an organized three-dimensional lattice, dynein formed an 

irregular, diffuse cloud.  At the plane of the centrosome, dynein collapsed inward 

toward the centrosome and was no longer detectable on centrioles (Fig. 29H,J).  

At the level of Dvl2 crescents, dynein was still detected extending basally from 

the pericentriolar cloud (Fig. 29D, arrowheads) and on the cell cortex, partially 

overlapping with Dvl2 (Fig. 29F, inset).  These results indicate that Lis1 is 

required for normal dynein localization around the centrosome in hair cells.  

Next we asked if Lis1-dynein function is important for hair cell pericentriolar 

matrix organization, similar to other cell types [263–265]. We examined the 

localization of the PCM-1 protein (pericentriolar material 1), a pericentriolar 

matrix component important for recruitment of other centrosomal proteins [266, 

267]. In control hair cells at P3, PCM-1 was localized in a tight ring in the 
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pericentriolar region, which formed interior to the dynein lattice approximately 0.2 

µm below the daughter centriole (Fig. 31A; 31C, inset).  In contrast, PCM-1 in 

Lis1cKO-late hair cells failed to organize into a ring-like structure and instead 

collapsed inward toward the centrioles, forming a diffuse cloud interior to the 

dynein clusters (Fig. 31B; 31D, inset). Thus, centrosome mispositioning in 

Lis1cKO-late hair cells is associated with dynein and pericentriolar matrix 

organization defects. 

 

4.2.8 Microtubule organization defects in Lis1cKO-late hair cells 

 Lis1-dynein function in pericentriolar matrix organization regulates the 

interphase microtubule array in other systems [268, 269]. We therefore examined 

microtubule organization in Lis1cKO-late hair cells at P2, when hair bundle and 

dynein defects are beginning to manifest.  In control hair cells, an aster-shaped 

microtubule array emanated from the pericentriolar matrix toward the cortex in all 

directions but was more prominent on the lateral side of the cell (Fig. 31E,G,I).  

Individual microtubules appear to extend laterally and basally to contact the 

cortex and then curl around the circumference of the cell (Fig. 31I).  In Lis1cKO-late 

hair cells, the organization of the cytoplasmic microtubule array was severely 

disrupted; the ring-like organization of the minus-ends of microtubules collapsed 

inward and became more focused around the centrosome (Fig. 31F,H).  This 

was particularly evident in Lis1cKO-late cells with flattened or split bundles (Fig. 

31F,H, arrowhead; 31J, plane z).  Instead of fanning out basally to form an aster 

shaped array, microtubules in many Lis1cKO-late cells lacked apparent organization 
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and directionality (Fig. 31F,H, arrows; 31J,K).  In some cells, microtubules 

organized into thick bundles that wrapped around the circumference of the cell 

(Fig. 31J, plane z′).  Overall, Lis1cKO-late hair cells appeared to have a reduced 

concentration of microtubules on the lateral side of the hair cell and more 

microtubules on the medial side of the cell (Fig. 31K, plane z′).  Together, these 

results suggest that dynein and pericentriolar matrix defects in Lis1cKO-late hair 

cells result in disorganization of the microtubule network. 

 

4.2.9 Lis1 deficiency leads to organelle distribution defects and subsequent 

outer hair cell death 

 In cultured cells, Lis1 and dynein regulate organelle position [270, 271].  

We therefore determined if the distributions of the Golgi and mitochondria were 

perturbed in Lis1cKO-late hair cells. At P2, the Golgi complex in control hair cells 

consisted of complex tubule structures (Fig. 32A) that were confined to a region 

just basal to the cuticular plate of the hair cell (Fig. 32B, bracket). Similarly, 

mitochondria were distributed throughout the cell body but were enriched in the 

apical cytoplasm (Fig. 32E,F). By contrast, in Lis1cKO-late hair cells, the Golgi 

complex appeared fragmented with vesicles spread throughout the cytoplasm 

(Fig. 32C,D). Mitochondria were also highly dispersed, and the apical population 

of mitochondria was greatly diminished (Fig. 32G,H). Taken together, these 

Golgi and mitochondria defects support a universal function of Lis1-dynein in 

organelle positioning. 
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 To determine if the organelle positioning defects triggered stress 

responses in Lis1cKO-late hair cells, we immunostained for CHOP, a transcription 

factor induced by both endoplasmic reticulum (ER) and mitochondrial stress  

[272, 273].  CHOP was not detectable in control hair cells. In Lis1cKO-late hair cells, 

though we did see occasional CHOP-positive cells, they were in the process of 

being extruded from the sensory epithelium (Fig. 33, arrows), suggesting that 

Lis1-deficiency does not induce a global unfolded protein response.  

 To determine the fate of Lis1cKO-late hair cells, we examined Lis1cKO-late 

cochleae a few days after the onset of hair bundle and organelle defects. 

Beginning around P5 and proceeding in a wave from the basal region of the 

cochlea toward the apex, outer hair cells began to undergo apoptotic cell death, 

as indicated by cleaved caspase-3 immunostaining, and were extruded from the 

sensory epithelium (Fig. 32J).  By P7 the basal region of the Lis1cKO-late cochlea 

was devoid of outer hair cells (Fig. 32M,N).  These results reveal a requirement 

for Lis1 for auditory hair cell survival.   

 

4.2.10 Additional experiments 

4.2.10.1 Constitutive Rac1 activity disrupts hair bundle morphology 

 Our results indicate that Lis1 regulates localized Rac-PAK signaling at the 

hair cell cortex and other subcellular locations.  Without Lis1-dynein function in 

hair cells, we predict that the Rac GEF Tiam1 would not be delivered efficiently to 

the cell cortex, leading to decreased Rac-PAK signaling and defects in 

polarization.  Therefore, increasing the levels of active Rac might compensate for 
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Lis1 deficiency.  To test this idea, we used a constitutively active allele of Rac1 

(R26Rac1*) that is expressed upon Cre-mediated excision of a STOP cassette 

[274].  Expression of R26Rac1* should result in a cell-wide increase in Rac 

signaling levels.  Atoh1-Cre was used to induce Rac1 activation in developing 

hair cells.  At P0, R26Rac1* OC contain some hair cells with flattened (Fig. 34B, 

arrowhead) or split (Fig. 34B, arrow) hair bundles.   

 We next generated Lis1cKO-early; R26Rac1* mice and examined their hair 

bundle morphology for rescue of the Lis1cKO-early phenotypes.  We were able to 

recover a single P1 Lis1cKO-early survivor for comparison, likely due to its relatively 

mild phenotype (Fig. 34D).  Lis1cKO-early; R26Rac1* OC contained hair cells with 

both flattened and split hair bundles (Fig. 34E, arrows).  Notably, the patterning 

of the OC was relatively normal, though we did occasionally observe dying hair 

cells.  These results are difficult to interpret given that R26Rac1* activates Rac1 

throughout the cell and, thus, does not reflect the normal level and/or spatial 

distribution of Rac signaling.  In particular, the precise cortical localization of Rac 

signaling, which we believe crucial for proper hair cell polarization, is unlikely to 

be reproduced in the R26Rac1* hair cells.  Moreover, the hair bundle defects we 

observed could be due to Rac1’s role in regulating the actin of the stereocilia.  

 

4.2.10.2 Tiam1 regulates OC cellular patterning 

 Our results suggest that the GEF Tiam1 regulates the activation of Rac-

PAK signaling at the hair cell cortex during planar polarization.  If this is the case, 

depletion of Tiam1 should disrupt normal hair bundle development by inducing 
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changes in the levels or localization of Rac-PAK signaling, perhaps mimicking 

the Lis1cKO-early phenotype.  To substantiate an in vivo requirement of Tiam1 for 

Rac activation in hair cells, we analyzed the phenotype of Tiam1-deficient hair 

cells (kindly provided by John Collard, The Netherlands Cancer Institute).  At P0, 

Tiam1+/- OCs exhibited normal cellular organization, and hair bundle morphology 

and orientation were normal (Fig. 35A,C).  In contrast, the patterning of Tiam1-/- 

OCs was disrupted, with jumbled OHC rows that frequently contained stretches 

either lacking an OHC row or with an extra OHC row (Fig. 35B,D).  Notably, the 

hair bundle morphology and orientation of Tiam1-null hair cells were completely 

normal. Limited amounts of tissue precluded us from analyzing the levels of Rac-

PAK signaling in Tiam1-/- hair cells.   

 These preliminary results indicate that Tiam1 is required for establishing 

normal cellular patterning in the OC, while it is dispensable for planar polarization 

of the hair bundle.  The lack of hair bundle defects in Tiam1-/- could be explained 

by functional overlap between related Tiam GEFs, which show redundancy in 

structure and binding partners [275, 276].  Experiments designed to further 

investigate the role of Tiam family GEFs during hair cell polarization are 

presented in Section 6.4. 

 

4.2.10.3 In vivo imaging of Lis1cKO-late hair bundle development 

 In order to characterize the progression of the cytoskeletal changes 

leading to the Lis1cKO-late hair bundle defects, we imaged live cochlear explants 

using an upright multiphoton confocal microscope.  These experiments used 
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GFP-centrin2 to mark the position of the centrosome [230].  In addition, the 

Rosa26-mT/mG line, which expresses membrane-bound Tomato or GFP 

depending on the presence of Cre, was used to label the hair bundle and cell 

membranes [277].  Cochlear explant cultures from early postnatal Lis1cKO-late; 

GFP-centrin2; mT/mG mice were established on coverslips and maintained until 

the equivalent of P5 when they were imaged.  Z-stacks encompassing the apical 

region of hair cells were collected every 30 minutes for 6 hours.  Hair bundles 

were clearly labeled with GFP, and individual hair cell centrioles could be 

discerned (Fig. 36, arrow).  Hair bundles exhibiting the characteristic Lis1cKO-late 

flattened (Fig. 36, yellow box) or split (Fig. 36, orange box) morphologies were 

prevalent in the culture.  Despite apparently capturing hair bundles in the process 

of splitting (Fig. 36, red box), we were unable to detect significant changes in hair 

bundle morphology over the course of six hours.  Nevertheless, these pilot 

experiments demonstrate the feasibility of using live imaging in cochlear explants 

to investigate the behaviors of the hair bundle and hair cell centrosome during 

development in vivo.   

 

4.3 Discussion 

 In this study, we have undertaken a comprehensive analysis of Lis1 and 

dynein function in developing auditory hair cells. Our results reveal a critical 

function of Lis1 in dynein localization and microtubule organization and provide 

novel insights into the Lis1- and microtubule-mediated processes critical for hair 

cell planar polarity during both embryonic and postnatal development. In addition, 
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we demonstrate that Lis1 is required for proper organelle positioning and hair cell 

survival.  

Together with recent advances, our results provide strong support for a 

two-tier hierarchy of hair cell planar polarity regulation. The core PCP pathway 

generates extrinsic or tissue polarity cues that are interpreted within hair cells by 

a cell-intrinsic effector machinery. These cell-intrinsic processes are capable of 

operating independently of inputs from the tissue polarity pathway to drive planar 

polarization of individual cells, as core PCP genes are not required for 

establishing planar polarity features including polarized basal body position, V-

shaped hair bundle, and the asymmetric cortical domain of Rac-PAK activity.   

We show that asymmetric localization of Dvl2 is maintained when Lis1 is 

deleted in hair cells, suggesting that tissue polarity cues set up by the core PCP 

pathway remain intact.  Of note, while Atoh1Cre is expressed predominantly in 

hair cells, we cannot rule out the possibility that supporting cells contribute to the 

phenotypes we observed in Lis1-null OC.  We propose that Lis1 is a component 

of the cell-intrinsic effector machinery in embryonic hair cells that controls 

localized cortical Rac-PAK activity through microtubule-mediated transport. At 

the onset of planar polarization, the arrival of the basal body at the lateral pole of 

the hair cell tightly correlates with asymmetric cortical PAK activity [30]. 

Importantly, hair cell planar polarization is disrupted in Kif3a-deficient hair cells, 

where active PAK on the cell cortex is mislocalized and diffuse, indicating that 

plus-end directed transport is important for constraining the cortical domain of 

Rac-PAK signaling [250]. Here we show a correlation between reduced cortical 
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Rac-PAK signaling and microtubule organization defects in Lis1cKO-early hair cells, 

suggesting that Lis1-dependent microtubule organization is crucial for Rac-PAK 

activation on the cell cortex. Lis1 also appears to regulate Rac activity in the 

pericentriolar region, which likely controls hair bundle cohesion and the position 

of the kinocilium within the hair bundle. Furthermore, we show that the Rac GEF 

Tiam1 is associated with microtubules in a manner that is sensitive to 

microtubule organization and developmentally regulated, making it a strong 

candidate activator of cortical Rac-PAK signaling during planar polarization of 

hair cells.  

 Taken together, these results suggest a model whereby microtubule-

associated Tiam1 translocates to the cell cortex through Lis1-mediated 

microtubule-cell cortex interactions to stimulate cortical Rac-PAK activation (Fig. 

37A). Migration of the basal body to the hair cell periphery is the symmetry-

breaking event that sets the cell-intrinsic effector machinery in motion.  Following 

migration of the basal body to the hair cell periphery, centriolar microtubules 

interact with the nearby cell cortex, allowing translocation of the Rac GEF Tiam1 

from microtubules to the cell cortex, which enables it to activate Rac-PAK 

signaling [278]. This cortical Rac-PAK activity strengthens local interactions 

between microtubules and the cell cortex through as yet unidentified cortical and 

cytoskeletal proteins, thus setting up a positive feedback loop that establishes 

the constrained domain of Rac-PAK signaling essential for proper positioning of 

the basal body (Fig. 37A). Lis1 could regulate microtubule-cell cortex interactions 

directly by binding to cortical proteins, such as IQGAP1 [172], and/or indirectly 
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through dynein-mediated cortical capture of microtubules [279–282]. Of note, 

similar mechanisms involving feedback loops between Rho family GTPases and 

polarized trafficking via the cytoskeleton have been proposed for self-polarization 

of unicellular organisms and other polarized cell types in the absence of extrinsic 

cues [283–285]. 

 Acting upstream of the cell-intrinsic effector pathway, tissue-level PCP 

signaling may spatially coordinate cortical Rac-PAK activity through two potential 

mechanisms, which are not mutually exclusive.  First, mechanical tension 

between hair cells and supporting cells may be involved in tissue-level PCP 

signaling. Genetic evidence suggests that the core PCP pathway acts in 

conjunction with a Ptk7-mediated pathway to modulate apical junctional 

actomyosin contractility [98, 101]. Anisotropic mechanical forces exerted on hair 

cells may bias the positioning of the basal body toward the lateral pole to orient 

centriolar microtubules and align planar polarity in embryonic hair cells. In 

addition to actomyosin-mediated forces, the core PCP pathway may also 

regulate dynein-mediated microtubule capture at the hair cell cortex. 

Interestingly, Dishevelled has been shown to regulate dynein-mediated mitotic 

spindle orientation through interaction with NuMA (nuclear mitotic apparatus 

protein) in other systems [286].  NuMA, together with LGN (Leucine-Glycine-

Asparagine repeat-enriched protein) and Gα, forms an evolutionarily conserved 

cortical protein complex which recruits cytoplasmic dynein to the cell cortex to 

generate pulling forces that position spindle microtubules [185, 287]. Recently, G 

protein-signaling modulator 2 (GPSM2), the human homolog of LGN, has been 
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identified as the causative gene for the nonsyndromic deafness DFNB82 [288, 

289].  Thus, we speculate that a Dishevelled-dynein pathway analogous to that 

which mediates mitotic spindle orientation may regulate cortical microtubule 

capture thereby orienting centriolar microtubules in both embryonic and postnatal 

hair cells (Fig. 37). 

In postnatal Lis1cKO-late hair cells, planar polarity is established normally but 

is subsequently lost, as indicated by the observed basal body anchoring and 

bundle morphology defects. This is, to our knowledge, the first direct evidence 

that hair cell planar polarity must be actively maintained during early postnatal 

development. In contrast to embryonic hair cells, cortical Rac activity is 

significantly downregulated in P3 hair cells, suggesting that asymmetric cortical 

Rac-PAK activity is critical for the initial planar polarization process, but 

alternative mechanisms are employed to maintain planar polarity. Our data 

suggest that Dishevelled may act upstream of Lis1-dynein to maintain the 

centrosome position in postnatal hair cells.  

Intriguingly, microtubule arrays were often more tightly focused around the 

centrosome in Lis1cKO-late hair cells, consistent with loss of cortical anchoring of 

microtubule plus-ends. In other systems, cortical dynein plays a critical role in the 

regulation of microtubule growth and exerts pulling forces to position microtubule 

associated-structures [282, 290–293]. The buckling and bending of long 

microtubules around the cell cortex observed in a subset of Lis1cKO-late hair cells is 

similar to the in vitro behavior of microtubules in the absence of end-on capture 

by cortical dynein (Laan et al., 2012). Based on these observations, we propose 
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that Lis1-dynein mediated cortical capture of microtubules, together with a 

microtubule organizing function at the centrosome, controls anchoring of the 

basal body at the lateral pole of hair cells.  Proper basal body position, in turn, 

maintains the V-shape of the hair bundle during early postnatal development 

(Fig. 37B).  

Although defects in dynein and microtubule organization were widespread 

in Lis1cKO-late hair cells, only a subset develops flat or split hair bundles, 

suggesting that hair cells employ redundant mechanisms for maintaining proper 

hair bundle morphology. During early postnatal development, the apical region of 

the hair cell undergoes a shape change driven by actomyosin forces [229]. Also 

during this time period, densely bundled rootlet structures form at the base of the 

stereocilia to anchor them into the cuticular plate, an actin meshwork that 

provides rigid support [294, 295].  We suggest that the rootlets of the stereocilia 

and the cuticular plate serve as additional physical constraints to maintain the 

position of the basal body and the V-shape of the hair bundle in conjunction with 

Lis1-dynein.  Lis1 is also required for positioning of the Golgi and mitochondria 

as well as hair cell survival. Importantly, cell death is not limited to cells with 

abnormal hair bundles, suggesting it is not merely a consequence of hair bundle 

defects.  Further study is needed to understand these additional functions of 

Lis1-dynein.  

 
4.4 Figures 
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Figure 19.  Lis1 expression in developing hair cells.  (A-K) Immunostaining 
for Lis1 (red) and phalloidin (blue) in flat-mounted cochleae. (A-C) At E17.5, Lis1 
is localized along the stereocilia and on the centrioles (arrows). (D-F) Lis1 
expression is greatly reduced in E17.5 Lis1cKO-early OC and no longer detectable 
on hair cell centrioles.  (G-I) At P1, Lis1 is found in a diffuse cloud around hair 
cell centrioles and on the centrioles of supporting cells (arrows). Centrioles are 
marked with GFP-centrin2 (green). White circles outline hair cell boundaries, and 
arrows indicate Lis1 localization on supporting cell centrioles. (J,K) Lis1 is no 
longer detected in the pericentriolar region in the basal region of P1 Lis1cKO-late 

OC.  Triangles mark the pillar cell row, and brackets indicate outer hair cell rows.  
Scale bars: 6 µm. 
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Figure 20. Normal OC patterning and hair cell development in Lis1 
heterozygote embryos.  (A-C) Phalloidin (green) and α-tubulin (red) stained OC 
from P0 Lis1CO/+ (A), Lis1KO/* (B) and Lis1KO/CO (C) embryos.  OC patterning, hair 
bundle morphology, and microtubule organization are normal.  
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Figure 21. Planar polarity and microtubule defects in the Lis1cKO-early organ 
of Corti.  (A-D) E17.5 control (A,C) and Lis1cKO-early (B,D) cochleae stained for 
phalloidin (red) and α-tubulin (green) to label the hair bundle and microtubules, 
respectively.  Arrows indicate a flattened hair bundle with an off-center 
kinocilium.  Arrowheads indicate a mispositioned centrosome.  (E,F) 
Quantification of hair bundle orientation in E18.5 control (E; n=137) and Lis1cKO-

early (F; n=148) cochleae.  (G-L) Dvl2 immunostaining (red) in control (G,J) and 
Lis1cKO-early organ of Corti (H,K and I,L show two representative images). 
Asterisks indicate examples of hair cells with Dvl2 staining on the lateral pole. 
Arrow in L indicates Dvl2 staining on the cell contact between two supporting 
cells. Cell boundaries are labeled by Rac1 immunostaining (green). Scale bars: 6 
µm. 
  



132 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 22.  Frizzled-3 localization in the Lis1cKO-early organ of Corti.  (A-D) 
Frizzled-3 (red) and phalloidin (green) staining in E18.5 control (A,C) and Lis1cKO-

early (B,D) OC.  Asterisk indicates a Lis1cKO-early hair cell with asymmetric Frizzled-
3 localization.   
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Figure 23. Lis1 regulates cellular organization and junctional nectin 
localization in the organ of Corti.  (A,B) Myosin VI (green) and β1/β2 tubulin 
(red) immunostaining in E18.5 control (A) and Lis1cKO-early (B) cochleae. The 
arrow in B indicates two hair cells in contact with one another, and the asterisk 
marks a hair cell with an abnormal shape. (C-F) Cross sections of E18.5 control 
(C,E) and Lis1cKO-early (D,F) cochleae stained for the supporting cell marker p27kip1 
(green), the hair cell marker Myosin VIIa (red) and Hoechst (blue) to label cell 
nuclei.  (G-L) Localization of nectin-1 (G,H), nectin-2 (I,J) and nectin-3 (K,L) in 
E18.5 control (G,I,K) and Lis1cKO-early (H,J,L) organ of Corti. Scale bars: 6 µm.  
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Figure 24.  Normal junctional E-cadherin localization in Lis1cKO-early hair 
cells.  E-cadherin immunostaining (red) in E18.5 control (A) and Lis1cKO-early (B) 
organ of Corti at the level of the adherens junctions.  Triangles mark the pillar cell 
row, and brackets indicate outer hair cell rows.  Scale bars: 6 µm. 
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Figure 25.  Subcellular localization of dynein, Rac1-GTP and Tiam1 in hair 
cells at E17.5.  (A) Dynein intermediate chain immunostaining (green) in 
individual control (left panels) and Lis1cKO-early (right panels) hair cells.  Dynein in 
control hair cells is enriched in the pericentriolar region. In Lis1cKO-early hair cells, 
dynein staining in the pericentriolar region is more diffuse. (B) Rac1-GTP (green) 
and Rac1 (red) immunostaining in individual control (left panels) and Lis1cKO-early 

(right panels) hair cells.  Each panel is an optical section taken at the level of the 
hair cell centrosome or the hair bundle as indicated. White circles mark individual 
hair cell boundaries. (C-E) Tiam1 (green) and α-tubulin (red) immunostaining in a 
wild-type organ of Corti.  Tiam1 is enriched on the hair cell kinocilium (arrows). 
Triangles mark the pillar cell row, and brackets indicate outer hair cell rows.  
Scale bars: 6 µm.    
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Figure 26. Lis1 mediates cortical Rac-PAK signaling likely through 
microtubule-associated Tiam1. (A) Western blot analysis of the levels of pPAK 
and PAK1 in control (ctrl) and Lis1cKO-early (cKO) cochleae.  Lysates of two 
cochleae from the same embryo were loaded in each lane. GAPDH served as 
loading control. (B-I) Localization of Rac1-GTP (green) and total Rac1 (red) in 
E17.5 control (B,D,F,H) and Lis1cKO-early (C,E,G,I) cochleae. Boxed control and 
Lis1cKO-early cells are shown in higher magnification in H and I, respectively. (J-O) 
Colocalization of Tiam1 (green) and α-tubulin (red) in E17.5 control (J,L,N) and 
Lis1cKO-early (K,M,O) organ of Corti. The cells indicated by arrows are shown in 
higher magnification insets. Scale bars: 6 µm. 
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Figure 27. Lis1 is critical for maintaining hair bundle morphology and 
centrosome position in the postnatal organ of Corti. (A,B) Acetylated-tubulin 
(green) and phalloidin (red) staining of P0 control (A) and Lis1cKO-late (B) 
cochleae. (C,D) α-tubulin (green) and phalloidin (red) staining of P2 control (C) 
and Lis1cKO-late (D) cochleae. (E) Graph shows the penetrance of the hair bundle 
morphology phenotypes observed in the Lis1cKO-late cochleae.  (F-K) Scanning 
electron micrographs of P5 Lis1cKO-late outer hair cells showing hair cells with 
flattened (F,G), split (H-J), and dysmorphic hair bundles (K).  (L,M) Centrosome 
position (marked by GFP-centrin2, green) correlates with hair bundle morphology 
in P2 control (L) and Lis1cKO-late (M) hair cells. Arrows in M indicate Lis1cKO-late hair 
cells with split hair bundles and centrally placed centrosomes. (N) Quantification 
of the distance between the centrosome and the lateral hair cell membrane (DC-

M) in control and Lis1cKO-late hair cells. Scale bars: A-D, L-M, 6 µm; F-K, 2 µm. 
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Figure 28.  Normal hair bundle morphology and polarity in the Lis1cKO-late 

utricle. (A-D) Acetylated-tubulin (green) and phalloidin (red) staining in P4 
control (A,C) and Lis1cKO-late (B,D) utricles. (A,B) Hair bundle morphology and 
kinocilium position are normal in Lis1cKO-late utricular hair cells (B) compared to 
controls (A).  (C,D) Planar polarity of hair cells appears normal in Lis1cKO-late 
utricles (D) compared to controls (C).  Panels show Z-sections taken at the level 
of the cuticular plate.  Arrows indicate planar polarity as revealed by actin 
staining of the cuticular plate. Dotted lines indicate the line of reversal.  Scale 
bars: 6 µm. 
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Figure 29. Lis1 is required for dynein localization around the hair cell 
centrosome.  (A-F) Immunostaining of Dvl2 (red) and dynein intermediate chain 
(green) in P2 control (A,C,E) and Lis1cKO-late (B,D,F) hair cells. Higher 
magnification insets in E and F show overlapping cortical staining of Dvl2 and 
dynein. Arrowheads indicate the basal terminus of the dynein lattice that 
surrounds the centrosome, which had a more variable and irregular shape in 
Lis1cKO-late hair cells (D).  (G-J) Immunostaining of dynein intermediate chain 
(green) at the level of the hair cell centrosome in P2 control (G,I) and Lis1cKO-late 

(H,J) organ of Corti. phospho-ERM (pERM, red) labels stereocilia and supporting 
cell microvilli. Scale bars: 6 µm. 
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Figure 30.  Rac1-GTP and Tiam1 localization in wild-type organ of Corti at 
P3. (A-I) Rac1-GTP (green) and total Rac1 (red) immunostaining at the level of 
Dvl2 cortical crescents (A-C), the hair bundle (D-F) and the pericentriolar region 
(G-I).  (J-O) Tiam1 (green) and α-tubulin (red) immunostaining at the level of 
centriolar microtubules (J-L) and the kinocilium (M-O).  Tiam1 localization on 
microtubules is restricted to the pericentriolar region (J-L); bundled microtubules 
along the cell cortex lack significant Tiam1 staining (insets, arrow).  Triangles 
mark the pillar cell row, and brackets indicate outer hair cell rows.  Scale bars: 6 
µm.    
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Figure 31. Pericentriolar matrix and microtubule organization defects in 
Lis1cKO-late hair cells.  (A-D) Immunostaining of PCM-1 (red) and dynein 
intermediate chain (green) in P3 control (A,C) and Lis1cKO-late (B,D) cochleae. 
Higher magnification insets in C and D show distribution of PCM-1 in relation to 
dynein.  (E-K) α-tubulin (green) and phalloidin staining (red) in P2 control (E,G,I) 
and Lis1cKO-late (F,H,J,K) cochleae. (I-K)  Higher magnification optical sections of 
individual hair cells taken at the level of the hair cell basal body (z) and 1 µm 
basal to z (z′). Scale bars: A-H, 6 µm; I-K, 2 µm. 
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Figure 32. Lis1 is required for organelle positioning and hair cell survival.  
(A-D) P2 control (A,B) and Lis1cKO-late (C,D) cochleae stained for the Golgi marker 
GM130 (green), phalloidin (red) and Hoechst (blue) to label cell nuclei. B and D 
are optical slices along the Z-axis to show hair cells in profile.  Brackets in B and 
D indicate the distribution of Golgi complexes in the apical cytoplasm. (E-H) P2 
control (E,F) and Lis1cKO-late (G,H) organ of Corti stained for mitochondria (green), 
phospho-ERM (red) and Hoechst (blue) to label cell nuclei. F and H are optical 
slices along the Z-axis. (I,J) Cleaved caspase-3 (green) and phalloidin staining 
(red) in P6 control (I) and Lis1cKO-late (J) hair cells.  Lis1cKO-late hair cells undergo 
apoptosis and are subsequently extruded from the epithelium.  (K-N) Myosin VI 
(green) and phalloidin (red) staining in the basal region of P7 control (K,L) and 
Lis1cKO-late (M,N) cochleae. The Lis1cKO-late cochlea is devoid of outer hair cells. 
Scale bars: 6 µm. 
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Figure 33.  CHOP induction in Lis1cKO-late hair cells.  (A-C) Collapsed Z-stacks 
showing representative staining of CHOP (red), nuclei (blue) and phalloidin 
(green) in P7 Lis1cKO-late hair cells from the mid-apical region of the cochlea (70% 
cochlear length).  CHOP is upregulated in a small number of hair cells as they 
are extruded from the sensory epithelium (arrows).  Asterisks in B indicate the 
row of IHC nuclei.  Triangles mark the row of pillar cells, and brackets indicate 
OHC rows.  Scale bars: 6 µm. 
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Figure 34. Constitutive Rac1 activation disrupts hair bundle morphology.  
(A,B) Phalloidin (green) and α-tubulin (red) staining in P0 control (A) and 
R26Rac1* (B) OC.  Arrowhead in B indicates a hair cell with a flattened bundle, 
and the arrow points to a hair cell with a split bundle.  (C-E) Hair bundle 
morphology in P1 control (C), Lis1cKO-early (D) and Lis1cKO-early; R26Rac1* (E) OC.  
Constitutive Rac1 activation does not rescue the Lis1cKO-early hair bundle defects.  
Arrows in E indicate cells with split hair bundles. Triangles mark the row of pillar 
cells, and brackets indicate OHC rows. 
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Figure 35. Tiam1 is required for cellular patterning in the OC.  (A-D) 
Phalloidin (red) and α-tubulin (green) staining in P0 Tiam1+/- (A,C) and Tiam1-/- 

(B,D) OC.  Disruption of Tiam1 causes OC patterning defects, including loss or 
gain of OHC rows, but does not affect hair bundle morphology.  Triangles mark 
the row of pillar cells, and brackets indicate OHC rows. 
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Figure 36. In vivo imaging of Lis1cKO-late hair bundle development.  Panels 
show collapsed Z-stacks of P5 Lis1cKO-late OC expressing GFP-centrin2 and 
mT/mG to mark the centrioles and membrane/hair bundle, respectively.  Colored 
boxes indicate hair cells with a flattened (yellow), splitting (red) or completely split 
(orange) phenotype at the initial time point.  The arrow in the top panel indicates 
a pair of hair cell centrioles.       
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Figure 37. A proposed model for Lis1 function in hair cell planar polarity.  
(A) During embryonic development, Lis1 regulates the organization of centriolar 
microtubules and their interactions with the nearby cell cortex. These interactions 
allow cortical translocation of microtubule-associated Tiam1, leading to local 
activation of Rac-PAK signaling. In turn, localized Rac-PAK activity serves as a 
polarity cue to position the basal body. The core PCP pathway spatially orients 
the cortical domain of Rac-PAK signaling.  (B) In postnatal hair cells, Lis1 
regulates both pericentriolar matrix organization and cortical dynein, which 
together allow generation of the pulling force on centriolar microtubules 
necessary to maintain centrosome positioning. The core PCP pathway may 
coordinate with cortical proteins to spatially regulate dynein activity.  



 
 
 

Chapter 5 
 

JNK signaling is required for hair cell morphogenesis     
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5.1 Introduction 

 c-Jun N-terminal kinases (JNKs) belong to the superfamily of MAP 

kinases (MAPK), which are involved in regulating a wide range of cellular 

processes, including proliferation, differentiation and apoptosis [296].  The JNK 

family consists of three isoforms (JNK1, JNK2 and JNK3) that differ in their 

expression patterns and affinities toward a given substrate [297].  JNK signal 

transduction requires that upstream and downstream kinases are brought into 

close proximity to one another via the c-Jun interacting proteins (JIPs) which act 

as molecular scaffolds [298].  The composition of these individual complexes, or 

signalosomes, imparts specificity to JNK signaling, ultimately leading to activation 

of specific target proteins.  Once activated, JNKs are able to bind and 

phosphorylate substrates in a variety of cellular compartments, including the 

cytoskeleton, mitochondria and nucleus. 

 The JNK pathway is increasingly recognized as a regulator of cell 

morphogenesis through its control of the cytoskeleton [299].  During Drosophila 

development, JNK is required for the maturation of actin-nucleating centers, the 

formation of filopodia and lamellipodia, and cell spreading [300].  JNK signaling is 

likewise required for mammalian neural tube [301] and eyelid [302] closure, 

possibly by regulating actin stress fiber formation.  Studies in neurons have 

demonstrated that JNK localizes to microtubules and maintains their stability by 

phosphorylating microtubule-associated proteins (MAPs) [303, 304].  Reported 

JNK substrates include a number of cytoskeleton-associated proteins, signaling 

molecules and adaptor proteins, including the MAPs MAP1B, MAP2, DCX and 
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SCG10, actin-binding proteins such as spir, and paxillin, a major component of 

focal adhesions (see [305] and references therein). 

 As downstream effectors of noncanonical Wnt signaling pathways, the 

Rho family of small GTPases, including Rho, Rac and Cdc42, control PCP-

mediated processes in both Drosophila [125] and vertebrates [126].  In this 

context, Rac1 functions at least in part by activating JNK, presumably to effect 

the cytoskeletal changes necessary for altering cell shape and behavior [123, 

124, 128, 306].  Given our previous findings that genetic ablation [30, 31] or 

pharmacological inhibition of Rac function [250] perturbs hair cell development, 

we set out to investigate the effects of inhibiting JNK signaling in developing hair 

cells.  We also characterized JNK activation both spatially and temporally during 

development in the OC. 

 

5.2 Results 

5.2.1 Localization of active JNK during cochlear morphogenesis  

 To investigate the importance of JNK signaling during hair cell 

development, we first examined the temporal and spatial pattern of JNK 

activation using an antibody that specifically recognizes phosphorylated and 

activated JNK (pJNK).  At E15.5, shortly after hair cells begin to differentiate, 

pJNK localized to the cellular junctions of hair and supporting cells and seemed 

to be concentrated where multiple cells contacted each other (Fig. 38A,B).  At 

E17.5, pJNK continued to localize to hair and supporting cell cellular junctions 

but was also found at the tips of stereocilia (Fig. 38C-E), consistent with a role 
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for JNK in regulating hair bundle development.  In the basal region of the cochlea 

at P2, pJNK was largely confined to the hair bundle, where it is concentrated in 

individual stereocilia (Fig. 39A,B).  In more apical regions, where hair cells are 

less mature, in addition to the hair bundle, activated pJNK was observed in the 

pericentriolar region, likely decorating the hair cell microtubule array (Fig. 39C).  

Taken together, these results demonstrate that JNK signaling is active during the 

early stages of hair cell development, and this activity is maintained in the 

postnatal hair bundle. 

 

5.2.2 Potential regulators of JNK signaling during cochlear development 

 JNK has been shown to be activated by Wnt/PCP signaling [128, 307] and 

acts as a downstream effector of Rac GTPases [124, 125].  We therefore tested 

whether proteins with a demonstrated function in hair cell PCP might regulate 

JNK signaling in vivo.  In E17.5 PTK7-/- cochleae, pJNK staining was unchanged 

compared to controls and continued to be found at cellular junctions and on the 

tips of the stereocilia (Fig. 38F-H). Similarly, E17.5 Kif3acKO hair cells did not 

show a change in pJNK activation on stereocilia (Fig. 38I).  Fixation conditions 

precluded us from determining the status of pJNK at cellular junctions in Kif3acKO-

early OC.  Finally, P2 Lis1cKO-late hair cells showed a similar pattern of JNK 

activation compared to controls in both the basal and apical regions of the 

cochlea (Fig. 39D-F).  Whether JNK signaling is perturbed in Lis1-deficient 

embryonic hair cells remains to be determined.  Taken together, these data 

argue against a role for PTK7, Kif3a or Lis1 in regulating JNK signaling.     
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5.2.3 JNK signaling is required for hair cell morphogenesis 

 To assess the role of JNK signaling in cochlear morphogenesis, we 

applied SP600125, a small-molecule inhibitor of JNK [308], to E18.5 rat cochlear 

explant cultures and assessed the effects on hair cell development.  We found 

that SP600125 treatment resulted in dose-dependent hair bundle morphology 

defects (Fig. 40B,C).  Affected hair cells displayed a range of hair bundle 

phenotypes, from split bundles to those that were completely fragmented or 

absent.  The kinocilium in affected hair bundles was often found in an ectopic 

location close to one side of the hair cell.  In addition to hair bundle defects, JNK 

inhibition resulted in changes to hair cell shape.  Explant cultures treated with 

vehicle contained hair cells that maintained a circular shape and had a regular 

array of supporting cells interspersed between hair cells (Fig. 40D).  In contrast, 

hair cells treated with a high dose of JNK inhibitor varied considerably in 

diameter and were often directly contacting one another (Fig. 40E).  These 

results indicate a requirement of JNK signaling for proper hair bundle morphology 

and patterning of the OC. 

 

5.3 Discussion 

 Previous investigations of JNK activity in the cochlea have been largely 

confined to investigating its role in apoptotic cell death following insult or injury 

[309, 310].  While JNK activity has been shown to be required for reorienting 

stereociliary bundles during regeneration in the chick utricle [311], our results 



158 
 

provide the first evidence for active JNK signaling during mammalian cochlear 

morphogenesis.  

 In mammals, hair bundle development is divided into distinct stages:  

initial stereocilia sprouting, staircase initiation, ordered bundle formation, and 

elongation and pruning [312].  Interestingly, the active form of JNK was enriched 

in the stereocilia of the nascent hair bundle during the early phases of 

development and was maintained through the later stereocilia elongation phase.  

The height of a stereocilium is determined by the length of the actin filaments that 

form its core, and actin polymerization and depolymerization within stereocilia are 

tightly regulated [55].  Indeed, a large number of proteins are implicated in 

regulating the height of stereocilia by modulating actin filament elongation or 

bundling [313].  Moreover, a high percentage of genes shown to cause 

nonsyndromic deafness interact directly or indirectly with actin [314].  Our results 

are consistent with a role for JNK signaling in regulating actin dynamics; 

however, it remains to be seen whether any actin-regulating stereociliary proteins 

are JNK substrates.   

 During morphogenesis, it is critical that cells are able to arrange into a 

proper configuration during tissue or organ development, and this remodeling 

often involves changes in cell shape and/or size.  JNK signaling has an 

evolutionarily conserved role as a regulator of cell shape through direct targeting 

of cytoskeletal proteins and/or by regulating the expression of genes that 

modulate the physical properties of cells [305, 315].  Our results indicate that 

JNK signaling is required to maintain hair cell size and shape during embryonic 
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cochlear morphogenesis.  First, JNK is activated specifically at the cortex of hair 

and supporting cells.  Second, chronic JNK inhibition resulted in hair cells with 

highly variable shapes and sizes.  We speculate that JNK signaling regulates the 

local cortical environment to maintain the physical properties of hair cells via 

actin function and/or allow formation of the junctional complexes responsible for 

intercellular adhesion and signaling.  Nectin proteins, which control the regular 

patterning of hair and supporting cells [32], are possible candidates whose 

localization and function might rely on JNK signaling.     

 
5.4 Figures 
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Figure 38. JNK signaling during embryonic hair cell development.  (A-I) 
phospho-JNK (red) and phalloidin (green) staining in E15.5 control (A,B), E17.5 
control (C-E), E17.5 PTK7-/- (F-H) and E17.5 Kif3acKO (I) OC.  pJNK is localized 
primarily to cellular junctions and the tips of stereocilia.  The centrioles in A are 
marked by GFP-centrin2 (blue).  (E,H,I) Single Z-sections at the level of the hair 
bundle show pJNK localization at the tips of stereocilia.  Triangles mark the pillar 
cell row, and brackets indicate outer hair cell rows.      
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Figure 39.  JNK signaling in the early postnatal OC.  (A-F) phospho-JNK 
(red), GFP-centrin2 (blue) and phalloidin (green) staining in P2 control (A-C) and 
Lis1cKO-late (D-F) OC.  (A,B,D,E) In the basal region of the cochlea, pJNK localizes 
to the stereocilia of the hair bundle.  (C,F) Single Z-sections at the level of the 
basal body show pJNK decorating the pericentriolar microtubule array as well as 
the hair bundle.  Triangles mark the pillar cell row, and brackets indicate outer 
hair cell rows.      
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Figure 40. JNK signaling is required for proper hair bundle morphology and 
cell shape.  (A-E) E18.5 rat cochlear explant cultures treated for 48 hours with 
vehicle (A, D), 5 µM (B) or 10 µM (C,E) of the JNK inhibitor SP600125.  
Phalloidin (red) and acetylated-tubulin (green) mark the hair bundle and 
microtubules, respectively.  Inhibition of JNK signaling resulted in dose-
dependent hair bundle defects. (D,E) Single Z-sections at the level of the hair cell 
body showing the effects of JNK inhibition on OC patterning and cell shape.  
Triangles mark the row of pillar cells, and brackets indicate OHC rows.    
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Future Directions 
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6.1 Summary 

 To understand the role of the microtubule cytoskeleton in hair cell planar 

polarization, I set out to analyze the function of two microtubule motor-associated 

proteins, Kif3a and Lis1.  Based on this work, I have described a novel hair cell-

intrinsic pathway for establishing planar polarity.  I suggest a model whereby 

interactions between centriolar microtubules and the cell cortex establish a 

constrained domain of Rac-PAK signaling which functions as a cell-intrinsic 

polarity cue.  In this model, factors that activate Rac-PAK signaling are 

translocated to the hair cell cortex, perhaps as cargos carried by plus-end 

directed motors.  Rac-PAK activation on the cortex, in turn, promotes microtubule 

capture in this region, forming a positive feedback loop to position the basal body 

at the lateral edge of the hair cell.  I speculate that Lis1-dynein facilitates 

microtubule-cortical interactions, with dynein potentially generating force to 

position the basal body at the lateral pole of the cell.  Lis1-dynein function 

continues to be important in the maintenance of planar polarity at early postnatal 

ages by organizing the pericentriolar region and its associated microtubule array 

and/or maintaining microtubule anchoring to the cortex. 

 A number of unanswered questions surround my model of microtubule-

mediated hair cell polarization.  Arguably, foremost among these is an elucidation 

of the mechanism by which Lis1 facilitates microtubule-cortical interactions.  Also 

pressing is an identification of the molecular components of the Rac-PAK 

signaling cascade.  This chapter explores several of these issues and how they 

might be addressed experimentally.   
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6.2 Is dynein required to establish and/or maintain hair cell planar polarity? 

 While we present evidence that Lis1 regulates cytoplasmic dynein 

localization in both embryonic and postnatal hair cells, the functional requirement 

of dynein for hair bundle development has not been established.  To test this 

requirement in embryonic and postnatal hair cells, hair bundle morphology and 

basal body positioning could be examined in the Legs-at-odd-angles (Loa) 

heterozygous mouse, which contains a point mutation in the dynein heavy chain.  

Loa heterozygous mice are viable but develop early onset neurodegenerative 

disease with neuronal migration defects similar to those of Lis1 mutants 

(homozygous mice die early during embryogenesis) [316, 317].  Furthermore, to 

test if Lis1 and dynein act in a common genetic pathway, Lis1; Loa double 

heterozygote hair cells could be compared to those from single heterozygote 

mice.  Lis1 heterozygous mice have no detectable hair cell phenotypes (Fig. 20).  

If, as our model predicts, Lis1 and dynein function in a common genetic pathway, 

an enhancement of hair bundle and/or basal body positioning defects should be 

seen in Lis1; Loa double heterozygote hair cells.  Alternately, ciliobrevin, a 

recently described small-molecule inhibitor of dynein [318], could be applied to 

developing cochlear explant cultures and the resultant hair cell and basal body 

positioning phenotypes analyzed.  These experiments would lend further support 

to our hypothesis that Lis1 mediates hair bundle morphogenesis specifically 

through regulation of dynein. 
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6.3 Are microtubules required for cortical Rac-PAK signaling in embryonic 

hair cells? 

 A key component in our model of embryonic hair cell polarization is the 

population of centriolar microtubules whose plus-ends lie proximal to the cell 

cortex.  We speculate that these microtubules are involved in regulating cortical 

Rac-PAK signaling via two potential functions.  First, these microtubules might 

serve as tracks for targeted delivery of cargos required for localized activation of 

Rac signaling.  Alternately, they could sequester a Rac-activating factor away 

from the cell cortex, a mode of regulation previously described for the Rac GEF, 

GEF-H1 [174].  Despite strong evidence that two molecular motors are involved 

in the regulation of Rac signaling at the hair cell cortex, a formal test of the 

requirement for microtubules in this process has not been carried out.  This 

requirement could be tested by treating cochlear explant cultures derived from 

early embryonic stages with a microtubule depolymerizing agent.  Our pilot 

experiments indicate that a modest dose of nocodazole can disrupt the hair cell 

cytoplasmic microtubule array without significantly affecting the kinocilium.  

Changes in the localization or levels of activated Rac and/or pPAK in 

nocodazole-treated hair cells would substantiate the requirement for 

microtubules in our model of hair cell polarization.   

 

6.4 Do Tiam family GEFs regulate microtubule-dependent Rac signaling in 

embryonic hair cells? 
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 In our model, centriolar microtubules regulate the delivery of a factor that 

activates Rac signaling to the hair cell cortex during planar polarization.  Based 

on our data, we speculate that the identity of this factor is the Rac GEF Tiam1.  

First, we observed the Tiam1 in complex with the plus-end directed motor 

component Kif3a in vivo (Fig. 13).  Second, Tiam1 associated with the centriolar 

population of microtubules in embryonic hair cells (Fig. 26).  These microtubules 

were highly disorganized in Lis1-deficient hair cells, and this correlated with a 

loss of asymmetric localization of activated Rac localization.  While we observed 

no overt defects in hair bundle morphogenesis in Tiam1-/- hair cells (Fig. 35), this 

analysis may have been complicated by the presence of the related GEF Tiam2 

(also known as STEF).  Both GEFs share similar structure and binding partners 

[275, 276] and can regulate microtubule-dependent Rac activation [176].  To 

address this issue, the function of both Tiam proteins could be blocked via 

transgenic expression of the dominant negative PH-CC-Ex domain to exclude 

binding partners from interacting with Tiam1/2 [275].   

 If Tiam family GEFs are responsible for activating Rac-PAK signaling on 

the hair cell cortex, the question of how they localize there remains.  The most 

parsimonious explanation is that Tiam is a cargo of the anterograde motor 

kinesin-II, of which Kif3a is a component.  While we have shown a specific 

association between Kif3a and Tiam1 in embryonic brain lysates (Fig. 13), their 

interaction in hair cells has not been demonstrated.  The in situ proximity ligation 

assay (PLA) provides an excellent tool to test for specific Kif3a-Tiam interactions 

in developing hair cells.  PLA allows the in vivo detection of two proteins in close 
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proximity with high specificity; it relies on modified primary antibodies that, when 

adjacent, allow an enzymatic reaction on a substrate to yield a product that can 

be detected by fluorescent microscopy [319].  This assay can not only determine 

if Kif3a and Tiam interact but also provide spatial information about where in the 

hair cell this association occurs.  In addition, this technique can be combined with 

microtubule immunostaining; PLA signal on the hair cell microtubule array would 

support the idea that kinesin-II transports Tiam GEFs toward the hair cell cortex.     

 

6.5 Is Par-3 involved in regulating Rac-PAK activity? 

 Par-3 is a key member of the evolutionarily conserved Par-3/Par-6/aPKC 

complex that is essential for cell polarity in a variety of organisms [320].  Par-3 

functions as a scaffold protein, bringing together members of the complex and 

localizing them to specific areas of the cell.  In polarizing neurons, Par-3 directly 

interacts with Kif3a, allowing the transport of aPKC to the tips of growing axons 

by kinesin-II [221].  Work in our laboratory has shown that Par-3 is 

asymmetrically localized on the hair cell cortex during development in a pattern 

similar to that of activated PAK (data not shown).  In fact, in other cell types, Par-

3 can spatially restrict Rac activation by directly binding Tiam1 [321, 322].    

Taken together, these data suggest that Par-3 might regulate asymmetric Rac-

PAK activity in hair cells through Tiam1 and/or the kinesin-II motor. 

 As a first step toward validating this hypothesis, the dependence of Par-3 

localization on Kif3a could be tested.  Disruptions in asymmetric localization of 

Par-3 in Kif3acKO hair cells would lend support to the idea that kinesin-II 
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transports Par-3 to the cortex.  Additionally, PLA could be used to tease apart 

interactions between Par-3, Kif3a, and Tiam and whether they associate on the 

hair cell microtubule array.  If Par-3 regulates Tiam during hair cell planar 

polarization, we would expect Par-3-Tiam PLA signal to overlap with cortical Par-

3 localization.  Furthermore, if Par-3 acts as a scaffold to facilitate Tiam transport 

to the cell cortex, analogous to its role described in neurons, Par-3-Tiam 

interactions should be detected on the hair cell microtubule array.  It is also 

possible that Par-3 interacts with Kif3a on microtubules independently of Tiam, 

instead recruiting Tiam to the hair cell cortex after it arrives there.   

 

6.6 How might Lis1 link microtubule plus-ends to the cell cortex?   

 During embryonic stages, Lis1-dependent microtubule organization is 

critical for Rac-PAK activation on the cell cortex.  Similarly, postnatal hair cells 

require Lis1 to maintain hair bundle polarity, likely by tethering the basal 

body/kinocilium on the lateral side of the cell.  In both cases, we believe that the 

plus-ends of centriolar microtubules are anchored at the cell cortex, but how Lis1 

establishes a link between microtubules and cortical proteins and the identity of 

its binding partners remain unresolved.  Lis1 could potentially interface with the 

hair cell cortex via direct interaction with cortical proteins and/or indirectly through 

dynein-mediated cortical microtubule capture.  

 

6.6.1 IQGAP1  
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 IQGAP1 is a leading candidate for a cortical factor that directly interacts 

with Lis1.  Work in cerebellar neurons has identified a tripartite complex of Lis1, 

the +TIP CLIP-170, and IQGAP1 that is important for migration [172].  

Interestingly, disruption of this complex leads to changes in the levels of 

activated Rac1, Cdc42, and RhoA, supporting a role for Lis1 in the regulation of 

cortical actin and its coordination with the microtubule cytoskeleton.  Given our 

results in hair cells, we hypothesize that a similar complex might mediate 

microtubule capture and Rac activation at the cell cortex.  Indeed, IQGAP1 is 

highly expressed in developing hair cells (SHIELD: Shared Harvard Inner-Ear 

Laboratory Database, https://shield.hms.harvard.edu/).   

 A PLA assay could be used to determine whether Lis1 associates with 

IQGAP1 in hair cells.  PLA signals in proximity to the hair cell cortex would 

support the idea that Lis1 and IQGAP1 act together in a cortical complex.  Co-

staining for microtubules in these cells would also be informative, since Lis1-

IQGAP1 complexes would be expected to form adjacent to microtubule plus-

ends if they are involved in cortical anchoring. 

  

6.6.2 LGN/GPSM2 

 The evolutionarily conserved polarity protein LGN (also known as 

GPSM2), the mammalian ortholog of C. elegans LGN and Drosophila Pins, is 

another candidate that might link Lis1 to cortical protein complexes.  LGN 

homologs are involved in regulating spindle orientation in a number of cell types, 

including the C. elegans zygote (see Section 1.4.2).  In these systems, LGN is a 

https://shield.hms.harvard.edu/
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component of cortical protein complexes that binds cytoplasmic dynein, 

anchoring it to the cortex where it exerts tension on astral microtubules 

necessary for asymmetric cell division [64, 180, 323].  In both invertebrate and 

mammalian cells, Lis1, by virtue of regulating dynein, is an integral part of the 

LGN complex and required to translate microtubule-cortex contact into spindle 

movement [201, 203, 324].   

 Recent work has identified LGN as the causative gene for DFNB82, a 

recessive nonsyndromic hereditary disorder in humans that results in severe-to-

profound sensorineural hearing loss [288, 289].  In hair cells, LGN is localized 

near the lateral cortex, possibly decorating the microtubule array.  Though its 

function in human deafness remains completely unknown, it is tempting to 

speculate that LGN is involved in mediating microtubule-cortex interactions via 

interactions with Lis1-dynein in hair cells. 

   To investigate the requirement of LGN for hair cell development, hair 

bundle morphology and basal body position should be analyzed in LGN knockout 

mice.  The timing of the onset of defects would indicate whether LGN is involved 

in the establishment and/or the maintenance of planar polarization.  If LGN is 

required for Lis1-mediated microtubule anchoring during the maintenance phase 

of polarization, postnatal LGN-deficient hair cells should develop flat or split hair 

bundle morphologies concomitant with basal bodies positioned away from the 

lateral membrane.  Given its role in other cell types, we predict that LGN 

functions in hair cells to regulate cortical dynein.  Thus, dynein localization should 

be examined via immunostaining or with a PLA assay designed to detect 
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interactions between Lis1 and/or dynein and LGN.  Changes in microtubule 

organization, cortical dynein localization, or PLA signal at the cell cortex would 

lend strong support to the idea that cortical LGN mediates microtubule-cortical 

interactions via Lis1-dynein.   

 

6.7 How does PAK signaling regulate Lis1-mediated microtubule-cortex 

interactions? 

 A key feature of our model is that localized Rac-PAK activity facilitates 

microtubule capture at the hair cell cortex, forming a positive feedback loop to 

reinforce additional PAK activation (Fig. 37).  We speculate that PAK signaling at 

the cell cortex facilitates interactions between the Lis1-dynein complex and other 

cortical proteins.  While both Rac and PAK have demonstrated roles regulating 

the microtubule cytoskeleton in other cell types [325, 326], the downstream 

effectors of PAK signaling in hair cells have not been identified.    

 To identify targets of PAK signaling important for Lis1-mediated 

microtubule capture in hair cells, a dominant-negative approach might be used to 

block PAK signaling in hair cells.  Activation of PAK by phosphorylation results in 

relief of the inhibitory interaction between its autoinhibitory domain (AID) and 

kinase domain [231].  Thus, transgenic overexpression of the AID domain in hair 

cells should specifically block PAK signaling [327].  Hair bundle morphology and 

basal body position can be used to assay the functional effects of inhibiting PAK 

signaling.  Moreover, PLA assays could test for changes in interactions between 

Lis1 and candidate cortical binding partners (e.g. IQGAP1, LGN).  Changes in 
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the levels or localization of PLA signals would indicate that PAK signaling 

regulates Lis1 interaction with binding partners and lend support to our model 

that sustained cortical PAK signaling reinforces Lis1-mediated microtubule 

capture in hair cells.    

 PAK signaling might affect interactions between Lis1 and its partners 

directly or indirectly. PAK-AID mice would also provide a means of identifying 

PAK substrates that are relevant to microtubule capture. Candidates substrates 

include IQGAP1 [328] and the microtubule destabilizing protein Op18/stathmin 

[326].   

 

6.8 How do tissue polarity cues impinge on the microtubule-mediated cell 

polarity machinery? 

 Taken together, our data indicate that tissue-level PCP signals lie 

upstream of microtubule-mediated polarity processes.  In the absence of PCP 

signaling, cell-intrinsic cues still direct hair cells to polarize morphologically and at 

the molecular level.  Thus, we speculate that tissue-level PCP signaling provides 

an extrinsic signal that is interpreted within individual hair cells to direct 

microtubule-mediated polarity.  How polarity information from tissue-level signals 

is transduced to the cell-intrinsic microtubule polarity machinery remains an open 

question. 

 PCP signaling potentially regulates Lis1-dynein-mediated microtubule 

attachment at the hair cell cortex by influencing the localization of cortical 

proteins.  To test this idea, the localization of IQGAP1, LGN, Par-3, and other 



175 
 

candidates that might be involved in establishing microtubule-cortex interactions 

should be examined in core PCP mutants.  Changes in the localization of these 

cortical proteins in the absence of PCP signaling would provide strong evidence 

that they link tissue-level polarity cues to the microtubule machinery that 

establishes cell-intrinsic polarity.   

 Recent work in our laboratory also suggests that mechanical tension may 

provide a tissue-level polarity cue to orient hair cells.  In this model, the core PCP 

pathway acts in conjunction with a Ptk7-mediated pathway to regulate 

actomyosin contractility at the medial borders of hair and supporting cells [101].  

During polarization, such tension could lead to changes in cortical actin on the 

medial side of the hair cell, producing conditions antagonistic to microtubule-

cortical interactions.  As a result, force-generating microtubule-cortex 

attachments would only be established on the lateral side of the cell, biasing the 

position of the basal body toward that side of the cell and ultimately orienting 

centriolar microtubules in a process analogous to the events of mitotic spindle 

positioning in other cell types [180].  To determine if mechanical tension can 

prevent microtubule-cortex interactions, live imaging of the microtubule array in 

hair cells during the period of increased cortical tension would be informative.  

Unfortunately, the small size of hair cells makes this approach technically 

challenging.  Alternatively, live imaging of hair cell centrioles would provide key 

information about movement behaviors and the timing of events surrounding 

basal body polarization.  Comparing wild-type centriole behavior to that observed 
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in Ptk7-null hair cells, where mechanical tension is reduced, would also be 

germane.   

 Importantly, these two potential mechanisms for linking tissue-level PCP 

signals to the hair cell-intrinsic polarity machinery are not mutually exclusive.   

 

6.9 What is the basis for centrosomal defects in Lis1-deficient hair cells? 

 Our results indicate that Lis1 is required to maintain the integrity of the 

centrosome in postnatal hair cells (Fig. 31).  We suspect that the observed 

defects are partly due to impaired dynein accumulation at the centrosome, which 

is critical for the retrograde transport of some centrosomal components [264, 

329] as well as the retention of microtubules in the interphase centrosomal array 

[330].  While the centrosomal localization of PCM-1 is disrupted in Lis1cKO-late hair 

cells, our preliminary data indicate that γ-tubulin, another integral centrosomal 

protein [329], remains appropriately localized at the centrioles (data not shown), 

indicating there are likely multiple mechanisms for the recruitment of proteins to 

the hair cell centrosome.  As an initial step toward understanding centrosome 

organization in hair cells and the role of Lis1 in this process, the localization of 

other key centrosomal proteins should be assessed in Lis1cKO-late hair cells.  Of 

particular interest are factors that influence the accumulation of other PCM 

components, including pericentrin [264], dynactin [331], Aurora-A [332]  and 

NEDD1 [333].  To assess the role of dynein in the centrosomal recruitment of 

these factors, changes in the localization of these proteins could be assessed in 

the hair cells of Loa mice. 
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6.10 Is JNK signaling involved in Lis1-mediated cell death? 

 We have established that Lis1-deficient OHCs undergo apoptosis in early 

postnatal stages (Fig. 32), though the connection between the Lis1 phenotype 

and cell death remains enigmatic.  JNK signaling is central to the intrinsic 

apoptotic pathway where it activates apoptotic signaling by upregulating pro-

apoptotic genes or directly modulating the activities of mitochondrial proteins via 

phosphorylation [334].  In hair cells, JNK signaling is significantly upregulated 

during noise- or drug-induced hair cell death, and blockade of the JNK pathway 

attenuates hair cell death [310, 335]. 

 JNK-interacting proteins (JIPs) potentiate JNK activation by organizing 

components of the pathway into specific signaling complexes that are 

transported on microtubules by the kinesin-1 motor [336].  Therefore, disruption 

of the microtubule array in Lis1 mutant hair cells might lead to aberrant JNK 

signaling, thereby activating the apoptotic pathway.  Though we did not observe 

gross changes in activated pJNK localization in Lis1cKO-late hair cells (Fig. 39), our 

analysis did not focus on mitochondria or the nucleus, the main sites of JNK 

action during apoptosis. 

 If JNK signaling is indeed responsible for inducing apoptosis in Lis1-

deficient hair cells, then inhibition of JNK activation should have a protective 

effect against hair cell death.  To test this hypothesis, a small molecule inhibitor 

of JNK activation (e.g. SP600125 [308]), could be applied to Lis1cKO-late cochlear 

explant cultures prior to the onset of hair cell death.  Hair cell survival could then 
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be assessed by quantifying the number of hair cells or the expression of pro-

apoptotic markers (e.g. activated caspase-3) and comparing this data to of 

control cultures.  

 

6.11 Conclusion 

 Discerning the basis of hearing impairment is of paramount importance to 

public health.  Sensorineural defects, which account for a majority of cases of 

hearing loss, are often caused by defects in hair bundle structure or function.  

Therefore, an understanding of the cellular events involved in hair bundle 

development is of critical importance for establishing future therapeutic strategies 

to restore hearing.  The promise of stem cell therapy to replace lost or damaged 

hair cells cannot be realized without a basic understanding of hair cell biology.  

Studies like the current investigation, which seek to understand specific aspects 

of hair cell biology, are critical to achieving this goal.    

 In this work, I have described a novel pathway regulating hair cell-intrinsic 

polarity and developed a working model of hair cell planar polarization that awaits 

further refinement.  My analysis of Kif3a and Lis1 has revealed important basic 

mechanistic insights into the role of microtubules in hair cell development and 

revealed previously unappreciated functions for microtubule-associated proteins 

during planar polarization of hair cells.  This work provides a new entry point into 

understanding the cellular basis of hair bundle morphogenesis and affords new 

insights into the etiology of deafness. 
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