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Sensory hair cells in the inner ear are responsible for relaying information such as 

sounds and head positions to the brain.  Stereocilia, which are specialized microvilli, are 

arranged in a staircase-pattern with the longest row sitting adjacent to the kinocilium.  

These two structures together form the stereociliary bundle (hair bundle), which are 

polarized asymmetrically at the apical surface of the hair cell.  Deflection of the 

stereocilia towards the kinocilium opens the mechanotransduction channels at the tip of 

the stereocilia, which enables ion influx to depolarize the hair cell and activates action 

potentials in the postsynaptic neurons.  Deflection towards the opposite direction results 

in hyperpolarization.  Thus, the stereociliary bundle polarity defines the directional 

sensitivity of a given hair cell.   



  

Each sensory hair cell organ displays a specific pattern of stereocilia polarity.  In the 

maculae, which detect linear acceleration in all directions, HCs can be divided into two 

regions with opposite polarity by a line of polarity reversal (LPR).  Similar LPR is also 

present in the neuromast of the zebrafish lateral line system that detect pressure change of 

surrounding water.  

My results show that the homeodomain transcription factor Emx2 is essential for 

establishing the LPR.  Expression of Emx2 in the maculae and neuromasts determines the 

stereocilia polarity pattern in a cell-autonomous fashion.  Gain- and loss-of Emx2 

function in the sensory hair cell organs of mouse and zebrafish indicate that the role of 

Emx2 in polarity reversal is both necessary and sufficient.  In addition, my results 

demonstrated that Emx2 mediates this polarity reversal via one of the heterotrimer G-

proteins, Gαi.  Take together, my results show that Emx2 has a conserved role in 

dictating stereociliary bundle polarity. 
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Chapter 1: Introduction 

 

 

I. Sensory hair cell organs 

A. The inner ear 

1. Development of the inner ear 

It is hard to imagine how life would be without our ears to detect sound, speech, and 

music.  Sounds collected by the pinna cause vibrations of the tympanic membrane. These 

vibrations are amplified by the three ossicles of the middle ear, which lead to fluid 

displacements in the cochlea.  Depending on the frequency of the sound, different hair 

cells (HCs) along the cochlear duct will be activated.  In addition to the cochlea, there are 

five vestibular sensory organs responsible for maintaining balance.  The three cristae, 

anterior, posterior, and lateral crista, are responsible for detecting angular head 

movements in three dimensions, whereas the two maculae, utricle and saccule, are 

responsible for detecting linear accelerations (Fig. 1.1). 

 



 

 2 
 

 

Figure 1.1. Development of the mouse inner ear.  Upper: Coronal sections of the 
developing inner ear from E8 to E10.5.  The formation of inner ear initiates from a 
thickening of the ectoderm known as the otic placode around E8.  Then, the placode 
invaginates to form the otic pit (E8.5), otic cup (E9), and otocyst (E9.5) sequentially.  
Bottom: Lateral views of the developing inner ear from E10.5 to E18.5.  After otocyst 
formation at E10.5, the inner ear undergoes remarkable morphogenesis to reach its 
mature pattern by E18.5.  All the sensory organs are labeled in grey.  AC, LC, and PC: 
anterior, lateral, and posterior crista; oC: organ of Corti; S: saccule; U: utricle.  Figures 
are adapted from published work (Bok, Chang, & Wu, 2007; Kiernan, Steel, & Fekete, 
2002; D. K. Wu & Kelley, 2012). 
 

 
The inner ear undergoes a complicated morphogenesis during development.  In the 

mouse, the otic placode is evident starting around embryonic day (E) 8, as a thickening of 

the ectoderm next to the hindbrain. The placode then invaginates and deepens to form the 

otic pit, then otic cup, and closes to form the otocyst by E9.5.  Then the otocyst elongates 

and divides to form the dorsal vestibular and ventral auditory components.  Starting from 

E12.5, the opposing epithelia of each prospective canal merge towards each other, fuse 
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and disappear, leaving behind the tube-like canal.  At the same time, the sensory epithelia 

within the inner ear start to differentiate forming HCs and supporting cells. The gross 

structure of the mouse inner ear is complete around E16.5 (Fig. 1.1; (Kiernan et al., 2002; 

D. K. Wu & Kelley, 2012)).  

 

2. Sensory hair cells 

Within each sensory organ, there is a sensory epithelium comprised of sensory HCs 

and supporting cells.  Each mechanosensitive HC is surrounded by several supporting 

cells, which provide protection for the HC (May et al., 2013; D. K. Wu & Kelley, 2012).  

On the apical surface of the HC, the kinocilium, the only true cilium, together with 

specialized microvilli, stereocilia, arranged in a staircase pattern, form the hair bundle 

that is asymmetrically localized at the lateral edge.  When hair bundle is deflected 

towards the kinocilium, mechanotransduction channels at the tip of stereocilia are opened, 

which allow potassium and calcium entry into the HC, leading to depolarization and 

release of the neurotransmitter, glutamate, which may activate action potentials in the 

post-synaptic neuron (Fig. 1.2; (Hudspeth & Corey, 1977)).  These excitatory signals are 

propagated and relayed to other nuclei in the central nervous system. In contrast, 

deflection of the stereocilia towards the opposite direction hyperpolarizes the HCs and 

reduces glutamate release (Fig. 1.2; (Hudspeth & Corey, 1977; Lopez-Schier, Starr, 

Kappler, Kollmar, & Hudspeth, 2004; Shotwell, Jacobs, & Hudspeth, 1981)).  Thus, the 

polarity of the stereocilia bundle defines directional sensitivity of a given HC (H. May-

Simera & Kelley, 2012).  
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Figure 1.2. Polarity of stereocilia dictates HC sensitivity.  Under steady state (pink cell 
in the center), some mechanosensory channels in a HC are open (blue arrow) to maintain 
the resting potential and release certain amount of neurotransmitters (black dots) from 
ribbon synapses (orange ovals) to the post-synaptic afferents (grey).  When stereocilia are 
deflected towards the kinocilium position, the influx of potassium ions increases 
significantly (thick blue arrow) causing HC depolarization (dark pink cell on the right).  
The released neurotransmitters generate more action potentials in the innervating neurons.  
When stereociliary bundle deflect away from the kinocilium, the mechanotransduction 
channels are closed, leading to a reduction in potassium ion entry (thin blue line), 
hyperpolarization of HC (light pink cell on the left), and reduction of activity in the 
innervated neurons.  
 
 

HCs within each sensory organ are continuously being generated during development 

until E14.5 in the cochlea and postnatal ages for the utricle (Burns, On, Baker, Collado, 

& Corwin, 2012; Denman-Johnson & Forge, 1999; Tilney, Tilney, & DeRosier, 1992).  

In the mouse maculae, first HCs could be identified after E12.5.  By E13.5, differentiated 

HCs and supporting cells can be observed, at which time, the kinocilium emerges from 



 

 5 
 

the apical surface and starts to migrate from the center to the periphery (Fig. 1.3).  By 

E15.5-E16.5, mature hair bundles can be observed (Denman-Johnson & Forge, 1999).  

The staircase stereocilia are built after the kinocilium reaches its final position (Fig. 1.3).   

Evidence suggests that the stereocilia will go through a refinement process after they 

reach the lateral edge. in coordination with neighboring HCs (Copley, Duncan, Liu, 

Cheng, & Deans, 2013; Duckert & Rubel, 1993).  As a result, stereocilia of HCs across 

each sensory organ are aligned in a defined pattern. 

 

Figure 1.3. The establishment of stereocilia orientation.  Stereociliary bundle 
formation in a HC from a side view (top panel) and apical view (bottom panel).  A 
nascent kinocilium (dark gray) is first erected from the basal body located in the center of 
apical HC surface.  Guided by intracellular polarity proteins (purple), the nascent 
kinocilium migrates towards the lateral edge of the HC.  Then, collaborations between 
intra- and intercellular polarity signaling (blue) refine the kinocilium position.  After the 
kinocilium reaches its final position, a staircase pattern of stereocilia (light gray) is built 
next to it.   
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3. The maculae 

The maculae of the utricle and saccule are responsible for detecting linear 

acceleration in all directions, including gravity.  The two maculae are at right angles to 

each other with the utricle positioned horizontally and the saccule placed vertical to the 

ground.  Stereocilia of macular HCs are embedded in otoconia, which are crystallites 

consisting of calcium crystals and specialized proteins (Lundberg, Zhao, & Yamoah, 

2006).  During head movements and postural changes, inertia of the otoconia helps to 

deflect the hair bundles toward the direction of acceleration, leading to HC depolarization 

(Deans, 2013; Denman-Johnson & Forge, 1999; Li, Xue, & Peterson, 2008).  

 

a. Hair cell types and striola  

Macular HCs are classified as Type I and Type II.  Type I HCs have a pear-shape cell 

body that is innervated by calyx synapse, whereas Type II cell bodies are columnar-

shaped and innervated by bouton synapses (Fig. 1.4).  Although these two types of HCs 

are broadly distributed in the maculae, the types of nerve endings that innervate these 

HCs are different regionally.  For example, within the striola, a specialized region in the 

middle of the maculae, pure calyx synapses innervating Type I HCs are the most 

prevalent.  Outside this region, the extrastriolar region contains dimorphic synapses and 

pure bouton synapses (Fig. 1.4).  Striolar neurons have an irregular firing pattern, which 

is more suited to coding temporal information, whereas neurons innervating extrastriola 

HCs show regular firing pattern responsible for detecting spatial information (Eatock & 

Songer, 2011; Lysakowski et al., 2011).  In addition, a number of region-specific markers 

are expressed in the striola, such as oncomodulin and β-tectorin, in HCs and supporting 
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cells, respectively (Goodyear, Killick, Legan, & Richardson, 1996; Simmons, Tong, 

Schrader, & Hornak, 2010).  In contrast, genes such as Lunatic fringe (Lfng), are only 

expressed in the extrastriola regions and excluded from the striola (Morsli, Choo, Ryan, 

Johnson, & Wu, 1998).  Thus, the striola is a cellular and functional distinct region of the 

macula.  

 

Figure 1.4. Schematics of the maculae and the LPR.  (A) Left mouse inner ear 
(medial-view) with its six sensory organs (grey).  LPR (yellow line), HC polarity, and 
striola (blue) in the two maculae are shown.  (B) Cellular architecture across the LPR in 
the utricle representing the bracket area in A.  HCs facing towards the LPR in the utricle.  
Pure calyx synapses (blue) are found in striolar Type I HCs only, whereas dimorphic 
synapses are found in extrastriola HCs.  Bouton synapses are present in the entire utricle.   
 

 

b. The line of polarity reversal (LPR) 

The stereocilia within each sensory HC organ forms a unique and well-defined 

pattern that is coupled to its function.  HCs in the cochlea and cristae uniformly point in 

one direction.  In contrast, stereocilia are aligned in a mirror image across the line of 

polarity reversal (LPR) in the maculae.  The position of the LPR and striola divide the 

maculae into different regions.  In the utricle, the LPR is located by the lateral edge of 

striola, both of which together divide the macula into the extrastriola (LES), striola, and 
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medial extrastriola regions (MES; Fig. 1.4).  Stereocilia of HCs in the LES are pointing 

towards the medial direction, whereas stereocilia within striola and MES are oriented 

towards the lateral edge (Fig. 1.4; (Deans, 2013; Li et al., 2008)).  In contrast to the 

utricle, the LPR bisects the striola in the saccule, across which stereocilia are pointing 

away from each other.  Thus, along the anterior-posterior axis, the saccule is separated 

into the inner region (IR) and outer region (OR) by the LPR (Fig. 1.4; (Deans, 2013; 

Desai, Zeh, & Lysakowski, 2005)).  These polarity patterns presumably allow better 

assessment of spatial orientation of head movements but the precise functional 

significance and formation of the LPR is unknown.  Notably, lipophilic dye tracing 

results in mice indicate that neurons that innervate the lateral region of the utricle and 

inner region of the saccule project to a different part of the brain than the rest of the 

maculae (Maklad & Fritzsch, 2003; Maklad, Kamel, Wong, & Fritzsch, 2010).  These 

segregated central projections further support the notion that these HC polarity reversal 

patterns enhance the sensitivity for detecting spatial orientation of the head. 

 

B. Lateral line system 

HCs are not only present in the inner ears of all vertebrates, but they are also present 

in lateral line system of aquatic vertebrates. The lateral line system in the aquatic 

vertebrates detects water movements that provide a “touch-at-a-distance” sense, which is 

required for schooling behavior, food detection, and predator avoidance.  The ability of 

these sensory receptors to transduce mechanical force to chemical signals enables HCs in 

the lateral line system to sense surrounding water pressure changes, which is essential for 

the survival of aquatic vertebrates (Chitnis, Nogare, & Matsuda, 2012).  
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1. Organization of neuromast 

In zebrafish, the lateral line is comprised of neuromasts distributed over the surface of 

the body from head to tail (Ghysen & Dambly-Chaudiere, 2007; Rouse & Pickles, 1991).  

Within each neuromast is a cluster of ten to twenty mechanosensitive HCs with a similar 

stereociliary bundle as described for inner ear sensory organs.  The stereociliary bundles, 

each with an exceptional long kinocilium, are embedded in a gelatinous cupula and 

respond to a change in water pressure.  Similar to the inner ear, each sensory HC is 

surrounded by supporting cells.  At the edge of the neuromast is a ring of mantle cells, 

which produce the gelatinous cupula.  These cells can also replenish supporting cells after 

severe injury (Fig. 1.5; (Romero-Carvajal et al., 2015)).  

 

Figure 1.5. Surface and side views of oriented neuromasts in the lateral line of 
zebrafish.  (A) A 3-day post fertilization (dpf) zebrafish is shown.  The pLL placode 
(purple) is located posterior to the inner ear (grey circled).  The first pLL primordium 
(red) migrates towards the tail and drops the anterior-posterior oriented neuromasts (red 
dots).  Orange line and dots represent the second primordium migration giving rise to the 
dorsal-ventral neuromasts.  HCs oriented towards the posterior or ventral are labeled in 
green and the ones in opposite orientation are labeled in pink.  (B) A sagittal-section of a 
neuromast is shown on the right.  HCs are surrounded by supporting cells (yellow) and 
the mantle cells (purple) that are located at the periphery of the neuromast.  Figures are 
adapted from published work (Haffter et al., 1996; Nagiel, Andor-Ardo, & Hudspeth, 
2008; Pujol-Marti & Lopez-Schier, 2013; Romero-Carvajal et al., 2015). 
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Although the presence of the gelatinous cupula in the neuromast resembles that of an 

inner ear crista, the stereocilia arrangement of HCs is similar to the utricle, a mirror 

image pattern with HCs facing each other.  Neuromasts are separated into two groups of 

anterior-posterior and dorsal-ventral orientation along the body axes.  Thus, water 

movement will deflect the kinocilia towards one direction: exciting half of the HCs and 

inhibiting the other half (Fig. 1.5).  Interestingly, in addition to the polarity pattern, the 

neuromasts also present a mutually segregated pattern of afferent innervation, similar to 

the maculae.  HCs sharing the same polarity are innervated by the same afferents.  This 

organization of afferents is suggested to provide the functional compartmentalization of 

the lateral line system and maculae (Faucherre, Baudoin, Pujol-Marti, & Lopez-Schier, 

2010; Faucherre, Pujol-Marti, Kawakami, & Lopez-Schier, 2009; Lopez-Schier et al., 

2004; Nagiel et al., 2008). 

 

2. Development of the lateral line system 

The lateral line system can be divided into two groups: anterior and posterior lateral 

lines, which are located in the head and trunk, respectively.  Most studies of the 

neuromast are mainly focused on the posterior lateral line system (pLL).  The pLL is 

derived from the pLL placode, which is an epidermal thickening behind the otocyst 

around 18 hours post fertilization (hpf).  The placode is further divided into two groups of 

cells, anterior cells form the ganglion that innervate the pLL, and the posterior cluster of 

about eighty cells forms the primordium that starts to migrate along the horizontal 

myoseptum along the anterior-posterior body axis (Fig. 1.5, (Chitnis et al., 2012; Ghysen 

& Dambly-Chaudiere, 2007; Piotrowski & Baker, 2014)).  During this migration, groups 
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of cells transition from mesenchymal to epithelial-like morphology to form a rosette, 

which will be periodically deposited and develop into a neuromast (Chitnis et al., 2012; 

Piotrowski & Baker, 2014).  The first pLL primordium migration starts at 22 hpf and it 

takes about 20 hours for it to migrate from the placode to the tail and deposit the 

neuromasts marked as L1 and L4-7 at 3 day-post fertilization (dpf).   After the first pLL 

primordium finished migrating, another primordium will start to migrate along the same 

tract as the first primordium and deposit L2-3 (Fig. 1.5, (Chitnis et al., 2012; Ghysen & 

Dambly-Chaudiere, 2007; Pujol-Marti & Lopez-Schier, 2013)).  The HCs within 

neuromasts from these two different primordia will adapt different orientations: HCs 

from first PLL primordium are oriented along the anterior-posterior axis, whereas HCs in 

L2-3 are oriented along the dorsal-ventral axis (Fig. 1.5, (Chitnis et al., 2012)).  The HC 

progenitor marker, Atoh1a, starts to express in the center cell of the rosette in the trailing 

region of primordium during deposition.  Then, this center cell undergoes the last cell 

division and generates two HCs with opposite polarity along the given axis of the 

neuromast as mentioned above.  After deposition, pairs of HCs with the opposite polarity 

are continuously being generated until they reach the final number of about twenty HCs.  

During HC differentiation, the bipolar neurons from the pLL ganglion will innervate the 

mature HCs (Chitnis et al., 2012; Ghysen & Dambly-Chaudiere, 2007; Pujol-Marti & 

Lopez-Schier, 2013).  Even though the times of origin and development are different 

from neuromast to neuromast, the polarity pattern, HC function, and innervation pattern 

are similar, suggesting that there are common factors that regulate HC polarity and 

neuronal innervation among neuromasts (Chitnis et al., 2012; Faucherre et al., 2010; 

Faucherre et al., 2009; Ghysen & Dambly-Chaudiere, 2007; Lopez-Schier et al., 2004; 
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Maklad & Fritzsch, 2003; Maklad et al., 2010; Nagiel et al., 2008; Piotrowski & Baker, 

2014; Pujol-Marti & Lopez-Schier, 2013). 

 

II. Planar cell polarity  

Breaking symmetry in a cell is defined as cell polarization.  The manifestation of cell 

polarity within a two-dimensional surface is defined as planar cell polarity (PCP).  From 

global tissue organization to subcellular organelle polarization, the establishment and 

maintenance of cell polarity are required for various development processes (Fig. 1.6).  

For example, body axial formation and patterning require convergent and extension of 

cells during gastrulation.  During this process, neighboring cells intercalate and align 

along the anterior-posterior axis of the body (Fig. 1.6D).  At the organ level such as the 

ommatidia of Drosophila, the eight photoreceptors are arranged in a specific trapezoid 

pattern and are polarized towards the equator of the eye.  At the single cell level such as 

the neuroblasts of Drosophila, the apical-basal axis is important for asymmetric cell 

division, which ensures a balance of stem cell pool maintenance and neuronal 

differentiation (Fig. 1.6B, E; (Goodrich & Strutt, 2011; Gray, Roszko, & Solnica-Krezel, 

2011)).   

In addition to normal development, planar polarity pathways also play an important 

role during pathological conditions.  During wound healing, the cytoskeleton of 

epidermal cells is polarized towards the wounded site, which requires planar polarity 

mechanisms (Fig. 1.6C; (Etienne-Manneville, 2004; Lamouille, Xu, & Derynck, 2014)).  

Metastasis of tumor cells is one of the major targets of cancer therapy development.  In 

order for tumor cells to metastasize and exit from the basement membrane, tumor cells 
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undergo epithelial-mesenchymal transition and loss their normal apical-basal polarity.  

Thus, maintaining polarity for tumor cells is a potential therapeutics for treating cancer 

(Gray et al., 2011; Grifoni, Froldi, & Pession, 2013). 

 

 

Figure 1.6. Planar cell polarity.  (A) A developing zebrafish embryo around 30 hpf.  
Squares indicate the locations where planar polarity mechanisms are required.  (B) 
Asymmetric cell division that two daughter cells adopt different fates and possibly 
different sizes.  Green lines represent the spindle, and the red dots mark the centrosomes.  
(C) Neurons need to go through directional migration to reach their designations.  The 
centrioles (red) migrate towards the pre-determined direction and the soma follows 
subsequently.  (D) During gastrulation, mesodermal cells go through convergent and 
extension.  Cells are reorganized and intercalated with each other along the anterior-
posterior axis.   (E) In the Kupffer’s vesicles, the cilium is polarized posteriorly at the 
apical surface of a given epithelial cell.  The beating of these polarized cilia generate a 
left-ward flow, which determines the left-right body asymmetry.  Red: basal body. Green: 
cilia.  Figures are adapted from published work (Gray et al., 2011; Hirokawa, Tanaka, 
Okada, & Takeda, 2006). 
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A. Three levels of planar polarity regulation 

Regulation of planar polarity can be categorized into global, intercellular, and 

intracellular pathways (Fig. 1.7; (Deans, 2013; Matis & Axelrod, 2013)).  The global 

polarity signaling can be mediated by transcription factors and morphogens that regulate 

large-scale polarity, such as body axis and tissue polarity. The intercellular polarity 

pathways such as Ds/Ft/Fj and core planar cell polarity (cPCP) proteins form complexes 

across the cell boundary.  These pathways serve a conserved role in PCP regulation, and 

are responsible for establishing polarity within a group of cells.  In order to polarize the 

subcellular organelles, intracellular polarity proteins, like spindle orientation and 

ciliogenesis proteins are critical.  Coordination of these polarity signals is needed for the 

tissue polarization and establishment, like vulva in c.elegans, ommatidia of Drosophila 

and polarized ciliated cells.  Each level of planar polarity regulation will be described in 

more detail in the following sections.  
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Figure 1.7. Regulation of PCP at three levels.  Global signals (green) could regulate the 
intercellular (cyan) and intracellular (magenta) independently.  The intracellular polarity 
proteins could receive and amplify polarity cues from global and intercellular signaling.  
Together, they regulate the polarization of subcellular organelles within individual cells.  
 

 

1. Global polarity signaling pathways 

Global polarity signaling is responsible for conferring body axial information to 

specific tissues.  These signals provide polarity formation within whole organs or even 

organisms (Deans, 2013; Matis & Axelrod, 2013).  Thus, global signals, such as 

morphogens, provide long-distance information for the asymmetrical distribution of inter- 

or intracellular polarity proteins, which further establish polarity at the cellular level (Fig. 

1.7).  
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a. Transcription factors  

During Drosophila germband elongation, cells double their length along the anterior-

posterior axis, while narrow down on dorsal-ventral axis.  Thus, the establishment of the 

axes is required for cells to intercalate cells during convergent and extension.  A 

transcriptional cascade controls the anterior-posterior axis patterning in Drosophila 

embryo: maternal genes, gap genes and pair rule genes.  Pair rule genes are expressed in 

stripes along the anterior-posterior axis of Drosophila embryo, within which, even-

skipped (eve) and runt are believed to be the main regulators in germband elongation by 

regulating the PCP (Bertet & Lecuit, 2009).  Eve and runt express in stripes, induce and 

control the intracellular distribution of the Bazooka and Myosin II (Fig. 1.8).  The 

Myosin II is asymmetric distributed on the anterior-posterior boundary and responsible 

for extending the intercalated cells along this axis.  In contrast, Bazooka is expressed at 

the dorsal-ventral boundary and it mediates contraction of the cells along this axis (Fig. 

1.8B).  Overexpression of eve and runt generate severe polarity defects that perturb the 

axial information and orientation of cell elongation, whereas double knockout mutant 

resulted in loss of polarity and failure of germband elongation.  Thus, eve and runt 

provide the polarizing information for germband cells to undergo elongation (Zallen & 

Wieschaus, 2004). 
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Figure 1.8. Transcription factors eve and runt establish the anterior-posterior 
polarity during Drosophila germband elongation.  (A) Eve (green) and runt (purple) 
are expressed in a striped-pattern along the embryo and establishes the anterior-posterior 
axis.  (B) Before the eve and runt establish the anterior-posterior axis within the cell, 
intracellular proteins are not asymmetrically distributed.  In the presence of eve and runt, 
Myosin II (red) and Bazooka (blue) are asymmetrically distributed in germband cells 
(grey) along anterior-posterior and dorsal-ventral axis, respectively.  These polarity 
proteins are able to reshape the intercalated cells and elongate the cells along the anterior-
posterior axis, while reduces the width along the dorsal-ventral axis.  Figures are adapted 
from published work (Bertet & Lecuit, 2009; Zallen, 2007). 
 

 

How do eve and runt regulate the germband convergence and extension?  First of all, 

the intercellular polarity pathway is not required for germband elongation, suggesting that 

eve and runt do not regulate the cPCP pathway (Zallen & Wieschaus, 2004).  One 

hypothesis is that the morphogen, wingless (wg), is the target of eve and runt.  The 

striped-expression pattern of eve and runt might provide the polarizing information to 
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express wg in a gradient, which sets up the asymmetric information within the embryo 

(Bertet & Lecuit, 2009).  Thus, transcription factors, such as eve and runt could also 

regulate PCP by activation of a morphogen. 

 

b. Morphogens 

In Drosophila, secreted proteins such as hedgehog, decapentaplegic (dpp) and 

wingless (wg) act as morphogens to specify the polarity of monolayer epithelium in wing 

disc.  The expression of hedgehog in posterior wing disc initiates the expression of DPP 

that establishes the border of anterior-posterior axis.  In a similar manner, expression of 

wingless establishes the dorsal-ventral border of the wing disc (Strigini & Cohen, 1999).  

The gradient concentration of morphogens establishes the polarity of the intercellular 

polarity proteins (Fig. 1.9-1.10). Wingless is a good example to illustrate how a 

morphogen regulates PCP.  During the wing disc formation, the gradient of wingless 

concentration in the tissue regulates the asymmetric distribution of the intercellular 

polarity proteins, such as the cPCP components.  Wingless generates the fz ‘activity’ 

gradient that is referred as the binding affinity of fz to vang (Fig. 1.10; (J. Wu, Roman, 

Carvajal-Gonzalez, & Mlodzik, 2013)).  This ‘activity’ gradient allows the local wing 

cells respond differently along the tissue axis that orients the trichomes towards the distal 

ends. Thus, the gradient of morphogen wingless provides directional information for the 

local cells to polarize within a specific tissue. 

In addition to Drosophila, the gradient of Wnt5a is important for the direction of 

mouse limb bud elongation during development.  Wnt5a establishes the proximal-distal 

axis via cPCP pathway: Wnt5a recruits Ror2/Vangl2 to form a complex at one end of the 
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cell along the axis.  This distal to proximal gradient of Wnt5a provides the directional 

information for the establishment of Vangl2 activity axis within the limb.  Knockout of 

Wnt5a causes the morphogenetic defects and limb elongation defects along the proximal-

distal axis (Gao et al., 2011).  Based on these results, globally-expressed morphogens 

could form a concentration gradient within the tissue to regulate the polarity of each cell, 

mainly through cPCP pathway.  These concentration gradients establish the asymmetry of 

cPCP proteins and link the polarity within the tissue to the body axis.   

 

2. Intercellular polarity signaling pathway  

Whereas global polarity signaling establishes polarity within a given tissue, 

intercellular polarity signals are responsible to amplify the polarity and coordinate 

alignment with neighboring cells.  There are two well-known signaling pathways: 

Ds/Ft/Fj and cPCP pathway (Fig. 1.7; (Deans, 2013; Matis & Axelrod, 2013)).  

 

a. Ds/Ft/Fj pathways 

The atypical cadherin Dachsous (Ds) and Fat (Ft), together with the Golgi kinase 

Four-jointed (Fj), comprised the Ds/Ft/Fj system (Bayly & Axelrod, 2011; Goodrich & 

Strutt, 2011; Matis & Axelrod, 2013).  In between two cells, the extracellular domain of 

Ds and Ft interact with each other at the cell-cell boundaries.  The Fj kinase, on the other 

hand, phosphorylates the cadherin repeats of Ft and Ds.  As a result, phosphorylation of 

Ft increases its ability to bind Ds, but phosphorylated Ds decreases its ability to bind Ft.  

Thus, cells with higher levels of Fj will have higher ability for Ft to bind Ds (Fig. 1.9; 

(Hale, Brittle, Fisher, Monk, & Strutt, 2015)).  In the Drosophila wing, Ds/Ft/Fj system 
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establishes the polarity axes of wing disc and regulates the wing growth through feed-

forward circuit to enable the cells to growth in response to wingless.  Higher 

concentration of wingless at the distal edge of the wing promotes the Fj expression, 

where the Ds expression is higher at the wing hinge with lowest wingless expression (Fig. 

1.9; (A. Brittle, Thomas, & Strutt, 2012; Zecca & Struhl, 2010)). This imbalance between 

gradients of Fj and Ds established the subcellular asymmetries of Ds/Ft in adjacent cells 

and propagate the polarity signals across tissue (Fig 1.9; (Ambegaonkar, Pan, Mani, Feng, 

& Irvine, 2012; Ayukawa et al., 2014; A. L. Brittle, Repiso, Casal, Lawrence, & Strutt, 

2010)).  

 
Figure 1.9.  Gradient distribution of Ds/Ft/Fj system.  In the Drosophila wing disc, a 
gradient of morphogen establishes the opposite gradient of ds and fj.  Although ft is 
uniformly expressed across the tissue during development, the higher concentration of fj 
increases the phosphorylation of ft and ds, which resulted in an increased binding affinity 
of ft to ds but at the same time decreased the binding affinity of ds to ft.  As a result, ds is 
asymmetrical distributed at the distal end of the cell to interact with the proximal ft from 
the adjacent cell.  This pattern of ds/ft interaction orient the PCP towards distal. Figure is  
adapted from published work (Goodrich & Strutt, 2011; Hale et al., 2015). 
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Homologs of Drosophila Ds/Ft/Fj system, Fat1-4, Ds1-2 and Fjx1, have been 

identified in the vertebrates.  Knockout analyses of these genes in mice resulted in 

different extent of PCP defects (Saburi et al., 2008; Saburi, Hester, Goodrich, & McNeill, 

2012).  Fat4 is most similar to the Drosophila ft in sequence and it is proposed to be the 

most important gene of the Ds/Ft/Fj system in mammals.  Fat4 knockouts show 

conversion and extension defects in the cochlea, and the HCs are slightly disoriented.  

The kidneys are smaller in these mutants, suggesting that Ds/Ft/Fj system may contribute 

to polycystic kidney disease in the mouse (Saburi et al., 2008; Saburi et al., 2012).  Thus, 

the interaction between neighboring cells via this system of cadherins establishes their 

polarization and propagation across tissues.  

 

b. Core PCP pathway  

The cPCP pathway participates in majority planar polarity processes in flies and this 

pathway is highly conserved among other species (Goodrich & Strutt, 2011; D. Strutt, 

2003).  This pathway is comprised of six proteins forming the complex between cell 

boundaries: seven-pass transmembrane Wnt receptor Frizzled (Fz); four-pass 

transmembrane protein Strabismus (Stbm), which is also known as Van Gogh (Vang, and 

Vangl in mammals); seven-pass transmembrane cadherin Flamingo (Fmi, also known as 

Starry Night, or Celsr in vertebrates); and cytoplasmic component Dishevelled (Dsh/Dvl), 

Diego (Dgo), and Prickle (Pk) (Fig. 1.10; (Goodrich & Strutt, 2011; Matis & Axelrod, 

2013; Y. Yang & Mlodzik, 2015)).  

In Drosophila, cPCP proteins functions to establish the posterior polarization of 

trichomes in the wing (Goodrich & Strutt, 2011; D. Strutt, 2003).  During the wing disc 
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development, the Wnt signal receptor, fz, is asymmetrically polarized at distal end of the 

cell under the instruction of the wnt gradient.  Polarized fz form a complex with cadherin 

fmi, extracellular domain of which assembled homodimers with fmi of the adjacent cells.  

Then, vang in the adjacent cell is recruited to the proximal end with interaction to fmi.  

After the cross-cell boundary complex is established, cytoplasmic components of cPCP 

pathway are being recruited such that dsh and dgo are distributed at distal ends with fz, 

whereas pk is polarized at proximal end with vang (Fig. 1.10).  Failure of this complex to 

form properly will affect hair polarization and may lead to formation of multiple hairs 

(Goodrich & Strutt, 2011; Gray et al., 2011; D. Strutt, 2003).  

 
Figure 1.10. Gradient of morphogen establish the cPCP direction and orientation of 
trichomes in the Drosophila wing disc.  Higher concentration of morphogen inhibits the 
activity of fz to interact with vang and establishes the PCP direction in Drosophila wing 
disc.  Across the cell boundary, fz is concentrated at the distal end of the cell that 
interacts with the proximal distributed vang from the neighboring cell.  Trichome 
formation is promoted by fz at the distal end of the cell but inhibited by vang at the 
proximal side.  Figure is adapted from published work (Goodrich & Strutt, 2011; J. Wu et 
al., 2013). 
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Ten Frizzled (Fzd1-10), two Vangl (Vangl1-2), three Celsr (elsr1-3), three Dsh 

(Dsh1-3), and four Pk (Pk1-4) genes have been identified in vertebrates (Goodrich & 

Strutt, 2011; Matis & Axelrod, 2013; Y. Yang & Mlodzik, 2015).  In zebrafish, the 

mutant of vangl2 (Stbm homologs) shows disrupted posterior polarization of cilia in cells 

of Kupffer’s vesicles (Fig. 1.6D), floor plate, and pronephric duct (Borovina, Superina, 

Voskas, & Ciruna, 2010).  As a result, significant increase the bilateral or right 

expression of left-side marker lefty2, indicating the left-right asymmetry is interrupted.  

Some of the cPCP genes have also been implicated in neural migration and axonal 

guidance in zebrafish and mammals.  For example, mutation in fmi and its verterbrate 

homologs, Celsr, are suggested to have profound defects in facial branchiomotor neurons 

migration in zebrafish and major neuronal tract formation in mice (Fig. 1.6C, (Boutin et 

al., 2014; Tissir & Goffinet, 2013)).  Core PCP regulates the convergent and extension 

movements during gastrulation (Goodrich & Strutt, 2011; Matis & Axelrod, 2013; Y. 

Yang & Mlodzik, 2015).  In the looptail mouse mutant, which encodes a missense 

mutation on the C-terminal cytoplasmic domain of Vangl2 (Vangl2lp/lp), the neural tube is 

not closed properly during development due to disrupted convergent and extension 

problem (Kibar et al., 2001).  Thus, conserved role of the cPCP pathway is observed in 

various process of planar polarity establishment.  

For the downstream effect, it is possible that the cPCP pathway, signaling at the 

intercellular level, acts to orient subcellular organelles within individual cells.  It has been 

shown that cPCP signaling orients the microtubules and locate the basal body at one end 

of the apical surface (Borovina et al., 2010; Gray et al., 2011).  How cPCP pathway 

organizes subcellular organelles remains unclear.  Recent studies revealed that the ratio 
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between the two isoforms of prickle, pk and sple, can change the orientation of plus-

minus ends of microtubules in Drosophila (Ayukawa et al., 2014; Olofsson, Sharp, Matis, 

Cho, & Axelrod, 2014).  However, the mechanisms involved are still under investigation.  

 

c. The relationship between intercellular polarity pathways 

The relationship between Ds/Ft/Fj and cPCP pathways has been a subject of debate.  

The Ds/Ft/Fj pathway is thought to be upstream of cPCP pathway since Ds/Ft/Fj 

regulates the distribution of cPCP proteins.  For example, during ommatidia development, 

higher activity of ft in the photoreceptors, which is established by gradients of ds and fj, 

results in a biased fz expression and polarized trapezoid establishment (C. H. Yang, 

Axelrod, & Simon, 2002).  In addition, the Ds/Ft asymmetry leads to biased growth of 

microtubules, which is thought to contribute to cPCP proteins asymmetric distribution in 

Drosophila wing discs (Harumoto et al., 2010).  These results suggest that Ds/Ft/Fj is 

upstream of cPCP.  However, recent studies suggest that the relationship between the two 

pathways may be more parallel in other organs.  First, both groups of proteins are 

regulated by global signals, like morphogens wingless, which provide the directional 

information of their polarization establishment, and both pathways require cell-cell 

interactions to polarize groups of cells locally (J. Wu et al., 2013).  In the Drosophila 

wing, the Ds/Ft/Fj pathway can act to orient the trichomes in the absence of cPCP 

systems suggesting that Ds/Ft/Fj can function independently from cPCP.  The trichomes 

and bristles are more randomized when both pathways are disrupted, compared to single 

system mutation.  Furthermore, mutations in a single pathway could not be rescued by the 

other (Lawrence, Struhl, & Casal, 2007).  In contrast to the ommatidia, these results in 
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wing disc suggest that these two intercellular polarity signals function parallel to each 

other. Thus, the relationship of these two pathways are complicated and may have 

different inputs and effects in different tissues.  Nevertheless, both function at the 

intercellular level to mediate polarity (Fig. 1.7; (Bayly & Axelrod, 2011; Lawrence et al., 

2007; Y. Yang & Mlodzik, 2015)). 

 

3. Intracellular polarity pathway 

Within individual cells, the global and intercellular polarity signaling are interpreted 

and amplified by intracellular polarity proteins.  These proteins function to polarize 

subcellular organelles and establish the intrinsic polarity (Deans, 2013; Matis & Axelrod, 

2013).   

 

a. Insc/LGN/Gαi complex and Par complex: Spindle orientation  

To mediate cell division, mitotic spindles pull the chromosomes apart from the center.   

What dictates the position of the spindles and the size of the daughter cells during 

asymmetric cell division are interesting questions.   A conserved protein complex, 

Par/Insc/LGN/Gαi has been implicated in mediating cell divisions of embryonic 

blastomeres of c.elegans, sensory organ precursor (SOP) and neuroblasts of Drosophila, 

as well as mammalian neuronal progenitors (Lancaster & Knoblich, 2012; Morin & 

Bellaiche, 2011; Siller & Doe, 2009).  Gαi, an α subunit of the heterotrimeric G-protein, 

is attached to the plasma membrane with lipid modification.  It is generated in a receptor-

independent manner and binds, Partner of Inscutable (Pins).  Pins, also known as mPins, 

LGN or GPSM2 in mammals, contains a tetratricopeptide (TPR)-GoLoco domain that 
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binds Gαi and interacts with Inscutable (Insc).  The presence of Insc, the scaffold protein, 

links the Pins/Gαi complex to Par complex (Lancaster & Knoblich, 2012; Morin & 

Bellaiche, 2011; Siller & Doe, 2009).  The Par family of proteins is named for causing 

partition defects during asymmetrical division in c.elegans zygotes when the genes that 

encode these proteins are mutated.  Among the six Par proteins that have been identified 

so far, Par3 (also known as Bazooka in Drosophila) and Par6 belong to PDZ-domain-

containing scaffold proteins.  Par6 combined with aPKC (atypical protein kinase C) 

interact with Par3 through kinase domain and form a complex.  During spindle 

orientation, this complex is recruited to the cell cortex to define axial polarity (Goldstein 

& Macara, 2007; Suzuki & Ohno, 2006).  Par/Insc/Pins/Gαi complex provides the ability 

to orient spindle location during asymmetric cell division (Fig. 1.11).  
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Figure 1.11. Distribution of cPCP proteins and Insc/Pins/Gαi during cell division of 
neuroblasts and sensory organ precursor cells.  (A) During neuroblast division, the Par 
complex recruits the Insc/LGN/Gαi complex at the apical cortex of the dividing cell.  
After the asymmetric division, one neuroblast and a smaller ganglion mother cell (GMC) 
are generated.  (B) During cell division of the sensory organ precursor (pI cell), cPCP 
proteins are asymmetrically distributed along the anterior-posterior axis (left).  Vang/pk 
recruits the Gαi/Pins and NuMA to the anterior end, whereas fz/dsh are distributed at the 
posterior end with Par complex, which also binds NuMA, to establish planar orientation 
of the spindles. At the same time, the distribution spindle orientation along the apical-
basal plane (right) is tilted slightly clockwise towards the posterior.  Both cPCP proteins 
and Pins/Gαi are required to establish this spindle orientation. Figures are adapted from 
published work (di Pietro, Echard, & Morin, 2016; Morin & Bellaiche, 2011; Siller & 
Doe, 2009). 
 

During Drosophila central nervous system development, embryonic neuroblasts 

divide asymmetrically along the apical-basal axis to generate a new neuroblast (NB, a 

stem cell) and a small ganglion mother cell (GMC), which will further differentiate into a 

neuron.  During this process, Par complex recruits Insc/Pins/Gαi complex via interaction 

with Insc.  Par/Insc/Pins/Gαi complex interacts with the coiled-coil domain protein, 

NuMA (nuclear and mitotic apparatus) that binds to Dynein/Dynactin motor complex to 

pull the spindle.  All together they establish the apical-basal axis to divide cells 

asymmetrically and maintain the neuroblast fate (Fig. 1.11A, (Siller & Doe, 2009)).   

In addition to establishing the apical-basal polarity, these proteins also function to 

mediate cell division along the anterior-posterior axis of sensory organ precursors in 

Drosophila, also referred as the pI cell (Fig. 1.11B).  The Par and Gαi/Pins complexes are 

distributed along the anterior-posterior axis.  However, different from the neuroblasts, the 

complexes are distributed at opposite ends of pI cells, which are under the influence of 

cPCP pathway (Lancaster & Knoblich, 2012; Morin & Bellaiche, 2011; Siller & Doe, 

2009).  Fz/dsh recruits the Par complex to the posterior side, which drives the cell fate 
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determination to the anterior side.  On the other hand, Pins/Gαi, being excluded by fz/dsh 

to the anterior side, interact with NuMA.  These two complexes, Pins/Gαi and Par, at 

opposite poles of the cells, determine the anterior-posterior orientation of mitosis spindle 

for mediating asymmetric cell division (Bellaiche et al., 2001; Segalen & Bellaiche, 2009; 

Segalen et al., 2010).  Therefore, Pins/Gαi and the cPCP pathway maintain the spindle 

location along the apical-basal and anterior-posterior axis (Fig. 1.11B).  However, how 

these protein complexes interact with each other to orient the spindles are not clear. 

In mammals, spindle orientation proteins are also important for cell fate 

determination.  For instance, in the absence of Insc, cells in the retina and neurons tend to 

undergo more symmetric divisions than normal, which leads to more cell proliferation 

and less differentiation.  Gain of mInsc has the opposite effect (Postiglione et al., 2011; 

Zigman et al., 2005).  The role of these proteins in spindle orientation requires further 

exploration.  

 

b. Scrb/Dlg/Lgl complex 

The Scrb/Dlg/Lgl signal pathway is another example that plays a role in orienting 

subcellular organelles.  Scribble (Scrb) is a leucine-rich protein with PSD95/Dlg/ZO-1 

(PDZ) domains.  Discs-large (Dlg) belongs to the membrane-associated guanylate kinase 

(MAGUK) family.  As a scaffold protein, Dlg assemble the Scrb/Dlg/Lgl (Lethal giant 

larvae) complex in response to other polarity signaling.  In Drosophila, Scrb interacts 

with Vang and Insc to mediate polarities along apical-basal and planar planes (H. May-

Simera & Kelley, 2012; Rivera et al., 2013).  This complex could interact with 

Par/Insc/LGN/Gαi complex to orient spindle orientation (Lancaster & Knoblich, 2012; 
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Morin & Bellaiche, 2011; Siller & Doe, 2009).  However, in Drosophila epithelial cells 

and neuroblasts, Scrb/Dlg/Lgl complex is basally located and antagonist to Par complex 

(Humbert, Dow, & Russell, 2006).  Based on these results from different systems, it is 

clear that Scrb/Dlg/Lgl complex can interact with both cPCP pathway and 

Par/Insc/LGN/Gαi complexes to establish the intracellular polarity. 

 

c. Ciliogenesis proteins 

In Drosophila, the location of trichomes in the distal end of wing cells is a readout of 

the tissue’s planar polarity (Gray et al., 2011).  Likewise, primary cilium or cilia are also 

readout of planar polarity of cells in vertebrates.  The primary cilium develops from the 

basal body, in a pattern of nine outer pairs with or without a central pair of microtubules.  

The 9+2 pattern is found in motile cilia, similar to the kinocilium of HCs of the inner ear.  

However, 9+0 is found in immotile cilia of the embryonic node, which provide the 

directionality of fluid flow to determine left-right asymmetry (Cardenas-Rodriguez & 

Badano, 2009; Dawe, Farr, & Gull, 2007).   

Since protein synthesis does not occur in the cilium, proteins that are needed for cilia 

formation and maintenance are being transported to the cilium from cytoplasm via 

intraflagellar transport (IFT) (Cardenas-Rodriguez & Badano, 2009; Silverman & Leroux, 

2009).  Proteins participated in this process are critical for ciliogenesis (Cardenas-

Rodriguez & Badano, 2009).  For example, Ift88, one of the proteins required to form 

IFT particles, and Kif3a, which provides the motor for this transportation as a kinesin, are 

both important for ciliogenesis.  Mutations on these two genes in mice lead to a series of 

ciliogenesis problems (Jones et al., 2008; Sipe & Lu, 2011).  Additionally, genes that are 
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associated with Bardet-Biedl Syndrome (BBS) have also been identified as ciliogenesis 

proteins.  For example, BBS6-/- mice show flattened and splayed stereocilia in inner ear 

HCs (H. L. May-Simera et al., 2010; H. L. May-Simera et al., 2009).  However, 

ciliogenesis and cilium function are complicated systems: same gene can lead to different 

phenotypes and one disease can be caused by different genes (Dawe et al., 2007; Norris 

& Grimes, 2012).  Thus, how the ciliogenesis proteins connect to other polarity signals 

are still under investigation. 

 

B. Polarity signals regulating cell arrangements: vulva and ommatidia 

There are several examples of polarity signals regulating cellular arrangements such 

as formations of the vulva in c. elegans and ommatidia in the Drosophila eye.  Both of 

these tissues exhibit a polarity reversal in cell arrangement, which requires planar polarity 

signals.   

 

1. Vulva 

During vulva development in c. elegans, three vulva progenitor cells (VPC), P5-7.p 

within the epithelium undergo three rounds of asymmetric cell division to generate 22 

cells with 7 different cell types (Fig. 1.12).  The progeny align in a linear array and 

display palindrome symmetry, like “ABCDEFFEDCBA”.  The cell fate reversal is 

induced by the anchor cell (AC), the “invaded” cell from the uterus.  The proximity of 

AC to P6.p progenitor is required to establish this patterning.  The P6.p progenitor cell 

will receive high level of Wnt ligands, LIN-44 and MOM-2, which is expressed in AC.  

The high level of LIN-44 and MOM-2 induce the P6.p to adopt 1o VPC fated to generate 
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the mirror-imaged progenies “EFFE” next to the AC.  P5.p and P7.p, instead, will receive 

low levels of LIN-44 and MOM-2 to adopt the 2o VPC fate.  In addition to the Wnt 

signaling from AC, another Wnt ligand, EGL-20 is also involved, which is expressed in 

the tail.  EGL-20 establishes a posterior-to-anterior concentration gradient to provide 

directional instructive information and induce the posterior P7.p to orient cell division 

towards the AC, which are reversed from the ones from P5.p.  EGL-2 mediates this effect 

via the Wnt/PCP pathway, regulating Vang expression and Ror2 tyrosine kinase receptor, 

CAM-1.  Thus, the vulva formation requires multiple Wnt morphogens utilizing both 

canonical, β-catenin and non-canonical, PCP pathways (Fig. 1.12; (Green, Inoue, & 

Sternberg, 2008; Schindler & Sherwood, 2013)).  

 

Figure 1.12. Various Wnt signals contribute to palindromic cell divisions in vulva 
formation.  During vulva development, the P6.p adapts 1o VPC fate (pink) to generate 
four “EFFE” progenies under the influence of Wnt/Lin-44 and Wnt/MOM-2 that are 
expressed by the AC.  P5.p and P7.p, in contrast, adapt the 2o VPC fate (blue) and 
generate “ABCD” vulva cells in a row.  The arrows indicate the orientation of the 
asymmetric cell division and order of the “ABCD” progenies from P5.p and P7.p. The 
orientation of cells divided from P7.p is inverted by the posterior Wnt/EGL-20 signals.  
Figure is adapted from published work (Green et al., 2008; Schindler & Sherwood, 2013). 
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2. Ommatidia 

During Drosophila eye development, collaborations of Wg and cPCP proteins are 

required to establish a mirror-imaged reversal of ommatidia across the equator (Fig. 1.13).  

Each ommatidium is comprised of eight photoreceptor cells, arranged in a trapezoid form.  

R1/R2 and R5/R6 are aligned in a plane beside R7 and R8.  R7 and R8 are located in the 

center of the trapezoid and the two are aligned in the apical-basal plane.  R3 and R4 are 

located on the tip of the trapezoid as the polarity determinator.  During development of a 

given ommatidium, the specified R8 recruits pairwise R2/R5 and R3/R4 to form the five-

cell precluster.  Then, the precluster starts to rotate and brings R3 closer to the pole.  At 

the same time, R1, R6 and R7 are differentiating and recruited to form the final trapezoid 

form.  During this process, cell fate specification and relative position determination of 

the R3 versus R4 is the critical step that R3 is more polar localized, whereas the R4 is 

more equatorial positioned.  Across the equator, the polarity of the trapezoid of 

ommatidia is reversed (Fig. 1.13).  How is this mirror-image established?  First, 

expression of Wg at both poles of the eye imaginal disc, which create a concentration 

gradient with the lowest at the equator is important (Fig. 1.13).  Then, the asymmetric 

distribution of cPCP components plays a key role.  At the precluster stage, the cPCP 

proteins are first enriched in a double horseshoe-like pattern in R3/R4, which guide the 

rotation of the R3/R4 towards polar side.  Then, the fz and dsh are concentrated in the R3 

side at the R3 and R4 boundary, which is required for the R3 specification.  In contrast, 

the vang and pk are concentrated in R4, especially at the boundary with R3.  At this stage, 

cPCP proteins are also concentrated in horseshoe-like of R4 at the polar end.  These 

polarized distributions of cPCP proteins contribute to the polarity of the trapezoid 
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formation during division and differentiation. The polarity of ommatidia is random or no 

R4 forms in the fz null and overexpression mutants (Andreas Jenny, 2010; Maung & 

Jenny, 2011).   

 

Figure 1.13. Polarity reversal of the ommatidia in the Drosophila.  Expression of Wg 
at the two poles of the Drosophila eye defines the equator (white line).  The gradient of 
Wg concentration guides the asymmetric distribution of cPCP proteins (green and orange) 
in the R3 (red) and R4 (blue).  As a result, ommatidia differentiate and rotate along the 
polar-equator axis (black arrows), forming a mirror-image pattern of cell arrangements 
across the equator (white arrows).  Figure is adapted from published work (Andreas 
Jenny, 2010).  

 

 

Considering that the mechanism involved in LPR formation of the maculae is not 

known, the examples of vulva and ommatidia formation provide insight into how the 

LPR could be established.  Could the morphogens and cPCP pathway also mediate some 

sort of cell rearrangement or just stereocilia reversal to establish the LPR?  I will discuss 

this question in later sections. 
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C. Polarized ciliated cells 

In addition to cellular arrangement, polarity signals also play a role in the asymmetric 

distribution of subcellular organelles.  Polarized cilia in epithelial cells are important for 

their functions.  The cilium could be single or multiple located on the surface of the cell 

(Wallingford, 2010). Multi-ciliated cells include ependymal cells in ventricular system, 

and epithelial cells in the oviduct and airway tract.  The cilia are aligned parallel and 

polarized on the apical surface of a given cell.  These polarized cilia are essential for 

directional flow, such as the cerebrospinal fluid (Guirao et al., 2010; Mirzadeh, Han, 

Soriano-Navarro, Garcia-Verdugo, & Alvarez-Buylla, 2010).  Additionally, the mono-

cilia within the nodal cells of the mouse and other equivalent structures in vertebrates are 

also polarized and control the directional fluid flow in the node to establish left-right 

asymmetry of embryos (Fig. 1.6F; (Essner, Amack, Nyholm, Harris, & Yost, 2005; 

Hirokawa et al., 2006; Kramer-Zucker et al., 2005)).  The similarly polarized mono-

cilium in the HCs is responsible for hearing and maintaining balance (Fig. 1.1; (Tilney et 

al., 1992)).  Cilia dysfunction can alter structure and location of cilia that lead to 

ciliopathies.  For example, dysfunction of cilia in HCs results in hearing loss and 

vestibular phenotypes (Dawe et al., 2007; Norris & Grimes, 2012). 

The planar polarity signals are known to be involved in various types of polarized 

ciliated cells.  The cPCP pathway is asymmetrically distributed in all of the cell types 

listed above: multiciliated ependymal (Boutin et al., 2014), airway tract cells (Vladar, 

Bayly, Sangoram, Scott, & Axelrod, 2012), monociliated nodal (Borovina et al., 2010) 

and sensory HCs (Deans et al., 2007; Montcouquiol et al., 2006; Y. Wang, Guo, & 

Nathans, 2006).  Mutations of cPCP proteins lead to randomly oriented cilia in these cells.  
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For example, cilia are not polarized along the functional axis of ependymal cells with 

Celsr1 null mutation (Boutin et al., 2014).  The null mutation of vangl2 leads to random 

polarization of epithelial cells in Kupffer’s vesicle (Borovina et al., 2010).   The mouse 

mutant, Vangl2lp/lp, causes randomly oriented HCs (Montcouquiol et al., 2003; 

Montcouquiol et al., 2006).  Thus, these polarized cell types are good models for studying 

planar polarity signaling in animals.  

 

III. Polarity establishment of sensory hair cell organs 

A. Mechanism of stereocilia orientation: analysis from expression and mutants  

The establishment of stereocilia polarity is a complicated process.  Most signaling 

pathways that are known to be involved in PCP formation appear to play a role in 

establishing the orderly array of HC polarity in the inner ear.  The intracellular polarity 

signals establish the asymmetrical localization of stereociliary bundle on the apical 

surface.  Intercellular polarity signals coordinate neighboring cells to align HCs pointing 

to the same direction.  Even though there is currently insufficient supporting evidence, 

the global polarity signals are believed to establish the polarity pattern of HCs within the 

entire sensory organ 14.  Known polarity signaling pathways that regulate HC polarity in 

the inner ear are summarized in the following sections (Fig.1.14, Table 1). 
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Table 1. Summary of polarity proteins required for stereocilia polarity 
establishment.  Phenotypes resulting from loss of these proteins and whether these 
proteins are functioning at the inter- or intracellular level are shown. 
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Figure 1.14. Projected summary of various polarity protein locations within the 
sensory epithelium of the inner ear.  Cross-cell-boundary complex is formed between 
the hair cell on the left and supporting cell on the right.  Locations for some of the 
proteins such as Scrb and Lgl are not known.   
 

 

1. Global polarity signaling: Morphogens - Wnt5a and Wnt7a  

Morphogens Wnt5a and Wnt7a have been reported to participate in hair bundle 

polarity regulation.  Despite the role of Wnts in establishing global patterning in other 

systems, analyses of Wnt mutants suggest that Wnts only has a minor role in mediating 

stereocilia orientation (Dabdoub et al., 2003; Qian et al., 2007).  Overexpression of 

Wnt7a in a cochlear explant resulted in a mild stereocilia orientation defect (Dabdoub et 

al., 2003).  Further supportive evidence that Wnts are important for stereocilia patterning 

was observed when Frzb (secreted Frizzled-related protein 3) an antagonist of Wnt 

pathway, was added to cochlear explants and resulted in misorientation of hair bundles 

and a shortened cochlea (Qian et al., 2007).  In contrast, even though the cochlear duct is 
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shorter and wider in Wnt5a-/- mutants, there is not much stereocilia orientation defects.  

The third row of outer HCs, occasionally have rotated alignment with relative normal hair 

bundle, suggesting that there could be functional the redundancy of Wnts in stereocilia 

polarity formation (Qian et al., 2007).  Furthermore, defects in stereocilia orientation and 

neural tube closure are enhanced by Wnt5a-/-;Vangl2lp/lp, which indicates the genetic 

interaction between Wnt and cPCP pathway (Qian et al., 2007).  Thus, these results 

suggest that Wnts have global effects on convergent and extension of the developing 

cochlea and an effect on the refinement of stereocilia orientation (Fig. 1.14 , Table 1).  

 

 

2. Intercellular signaling:  

a. Ds/Ft/Fj pathway—Fat4 

Ds/Ft/Fj pathway is conserved in mammals. Published results show that loss of Fat4 

in the mouse inner ear leads to a shorter cochlear duct (Saburi et al., 2008).  All four rows 

of HCs stereocilia in the cochlea exhibit some deviations from the normal position.  In 

short, Fat4 mutants show a mild global polarity phenotype but clear hair bundle polarity 

defects.  Given multiple Fats in vertebrate, it is possible that there is redundancy of the 

Ds/Ft/Fj pathway in stereocilia orientation.  In addition, compound mutants of Fat4-/-

;Vangl2lp/+ show an enhanced polarity defects, suggesting a genetic interaction of the two 

pathways (Saburi et al., 2012).  These results indicate that the Ds/Ft/Fj pathway may have 

redundant role in the stereocilia orientation (Fig. 1.14, Table 1). 
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b. Core PCP pathway 

Core PCP proteins are distributed at cell junctions.  In cochlear HCs, Fz3 and Vangl2 

form a complex at the HC-supporting cell junctions, in which Fz3 is distributed at HCs 

side and Vangl2 is distributed in the opposing membrane in the supporting cell (Giese et 

al., 2012; Montcouquiol et al., 2006).  More importantly, Dsh1/2 rather than Fz is co-

localized with the stereocilia (J. Wang et al., 2006).  This pattern of Fz, which is not co-

localized with the stereocilia, is different from the pattern in the Drosophila wing disc.  

The looptail mouse mutant, Vangl2lp/lp,  is the first mutant reported to have a HC 

phenotype (Montcouquiol et al., 2003).  In the mutants, the cPCP complex is lost, which 

resulted in HC mis-orientation in all sensory organs of the inner ear (Deans et al., 2007; 

Montcouquiol et al., 2006).  In the maculae, HCs are randomly oriented and the LPR is 

obscured.  However, the hair bundles on the apical HC surface remain normal shape and 

distributed at the lateral edge of HCs (Montcouquiol et al., 2003; Montcouquiol et al., 

2006).  Similar but milder phenotypes are observed in Fz3-/-;Fz6-/- double mutants.  In 

these double knockout mutants, inner HCs are inverted in the cochlea.  In the vestibular 

organs, strong polarity defects are observed in the cristae but milder hair bundle mis-

orientation is observed in the utricle (Y. Wang et al., 2006).  Dsh is known to interact 

with Fz in other systems, and essential for polarity formation (A. Jenny, Reynolds-

Kenneally, Das, Burnett, & Mlodzik, 2005).  Although Dsh is not associated with Fz in 

cochlear HCs, null mutants of Dsh1/2 show randomly polarized third row of outer HCs 

and the cochlear duct is shorter and wider, suggesting that Dsh is still required for 

stereocilia orientation (J. Wang et al., 2006).  In summary, the intercellular polarity 

pathway, cPCP, functions in mediating convergent and extension of the cochlear duct as 
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well as regulating stereocilia alignment among HCs (Fig. 1.14).  

A small Rho family GTPase, which could act downstream of cPCP signaling pathway, 

is also involved in polarity formation (Park, Mitchell, Abitua, Kintner, & Wallingford, 

2008; D. I. Strutt, Weber, & Mlodzik, 1997).  Rho GTPases have been reported to 

participate in various PCP processes such as cell migration, microtubule dynamics and 

cilia orientation.  In the inner ear, Rho-ROCK2 (Rho-associate kinase) is required for 

Ptk7 (Protein tyrosine kinase) at cell junctions to polarize HC stereocilia (Andreeva et al., 

2014; J. Lee et al., 2012; Xiaowei Lu et al., 2004).  Ptk7 is a known effector of cPCP 

pathway: required for membrane localization of Dsh via interaction with cPCP 

components in neural crest migration (Shnitsar & Borchers, 2008).  Thus, Rho family 

members could also function as effectors of cPCP pathway in stereocilia orientation.  

Notably, tissue-specific knockout of Rac that encodes a member of Rho family of 

GTPases, resulted in stereocilia polarity defects.  Rac1, which interacts with p21-

activated kinase (PAK), is found to be involved in HC polarity formation (Grimsley-

Myers, Sipe, Geleoc, & Lu, 2009).  However, different from the mutants of cPCP 

complex, which only affected the alignment of the stereociliary bundles, loss of Rac1 

resulted in stereocilia malformation in addition to misorientation (Grimsley-Myers et al., 

2009).  This phenotype suggests that Rho GTPase have additional functions than cPCP 

pathway.  In addition, conditional knockout Cdc42, another Rho GTPase family member, 

also results in abnormal orientation of cochlear HCs (Kirjavainen, Laos, Anttonen, & 

Pirvola, 2015).  This function of Cdc42 requires aPKC to establish the stereocilia polarity 

(see below).  Based on these results, Rho GTPase family members could be effectors of 

cPCP pathway but they could also respond to other signaling besides cPCP, which makes 
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this group of proteins excellent candidates as linkers between inter- and intracellular 

polarity pathways (Fig. 1.14, Table 1).   

 

3. Intracellular polarity proteins: 

a. Par/Insc/LGN/Gαi complexes 

What are the intracellular mechanisms that regulate stereocilia orientation?  Existing 

results suggest that the Par/Insc/LGN/Gαi complexes are important for this process (Ezan 

et al., 2013; Tarchini, Jolicoeur, & Cayouette, 2013).  In the HCs, Gαi3, LGN, Insc, and 

Par3 are associated with the kinocilium and form a crescent.  In contrast, the Par6 and 

aPKC have a distribution pattern that are complementary to the LGN/Gαi complex, 

located on the opposite side of the kinocilium (Ezan et al., 2013; Tarchini et al., 2013).  

In the cPCP mutants such as Vangl2lp/lp, the Gαi3 expression is still consistently 

associated with the kinocilium regardless of the stereocilia mis-orientation.  Furthermore, 

ectopically generated HCs in the greater epithelial ridge of the cochlea, Gαi3 expression 

is intact and associated with the kinocilium, even though their polarities are random 

relative to the body axis (Ezan et al., 2013).  Gαi3 in a complex with Par/Insc/LGN is 

thought to regulate the dynamics of microtubules via the dynein and pull the plus-end of 

microtubules in the HCs, and thus mediate the migration of kinocilium(Ezan et al., 2013; 

Tarchini et al., 2013).  Based on these results, the Par/Insc/LGN/Gαi complex is 

responsible for intracellular kinocilium polarization (Fig. 1.14, Table 1). 

Pertussis toxin (Ptx) is Gαi/o protein inhibitor.  Overexpression of the catalytic 

subunit of the Ptx (Ptxa) in cochlear HCs causes polarity reversal in some of the HCs in 

the first and second rows of outer HCs and random orientation in the third row of outer 
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HCs (Ezan et al., 2013; Tarchini et al., 2013).  Inhibiting Gαi signaling with Ptxa also 

causes a reduced accumulation of microtubules plus-ends at the apical surface.  In 

addition to Gαi, LGN mutants exhibit some randomness of stereocilia polarity and 

malformations in the shape of stereocilia.  In the LGN conditional knockout cochlea, 

stereocilia in outer HCs no longer maintain the V shape.  The shape of stereocilia bundles 

can be split, shortened, or malformed, whereas the kinocilium can be randomly localized 

and centralized.  In addition, overexpression of Gαi2 or LGN affects hair bundle 

migration and its mature pattern in the cochlear HCs (Ezan et al., 2013; Tarchini et al., 

2013).  In summary, the Par/Insc/LGN/Gαi complexes are required for proper subcellular 

polarization of stereociliary bundle, supporting their role as intracellular polarity 

signaling (Fig. 1.14).  

 

b. Scrb/Dlg/Lgl complex 

The function of Scrb/Dlg/Lgl complex in HC polarity formation is not clear.  

Knockout of Dlg1 leads to mis-orientation of cochlear HCs (Rivera et al., 2013).  In 

addition, Dlg3 shares a similar distribution pattern as Gαi in cochlear HCs, and could 

interact with Dsh in apical docking of kinocilium (Gegg et al., 2014).  Furthermore, Scrb 

and Vangl2 are known to interact in stereocilia orientation (Montcouquiol et al., 2003).  

Based on these results, the Scrb/Lgl/Dlg complex could receive the intercellular polarity 

information from cPCP proteins in individual HCs and regulate the intracellular polarity 

via their interaction with the Par/Insc/LGN/Gαi complex (Fig. 1.14, Table 1, (Bergstralh, 

Lovegrove, & St Johnston, 2013)).  
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c. Lis1/Dynein complex 

Gαi complex is known to mediate the spindle position through Lis1/Dynein complex, 

which provides the pulling force of microtubules (di Pietro et al., 2016), which may occur 

in HCs as well (Siller & Doe, 2009).  The Lis1/Dynein complex could also participate in 

stereocilia orientation intracellularly.  In cochlear HCs, Lis1 is located at the 

pericentriolar region and it regulates microtubule organization and localization of dynein.  

Then, dynein forms the motor complex that pulls the microtubule plus-ends towards the 

lateral edge of the cell (Guo et al., 2006).  In the cochlea, conditional knockout of Lis1 

resulted in stereocilia misorientation and cellular disorganization.  These results suggest 

that Lis1/Dynein could be another intracellular mechanism for mediating stereocilia 

position in the HCs (Fig. 1.14, Table 1, (Sipe, Liu, Lee, Grimsley-Myers, & Lu, 2013)). 

 

d. Ciliogenesis proteins—Ift88 and Kif3a  

Kinocilium is the primary cilium derived from the basal body. Thus, the ciliogenesis 

proteins are important for cilia formation, could also participate in stereocilia polarity 

formation.  For example, in the Ift88 mutants, cochlear duct is shorter and stereocilia are 

circular with a centralized kinocilium on the apical plane of HCs (Jones et al., 2008).  In 

Kif3a knockout mutants, hair bundles are flattened in cochlear HCs.  In addition, Kif3a 

also participates in the apical docking of basal body through a non-ciliary function.  

Kif3a regulates the basal body position and its correlation with stereocilia through 

cortical PAK activity.  The basal body in the mutants is no longer associated with 

stereocilia nor located at the apical surface of HCs (Sipe & Lu, 2011).  These results 
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indicate multiple roles of ciliogenesis proteins functioning in hair bundle polarity, in 

addition to their role in ciliogenesis (Fig. 1.14, Table 1).  

 

B. The polarity signals in the LPR establishment 

How is the LPR established in the maculae?  The kinocilium remains closely 

associated with the distribution of intracellular polarity proteins, Par/Insc/LGN/Gαi 

complex across the LPR (Fig. 1.15; (Ezan et al., 2013; X. Lu & Sipe, 2016; Tarchini et al., 

2013)).  In the Vangl2lp/lp mutants, the LPR is missing and stereocilia are randomly 

oriented (Ezan et al., 2013; Montcouquiol et al., 2006).  However, distribution of the 

intercellular polarity proteins such as Pk2 and Vangl2 in a normal utricle are maintained 

at the medial side of HC-supporting cell boundary across the LPR and Fz3 expression at 

the lateral side is also maintained (Fig. 1.15; (Deans et al., 2007; Jones et al., 2014)).  

These results suggest that cPCP proteins are unlikely to mediate the LPR, and the loss of 

LPR in the Vangl2lp/lp mutants is likely to be a result of intercellular misalignment.  Thus, 

the establishment of the LPR is different from vulva and ommatidia formation described 

earlier, which are both dependent, in part, on the cPCP pathway.  Interestingly, it has 

been reported that in the null mutants of Emx2 maculae, the LPR is absent and all HCs in 

the maculae are unidirectional (Holley et al., 2010).  In addition, cochlear outer HCs are 

missing and the inner HCs are malformed, arranged in two rows instead of one.  
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Figure 1.15. Schematics for the distribution of polarity proteins across the LPR in 
utricles.  HCs are facing each other across the LPR (yellow line).  However, distribution 
of the cPCP components, Fz3 (dark blue) and Pk2 (light blue) are not reversed across the 
LPR, which are asymmetrically distributed at the lateral and medial border of the HCs, 
respectively.  The intracellular polarity proteins, instead, maintain their relationship with 
the kinocilium.  Gαi (light purple) forms a crescent beside the kinocilium, whereas the 
Par6 (magenta) has a complementary pattern to Gαi.  
 
 
 
IV. Emx2  

A. The ems in the Drosophila 

The empty spiracles (ems) gene was first isolated and identified in Drosophila 

(Dalton, Chadwick, & McGinnis, 1989; Jurgens, Wieschaus, Nussleinvolhard, & 

Kluding, 1984).  This gene is named based on the mutant phenotype, in which the 

spiracles (tracheal system in flies) are empty, missing the filter lining.  The ems encodes a 

homodomain transcription factor, isolated from a low stringency screen using the 

homeobox of eve (even-skipped).  Homeobox is a conserved 180 base pairs DNA 

sequences, encoding a ~60 residues homeodomains that have a sequence-specific DNA 

binding activity (Dalton et al., 1989).  The preferred DNA sequence of ems target in 

Drosophila is TAATTA that was identified by bacterial one-hybrid system (Meng & 
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Wolfe, 2006), which is a common recognition sequence identified among homeobox-

containing proteins so far (Berger et al., 2008).  In addition to homeodomain sequences, 

there are a proline-rich N-terminal sequence and an acidic profile in C-terminus, which 

are consistent with its role as a transcription factor.  Given ems expression in the anterior 

part of the embryo and the severe patterning defects in the anterior head, ems is believed 

to be a gap gene that regulates transcription cascades in this region (Walldorf & Gehring, 

1992).  

There are two different spatial and temporal patterns of ems expression during 

embryogenesis: an early, head-specific pattern, and a later, metameric pattern.  Ems 

protein is first detected around stage five of development in anterior region of the 

blastoderm as a stripe (Campos-Ortega & Hartenstein, 1985; Dalton et al., 1989).  This 

stripe is in a gradient with increasing width from dorsal to ventral, with an average width 

of approximately eight cells.  Most of the ems expressing cells in the procephalon are 

found in the antennal lobe, which gives rise to the antennal sense organ (Dalton et al., 

1989; Walldorf & Gehring, 1992). The metameric expression of ems begins to emerge 

from stage 8 in lateral ectoderm of each germband segment primordium.  During the 

germband elongation, ems expressing cells proliferate to elongate every ems patch 

dorsally.  Then, in each patch, ventromedial and ventrolateral regions of ems expressing 

cells give rise to neuroblast and ventral epidermis, whereas tracheal pits and dorsal 

epidermis are derived from the lateral region (Dalton et al., 1989; Walldorf & Gehring, 

1992).  

The mutant phenotypes of ems are accountable by this broad expression pattern of 

ems.  The missing head structures in the null mutants are due to ems expression in the 
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head primordia.  The process of head involution fails, which leads to malformation of the 

cuticular and sensory structures of the head.  The optic lobe is absent and antennal sense 

organs are missing.  Several of the head skeletal elements are also missing.  In addition, 

the loss of ems expression in the ventral nerve cord leads to an axonal patterning defects 

in the ems mutant, and the nerves do not migrate through the midline (Hartmann, Hirth, 

Walldorf, & Reichert, 2000).  Ems was also suggested to participate in neuronal 

development and central nervous system formation, since this gene is expressed in 

neuroblast precursors (Dalton et al., 1989; Walldorf & Gehring, 1992). 

 

B.  The Emx2 in the mouse: expression, function and conservation 

1. Homologues of ems in the mouse 

a. Emx1  

In mouse, there are two homologues of Drosophila ems gene, Emx1 and Emx2.  

Between these two homologues, there is about 80% identity at the amino-acid level.  

Only 4 residue differences are present in homeodomain of these two genes (Simeone et 

al., 1992).  Emx1 has more restricted expression in the brain, expressed in the dorsal 

telencephalon compared to Emx2 (Briata et al., 1996; Cecchi & Boncinelli, 2000).  Emx1 

is present in proliferating, differentiating and mature neurons in the central nervous 

system.  For the trunk region, during development, Emx1 is also expressed in branchial 

pouches, apical ectodermal ridge of limbs, kidney and the reproductive system (Briata et 

al., 1996).  Different from Emx2 mutants, Emx1 knockout mice have minor phenotypes 

(Bishop, Garel, Nakagawa, Rubenstein, & O'Leary, 2003; Yoshida et al., 1997).  The 

mutant mice are viable with no obvious behavioral impairment, which could be due to its 
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functional redundancy with Emx2 since these two genes are co-expressed in multiple 

regions, such as the brain (Cecchi & Boncinelli, 2000).  The more severe brain 

phenotypes in the Emx1-/-;Emx2-/- double mutant further supports that the two Emx genes 

cooperate in cortical development (Bishop et al., 2003; Yoshida et al., 1997). 

 

b. Emx2  

The mouse Emx2 has about 11 amino acids differences from the Drosophila ems in 

the homeodomain region indicating that this gene is highly conserved (Simeone et al., 

1992).  The mouse Emx2 is located at 10q25.3-26.1 region that has a 2907 base pair long 

cDNA and encodes a protein of 252 amino acids (Fig. 1.16;(Noonan, Mutch, Ann Mallon, 

& Goodfellow, 2001)).  Similar to the results in Drosophila, the target sequences of 

Emx2 homeodomain is TAATTA based on high resolution DNA binding analysis (Berger 

et al., 2008).   

The expression pattern of Emx2 is similar between mouse and flies.  In mice, Emx2 

expression is first detected at three-somite stage in the lateral-caudal forebrain primordia 

(Suda et al., 2001).  Starting from E8.5, expression is detected at anterior-dorsal 

neuroectodermal regions of the embryos.  Around E9.5, the cortical expression of Emx2 

is extended to the olfactory placodes.  At E12.5, Emx2 is expressing in the forebrain, 

olfactory epithelium, digit primordia, and the developing gonads and kidneys (Cecchi, 

2002; Cecchi & Boncinelli, 2000; Mallamaci et al., 1998; Simeone et al., 1992).  The 

expression patterns and phenotype in the null mutants of Emx2 will be discussed in more 

details in the following sections.  
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Figure 1.16. Schematic of the mouse Emx2 locus in wildtype and mutants.  Emx2 has 
three exons.  The homeodomain (striped) is located in Exon 2 and 3.  The null allele is 
generated by replacing a portion of the homeodomain in Exon 2 with neomycin (black 
bar, (Pellegrini, Mansouri, Simeone, Boncinelli, & Gruss, 1996)).  Pardon mutants 
harbor a point mutation in the homeodomain of Emx2 (blue arrow; (Rhodes et al., 2003)).  
The Emx2Cre allele is generated by inserting the Cre sequences (cyan bar) right after the 
start codon, ATG (arrow, (Kimura et al., 2005)). 

 

 

2. Roles of Emx2 in nervous system development: regional patterning and cell 

proliferation  

a. Regional patterning  

The central nervous system of the mouse is derived from the neural plate, which 

becomes distinguishable around E7.5.  Cerebral cortex development is initiated by cell 

divisions at the ventricular zone (VZ), where Emx2 is expressed and this expression 

persists in the adult mouse cortex.  During cortical development, Emx2 is expressed in a 

gradient, higher in the medial-posterior region within the telencephalon.  Emx2 is 

required for in early cortical regionalization and specification (Cecchi, 2002).   

Beyond the cortex, Emx2 is also expressed in specific cell layers in the hippocampus, 

amygdala and mammillary bodies.  Strong Emx2 expression is still detected at postnatal 

day 5 hippocampus, especially in the dentate gyrus (Cecchi & Boncinelli, 2000; 
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Mallamaci et al., 1998).  These expression patterns suggest a regional function for Emx2, 

which is further supported by the phenotypes observed in Emx2 null mutants.  The 

hippocampus is severely reduced in Emx2-/- brain (Fig. 1.16; (Pellegrini et al., 1996)).  

Since Emx2 is expressed in the dentate gyrus at a high level, this region is complete 

missing in the Emx2 knockout mice.  Thus, Emx2 is required for patterning the forebrain, 

and participate in proliferation and/or specification of the dentate gyrus development 

(Cecchi, 2002; Cecchi & Boncinelli, 2000; Pellegrini et al., 1996).  In addition, the 

olfactory bulbs are significant reduced (Pellegrini et al., 1996).  With the loss of this gene, 

the size of cerebral hemispheres is decreased in the cortical area that normally expresses 

Emx2 and there is a relative expansion of the non-Emx2 region (Cecchi, 2002; Cecchi & 

Boncinelli, 2000; Mallamaci, Muzio, Chan, Parnavelas, & Boncinelli, 2000; Pellegrini et 

al., 1996).  

 

b. Cell proliferation and differentiation  

In addition to regional patterning, Emx2 also regulates cell proliferation and 

differentiation.  Expression of Emx2 in the VZ, the stem cell region, suggests a role for 

Emx2 in maintaining the neuroblasts and inhibiting differentiation.  

The loss of Emx2 leads to more asymmetric division in vitro and decreases clonal size 

compared to controls (Heins et al., 2001).  Infecting isolated cortical cells from E14 with 

Emx2-sense virus is able to promote symmetric division, increase the clone size, and 

boost proliferation (Heins et al., 2001).  However, the function of Emx2 may be different 

between embryonic and adult nervous system.  Emx2 is expressed in adult neural stem 

cells at a high level in vitro and this expression decreases upon differentiation.  
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Overexpression of Emx2 in adult neural stem cells reduces cell proliferation.  In contrast, 

adult neural stem cell culture generated from Emx2 null mutants promotes more 

proliferation (Rossella Galli et al., 2002; Gangemi et al., 2001; Gangemi et al., 2006). 

Whereas the effects of Emx2 in neuroblasts and adult neural stems cells appear to be 

different, Emx2 is implicated in regulating the type of cell division in the brain. 

 

c. Neuronal migration and projection 

In the mouse, Emx2 may also affects neuronal migration.  Loss of Emx2 affects the 

projection of the olfactory nerve projection to the olfactory bulbs (Mallamaci, Mercurio, 

et al., 2000; Miyamoto, Yoshida, Kuratani, Matsuo, & Aizawa, 1997).  During the 

cortical neurogenesis, the newly differentiated neurons will bypass the early-formed 

neurons and migrate to the surface of the cortex. This is known as the “Inside-out” rule 

(Cecchi & Boncinelli, 2000). This pattern of migration is affected in the Emx2 knockout 

mice.  Emx2 expression is detected in the Cajal-Retzius cells within the marginal zone, 

which are essential for the newborn neurons to radially migrate to the external layer.  The 

migration defects could be attributed to the lack of Cajal-Retzius cells in the absence of 

Emx2.  Further analyses indicate that the radial migration defects observed in Emx2 

knockouts is attributable to the loss of reelin protein in Cajal-Retzius cells (Cecchi, 2002; 

Cecchi & Boncinelli, 2000; Mallamaci, Mercurio, et al., 2000).   

Besides the radial migration defects in the cortex, the distribution of thalamocortical 

projections are also affected in Emx2-/- mice.  The thalamocortical projections are 

misrouted in the Emx2-/- cortex.  There is an altered and delayed arrival of thalamic 

projections to the cortex, which could contribute to the absence of regional identity and 
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an axonal guidance defect at the diencephalic-telencephalic boundary (Lopez-Bendito, 

Chan, Mallamaci, Parnavelas, & Molnar, 2002).  In addition, the olfactory sensory 

neurons fail to project and innervate the disorganized olfactory bulbs in the absence of 

Emx2 (Pellegrini et al., 1996). 

 

d. Functional conservation  

The functions of Emx2 are likely to be conserved among species.  As mentioned 

above, loss of ems leads to missing of various regions of the nervous system in 

Drosophila.  The expression of ems in the ventral nerve cord is believed to help the 

neurons cross the midline and migrate correctly (Hartmann et al., 2000).  Thus, regional 

patterning of the brain and neuronal migration requirements of ems in the fly brain are 

similar to Emx2’s function in the mouse.  In addition, Emx2 has been reported to express 

in telencephalon and diencephalon of zebrafish (Kawahara & Dawid, 2002; Morita, Nitta, 

Kiyama, Mori, & Mishina, 1995), frog (Pannese et al., 1998), newt (Beauchemin, Del 

Rio-Tsonis, Tsonis, Tremblay, & Savard, 1998), and chicken (Bell, Ensini, Gulisano, & 

Lumsden, 2001), among which Emx2 has been suggested to function as a regional 

patterning factor.  In comparisons between zebrafish and human, more than 90% of the 

amino acid residues of Emx2 are identical (Noonan et al., 2001).  Outside of the 

homeobox region, the conservation of Emx2 sequences is strong.  The alignment of 

nucleotides in the 3’ UTR region of Emx2 also suggests significant evolutionary 

conservation across vertebrates (Bell et al., 2001; Noonan et al., 2001).  Therefore, based 

on sequence homologies, expression patterns, and defects in mutants across species 

suggest that Emx2 has a conserved role in brain development.   
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3. Emx2 in urogenital system development 

The Emx2 knockout mutants die soon after birth, due to complete loss of the 

urogenital system.  Emx2 can be detected in the presumptive nephrogenic cord as early as 

E8.5.  From E10.5 to E16.5, Emx2 is expressed in the ureteric bud, epithelialized 

mesenchyme cells, and cortical region of the kidney (Miyamoto et al., 1997).  How does 

the loss of Emx2 affect kidney and ureters formation?  During development, the kidney is 

formed by the reciprocal induction of mesenchyme and epithelium.  In 

metanephrogenesis, the ureteric buds from the caudal region of nephric duct (Wolffian 

duct) invade into mesenchyme and induce mesenchyme to epithelial transition for 

nephron differentiation.  In the absence of Emx2, the ureteric bud is not able to invade the 

mesenchyme for nephrogenesis.  The failure of reciprocal induction of mesenchyme to 

epithelium leads to the absence of kidneys during embryonic development (Miyamoto et 

al., 1997). 

As a part of the urogenital system, the gonad is formed through the mediodorsal 

migration of thickened embryonic coelomic epithelium to the mesenchyme compartment.  

The epithelium-to-mesenchyme transition is important for gonad formation.  Failure of 

this transition causes the loss of gonads in the Emx2 knockout mice (Kusaka et al., 2010).  

The expression of Emx2 in the primodium promotes the proliferation and migration via 

the suppression of Egfr (Epidermal growth factor receptor), which normally enhances the 

tight junction assembly and inhibits the epithelium transition and migration (Kusaka et 

al., 2010; Miyamoto et al., 1997).  These results suggest a potential role of Emx2 in the 

epithelium-to-mesenchyme transition, which may involve polarity proteins such as the 

aPKC.   
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In addition to the mouse, mutations of EMX2 in humans have recently been reported 

to be related to disorders of sex development.  Direct sequencing of an infertile boy and a 

woman in case studies have revealed the correlation of EMX2 mutation with the disorder 

of uterine development (Liu et al., 2015; Piard et al., 2014; Taylor, 2015).   

 

4. Emx2 in the inner ear 

The expression of Emx2 in the inner ear has been identified in both Xenopus (Pannese 

et al., 1998) and mouse (Cecchi, 2002), the conservation of which indicates the 

significance of Emx2 in the inner ear development.  In the mouse inner ear, Emx2 

expression was reported to be evident around E12.5 in the lateral region of the cochlear 

epithelium and the roof of the cochlear duct, maculae, endolymphatic duct, but not the 

cristae and endolymphatic sac (Holley et al., 2010).  These expression patterns are 

consistent throughout embryonic development.   

The investigation into the role of Emx2 in the ear development began with hearing 

defects reported in the heterozygous pardon (Pdo) mice, which harbor a point mutation in 

the Emx2 homeodomain locus, obtained from a large-scale N-ethyl-N-nitrosourea (ENU) 

mutagenesis screen (Fig. 1.16; (Rhodes et al., 2003)).  The Pdo mice have a significant 

increase in compound action potential CAP thresholds in between 60-80dB.  Gross 

dissection of middle ears from the heterozygous Pdo revealed defects in the ossicular 

chain such that the joints between incus and malleus are malformed.  The phenotypes in 

the middle ear account for the conducting hearing defects but the threshold shift in 

compound action potential suggest that there is additional sensorineural hearing loss.  

Increased number of outer HCs and inner HCs are observed in the heterozygous Pdo 
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cochlea, which supports the hypothesis of sensorineural hearing impairment.  Similar 

phenotypes are also observed in the Emx2+/- inner ear (Fig. 1.16; (Pellegrini et al., 1996; 

Rhodes et al., 2003)).    

In the Emx2-/- cochlea, the outer HC compartment is missing, with doubling of inner 

HCs in the organ of Corti (Holley et al., 2010).  Increased number of inner HCs could be 

single, doublet, triplet, or even form a groups of four or five in the sensory epithelium.  

Supporting cells between the inner HCs were either reduced or missing.  The doublet 

inner HCs retain their intracellular polarity but lose polarity in relationship to the body 

axis.  In the maculae, HCs maintained their global and intrinsic polarities.  However, the 

LPR is reportedly missing in the mutant maculae and all the HCs are pointing towards the 

lateral edge in the saccule and utricle.  In addition, similar to the cochlear epithelium, 

maculae were reported to be about one third smaller in size compared to the wildtype.  

No phenotype was observed in any of the cristae in the null mutants (Holley et al., 2010).  

Based on these phenotypes and expressions pattern in the inner ear, and with its known 

functions in other systems, the role of Emx2 in the inner ear was proposed to be an early 

regulator in cell proliferation and differentiation but not as a mediator of HC polarity 

(Holley et al., 2010). 
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Chapter 2: Transcription factor Emx2 controls stereocilia polarity 
of sensory hair cells 
 

 

Manuscript in preparation.	 	

All the experiments in this chapter are conducted by me under the guidance of Drs. Doris 

Wu and Katie Kindt 

 

 

In the vertebrate inner ear, the asymmetric location of the stereociliary bundle on the 

apical surface of sensory hair cells (HCs) dictates the direction in which a given HC can 

be activated.  Hence, each sensory organ of the inner ear displays a well-defined 

stereocilia pattern.  Notably, vestibular maculae of vertebrates and neuromasts of 

zebrafish exhibit a line of polarity reversal (LPR), across which stereocilia are arranged 

in mirror images.  Here, we show that this LPR is established by restricted expression of 

Emx2 to only HCs exhibiting similar stereocilia polarity within these sensory organs.  

The lack of Emx2 reverts stereocilia polarity in its region to the default state and thus 

abolishes the LPR.  In contrast, ectopic expression of Emx2 in HCs that do not normally 

express this gene causes stereocilia polarity reversal by approximately 180o.  Effector(s) 

of Emx2 mediates this effect, in part, via heterotrimeric G-protein activities. 

 



 

 57 
 

I. Introduction  

The asymmetric location of cilia on the apical surface of epithelial cells is related to 

the function of the tissue.  For example, abnormal positioning of the monocilium in the 

node and multicilia of ependymal cells lining the brain ventricles can lead to left-right 

asymmetry defects and hydrocephalus, respectively (H. Song et al., 2010; Tissir et al., 

2010).  Similarly, the asymmetrical location of stereociliary bundle on top of the inner ear 

HCs is also linked to the function of this organ (Shotwell et al., 1981).  Each stereociliary 

bundle is comprised of specialized microvilli arranged in a staircase pattern that are 

tethered to a kinocilium (true cilium).  Formation of the asymmetric stereociliary bundle 

begins with docking of the basal body to the center of the apical HC surface to form the 

kinocilium.  The nascent kinocilium then moves from the center to the periphery where 

specialized microvilli are gradually built adjacent to the kinocilium in a staircase pattern 

(X. Lu & Sipe, 2016; Tilney et al., 1992).  Deflection of the stereociliary bundle in 

response to sound or head movements towards its kinocilium leads to opening of the 

mechanotransduction channels located on the tip of stereocilia and HC depolarization, 

whereas bundle displacement in the opposite direction results in hyperpolarization (Fig. 

1A; (Shotwell et al., 1981)).  

Planar polarity of any tissue can be regulated by global, intercellular and intracellular 

signaling mechanisms.  Global signaling dictates the overall pattern of the tissue 

according to the body axis or its surrounding tissues.  Morphogens such as Wnt have 

been demonstrated to function in this context for establishing long-range directional 

planar polarity in the developing mouse limb bud and Drosophila wing (Gao et al., 2011; 

J. Wu et al., 2013).  A well-established intercellular polarity signaling is the core planar 
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cell polarity (cPCP) pathway, named for its conserved function among species.  This 

pathway is comprised of transmembrane proteins such as Van Gogh (Vangl), Frizzled 

(Fz), and Cadherin EGF LAG seven-pass G-type receptors (Celsr) as well as cytoplasmic 

proteins such as Dishevelled (Dvl) and Prickle (Pk) (Goodrich & Strutt, 2011; 

Wallingford, 2012).  All but Celsr are asymmetrically distributed at cell junctions to 

coordinate polarity among adjacent cells.  How do individual cells interpret these global 

and intercellular polarity signals and undergo a specific plane of cell division or erect an 

organelle/appendage asymmetrically on the apical surface are not always clear 

(Devenport, 2016).  Genetic studies in Drosophila have identified a group of cPCP 

effector genes such as inturned, fritz and fuzzy, which encode proteins that function 

downstream of the cPCP pathway in a cell autonomous fashion (Wong & Adler, 1993).   

The orderly array of the four rows of stereocilia in the organ of Corti (oC), the 

sensory organ for sound detection, is regulated by both intercellular (cPCP) and 

intracellular polarity signaling (Goodrich & Strutt, 2011; X. Lu & Sipe, 2016).  

Mutations of the cPCP components such as Vangl2 and Dvl, affect the coordinated 

alignment of stereocilia among HCs but not the peripheral positioning of stereociliary 

bundle within a given HC (Montcouquiol et al., 2003; J. Wang et al., 2006; J. Wang et al., 

2005).  By contrast, many known intracellular components such as Par/Insc/LGN/Gαi 

complex required for mediating spindle orientation during mitosis (Morin & Bellaiche, 

2011), intraflagella transport proteins required for ciliogenesis, and Rho GTPase for 

regulating cytoskeletal structures, are all important for establishing the polarized 

stereociliary bundle on the apical HC surface (X. Lu & Sipe, 2016).  Presumably, the 

Par/Insc/LGN/Gαi complex, tethered to the cell cortex by Par and Gαi, binds 
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microtubule-associated proteins such as NuMA.  Then, these proteins pull the basal 

body/nascent kinocilium to the cell periphery via the attached-microtubule, in a manner 

similar to pulling the centrioles during mitosis (Ezan et al., 2013; X. Lu & Sipe, 2016; 

Tarchini et al., 2013).  In humans, mutations of LGN (also known as GPSM2) cause 

syndromic and non-syndromic hearing loss (Doherty et al., 2012; Yariz et al., 2012).  

How global and intercellular polarity cues coordinate with intracellular machinery to 

form the orderly stereocilia alignment is not well understood.  

Other sensory organs of the inner ear also exhibit a well-defined polarity pattern.  

Notably, the maculae of the utricle and saccule are divided by the LPR into two regions 

of opposite stereocilia polarity.  In the utricle, stereocilia face each other across the LPR 

whereas they point away from each other in the saccule (Fig. 2.1A).  Similar mirror 

images of stereocilia polarity and functionality as the utricle are observed in neuromasts 

of the lateral line in zebrafish (Lopez-Schier et al., 2004).  Previous studies suggest that 

cPCP complex is not involved in establishing the LPR.  First, distribution of cPCP 

components such as Prickle-like 2 (PK2) and Vangl2 are not reversed across the LPR in 

maculae as predicted by the HC polarity (Deans et al., 2007; Jones et al., 2014).  

Furthermore, although stereocilia are misoriented in Vangl mutant maculae, the LPR does 

not appear to be obliterated (Montcouquiol et al., 2006; Yin, Copley, Goodrich, & Deans, 

2012).  However, it was reported that LPR failed to form in knockout maculae of Emx2, 

which encodes a homeobox-containing transcription factor (Holley et al., 2010). The 

unidirectional polarity defect was attributed to an imbalance between proliferation and 

differentiation of sensory precursors rather than defects in stereocilia polarity.  Here, we 

show that expression of Emx2 in sensory HCs is sufficient to reverse the “default” 
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stereocilia polarity by approximately 180o.  The restricted expression of Emx2 in maculae 

and neuromast defines the LPR. 

 

II. Material and methods 

A. Mouse strains 

The RosaEmx2-GFP (designated RosaEmx2) mouse strain was generated by knocking in the 

cassette, attb-pCA promoter-lox-stop-lox-Emx2-T2A-Gfp-WPRE-polyA-attb, to the Rosa 

locus using integrase technology (conducted by Applied Stem Cell) (Tasic et al., 2011).  

One founder with the correct insertion, identified based on PCR analyses, was propagated 

and maintained in the FVB background.  Primers used for genotyping offspring are as 

follow: PR425 (GGTGATAGGTGGCAAGTGGTATTC) and pCA-R2 (GGCTAT 

GAACTAATGACCCCGT) for the RosaEmx2-GFP allele, and R10 

(CTCTGCTGCCTCCTGGCTTCT) and R11 (CGAGGCGGATACAAGCAATA) for the 

wildtype allele with expected fragment sizes of 369 and 311 base pairs, respectively. 

Emx2+/- mice were provided by Peter Gruss at the Max-Planck Institute (Pellegrini et 

al., 1996) and maintained in a mixed C57BL/6J and CD1 background.  Emx2Cre mice 

were obtained from Shinichi Aizawa at RIKEN Center for Developmental Biology and 

maintained in C57BL/6J background (Kimura et al., 2005).  Gfi1Cre 
knock-in mice were 

obtained from Lin Gan at University of Rochester (H. Yang et al., 2010), Sox2CreER mice 

from Konrad Hochedlinger at Harvard University (Arnold et al., 2011), and the Foxg1Cre 

mice from Susan McConnell at Stanford University (Hebert & McConnell, 2000).  

Gfi1Cre 
and Sox2CreER strains were maintained in a CD-1 background, while Foxg1Cre 

strain was maintained in a mixed background of C57BL/6J and Swiss Webster.  
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Rosa26RtdTomato (designated RosatdT, JAX #007914, (Madisen et al., 2010)) and 

Rosa26RmtdTomato/mGfp (designated RosamT/mG, JAX #007506, (Muzumdar, Tasic, 

Miyamichi, Li, & Luo, 2007)) were purchased from Jackson laboratory and maintained in 

a C57BL/6J background.  All animal experiments were conducted under approved NIH 

animal protocols and according to NIH animal user guidelines (protocol # 1212-14). 

 

B. Zebrafish strains  

Zebrafish were maintained under standard conditions.  All transgenic fish were 

maintained in a TAB5 wildtype background (S. Burgess, NIH).  The transgenic line, 

Tgmyo6b:emx2-p2A-nls-mCherry, designated as m6b:emx2-mCherry, was generated 

using Gateway cloning Technology.  First, a middle entry clone, pME-emx2, was 

constructed using a zebrafish emx2 cDNA clone (IMAGE: 7403786) using PCR primers 

encoding attB sites: attB1 emx2 forward primer 

(GGGGACAAGTTTGTACAAAAAAGCAGGCTGCCACCATG 

TTTCAACCCACACCGAAGAGGTG) and attB2 emx2 reverse primer 

(GGGGCACTTTGTACAAGAAAGCTGGGTGATCGTCTGAGGTGACGTCAATTTC

CTC).  Then, the myosin6b:emx2-p2A-nls-mCherry plasmid was constructed using a 5’ 

entry clone containing the HC-specific promoter of myosin6b (Obholzer et al., 2008), the 

middle entry clone pME-emx2, a 3’ entry clone encoding p2A-nuclear localized mCherry 

(p3E-p2A-nls-mCherry, gift from Kristen Kwan at the University of Utah), and a 

destination vector containing the transgensis marker pcmcl2-gfp (tol2kit #395, (Kwan et 

al., 2007)).  Larvae injected with this plasmid at one-cell stage were selected based on 

GFP signal within the heart and raised to adulthood.  These founders were bred to 



 

 62 
 

wildtype or to the previously described transgenic line, Tgmyo6b: βactin(actb1)-EGFPvo8, 

designated as m6b:βactin-EGFP fish (Kindt, Finch, & Nicolson, 2012) for stereocilia 

polarity analyses.  

Knockout emx2 zebrafish were generated using CRISPR/Cas9 technology as described 

(Varshney et al., 2015).  Two target sites on Exon1 of emx2 were chosen for generating 

guide RNA: GGTAAAACACCTCTTCGGTGTGG and 

GGCTTTCACTCCAGCGGCAGGGG (Fig. S6A).  Genotyping of injected larvae and F1 

larvae was conducted by PCR using the primers emx2-fPCR-Fwd 

(TCACTTAAACTGGGGAATCTTGA) and emx2-fPCR-Rev 

(GGAGGAGGTACTGAATGGACTG), followed by subcloning and sequencing of the 

PCR fragments.  F1 generated fish were analyzed for stereocilia polarity between 3 to 5 

days post fertilization (dpf).  

 

C. In situ hybridization 

Section and whole mount in situ hybridization of utricle and saccule were performed 

as described previously (Morsli et al., 1998).  In situ probes for Emx2 (Simeone et al., 

1992), β-tectorin (Rau, Legan, & Richardson, 1999), and Lfng (Morsli et al., 1998) were 

prepared as described. 

 

D. Whole mount immunostaining 

In general, E18.5 mouse embryos were harvested and fixed with 4% paraformaldehyde 

in PBS at 4°C overnight.  For anti-Pk2 and anti-Vangl2 staining, hemi-sectioned embryo 

heads were fixed for 30 min at 4°C.  After fixation, samples were washed with PBS and 
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various inner ear sensory organs were dissected, blocked with PBS containing 0.2% 

Triton-X and 4% donkey serum for 30 minutes before incubating with primary antibodies 

diluted in blocking solution overnight at 4°C.  Then, samples were washed extensively 

with PBS before incubating with secondary antibodies at 1:250 dilutions in blocking 

solution for 2 hours at room temperature.  Samples were mounted with ProLong Gold 

Antifade (Invitrogen) after extensive washing with PBS and imaged with a Zeiss 

LSM780 confocal microscope. 

For staining zebrafish larvae, 3-5 dpf embryos were fixed with 4% paraformaldehyde 

in PBS for 3.5h at 4°C.  Post-fixed larvae were rinsed with PBS and treated with pre-

chilled acetone for 3-5 minutes at -20°C.  Then, larvae were incubated with a blocking 

solution (2% goat serum, 1% BSA in PBS solution for 2 hours at room temperature), 

followed by incubation with primary antibodies diluted in PBS with 1% bovine serum 

albumin (BSA) at 4°C overnight. The next day, larvae were washed 4 times with PBS for 

5 minutes each before incubating with secondary antibodies at 1:250 dilutions in blocking 

solution for 2 hours at room temperature.  Then, larvae were washed and mounted with 

Antifade and imaged with a Zeiss LSM780 confocal microscope.  

Primary antibodies used in this study are listed as follow: mouse anti-βII-spectrin 

(1:500; BD Bioscience, 612562), rabbit anti-Emx2 (1:250; Trans Genic, KO609), rabbit 

anti-Gαi (1: 1,000; provided by B. Nurnberg (Gohla et al., 2007) (Ezan et al., 2013), goat 

anti-oncomodulin (1:250; Santa Cruz, sc-7446), rabbit anti-Pard6 (1:250; Santa Cruz, sc-

67393), mouse anti-parvalbumin (1:5,000; Millipore, MAB1572), rabbit anti-Pk2 (1:250; 

(Deans et al., 2007)) and goat anti-Vangl2 (1:250; Santa Cruz, sc-46561).  In addition, 

two rabbit polyclonal antibodies, anti-Pk2 and anti-Emx2 were generated for this study 
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(Thermo Fisher) using the synthetic peptide of Pk2 as described (Deans et al., 2007)) and 

the full-length mouse Emx2 protein, respectively.  Both antibodies were affinity-purified 

and used at a 1:1000 dilution and show immunostaining patterns indistinguishable from 

those of the anti-Pk2 and anti-Emx2 described above.  Fluorescence-labeled phalloidin 

(1:50; Life Technologies, #F432) was used to visualize actin in the stereocilia bundle on 

top of sensory HCs.  

Secondary antibodies that were used in these studies are listed as follow: Alexa 

Fluor® 405 Donkey anti rabbit IgG (Abcam, ab175651), Alexa Fluor® 405 Donkey anti 

mouse IgG (Abcam, ab175658), Alexa Fluor® 405 Donkey anti goat IgG (Abcam, 

ab175664), Alexa Fluor® 488/568/647 Donkey Anti-Rabbit IgG  (Life Technologies; A-

21207/A-10042/A-31573), Alexa Fluor® 488/568/647 Donkey Anti-Rabbit IgG  (Life 

Technologies; A-21202/A-10037/A-31571), Alexa Fluor® 488/568/647 Donkey Anti-

Rabbit IgG  (Life Technologies; A-11055/A-11057/A-21447), Alexa Fluor® 647 Goat 

Anti-Mouse IgG  (Life Technologies; A-21235), and Alexa Fluo® 568 Goat Anti-Rabbit 

IgG  (Life Technologies; A-11079).  

 

E. Tamoxifen administration 

A stock solution of 30 mg tamoxifen (Sigma Aldrich, T5648) in 1 ml of corn oil was 

prepared.  To avoid premature abortion of fetuses due to tamoxifen, 0.2 mg β-estradiol 

(20 mg/ml of ethanol; Sigma Aldrich, E8875) was added per ml of tamoxifen stock 

solution.  On designated gestation days at noon, pregnant females were gavaged with the 

tamoxifen containing β-estradiol stock solution at 1 mg/10 g body weight.  The morning 

of a found plug was considered as embryonic day 0.5. 
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F. EdU administration and cell cycle exit analysis 

Pregnant mice were injected intraperitonealy with 5-ethynyl-2'-deoxyuridine (EdU; 

1mg/ml solution; Life Technologies) three times (10 am, 12 pm and 2 pm) on a given day 

between embryonic day (E) 11.5 and E16.5 at an amount of 10 mg EdU/g of body weight, 

and all embryos were harvested and fixed with 4% paraformaldehyde at E18.5 (Fig. 1A).  

EdU-labeled cells were detected with a Click-iT reaction ((Bok, Zenczak, Hwang, & Wu, 

2013); Life Technologies).  Processed utricles were then flat-mounted and imaged using 

LSM780 confocal microscopy. 

Under this injection regiment, HC precursors that underwent terminal mitosis soon 

after EdU incorporation should be strongly labeled, whereas precursors that have already 

exited from the cell cycle at the time of EdU delivery should not be labeled.  HC 

precursors that underwent several rounds of cell division after EdU incorporation should 

have weak or no EdU labeling in the nucleus.  Since weak EdU labeling can also be a 

result of HC precursors that incorporated EdU at the end of S phase of the last cell cycle, 

we scored all Myosin VIIa-positive HCs that have robust or distinct EdU labeling in the 

nuclei (Fig. S3I).  For quantification of EdU-labeled HCs, the utricle was divided into 

three regions: striola, lateral and medial extrastriolar regions (LES and MES).  

Oncomodulin-positive region was marked as striola. The separation between LES and 

MES was defined by drawing a straight line linking the two ends of oncomodulin-

positive striolar region to the edge of the utricle as shown in Figure S3H.  Approximately 

300, 450, and 500 HCs were counted in the striola, LES and MES of each utricle, 

respectively. 
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G. Quantification and statistical analyses 

For quantification of HC density and surface area in the utricle, a straight A-P line 

between the two widest points of a given utricle along the anterior-posterior axis was 

drawn on a stitched confocal image taken at 40x magnification.  Two lines perpendicular 

to the A-P line, marking the middle-third region were drawn and this region was sub-

divided into 4 equal parts marked as 1, 2, 3, and 4 (Fig. 3O).  Within regions 1 and 3, 

total number of HCs per 0.01 mm2 and apical surface area of HCs were scored as 

representatives for the lateral and medial region of the utricle, respectively.   

For stereocilia orientation analyses, regions 1 and 3 were further divided into three 

equal sections.  Stereocilia angles were measured in the middle one-third, defined as 

regions L (lateral) and M (medial, Fig. 3P).  Each region contains at least 50 HCs.  The 

stereocilia angle of each HC was measured based on the position of the kinocilium on the 

apical surface by defining 0o as the anterior apex of the utricle and the medial side as 90o.  

Since LPR falls within region L of controls, we identified two different groups of HCs in 

controls (Fig. 3P).  

In Ptx alone or Emx2 and Ptx epistatic experiments of utricles, we defined HC polarity 

between 30-150o as pointing medial (Fig. 6G, 7M-N, green) and between 210-330o as 

pointing lateral (Fig. 6G, 7M-N, pink).  Polarities of HCs that are outside of these ranges 

are considered misorientated (Fig. 6G, 7M, grey, and 7N, white).  In order to avoid 

confusion in accessing polarity phenotypes of mutants, oncomodulin-positive HCs in 

control and Ptx specimens of region L were not included in the quantification of 

stereocilia angles shown in Figures 3P, 7M and N).  
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To quantify stereocilia orientation in the saccule, a line drawn along the notch of the 

saccule was defined as the anterior-posterior axis.  Then a perpendicular dorsal-ventral 

line was drawn, which bisected the A-P line into two halves.  We defined the dorsal end 

as 0o and the posterior end as 90o.  Three 50 µm2 squares in the anterior region of the IR 

and OR were selected and HC polarity within were scored (Fig. 6O).  These regions were 

selected to avoid variation in polarity among HCs of controls and to specifically exclude 

the striola, which is bisected by the LPR in the saccule (Fig. 1B,H, 2K).  At least 50 HCs 

were counted from each region.  HC polarity in the IR and OR of a normal saccule is 

between 30-150 degrees (Fig. 6O,P, green) and 210-330 degrees (Fig. 6O,P, pink), 

respectively.  The stereocilia polarity of HCs outside of these two ranges is considered 

misorientated (Fig. 6O, grey and 6P, white).   

Statistical analyses of our quantification were performed using Prism 5 (GraphPad Soft-

ware).  HC density, apical surface area of HC, and stereocilia orientation were analyzed 

using an unpaired Student’s t test or one-way ANOVA with the appropriate post hoc test. 

 

III. Results  

A. The border of Emx2 expression domain coincides with the LPR in maculae 

We investigated the reported stereocilia polarity defect in Emx2-/- maculae (Holley et 

al., 2010) by examining where Emx2 is normally expressed.  Both in situ hybridization 

and immunostaining results indicate that Emx2 expression is restricted to the lateral 

region (lateral extrastriolar region, LES) of the utricle and inner region (IR) of the saccule 

(Fig. 2.1B,B’, E,E’, 2.2 A-F).  The border of the Emx2 expression domain (Fig. 2.1B,B’, 

E,E’, green region bordered by the cyan line) appears to coincide with the reported LPR 
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at the lateral edge of the oncomodulin-positive striola in the utricle and at the center of 

saccule bisecting the striola (blue outline; (Desai et al., 2005; Li et al., 2008)).  The 

coincidence of the Emx2 border (cyan line) with the LPR (yellow line) was confirmed by 

comparing Emx2 immunoreactivity to stereocilia polarity using anti-spectrin staining, 

which labels the cuticular plate except at the kinocilium location (Fig. 2.1C-G’; (Deans et 

al., 2007)).  
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Figure 2.1. Regional expression of Emx2 in the maculae. (A) Medial view of a left 
mouse inner ear with its six sensory organs (grey).  Enlarged are the two maculae, utricle 
and saccule, showing their HC polarity, LPR (yellow line), striola (blue), and Emx2 
positive regions.  Displacement of the stereociliary bundle towards or away from the 
kinocilium results in depolarization and hyperpolarization of HC, respectively.  (B-G’) 
Utricle (B-D’) and saccule (E-G’) stained for anti-Emx2 (green), anti-spectrin (red) and 
anti-oncomodulin (blue) antibodies (n=6).  Stereocilia polarity is determined by the 
location of the kinocilium, which is devoid of anti-spectrin staining (red).  (C,D,F,G) and 
(C’,D’,F’,G’) are confocal images of the same HCs taken at the apical surface and nuclei 
level, respectively.  (B,B’,C’,D’) Anti-Emx2 (green) staining is located in the LES 
(lateral extrastriola) lateral to the oncomodulin-positive striola (blue) of the utricle. 
Stereocilia in LES face those in the striola and medial extra striola region (MES) of 
utricle (D).  (E,E’,F’,G’) Anti-Emx2 staining is restricted to the (IR) of saccule and the 
LPR bisects the striola.  Stereocilia in the IR point away from those in the outer region 
(OR) of saccule (G). The border of the Emx2-positive domain (cyan line, C’, D’, F’, G’) 
coincides with LPR (yellow line, C,D,F,G) in both maculae.  A, anterior; AC, LC, and 
PC, anterior, lateral and posterior crista; D, dorsal; IR, inner region; M, medial; oC, organ 
of Corti; OR, outer region; P, posterior; S, saccule; U, utricle. 
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Figure 2.2.  Expression of Emx2 in sensory organs of the mouse inner ear. (A-B) 
Whole mount in situ hybridization of the utricle showing Emx2 hybridization domain (A) 
lateral to that of the β-tectorin-positive striola (B).  Neither genes are expressed in the 
anterior and lateral cristae (AC & LC).  (C-F) Section in situ hybridization of the utricle 
(C, D) and saccule (E, F) showing Emx2 expression (C, E) within the Lfng-positive 
sensory epithelium (D, F).  Bracket indicates the Lfng-negative striola.  (G-J’) No Emx2 
immunoreactivity is detected in the lateral or in other cristae (G-H’).  In contrast, anti-
Emx2 immunoreactivities are broadly detected in the cochlea (I-J’) including inner and 
outer HCs (IHC, asterisk; OHC, bracket), as well as the Hensen’s and Claudius cell 
region (arrowhead, I-J’). 
 

 

B. No loss of region in Emx2-/- maculae 

The restricted expression of Emx2 to sensory regions that share the same HC polarity, 

and the unidirectional polarity reported in Emx2 knockouts, suggest that this gene has a 

role in regional stereocilia patterning.  However, since Emx2 encodes a transcription 

factor, HC polarity phenotypes reported in Emx2-/- maculae could be caused by loss of 
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Emx2-positive domains.  Indeed, the size of Emx2-/- utricles was reported to be smaller 

than wildtype (Holley et al., 2010).  To address this question, we first investigated the 

lineage of Emx2 in Emx2Cre/+ strain (Kimura et al., 2005) by crossing it to Cre reporter 

mice, RosatdT/+ or RosamT/mG.  The lineage domain of Emx2 corresponded to its expression 

pattern, regionally restricted to the LES of utricle and IR of saccule (Fig. 2.3A-D,I-L).  

Within the Emx2 domain of the utricle and saccule, stereocilia were oriented in the 

opposite direction from the rest of the sensory organ (Fig. 2.3B-C,J-K, green).  The 

border of Emx2 lineage domain (cyan line) in the maculae (Fig. 2.3A-C,I-K) also 

coincides with the LPR (yellow line) except in the posterior-ventral region of the saccule 

where the two lines diverge (double-headed arrow).  We further determined that Emx2Cre, 

in which Cre is inserted into Exon1 of the Emx2 locus, generates a functional null allele 

since both Emx2Cre/Cre and Emx2Cre/- embryos exhibit brain and kidney phenotypes similar 

to Emx2-/- mutants (Fig. 2.4).  Thus, this Emx2Cre strain allowed us to investigate the 

Emx2 lineage domain in an Emx2 functional null mutant.  The Emx2 lineage domain 

remained in both Emx2Cre/-;RosatdT/+ maculae and its spatial relationship with the striola 

was maintained, whereas stereocilia within the domain were reversed (Fig. 2.3E-H, M-P, 

green), compared to controls (Fig. 2.1C,K, green).  These results indicate that the 

unidirectional phenotype in Emx2-/- maculae is not caused by the loss of a domain and 

suggest that Emx2 has a role in establishing regional stereociliary pattern.  
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Figure 2.3 Emx2 lineage domain are present in Emx2 functional null maculae.  (A-C) 
In Emx2cre/+;RosatdT/+ utricles, the border of Emx2 lineage domain (cyan line) coincides 
with LPR (yellow line), located at the lateral edge of oncomodulin-positive striola (blue 
outlined; n=5).  HCs point toward each other (arrows) across the LPR.  (D) Similar Emx2 
lineage domain (GFP) is observed using a different cre reporter, RosamT/mG strain.  (E-G) 
Emx2 lineage domain (green) remained in Emx2cre/-;RosatdT/+ utricles but stereocilia 
polarity in this region is reversed (G; n=5), compared to controls (C; n=5).  (I-K) In 
Emx2Cre/+;RosatdT/+ control saccules, the border of Emx2 lineage domain (cyan line) 
coincides well with the LPR except in the ventral-posterior region (I, double-headed 
arrow).  Across the LPR, HCs are pointing away from each other (K, arrows).  (L) 
Similar lineage domain (GFP) is observed using the cre reporter, RosamT/mG strain.  (M-O) 
In Emx2Cre/-;RosatdT/+ mutant saccules, the border of the Emx2 lineage domain (cyan line) 
remained located in the middle of the striolar region (blue outline) but the stereocilia 
within the lineage domain are reversed (O; n=5), relative to controls (green region in K).  
(H) and (P) Schematics of respective utricles and saccules showing relationships among 
the Emx2 expression domain (green), stereocilia polarity pattern, LPR (yellow line) and 
striola (blue outline) in controls and Emx2 mutants.   
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Figure 2.4. Mutant phenotypes of Emx2Cre/Cre and Emx2Cre/- embryos are similar to 
Emx2 -/- mutants.  (A-B) The kidneys below the adrenal glands (dotted lines) are absent 
in Emx2Cre/Cre (B) compared to Emx2Cre/+ embryos (A).  (C) The size of the cortex is 
smaller in Emx2Cre/Cre, compared to Emx2Cre/+ embryos.  Both kidney and cortical 
phenotypes have been described in Emx2 -/- mutants (Holley et al., 2010).  (D-G) In 
contrast to controls (D, E), LPR (yellow line) is absent in Emx2Cre/Cre utricles (F, G) and 
stereocilia polarity defects are similar to those reported in Emx2-/- ears (Holley et al., 
2010).  The distribution of Prickle-like 2 (Pk2) immunostaining in Emx2Cre/Cre utricles is 
associated with the medial border of HCs (G), similar to control (E) and Emx2-/- utricles 
(Fig. 5D-E).  (H-K) Compared to controls (H-I), outer HC are absent and two rows of 
inner HCs with aberrant stereocilia polarity are evident in Emx2Cre/-;RosatdT/+ cochlea (J-
K), similar to the phenotypes reported in Emx2 knockout mutants (Holley et al., 2010).  
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C. No obvious change in timing of terminal mitosis of HC precursors in Emx2-/- 

utricles  

Since Emx2 has been implicated in regulating symmetric and asymmetric cell 

divisions in the brain (R. Galli et al., 2002; Heins et al., 2001), stereocilia polarity defects 

in the Emx2 mutants could be related to the timing of terminal mitosis.  For example, 

sensory progenitors expressing Emx2 may remain in cell cycle longer and do not respond 

to polarity signal(s) that are instructing post-mitotic HCs in non-Emx2 regions.  We 

addressed this possibility by comparing the timing of terminal mitosis of HCs between 

Emx2 heterozyous and knockout utricles.  A thymidine analog, EdU, was injected to 

pregnant dams between embryonic day (E) 11.5 to E16.5 and embryos were harvested at 

E18.5.  Myosin VIIa-positive HCs with strong EdU labeling served as a proxy for the 

time of terminal mitosis.  Although our results indicate HC precursors in the LES (where 

Emx2 is normally expressed) undergo terminal mitosis later than the rest of the maculae, 

we did not observe any obvious difference in this timing between controls and Emx2-/- 

utricles (Fig. 2.5).   These results suggest that Emx2 does not mediate stereocilia polarity 

by regulating the timing of terminal mitosis. 
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Figure 2.5. Regional differences in timing of cell cycle exit are maintained in the 
Emx2 null utricle.  (A-F) E18.5 Emx2+/- utricles injected with EdU at E11.5 (A-A’), 
E14.5 (B-B’) or E16.5 (C-C’) and harvested at E18.5 (G) were processed for anti-Myosin 
VIIa (HC marker), anti-oncomodulin (striolar marker), and incorporated EdU.  Abundant 
labeling is observed in the striola when the utricle is exposed to EdU at E11.5 (A) and not 
at E14.5 (B) and E16.5 (C), whereas labeling in the MES is observed in all three ages but 
weakest at E16.5 (C).  In contrast, EdU labeling is not apparent in the LES at E11.5 (A) 
but only at E14.5 and E16.5 (B, C).  (D-F) In Emx2-/- utricles, the regional differences of 
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EdU labeling are maintained, compared to the controls.  (H) The subdivision of an utricle 
into the oncomodulin-positive, striola (blue), LES (green) and MES (pink) is shown. The 
orange dotted line joining the two ends of the striola was used as an arbitrary division 
between the LES and MES.  (I) Triple labeling of the utricle with anti-Myosin VIIa, anti-
oncomodulin and EdU.  HCs that are triple-labeled (yellow arrowhead), EdU-positive 
HCs (white arrow) and non HCs (blue arrow) are marked.  (J) No significant difference 
between various regions of the Emx2+/- and Emx2-/- utricles in percentages of EdU-labeled 
HCs.  Blue, green and pink lines represent the percentages of EdU-positive HCs in the 
striola, LES and MES, respectively.  Highest percentages of EdU-positive HCs in the 
striola are detected at E11.5 for both heterozygous (dark lines) and mutant (light lines) 
utricles and this percentage decreases quickly after E13.5, whereas the peak of EdU 
labeling in the LES starts at E13.5.  EdU-labeled HCs in the MES is relatively high 
between E11.5 and E13.5 and becomes lower after E14.5.  
 

 

D. Ectopic Emx2 inverts stereociliary bundle polarity 

If Emx2 directly affects stereocilia polarity, one would predict ectopic expression of 

Emx2 in naïve HCs should alter their polarity.  Thus, we generated RosaEmx2 mice, which 

allow spatial and temporal activation of Emx2 depending on the presence of Cre.  We 

first ectopically expressed Emx2 in all prosensory domains of the inner ear by breeding 

Sox2CreER to RosaEmx2 mice and administered tamoxifen to pregnant dams at E12.5/E13.5 

(Sox2-GOF early).  Compared to stereocilia facing the LPR in control utricles (Fig. 2.6A-

C), the LPR was absent in Sox2-GOF early mutants and all HCs in the entire utricle were 

uniformly facing the medial direction (Fig. 2.6D-F, O-Q).  This ability of Emx2 to invert 

stereocilia polarity is developmentally dependent.  By delaying the tamoxifen 

administration to E15.5 and E16.5 (Sox2-GOF late), at which time many HC precursors 

have undergone terminal mitosis and started to differentiate (Fig. 2.5), only a partial 

polarity phenotype was observed in the medial utricle (Fig. 3G-I, P-Q, region M).  These 

results suggest that once the kinocilium position is established, it no longer responds to 
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Emx2.  Ectopic expression of Emx2 during early prosensory development also resulted in 

increased apical HC surface area and reduced HC density, which may not be related to 

the stereocilia polarity phenotype (Fig. 2.6D-F,M-O).  To better pinpoint the role of 

Emx2 in stereocilia polarity, we overexpressed Emx2 specifically in nascent HCs using 

the Gfi1Cre strain.  In Gfi1Cre/+;RosaEmx2/+ mutant utricles, all HCs in the utricle were uni-

directionally pointing towards the medial edge (Fig. 2.6J-L,P-Q).  The stereocilia reversal 

in the medial utricle is approximately 180o compared to controls (Fig. 2.11, compare 

region M between control and Emx2).   
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Figure 2.6. Ectopic Emx2 inverts HC polarity in the utricle.  Compared to controls 
(A-C, right of LPR), HC polarity (arrows) in the medial region of Sox2CreER/+;RosaEmx2/+ 
(D-F, tamoxifen administered at E12.5 and E13.5, gain-of-function (GOF) early; n=3) 
and Gfi1Cre/+;RosaEmx2/+ utricles (J-L) are reversed (n=7).  (G-I) Sox2CreER/+; RosaEmx2/+ 
utricles (tamoxifen administered at E15.5 and E16.5, GOF late) show a mixed phenotype 
of normal and reversed stereocilia polarities (white arrows, n=3).  (M-N) Quantification 
of HC density (M) and surface area (N) in Regions 1 and 3 of utricles from various 
genotypes.  Only utricles of Sox2-GOF early show a significant decrease in HC density 
and an increase in apical surface of HCs, compared to controls.  Error bars represent 
SEM. *p<0.05; **p<0.01; ***p<0.001.  (O) Schematic diagrams illustrating stereocilia 
polarity pattern in control and Emx2 gain-of function (GOF) utricles.  (P-Q) Box-plots of 
stereocilia polarity in regions L (LES) and M (MES) of utricles.  Region L of controls 
includes the LPR and thus show HCs with both medial and lateral polarities but only 
medial-pointing stereocilia are present in all Emx2 GOF utricles except Sox2-GOF late.  
Box represents 1 to 3 quartile.  Line within box is the median and bar represents 
maximum and minimum number.  ** p< 0.01, *** p< 0.001, compared to controls. 

 

 

Similar findings were observed in the saccule: only the OR of the saccule where 

Emx2 is not normally expressed showed a stereocilia reversal phenotype (Fig. 2.7C-D,O), 

compared to controls (Fig. 2.7A-B).  Emx2 immunostaining was not detected in the 

cristae (Fig. 2.2G-H’; (Holley et al., 2010)), and likewise stereocilia polarity was 

reversed in Gfi1Cre/+;RosaEmx2/+ cristae (Fig. 2.7H-J,O), compared to controls (Fig. 2.7E-

G).  In contrast, Emx2 is normally expressed in the cochlea including the oC (Fig. 2.2I-J’; 

(Holley et al., 2010)).  As expected, no stereocilia polarity phenotype was observed in the 

mutant oC (Fig. 2.7K-O).  Taken together, these results suggest that Emx2 has a dominant, 

cell-autonomous effect in dictating stereocilia polarity pattern in the inner ear.  
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Figure 2.7. Ectopic Emx2 inverts HC polarity in the saccule and cristae but not 
organ of Corti.  (A-D) Saccule, (E-J) anterior and lateral cristae (AC and LC), and (K-N) 
oC of RosaEmx2/+ (A-B, E-G, K-L) and Gfi1Cre/+;RosaEmx2/+ (C-D, H-J, M-N) inner ears at 
E18.5 (n=7).  In the Gfi1Cre/+;RosaEmx2/+ saccule, HC polarity in the OR (outer region) is 
reversed by approximately 180o (C-D), compared to controls (A-B).  (E-J) In control 
cristae, stereocilia point toward the anterior direction in the AC (F) and medial direction 
in the LC (G), whereas these polarities are reversed in AC (I) and LC (J) of 
Gfi1Cre/+;RosaEmx2/+ ears, pointing toward posterior and lateral directions, respectively 
(H-J).  (K-N) No difference in HC polarity is apparent between control (K-L) and 
Gfi1Cre/+;RosaEmx2/+ (M-N) cochlea.  Inner HCs (IHC, asterisk); outer HCs (OHC, 
bracket).  (O) Schematic diagrams illustrating stereocilia polarity pattern in control and 
Emx2 GOF sensory organs of the inner ear. 
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E. Normal distribution of cPCP and intracellular polarity components in Emx2 

mutants 

To investigate how downstream effector(s) of Emx2 mediates stereocilia orientation, 

we first compared distribution of some of the cPCP proteins such as Pk2 and Vangl2 

between control and Emx2 mutant utricles.  We validated in control utricles that Pk2 

immunoreactivities are concentrated on the medial side of HC and supporting cell border 

and this pattern is maintained across the LPR (Fig. 2.8A-C; (Deans et al., 2007)). This 

distribution pattern of Pk2 is similar in both loss and gain of Emx2 function utricles (Fig. 

2.8D-G), compared to controls (Fig. 2.8B-C). The distribution of Vangl2 in control 

utricles, though strongest between supporting cells, is not changed across the LPR similar 

to that of Pk2 (Fig. 2.9A-B; (Jones et al., 2014)).  This expression pattern of Vangl2 is 

also maintained in the Emx2 mutants (Fig. 2.7C-F).  Together, these results suggest that 

distribution of cPCP components in the utricle are not altered by gain or loss of Emx2 

function.  
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Figure 2.8. Distribution of PK2 and Gαi immunoreactivites are maintained in Emx2 
mutants.  (A) Schematic diagram illustrating the distribution of an intercellular polarity 
protein, Pk2, and an intracellular polarity protein, Gαi, in HCs across the LPR of a 
control utricle.  (B-C) In RosaEmx2+/- control utricles, Pk2 staining (green) is concentrated 
on the medial side of HC and supporting cell border and such pattern is not changed 
across the LPR (n=15).  (D-G) In the lateral region of Emx2-/- utricle (D-E, n=5) and 
medial region of Gfi1Cre/+;RosaEmx2/+ utricle (F-G, n=4), in which the stereocilia polarity 
is reversed compared to the respective left and right of LPR of controls (C), but Pk2 
staining remained on the medial side (green).  (H-I) In control utricles, Gαi 
immunostaining (green) is associated with the kinocilium. This relationship is consistent 
among all HCs of the utricle and the staining pattern of Gαi is reversed across the LPR 
(yellow line), following the kinocilium position (I, n=8).  Similar relationship between 
Gαi and kinocilium position is observed in Emx2 -/- (J-K, n=4) and Gfi1Cre/+;RosaEmx2/+ 
(L-M, n=5) utricles as controls.  (N-O”) Sox2CreER/+;RosaEmx2/+ utricles (tamoxifen 
administered at E15.5 and E16.5, GOF late) show mixed phenotypes of normal (black 
arrows), mis-oriented (blue arrows), and reversed (red arrows) kinocilia (n=3).  Some 
HCs with normal polarity show abnormal Gαi distribution (asterisks). 



 

 82 
 

 

Figure 2.9. Distribution of Vangl2 and Par6 immunoreactivites in apical HCs are 
not changed in Emx2 mutant utricles.  (A-B) In Emx2+/- utricles, Vangl2 
immunostaining (green) are restricted, stronger between adjacent supporting cells and 
weaker between HC and supporting cell junction.  Staining pattern of Vangl2 is not 
changed across the LPR (Jones et al., 2014).  (C-F) In the lateral region of Emx2-/- utricle 
(C-D) and medial region or Gfi1Cre/+;RosaEmx2/+ utricle (E-F), in which the stereocilia 
polarity is reversed compared to controls (B), there is no obvious change in the 
distribution of Vangl2 immunostaining.  (G-H) In control utricles, the distribution of Par6 
(green) is in the apical HC region opposite to the kinocilium (H).  This relationship 
among kinocilium and Par6 is consistent in all HCs and the staining pattern of Par6 is 
reversed across the LPR (yellow line), following the change in kinocilium position.  
Similar immunostaining pattern of Par6 in relationship to the kinocilium position is 
observed in Emx2 -/- (I-J, n=3) and Gfi1Cre/+;RosaEmx2/+ (K-L, n=3) utricles as controls.  
(M-N”) Activating Emx2 at a later age by administering tamoxifen at E15.5 and E16.5 
causes mixed phenotypes in Sox2CreER/+;RosaEmx2/+ utricles (GOF late): normal (black 
arrows), reversed (red arrows) or mis-oriented (blue arrows) kinocilia.  In some HCs with 
normal stereocilia polarity, anti-Par6 distribution is no longer complementary to the 
kinocilium position (asterisks).   
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The intracellular complex, Par/Insc/LGN/Gαi, is required to guide the migration of 

kinocilium to its asymmetrical apical location of HCs (Ezan et al., 2013; Tarchini et al., 

2013).  This complex is distributed as a crescent-shape that is always associated with the 

kinocilium at the apical surface of HCs (Ezan et al., 2013; Tarchini et al., 2013).  In 

contrast, distribution of one of the Par proteins, Par6, is complementary to that of Gαi and 

located opposite to the stereocilia.  Thus, unlike the cPCP proteins, the distribution 

pattern of Gαi and Par6 are reversed across the LPR, in alignment with the kinocilium 

(Fig. 2.8H-I, 2.9G-H).  These relationships among Gαi, Par6, and kinocilium are 

preserved in the loss and gain of Emx2 function mutants (Fig. 2.8J-M, 2.9I-L).  However, 

in the Sox2-GOF late utricles, in which the stereocilia reversal phenotype is only partially 

penetrant, some of the HCs with normally-positioned kinocilium loss their relationship 

with Gαi and Par6 (Fig. 2.8N-O”, 2.9M-N”, black arrows with asterisks).  These results 

suggest that while delaying ectopic Emx2 expression can no longer change the kinocilium 

position, it can still effectively alter the distribution of apical polarity proteins, Gαi and 

Par6, suggesting that effector of Emx2 may normally mediate its effects by altering the 

intracellular polarity complex. 

 

F. Blocking Gαi partially rescues the stereocilia phenotype induced by ectopic Emx2 

Blocking Gαi activities with Pertussis Toxin (Ptx) or knocking out one of the genes 

that encodes Gαi, Gnai3, can lead to misoriented or even reversed stereocilia polarity in 

cochlear HCs (Ezan et al., 2013; Tarchini et al., 2013).  We tested whether ectopic 

expression of Ptx also affects stereocilia polarity in macular HCs by breeding RosaPtx/+ to 

Foxg1Cre/+, in which cre is activated at the otic placode stage.  Compared to controls (Fig. 
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2.10A-C’,I-K’), stereocilia mis-orientation (blue arrows) and reversal (red arrows) were 

observed in Emx2-positive, LES of utricles (15% in Fig. 2.10D-E’,G-H) and IR of 

saccules (46% in Fig. 2.10L-M’,O-P) of Foxg1Cre/+;RosaPtx/+ ears.   No apparent 

phenotype was observed in the medial utricle or OR of saccule where Emx2 is absent (Fig. 

2.10F-F’,G-H,N-N’,O-P), comparable to controls (Fig. 2.10C-C,K-K).  Despite the 

regional-specific stereocilia phenotype, diffused or reduced Gαi immunostaining was 

broadly evident, suggesting that Ptx is affecting the entire mutant maculae (Fig. 

2.10E’,F’,M’,N’, arrowheads).  These results indicate that whereas Ptx seems to affect 

Gαi accumulation in the entire maculae, it is preferentially affecting kinocilium position 

within the Emx2-positive regions.  Additionally, some of the kinocilia within the Emx2-

positive domain, regardless of whether their position is normal or reversed, are no longer 

associated with Gαi (Fig. 2.10E-E’,M-M’, asterisks).   
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Figure 2.10. Inhibition of Gαi inverts stereocilia orientation in the Emx2-positive 
domain of maculae.  (A-C) In control utricles, stereocilia are pointing toward the LPR 
(yellow line) and Gαi is associated with the kinocilium within each HC (B-C; n=3).  (D-
F’) In Foxg1Cre/+;RosaEmx2/+ utricles, stereocilia in LES are sometimes inverted (red 
arrows) or misoriented (blue arrows, E-E’, G) but not in MES (F-F’, n=3). The 
distribution of Gαi in HCs can be reduced or diffused across the utricle (E-F’, 
arrowheads).  Occasional HCs can be found in the LES, in which the kinocilium and Gαi 
concentration are no longer coupled to each other (asterisks, E-E’).  (G) Quantification of 
stereocilia orientation scored in regions L and M of control and Foxg1Cre/+; RosaEmx2/+ 
utricles.  Anterior axis of the utricle is zero degree, kinocilium position within 300 to 1500 
are green (pointing medial), 2100 and 3300 are pink (pointing lateral) and ranges in 
between are grey (misoriented).  Fifteen percent of HCs in region L of 



 

 86 
 

Foxg1Cre/+;RosaEmx2/+ utricles show abnormal orientations.  (H) Circular histograms 
summarizing stereocilia orientation in region L and M for specimens shown in (G).  (I-N’) 
In control saccules (I-K’), stereocilia point away from the LPR (yellow line) but Gαi 
immunoreactivity is always associated with the kinocilium.  In Foxg1Cre/+;RosaPtx/+ 

saccules (L-N’), misoriented (blue arrows) and reversed (red arrows) kinocilia are found 
in IR (M-M’) but not OR (N-N’).  Distribution of Gαi is often reduced or diffused 
(arrowheads), including some that are no longer coupled to the kinocilium (asterisks).  (O) 
Quantification of stereocilia orientation scored within the six selected squares of the inner 
(IR) and outer regions (OR) of control and Foxg1Cre/+;RosaPtx/+ saccules.  Stereocilia in 
the inner region (IR) point toward the inner margin within the range of 30o to 150o 

(green), whereas stereocilia in the outer region (OR) point toward the outer margin of the 
sensory organ within the range of 210o to 330o in control saccules (pink).  In 
Foxg1Cre/+;RosaPtx/+ saccules, 46% of stereocilia polarity were affected in IR, compared 
to controls (n=3).  (P) Circular histograms of specimens shown in (O).  Stereocilia in IR 
of Foxg1Cre/+;RosaPtx/+ saccules are misoriented but no obvious misorientation is evident 
in OR (N-N’).  Red asterisk, arrow and line represent stereocilia reversal, stereocilia 
misorientation, and average degree of HC orientation, respectively. Inset in (D) and (L) 
indicate distribution of all abnormal stereocilia in the specimen shown.  ** p< 0.01, *** 
p< 0.001. 
 

 

Next, we investigated the epistatic relationship between Emx2 and Ptx in the utricle. 

Since Foxg1Cre/+;RosaEmx2/Ptx compound mutants are early lethal, we generated compound 

mutants of Emx2 and Ptx using Gfi1Cre/+.  First, HC-specific induction of Ptx in 

Gfi1Cre/+;RosaPtx/+ utricles showed similar but milder stereocilia phenotypes than those of 

the Foxg1Cre/+;RosaPtx/+ (Fig. 2.10).  Only 7% of stereocilia in the LES were affected, 

while polarity was normal in the MES of Gfi1Cre/+;RosaPtx/+ utricles (Fig. 2.11D-F’,M-N).  

Additionally, similar abnormality in Gαi distribution as Foxg1Cre/+;RosaPtx/+ maculae was 

observed as well (Fig. 2.11E-F’, arrowheads and asterisks).  Comparing the LES of Ptx 

single to Ptx and Emx2 compound mutant utricles (Gfi1Cre/+;RosaPtx/+ and 

Gfi1Cre/+;RosaEmx2/Ptx), no significant change in HC polarity was observed (Fig. 2.11E-

E’,J-K’,M-N, 7% versus 9%).  However, despite the lack of polarity defect in 
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GfiCre/+;RosaPtx/+ medial utricles (Fig. 2.11F-F’,M-N), a moderate but significant rescue 

of HC polarity reversal induced by ectopic Emx2 (Fig. 2.11G-I) was observed in 

Gfi1Cre/+;RosaPtx/Emx2 mutants (Fig. 2.11L-L’, yellow arrows, M-N, 22%).  Together, these 

results suggest that Ptx affects stereocilia polarity in HCs that express Emx2 either 

endogenously or ectopically, and Emx2 requires Gαi to mediate stereocilia polarity (Fig. 

2.11O).  The absence of Ptx effects in macular regions that do not normally express 

Emx2 suggests that other mechanisms for establishing stereocilia polarity are involved. 
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Figure 2.11. Emx2-mediated stereocilia polarity change requires heterotrimeric G-
proteins.  Compared to RosaPtx/+ controls (A-C), some stereocilia polarity are reversed in 
LES (D-E’) but not MES (F-F’) of Gfi1Cre/+;RosaPtx/+ utricles.  Ectopic Ptx and Emx2 in 
Gfi1Cre/+;RosaEmx2/Ptx utricles rescued HC polarity reversal in MES (L-L’) but not in LES 
(J-K’) of Gfi1Cre/+;RosaEmx2/+ utricles (G-I).  Red, blue and yellow arrows represent 
reversed, misoriented and rescued HC polarity, respectively.  Arrowheads and asterisks 
represent anti-Gαi staining that is reduced/diffused or no longer associated with the 
kinocilium, respectively.  (M) Percentages of stereocilia orientation.  Ptx causes abnormal 
HC polarity in region L of controls (7%) and ectopic Emx2 (9%).  Reversed HC polarity 
induced by Emx2 in region M is partially rescued by ectopic Ptx (22%, **p<0.01).  (N) 
Upper - plots of kinocilium location (red dots) in HCs within regions L and M of one 
specimen.  Lower - Circular histograms summarizing HC orientation distribution in 
regions L and M for each genotype indicated.  (O) Model of Emx2 effector mediating 
stereocilia position by regulating Par/Insc/LGN/Gαi complex (purple) but not cPCP 
proteins (light blue).  
 

 

G. Conserved role of Emx2 in establishing stereocilia polarity pattern 

Since the LPR is conserved among vertebrates (Desai et al., 2005; Hammond & 

Whitfield, 2006; Huss, Navaluri, Faulkner, & Dickman, 2010), we investigated whether 

Emx2 has a role in establishing LPR in other species.  Both the lagena (an additional 

macula not present in mice) of the chicken inner ear and neuromasts of the lateral line 

system in zebrafish exhibit a similar LPR as the mouse maculae.  Our immunostaining 

results indicate that the border of Emx2 expression domain in the three maculae of the 

chicken inner ear, utricle, saccule, and lagena also coincides with the LPR, similar to 

those of the mouse (Fig. 2.12).  
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Figure 2.12. Conserved expression of Emx2 in the three chicken maculae.  Anti-
Emx2 immunostaining of the chicken utricle (A, A’), saccule (B, B’) and lagena (C, C’) 
at E10.  (A-C) Phalloidin staining (red) showing opposite stereocilia orientation across 
the LPR (yellow line).  In the same regions shown in (A), (B), and (C) but at the level of 
the cell body, the border (white line) of the Emx2-positive region (green) is restricted to 
only one side of the LPR: lateral region of the utricle (A’), inner region of the saccule 
(B’), and proximal region of the lagena, closer to the cochlea/basilar papilla (BP) (C’), 
respectively (n=3).  HCs are stained with anti-Myosin VIIa (blue).  (D) Schematic 
diagram of the chicken inner ear and its three macular organs.  
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The lateral line system is responsible for detection of water pressure changes 

including schooling behavior in aquatic vertebrates (Chitnis et al., 2012).  Depending on 

the neuromast, the HCs within are arranged in pairs facing each other and aligned in 

either anterior-posterior (A-P) or dorsal-ventral (D-V) direction along the body axis (Fig. 

2.13A-C, (Lopez-Schier et al., 2004)).  Similar to the ear, whereas cPCP regulates 

stereocilia polarity in neuromasts, its distribution is not altered across LPR (Mirkovic, 

Pylawka, & Hudspeth, 2012).  We found that emx2 is expressed in half of the HCs, 

oriented towards the posterior or ventral direction within the respective A-P and D-V 

neuromast (Fig. 2.13B-C’’’).  

To test the role of emx2 in establishing stereocilia polarity in zebrafish, we generated 

gain and loss of emx2 zebrafish mutants.  Using the CRISPR/Cas9 technology, we 

generated emx2 knockouts (Fig. 2.14A).  In F1 generation of emx2 knockouts, all 

stereocilia were uniformly polarized toward the anterior and dorsal direction in the 

respective A-P and D-V neuromasts (Fig. 2.13D-D”’).  In contrast, neuromasts of 

m6b:emx2-mCherry transgenic fish, which overexpress emx2 under a hair cell-specific 

promoter myosin6b, showed stereocilia pointing toward only the posterior or ventral 

direction in A-P and D-V neuromasts, respectively (Fig. 2.13E-E’’’).  Additionally, the 

utricle and cristae, which have similar polarity patterns as mice, demonstrated loss of 

LPR and the predicted HC polarity reversal phenotype in emx2 gain- and loss-of-function 

larvae (Fig. 2.14B-J).  Taken together, these results indicate that Emx2 has a conserved 

role in determining stereocilia polarity of sensory HCs and establishing the LPR.  
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Figure 2.13. emx2 regulates stereociliary bundle polarity in neuromasts. (A) Surface 
view of an A-P and D-V oriented neuromast and a sagittal view of the cellular 
architecture of a neuromast in the lateral line of zebrafish.  (B-C”’) Only HCs 
(parvalbumin-positive, blue, asterisks) with stereociliary bundles (phalloidin, red) 
pointing toward the posterior or ventral direction are positive for anti-Emx2 staining 
(green) in A-P and D-V neuromasts, respectively (54 neuromasts from 26 larvae, 
***p<0.001).  (D-D”) Illustrations and (D”’) quantification of HCs in F1 generation of 
emx2 knockouts showing all HCs are emx2-negative and pointing unidirectionally (43 
neuromasts, 18 larvae, p<0.001).  (E-E”’) m6b:emx2-mCherry neuromasts.  (E-E”) All 
stereociliary bundles (visualized using m6b:βactin-GFP, red) are emx2-positive (green) 
and pointing towards the posterior.  (E’”) Quantification of HC polarity in 36 A-P and D-
V neuromasts from 23 larvae. ***p<0.001. 
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Figure 2.14. Polarity phenotypes in the utricle and lateral crista of emx2 gain- and 
loss-of function zebrafish mutants.  (A) Example of deletions created in two targeted 
sites (site 1 red and site 2 green) in exon1 of emx2 using CRISPR/Cas9 technology. 
Guide targets (blue), PAM sequences (red), and examples of deletions found are shown.  
(B-D) Utricle and (E-J) lateral crista of controls (B, E, F), emx2 knock out (C, G, H), and 
emx2 gain of function, m6b:emx2-mCherry, zebrafish (D, I, J).  (B-D) LPR is by the 
lateral edge of the utricle in zebrafish (B, n=10), which is absent in emx2 knockout 
utricles (C, n=13) as well as m6b:emx2-mCherry utricles (D, n=9).  Based on phalloidin 
staining (red), HCs at the edge of emx2 knockout utricles point toward the lateral (inset in 
C), whereas HCs in the medial region of m6b:emx2-mCherry utricles now point toward 
the medial (inset in D), opposite from controls (B).  (E-J) Arrows indicate the direction of 
stereocilia polarity based on βactin-GFP label (red).  Stereocilia in the lateral crista of 
control are pointing toward the anterior direction (E, F, n=6) and this polarity is not 
affected in the emx2 knockout fish (G, H, n=3) but stereocilia polarity are all reversed in 
the m6b:emx2-mCherry GOF cristae (I, J, n=3). 
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IV. Discussion 

A. Conserved role of Emx2 in dictating sensory HC polarity  

Our results provide direct evidence that Emx2 is capable of reversing endogenous 

stereocilia orientation in HCs that do not normally express Emx2 in the inner ear and 

neuromasts.  Consistently, the loss of Emx2 in maculae and neuromasts abolishes their 

LPR.  Polarity defects in the cochlea, however, are not readily evident in the Emx2-/- 

mutants due to the absence of outer HCs and the poor organization of the double rows of 

inner HCs (Fig. 2.4, (Holley et al., 2010)).  We attributed these phenotypes to an earlier 

requirement of Emx2 function prior to kinocilium positioning.  Nevertheless, taken into 

consideration the expression patterns of this transcription factor in mouse, chicken and 

fish, as well as our gain- and loss of function results in both mouse and fish, we propose 

that Emx2 has a conserved role in mediating stereocilia polarity in all sensory HCs.  

 

B. Polarity reversal phenotypes  

Whereas mutations in components of the cPCP pathway affect stereocilia orientation 

(Montcouquiol et al., 2003; J. Wang et al., 2006; J. Wang et al., 2005), few cause a fully 

penetrant polarity reversal of 180o
.   Similar types of polarity reversal phenotypes, 

however, have been reported when a cPCP component, pk, was disrupted in Drosophila.  

Abnormal ratio of isoforms between pk and spiny-legs (pk:sple) leads to polarity reversal 

in trichomes of fly wings and abdomen (Ayukawa et al., 2014; Gubb et al., 1999), similar 

to stereocilia phenotypes reported here.  In pk and sple mutants, distributions of cPCP 

components such as fz and strabismus (analogous to Vangl in mammals) are 

concomitantly reversed, corresponding to the changes in tissue polarity (Ayukawa et al., 
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2014; Olofsson et al., 2014).  In contrast, distribution of Pk2 and Vangl2 remained 

unchanged in utricles of gain- or loss-of Emx2 function mouse models suggesting that 

Emx2 effector functions either independent or downstream of cPCP proteins.   

 
C. Emx2 mediates stereocilia polarity via the Par/Insc/LGN/Gαi complex  

The Par/Insc/LGN/Gαi complex is thought to pull the basal body/kinocilium from the 

center of the HC to the periphery during stereocilia formation (Ezan et al., 2013; Tarchini 

et al., 2013).  The ability of ectopic Emx2 to relocate this complex despite the 

establishment of the kinocilium suggests that Emx2 regulates the Par/Insc/LGN/Gαi 

complex.  Furthermore, our results suggest that the function of this complex in 

kinocilium positioning is more important for Emx2-positive than negative HCs.  First, 

HCs in both the cochlea and lateral utricle, which express Emx2, were affected by Ptx 

(Fig. 2.10, 2.11; (Ezan et al., 2013; Tarchini et al., 2013)).   However, under similar 

conditions, HC polarity was not affected in the Emx2-negative, medial utricle.  Second, 

despite the fact that Ptx did not affect stereocilia polarity in the medial utricle, it was able 

to rescue some of the polarity defects elicited by ectopic Emx2 in this region.  Together, 

these results suggest that the Par/Insc/LGN/Gαi complex is important for kinocilium 

positioning in HCs that express Emx2 and other mechanisms may be more important for 

proper targeting of the kinocilium in Emx2-negative HCs.  

 

D. Emx2 effector and signaling  

The regional expression pattern of Emx2 in the maculae and its requirement to 

reverse stereocilia polarity within this domain qualifies Emx2 as a global polarity cue. 

The gain-of-function results, however, suggest that this transcription factor bypasses the 
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cPCP proteins and functions at the intracellular level.  As a result, the normal relationship 

between cPCP distribution and intracellular polarity appears to be reversed.  For example, 

localizations of Fz3 and Fz6 are opposite to the stereociliary bundle in the cochlea 

(Montcouquiol et al., 2006; Y. Wang & Nathans, 2007).  This relationship differs from 

the pattern found in the fly wing and ciliated cells in mouse trachea for example, in which 

Fz is localized with the hair and cilia, respectively (D. I. Strutt, 2001; Vladar et al., 2012).  

Likewise, the association of Pk2 with stereocilia in the lateral utricle where Emx2 is 

expressed, also differs from the PK2/Vangl distribution in the fly wing and ependymal 

cells in the mouse ventricle, where these two proteins are located opposite to the trichome 

and cilia, respectively (Boutin et al., 2014; Guirao et al., 2010; Tree et al., 2002).  In 

contrast, in the Emx2-negative medial utricle, the relationship between stereociliary 

bundle and Pk2 is similar to those described in other systems, located on opposite side of 

the cell (Fig. 2.8C, (Deans et al., 2007)).  HCs in the lateral utricle that lack Emx2 also 

exhibit similar complementary relationship between stereociliary bundle and Pk2 (Fig. 

2.8E).  Taken together, these expression patterns support the hypothesis that Emx2 either 

functions independently or changes the interpretation of the cPCP polarity signals, and it 

causes a switch in the location of kinocilium and this positioning requires G-protein 

activities via the Par/Insc/LGN/Gαi complex (Fig. 2.11O).  

Where could the Emx2 effector be functioning?  One possibility is that the Emx2 

effector is a Fz-like seven-transmembrane receptor, which competes with the known Fz 

proteins in coupling to Dvl and Gαi complex.  These results in the segregation of Dvl and 

Par/Insc/LGN/Gαi complex, followed by the kinocilium to the opposite pole of the cell, 

away from Fz3 and Fz6 (Montcouquiol et al., 2006; Y. Wang & Nathans, 2007).  Another 
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possibility is that Emx2 effector could change one of the cPCP effectors such as inturned 

and fuzzy, which have been shown to regulate ciliogenesis and cilia polarity in vertebrates 

(Park, Haigo, & Wallingford, 2006; Wong & Adler, 1993).  This scenario is analogous to 

the sple mutants, in which the interpretation of the Dachsous and Four-jointed gradients, 

components of another intercellular polarity signaling pathway (Matis & Axelrod, 2013), 

is changed resulting in a reversed microtubule orientation and distribution of fz to the 

opposite end of the cell in the Drosophila wing disc (Ayukawa et al., 2014; Merkel et al., 

2014; Olofsson et al., 2014).  Finally, given the numerous examples of cytoskeletal 

changes in response to cPCP proteins in multiple systems (Devenport, 2016), Emx2 

effector could also function directly at this level by regulating one or more of the Rho 

family of GTPase 4 and thereby changing the cytoskeleton and location of the 

Par/Insc/LGN/Gαi complex of HCs.  Nevertheless, whatever the mechanism(s) might be, 

the presence of Emx2 causes 180o switch in stereocilia polarity in otherwise normal 

macular and neuromast HCs.  

 

E. Other roles of Emx2 

Our results link Emx2 to basal body positioning in sensory HCs.  Notably, Emx2 

has been implicated in regulating symmetric versus asymmetric cell division in the brain 

(R. Galli et al., 2002; Heins et al., 2001), which could also be a result of changing spindle 

orientation.  Though speculative, it is possible that Emx2 effector could function at 

multiple steps of a cell cycle: spindle orientation during mitosis and/or basal body 

positioning during differentiation.  Identifying these effectors will be important.  

Furthermore, in both maculae and neuromasts, HCs with opposite polarities are 
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innervated by different populations of neurons and they project, at least in the maculae, to 

different regions of the brain (Maklad et al., 2010; Nagiel et al., 2008; Pujol-Marti et al., 

2014).  These innervation patterns could be guided by downstream targets of Emx2 as 

well.  In summary, our results reveal a largely unexplored cellular process of planar 

targeting of the cilium at the apical cell surface, which has profound effects on HC 

function and may have a broader implication in other ciliated cells and neural 

development.   
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Chapter 3: Discussion 
 

 

I. Transcription factors that regulate planar polarity  

The absence of hippocampus and urogenital system in Emx2 knockout mutants 

suggest that Emx2 functions like a selector gene, the loss of which results in the absence 

of a specific compartment or conversion to another structure during embryogenesis 

(Miyamoto et al., 1997; Pellegrini et al., 1996).  In the inner ear, the lack of outer HCs in 

the cochlea of Emx2 mutant is consistent with this hypothesis (Holley et al., 2010).  

However, my results show that Emx2 also functions as a global polarity signal in the 

maculae, mediating stereocilia polarity in a restricted region.  Although effectors of Emx2 

that mediate this global polarity signaling have not been identified yet, a transcription 

factor such as Emx2 could mediate its global effect through several mechanisms: 1) cPCP 

pathway, 2) effectors of cPCP pathway, and/or 3) pathways that are independent of cPCP.  

Below are known examples of transcription factors functioning via one of these 

mechanisms. 

 
A. Transcription factors that mediate polarity via cPCP proteins 

An example of a transcription factor that mediates its effects through cPCP is Tbx20 

in its requirement during neuronal migration.  Neuronal migration during development is 

important for generating complexity of neuronal circuitry (Marin & Rubenstein, 2003).  

Branchiomotor neurons in the trigeminal nerve (V), facial nerve (VI), and 

vestibuloacoustic nerve (VIII) all undergo specific migration patterns during hindbrain 
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development.  However, mechanisms regulating their migration are complex.  Among 

these neurons, only facial branchiomotor neurons express cPCP and mutations of cPCP 

components such as Vangl2, Pk2, and Celcr1/2 lead to failure of neuronal migration in 

both zebrafish and mice (M. R. Song et al., 2006; Tissir & Goffinet, 2013).  Although 

Tbx20 is expressed in all three types of neuronal precursors and display neuronal 

migration phenotypes in knockout mice, the migration defect in the facial branchiomotor 

nerve is attributed to the down regulation of cPCP proteins (M. R. Song et al., 2006).  

In addition to Tbx20’s role in mammalian neuron migration, the transcription factor 

grainy head also regulates the orientation of trichomes in Drosophila wing via 

transcription of cPCP proteins.  In grh mutants, the expression of a cPCP component, fmi 

(homolog of Celsr in mice), is reduced and other cPCP components fail to localize 

asymmetrically.  As a result, multiple trichomes are formed with abnormal polarity (H. 

Lee & Adler, 2004).  Compound double heterozygous mutants of grh and cPCP 

components such as fz, vang, and fmi display enhanced polarity defects in the wing.  

Although grh mediates its effect by regulating cPCP proteins in the Drosophila wing disc, 

additional global patterning defects are observed in grh mutants that are independent of 

cPCP.  Taken together, results of grh and Tbx20 suggest that transcription factors can 

regulate polarity at multiple levels: via the cPCP pathway or other mechanisms (see 

below). 

 

B. Transcription factors that regulate polarity via cPCP effectors  

Transcription factors could also regulate planar polarity without affecting the 

expression of cPCP proteins.  Unlike the role of grh in the Drosophila wing, a homolog 
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of grh in the mouse, Grhl3, regulates planar polarity without affecting cPCP protein 

expression.  Introducing the null allele of Grhl3 to cPCP mutants, Vangl2lp/+, increases 

the severity of defects in wound repair, stereocilia orientation and neural tube closure 

(Caddy et al., 2010).  These results indicate that Grhl3 genetically interacts with cPCP 

pathway.  However, gene expressions of cPCP components are not altered in Grhl3 

knockout mice suggesting that the interaction does not occur at the cPCP protein level.  

Instead, transcription of RhoGEF19, which encodes an activator of Rho GTPase, is 

significant reduced with loss of Grhl3.  Thus, the more severe phenotypes observed in the 

double heterozygous mutants of Grhl3 and Vangl2 could be explained by cPCP proteins 

and Grhl3 both regulating RhoGEF19.  

Other examples of transcription factors that mediate planar polarity without affecting 

the cPCP proteins are Cdx family of genes, which are homologs of the caudal in 

Drosophila.  During mouse development, Cdx family is involved in anterior-posterior 

patterning during mouse development (Savory, Mansfield, Rijli, & Lohnes, 2011).  

Mutations of Cdx1, 2, and 4 lead to neural tube closure failure, axial patterning defects, 

and craniorachischisis, which are phenotypes associated with defects of cPCP 

components (Savory et al., 2011; Tissir & Goffinet, 2010; Y. Wang & Nathans, 2007).  

However, expression of cPCP proteins is not affected in the Cdx1/2 compound knockout 

mice (Savory et al., 2011).  Instead, the severe neural tube closure phenotype in Cdx1/2 

mutants is similar to the knockout mutants of protein tyrosine kinase 7 (Ptk7), which 

suggests that Cdx gene family could regulate planar polarity via Ptk7 (Xiaowei Lu et al., 

2004; Savory et al., 2011).  Ptk7 is a transmembrane protein that has been demonstrated 

to be a mediator of cPCP pathway.  It interacts with cPCP effector, Rack1, to mediate 
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Dsh membrane localization during Xenopus development (Shnitsar & Borchers, 2008; 

Wehner, Shnitsar, Urlaub, & Borchers, 2011).  Mouse mutant analyses indicate that Ptk7 

genetically interacts with cPCP components such as Vangl2 and Fz3/6.  Introduction of a 

Ptk7 null allele into the Vangl2lp/+ mutant background shows a more severe phenotype 

than Vangl2lp/+ alone (J. Lee et al., 2012; Xiaowei Lu et al., 2004).  In addition, several 

Cdx binding sites are identified in the promoter region of Ptk7.  Consistently, 

transcription of Ptk7 are downregulated in Cdx1/2 knockout mutants (Savory et al., 2011).  

Thus, whereas Cdx does not mediate polarity via regulating cPCP proteins, it genetically 

interact with the cPCP pathway and may regulate cPCP effector, Ptk7 (Savory et al., 

2011).  Taken together, both Grhl3 and Cdx1/2 are good examples of transcription factors 

that interact with the cPCP pathway but do not directly affect the transcription or 

translation of the cPCP proteins themselves.  

 

C. Transcription factors that mediate polarity independent of cPCP pathway 

Last but not least, transcription factors have been demonstrated to regulate planar 

polarity independent of the cPCP pathway.  During Drosophila germ band elongation, 

cells within the germ band epithelium undergo organized cell rearrangements, 

asymmetric cell division, and morphological changes to elongate along the anterior-

posterior axis and simultaneously narrow the width across the dorsal-ventral axis (Vichas 

& Zallen, 2011).  As demonstrated in Chapter 1, two pair rule genes, eve and runt, 

provide the global polarity cues for this process, resulting in the asymmetrical but 

complementary distribution of Myosin II and Bazooka (homolog of Par3) within 

individual cells to mediate coordinated cell movements.  Interestingly, the cPCP proteins 
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are not required for this process (Zallen & Wieschaus, 2004).  Thus, transcription factors 

could bypass the cPCP pathway that directly affect the distribution of intracellular 

polarity proteins. 

 

D. Emx2 regulate polarity as a transcription factors  

The transcription factor, Emx2, functions as a global polarity cue in stereociliary 

polarity patterning, and could also mediate its effects via some of the aforementioned 

mechanisms.  However, unlike Tbx20’s role in branchiomotor neuronal migration of 

mice and grh’s function in Drosophila wing development, the expression and distribution 

patterns of cPCP proteins are not changed by the loss of Emx2.  In addition, my 

preliminary results also suggest that expression of emx2 in the neuromasts is not 

disrupted in trilobite (mutations in vangl homolog) zebrafish larvae (see Appendix I).  

Together, these results indicate that Emx2 does not mediate its effects via regulating 

cPCP proteins.  Instead, effectors of Emx2 are likely to mediate stereocilia orientation 

either independent or downstream of cPCP proteins.  

 
 
 
II. Other regulators of the LPR formation 

Since my results demonstrated that regional-expressed Emx2 acts as a global signal to 

regulate stereocilia polarity on one side of the LPR, there could easily be other global 

signals that activate and/or collaborate with Emx2 to establish the LPR in the maculae.  

As described in Chapter 1, the establishments of polarity reversal of cell arrangement in 

the vulva of c. elegans and ommatidia in Drosophila eye are mediated by gradients of 

morphogens.  It is possible that a morphogen “X” expressed as a gradient in the maculae 
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establishes the initial lateral-medial and inner-outer regions within the utricle and saccule, 

respectively.    

Even though there is no evidence for a morphogen that has been identified during 

macular development thus far, the Wnt family of proteins could be potential candidates.  

Wnt family of proteins have been demonstrated to function as morphogens to establish 

polarity axes in tissues from c. elegans to mammals (Y. Yang & Mlodzik, 2015).  In 

addition, Wnt signaling regulates the regional specification of the mouse brain, which 

collaborates with other factors such as Emx2 (Backman et al., 2005; Muzio, Soria, 

Pannese, Piccolo, & Mallamaci, 2005).  In the regional patterning of the occipito-

hippocampal anlage, there could be a feedback loop between Emx2 and Wnt signaling 

(Muzio et al., 2005).  In addition, during dorsal telencephalon development, Wnt 

regulates Emx2 and binding sites for Tcf and Smad (transducer of Wnt signaling) are 

located in the Emx2 enhancer region.  Ectopic expression of β-catenin to activate Wnt 

signaling stimulates the Emx2 enhancer activity (Theil, Aydin, Koch, Grotewold, & 

Ruther, 2002).  However, binding sites for Emx2 are also found in the Wnt-1 enhancer, 

which negatively regulates Wnt-1 expression in the forebrain (Iler, Rowitch, Echelard, 

McMahon, & Abate-Shen, 1995).  Even though how Emx2 regulates Wnt is unknown, 

the regulatory loop between Emx2 and Wnt family participates in the regional patterning 

of the central nervous system.   

Based on the above results, there could be a mutual-regulatory pathway to form the 

LPR during macular development.  A concentration gradient of morphogen “X” in the 

utricle, for example, could originate from the medial side opposite to where Emx2 will 

express.  A low concentration of “X” activates the expression of Emx2 in the lateral 
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utricle.  The expression of Emx2 in turn, down regulates the “X” expression in the lateral 

utricle.  As a result, “X” and Emx2 collaborate to establish the medial-lateral axis within 

the utricle and define the LPR.  However, there is no existing Wnt mutant that exhibits a 

phenotype to support the idea of a potential morphogen.  Since there are multiple Wnt 

proteins, more work needs to be done to explore this idea further.  

 
 
III. Polarity reversal phenotype  

The presence of Emx2 inverts the polarization of kinocilium in HCs by approximately 

180 degrees.  To understand how Emx2 regulates the polarity, comparisons to other 

existing polarity reversal phenotypes are helpful.  Since Emx2 mediates stereocilia 

reversal via the Par/mInsc/LGN/Gαi complex, phenotypes of 180-degree polarity reversal 

as well as phenotypes resulted from reversal of Par proteins in Drosophila will be 

described in the following sections.  

 
A. Spiny-legs mutants in Drosophila 

Whereas mutations in many components of cPCP affect polarity, reversal phenotype 

is only observed in the Drosophila sple mutant, in which orientation of the trichomes in 

wings and abdomen, as well as the cell arrangement in eye are reversed (Ayukawa et al., 

2014; Y. Y. Lin & Gubb, 2009; Olofsson et al., 2014).  Mutant phenotype of sple is 

similar to the stereocilia phenotype in Emx2-/- that polarity of a cellular organelle is 

reversed.  The reversed trichomes phenotype in sple mutant is caused by disrupted 

expression ratio of Pkpk (prickles) and PkSple (spiny-legs) isoforms, which resulted in 

inverted orientation of microtubules.  This reversal of microtubule direction leads to 

inverted intracellular accumulation of cPCP components such as fz, which promotes 
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trichome formation.  As a result, trichome orientation and cell arrangement in the 

ommatidia are inverted (Olofsson et al., 2014).  The inversion of microtubule orientation 

by sple requires the ds/ft systems and the phenotype caused by overexpression of sple is 

absent in ds or ft mutants (Ayukawa et al., 2014).  A possible mechanism is that increased 

sple bind to ds and polarized at the higher ds level side of a cell, which changes the 

microtubule orientation and thus switch the cPCP proteins trafficking within a given cell, 

without disturbing the ds/ft pathway.  

Unlike the sple mutant, the distribution pattern of cPCP proteins is normal in the 

Emx2 mutants (Fig. 5, S4).  These results suggest that Emx2 does not regulate the LPR 

formation at the cPCP level.  However, it is possible that expression of Emx2 switches 

the intracellular polarity by inverting the orientation of microtubules plus-ends within a 

given HC.  Existing data suggested that the organization and relative relationship of 

microtubule and kinocilia is the same in Emx2 and non-Emx2 expressing cells (Ezan et 

al., 2013).  Thus, Emx2 may change the orientation of microtubules independently from 

cPCP pathway.  To test this hypothesis, further experiments on the microtubule 

orientation and its relationship to the distribution of intercellular and intracellular polarity 

proteins are needed.  For example, live imaging of polarity proteins trafficking within the 

HC, and their relationships with the microtubule orientation may answer these questions.  

This will help us to decipher any changes in the relationship between microtubules and 

polarity proteins in the presence or absence of Emx2.  
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B. Cell fate switch in sensory organ precursor cells of Drosophila 

A reported phenotype that is associated with reversed distribution of Par3 protein, a 

component of Par/Insc/LGN/Gαi complex, is observed in the sensory organ precursor 

cells (pI cells) of Drosophila.  During the mechanosensory organ development, the pI 

cells divide along the anterior-posterior axis to form a pIIa and pIIb, which further divide 

to generate the mechanosensory organ (Morin & Bellaiche, 2011).  Within each pI cell, 

Pins (homolog of LGN) is asymmetrically distributed, located at the anterior cortex 

together with Gαi, whereas Bazooka is located at the posterior cortex together with Par6 

and aPKC (Fig. 1.11B).  The Insc is not normally expressed in the pI cells.  In the 

absence of Insc, Pins/Gαi and Par protein complex are normally distributed at opposite 

ends of the pI cell along the anterior-posterior axis, established by cPCP proteins.  

Ectopic expression of Insc in the pI cells resulted in reversed localization of Bazooka, 

from posterior to anterior cortex but the normal anterior localization of Pins and Gαi are 

not changed.  As a result, Bazooka, Insc, Pins and Gαi form a complex at the anterior 

cortex of pI cells.  Since Bazooka normally excludes the cell fate determination factor, 

Numb, from the posterior end during normal asymmetric division of pI cells, the reversed 

Bazooka location results in Numb location to the posterior and causes a switch in the cell 

fates of the descendants (Bellaiche et al., 2001).  Thus, this is an example of reversal 

phenotype, which involves a cell fate change.  

Unlike the scenario in the pI cells, Insc is likely to be present in both Emx2-positive 

and Emx2-negative HCs (Tarchini et al., 2013) and the Par/Insc/LGN/Gαi complex is 

likely to be similar between these two types of  HCs (Ezan et al., 2013).  Nevertheless, it 

is possible that the presence of an Emx2 effector could switch the location of the entire 
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Par/Insc/LGN/Gαi complex to the opposite side of the HC, analogous to the effects of 

Insc in the pI cells, and leads to 180o change in stereocilia position.  Based on these 

discussions, we proposed that the polarity regulation role of Emx2 in sensory hair cell 

organs provides a new model to study polarity reversed. 

 

IV. Intracellular signaling in establishment of stereocilia polarity  

A. Effects of Ptx  

Our results demonstrate that Emx2’s effects on stereocilia polarity require Gαi.  Ptx 

blocks ADP-ribosylation of α subunit in the Gi/o family (Carbonetti, 2010), which could 

inhibit the G-protein dependent polarity establishment in some systems.  For example, 

inhibition of G-proteins with Ptx rescues the shape and polarity defects observed with 

overexpression of fz in the ommatidia (Katanaev, Ponzielli, Semeriva, & Tomlinson, 

2005; Katanaev & Tomlinson, 2006).  HeLa and MDCK cells treated with Ptx show 

abnormal oriented cell division due to reduced accumulation of LGN in the cell cortex 

and affected spindle orientation in metaphase (Woodard et al., 2010).  Similarly, in the 

HCs, establishing the intracellular polarity and orienting cellular organelles require Gαi 

to interact with Par/Insc/LGN to form a complex, which is concentrated asymmetrically 

at the apical surface.  The blockage of Gαi by Ptx leads to a severe reduction of 

endogenous Insc/LGN expression in cochlear HCs (Tarchini et al., 2013).  This 

phenotype suggests that inhibiting Gαi production inhibits the recruitment of LGN, mInsc 

and Par to a destined location at the apical surface where they bind to microtubules and 

guide the kinocilium to the periphery.  The requirement of Gαi in establishing 
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stereociliary bundle polarity in Emx2-positive HCs of the maculae is consistent with 

previous reports (Ezan et al., 2013; Tarchini et al., 2013).  

Although Ptx was proposed to inhibit Par/mInsc/LGN/Gαi complex formation and 

thus affect the ability to bind to microtubules and polarize the kinocilium (Ezan et al., 

2013), other mechanisms are possible.  For example, Gαi inhibits cAMP signaling in 

other systems (Katada, 2012).  It is possible that reduced Gαi by Ptx treatments in HCs 

resulted in increased cAMP, which could affect the transcription of Emx2 or its 

downstream targets causing a reduction of the polarity phenotype.  This idea can be 

tested by investigating the levels of Emx2 transcripts in Ptx expressing maculae using 

qPCR and in situ hybridization.  Thus, the mechanisms of Ptx in inhibiting the 

polarization of kinocilium in Emx2-expressing cells will need further investigation. 

 

B. Other intracellular polarity proteins  

The introduction of Ptx only partially rescued the phenotypes induced by Emx2 (Fig. 

6, 7).  Although it is possible that Ptx may not be expressed at sufficient levels to block 

Gαi activity at the critical developmental time when kinocilium is migrating, other 

explanations are possible.  For example, the Lis1/Dynein complex, as mentioned in 

Chapter 1, has been demonstrated to be important for kinocilium positioning in cochlear 

HCs as well (Sipe et al., 2013).  Lis1 regulates organization of microtubule and 

localization of dynein, which is a motor complex that pull the microtubule plus-ends 

towards the lateral edge of the cell (Guo et al., 2006).  Conditional knockout of Lis1 leads 

to stereocilia misorientation and cellular disorganization in cochlear HCs (Sipe et al., 
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2013).  Thus Lis1/Dynein could be another intracellular mechanism that normally 

functions to mediate stereocilia position in sensory HCs.  

Furthermore, our results indicate that Ptx has no effect on stereocilia orientation in 

HCs within the Emx2-negative region such as cristae, medial utricle, and OR of saccule 

(Fig. 6, 7).  Although the Lis1/Dynein complex was demonstrated in cochlear HCs where 

Emx2 is expressed, it is possible that this Lis1/Dynein complex or other mechanisms that 

have yet to be identified are more important in mediating kinocilium position in Emx2 

negative HCs.    

 

V. Emx2 changes the interpretation between inter- and intracellular polarity signals 

How does Emx2 regulate HC polarity?  I hypothesize that intercellular polarity 

signals such as cPCP proteins, establish a “default” polarity orienting all HCs pointing 

toward the lateral edge in the utricle and inner side of the saccule.  The presence of Emx2 

changes the interpretation between intercellular and intracellular polarity signals, without 

interrupting the expression of these proteins.  The intracellular Par/Insc/LGN/Gαi 

complex is utilized by Emx2 to reverse the orientation of stereocilia, defined as “reversed” 

polarity.  Then, how does Emx2 change the interpretation between the intercellular and 

intracellular polarity signals?   

The communication between polarity proteins from different regulatory levels is not 

well understood.  Several examples show that cPCP proteins collaborate with the 

Par/Insc/LGN/Gαi complex to establish the planar polarity.  For example, as mentioned 

above, the spindles within the pI cells need to be oriented correctly based on intercellular 

and intracellular polarity signaling during asymmetric division.  The cPCP proteins are 
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required to establish the anterior-posterior axis of the spindles: fz and dsh are located at 

the posterior side and vangl and pk are concentrated at the anterior end (Besson et al., 

2015).  Then, cPCP proteins, fz and dsh guide the localization of Par complex to the 

posterior end of the cell, but restrict the Pins/Gαi (homologs of LGN/Gαi) complex to the 

anterior end.  In addition to amplifying the intercellular polarity signals and localizing the 

spindle locations along the anterior-posterior axis, Pins/Gαi and cPCP components are 

required to generate the apical-basal axis of the spindle (Fig. 1.11B; (Morin & Bellaiche, 

2011)).  Mutation of the cPCP components, like fz, causes a reduction of the apical-basal 

tilt of spindles and their random orientation at the apical surface (Morin & Bellaiche, 

2011; Segalen et al., 2010).  Using Ptx to block the function of Gαi or mutation of Pins 

resulted in prolonged mitosis, tilted mitotic spindle movements along the apical-basal 

axis, but oriented spindle on the apical surface (Segalen et al., 2010; Woodard et al., 

2010).  These results indicate that the cPCP proteins are required for spindle alignment of 

dividing pI cells along anterior-posterior axis, while both Pins/Gαi and cPCP components 

are important for apical-basal orientation (Segalen et al., 2010).  Only the collaboration 

between these two groups of proteins can ensure the proper axis of cell division to form 

the correct mechanosensory organ.  How does cPCP proteins collaborate with the 

intracellular proteins?  One hypothesis is fz/dsh and Gαi/Pins interact with 

NuMA/Dynein complex separately, which bind microtubules and orient the spindle 

(Morin & Bellaiche, 2011; Segalen et al., 2010).  Asymmetrical division of SOP is a 

good example of interactions between intercellular and intracellular polarity pathways.  It 

is most likely that cPCP pathway also interacts with intracellular Par/Insc/LGN/Gαi 

complex to orient stereocilia polarity in HCs, and such interactions are altered in the 
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presence of Emx2.  Some of the possibilities where Emx2 could act are listed below and 

illustrated in Fig. 3.1. 

 

 

 

Figure 3.1.  Potential signaling pathways of the stereocilia orientation establishment.  
The stereocilia polarity can be established by various signals.  Global polarity signals 
instruct the formation of intercellular signals, which are amplified by intracellular 
polarity proteins and guide the kinocilium migration to its proper location (black arrows).  
Emx2, may function as a global polarity signal that regulate the interpretation between 
inter- and intracellular signals (dashed orange arrows).  Alternatively, Emx2 could bypass 
the cPCP pathways and function independently to regulate stereocilia polarity (dashed 
red arrows).  Question marks represent relationships that are not clear.  
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A. Direct interaction: G-protein dependent pathway  

There could be a direct link between inter- and intracellular polarity through a G-

protein system.  Fz recruits vang to form a complex across cell boundary in response to 

Wnt in Drosophila.  The cPCP complex located across the cell junction promotes the 

polarity establishment and coordinates the polarity between cells such that a trichome 

forms at the distal side where fz is expressed across the wing disc for example (Y. Yang 

& Mlodzik, 2015).  To establish the polarity within a given cell, it has been proposed that 

fz, as a seven-transmembrane G-protein coupled receptor (GPCR), interacts with G-

protein α subunit to instruct the planar polarization.  For example, in Drosophila wing 

disc, the G-protein transduces fz signals to establish the trichome formation and 

orientation.  Expression of Gαo, one of the Ptx sensitive G-protein, polarized at the 

proximal end of the wing cell opposite to fz.  This relationship of fz and Gαo 

distributions is mutually dependent.  Expression of hypomorphic allele of Gαo reduces fz 

localization, while overexpression of Gαo results in broader fz distribution and induces 

PCP defects such that multiple randomly oriented trichomes are formed in a given wing 

cell.  In the ommatidia of Drosophila, overexpression of fz disrupts the cell shape and 

orientation.  These phenotypes could be rescued by expression of Ptx that inhibited Gαi, 

suggesting that Gαi is required for the function of cPCP proteins in ommatidia orientation 

(Katanaev et al., 2005; Katanaev & Tomlinson, 2006).  In addition, in zebrafish embryos, 

fz receives Wnt signaling and controls the intracellular calcium release (Slusarski, Corces, 

& Moon, 1997).  This function is inhibited by Ptx expression in the embryos.  Taken 

together these results, the G-proteins are likely to directly transduce the fz-dependent 

PCP signals from the membrane to downstream components (Katanaev et al., 2005).  
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The polarity establishment of the stereocilia is Ptx dependent and also utilizes G-

proteins (Ezan et al., 2013; Tarchini et al., 2013).  Similar to the Drosophila, Fz3/6 is 

asymmetrical distributed in sensory organs of the inner ear (Y. Wang et al., 2006).  To 

establish intracellular polarity, Fz3/6 could interact with Gαi to guide the kinocilium to 

be polarized at the Fz3/6 side.  This process establishes the “default” polarity in the non-

Emx2-expressing sensory HCs.  However, Emx2 could activate transcription of other 

GPCRs to compete with Fz3/6 for binding to Gαi.  Since it has been demonstrated that 

the G-protein activity with fz to Gαi binding is relative low in the Drosophila (Nichols, 

Floyd, Bruinsma, Narzinski, & Baranski, 2013), it is possible that a GPCR with higher 

activity to Gαi could easily displace the normal binding of Fz3/6 to Gαi.  These GPCRs 

are distributed at the opposite end of the cell from Fz3/6, which lead to reverse 

polarization of Gαi and establish the “reversed” stereocilia polarity, as observed in 

cochlear HCs (Fig. 3.2).   
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Figure 3.2. G-protein dependent pathway during the establishment of stereocilia 
orientation.  Schematic for the formation of the LPR in the utricle.  In the non-Emx2 
expressing cells (white), Gαi interacts with seven-transmembrane protein, Fz (cyan lines), 
to transduce the polarity signals that polarize the kinocilium at the opposite side of Pk2.  
However, in the presence of Emx2 expression (green cells), other GPCRs (orange lines) 
accumulate on the Pk2 side that opposite to Fz location, and Gαi relocates the kinocilium 
towards the Pk2 end.  
 

B. Emx2 regulates the effectors of the cPCP proteins  

Alternatively, Emx2 could alter downstream effectors of the cPCP pathway, even 

though it does not regulate cPCP proteins.  Products of inturned and fuzzy are examples 

of downstream cPCP signaling.  These cPCP effectors in Drosophila are known to 

regulate ciliogenesis and cilia polarity in vertebrates (Wallingford & Mitchell, 2011).  

Based on studies in Drosophila and Xenopus, Inturned is asymmetrically located in the 

cytoplasm close to Vangl/Pk and it is required for docking of basal bodies in the apical 
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surface such as multi-ciliated cells in frog epidermis (Park et al., 2008).  In contrast, 

Fuzzy does not mediate basal body docking, but cargo trafficking to basal body within 

the cell and this process is important for ciliogenesis (Gray et al., 2009; Park et al., 2008).  

It is possible that Emx2 affects cPCP effectors such as Inturned and Fuzzy, which lead to 

a switch in stereocilia orientation in HCs.  

Another possibility is that Emx2 could be acting via the Scrb/Dlg/Lgl complex.  As 

described in Chapter 1, Scrb (Scribble) is localized to septate junctions (analogous to 

tight junctions in vertebrates) where it interacts with Dlg (Discs-large) and Lgl (Lethal 

giant larvae) and form a complex to regulate apical-basal polarity in Drosophila epithelial 

cells (Bilder & Perrimon, 2000; Woods, Hough, Peel, Callaini, & Bryant, 1996).  During 

stereocilia polarization, Scrb interacts genetically with Vangl2 since compound mutants 

missing one allele of these genes significantly increase the polarity defect in the cochlea 

(Montcouquiol et al., 2003; Montcouquiol et al., 2006).  Scrb and Vangl are also known 

to interact physically (Montcouquiol et al., 2006).  In addition, this complex collaborates 

with Par/Insc/LGN/Gαi complex to establish apical-basal polarity in other systems 

(Humbert et al., 2006) and this interaction may apply to stereocilia orientation.  Dlg3 

shares a similar distribution pattern as Par/Insc/LGN/Gαi complex in cochlear HCs, 

which could be a component that polarizes the Par/Insc/LGN/Gαi complex (Gegg et al., 

2014).  Knockout of Dlg1 resulted in misorientation of cochlear HCs.  Thus, the 

Scrb/Lgl/Dlg complex could receive the intercellular polarity information from cPCP 

proteins to regulate basal body polarization and docking through its interaction with the 

Par/Insc/LGN/Gαi complex.  Thus, Scrb/Dlg/Lgl complex might interacts with both 

cPCP and Par/Insc/LGN/Gαi complexes, and the presence of Emx2 might change the 
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distribution or function of the Scrb/Dlg/Lgl complex, leading to a switched distribution of 

Par/Insc/LGN/Gαi complex and reversed stereocilia orientation.  Schematic graph of this 

hypothesis is shown in Fig. 3.3. 

 

 

 

Figure 3.3. Emx2 changed the Scrb/Dlg/Lgl complex localization.  With Emx2 
expressing in the HCs (green), the relative localization within Scrb/Dlg/Lgl complex is 
changed, which leads to opposite recruitment of Par/Insc/LGN/Gαi complex, while the 
cPCP proteins maintained their localization.  
 

C. Emx2 regulates the orientation of microtubules  

Furthermore, Emx2 could invert polarity of stereocilia directly and not involve the 

cPCP pathway.  Within each cell, subcellular structures and proteins are readout of global 

and intercellular polarity cues.  To organize these proteins along an established polarity 

axis, orientation of microtubules is a key for the protein trafficking (van de Willige, 

Hoogenraad, & Akhmanova, 2016).  Microtubules are oriented such that the plus-ends 
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are located towards the cell membrane, and the minus-ends are towards the centrosome 

(Jaffe & Hall, 2005).  The NuMA is a known key regulator of spindle orientation.  

During cell division, NuMA binds to Insc/LGN/Gαi to direct the plus-end microtubules 

towards the cortical poles (di Pietro et al., 2016).  In the Drosophila pI cells and S2 cell 

line, as well as zebrafish epiblast, both fz and dsh are able to recruit NuMA to posterior 

end of the cell and orient microtubules along the anterior-posterior axis (Segalen et al., 

2010).  Thus, NuMA guiding microtubules could be the readout of different polarity 

signals and establish the polarity of cellular organelles.  Based on these results, it is 

possible that NuMA guides the plus-end of microtubules towards the Fz3/6 side in non-

Emx2 expressing HCs to establish the “default” polarity.  However, the presence of Emx2 

effectors could directly switch the orientation of microtubule plus-ends within a HC 

without affecting the distribution of cPCP proteins.  The reversed microtubule orientation 

then changes the Par/Insc/LGN/Gαi complex and NuMA localization and guides the 

kinocilium migration towards the opposite direction and forms the “reversed” polarity 

(Ezan et al., 2013). 

A possible candidate that regulates the orientation of microtubules is Rho family of 

small GTPase, which is also regulated by cPCP components (Park et al., 2008).  Rho 

GTPases are responsible for organizing microtubules cytoskeleton and governing cargo 

trafficking (Jaffe & Hall, 2005; Park et al., 2008).  As effectors in polarity establishment 

(Y. Yang & Mlodzik, 2015), Rho GTPase could bind to intracellular polarity proteins and 

guide the asymmetric accumulation of the Par/Insc/LGN/Gαi complex (Arimura & 

Kaibuchi, 2005; Simoes Sde et al., 2010).  Knockout two of the Rho family of GTPases, 

Rac1 and Cdc42, resultes in stereocilia misorientation (Grimsley-Myers et al., 2009; 
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Kirjavainen et al., 2015).  Thus, Rho GTPases are important for establishing stereocilia 

polarity normally.  Effectors of Emx2 could regulate Rho GTPases directly and change 

the orientation of microtubules, thereby alter the distribution of Par/Insc/LGN/Gαi 

complex and kinocilium to the opposite pole of HCs.  Schematic illustration of this 

hypothesis is illustrated in Fig. 3.4. 

 

Figure 3.4. Independent regulation of microtubules orientation in the HCs.  In 
establishing the “default” polarity, the orientation of microtubules in HCs is determined 
by cPCP proteins.  Thus, the kinocilium is polarized towards the Fz end.  However, in the 
presence of Emx2, the orientation of microtubules is switched, which results in reversed 
distribution of NuMA and Par/Insc/LGN/Gαi complex and consequently the kinocilium 
location is reversed.  
 

VI. Other roles of Emx2  

A. Role of Emx2 in cell division  

Par/Insc/LGN/Gαi complex is evolutionary conserved, involved in various polarity 

processes such as orienting spindles during cell division.  During neuroblast division, 
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Par/Insc/LGN/Gαi complex at the cell cortex binds to Dynein/Dynactin complex 

associated with the microtubules, which then pulls the spindles attached at the minus-end 

of the microtubules towards one direction.  Thus, the location of Par/Insc/LGN/Gαi 

complex at the cortex mediates symmetric or asymmetric cell division (Burns et al., 2012; 

Devenport, Oristian, Heller, & Fuchs, 2011; V. Lin et al., 2011; Morin & Bellaiche, 2011; 

Suzuki & Ohno, 2006).  Notably, Emx2 has been implicated to function in asymmetric 

and symmetric division of neuronal stem cell in the mouse as demonstrated in Chapter 1.  

Emx2 is expressed in the telencephalon during development.  Knockout mouse mutants 

of Emx2 show a smaller cortex and the dentate gyrus of the hippocampus is missing 

(Cecchi, 2002).  More cells are dividing perpendicular to the ventricular surface 

(symmetric division) in the Emx2 expressing cortex compared to the null mutants, 

suggesting that Emx2 expressing cells tend to divide symmetrically and maintain the 

progenitor fate (Heins et al., 2001).  Introducing full length cDNA of Emx2 into isolated 

embryonic telencephalon neuronal precursor cells promotes more proliferation, which 

indicates that the Emx2 promotes symmetric cell divisions and maintains the “stemness” 

of neural progenitors.  In contrast, Emx2 appears to have opposite effects in adult neural 

stem cells.  Loss of Emx2 expression in cultures of adult neural stem cells, which 

normally express Emx2, promoted symmetric cell division.  Significantly more secondary 

spheres with more total cell number are observed with Emx2 loss-of-function cells than 

wildtype, whereas gain-of-Emx2 function clones have much less total cell number than 

wildtype (R. Galli et al., 2002; Gangemi et al., 2001).  Although the results from 

embryonic neuronal precursors and adult stem cells seem to be in conflict, this could be 

explained by the requirement of Emx2 at different developmental times.  Nevertheless, 
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these results suggest that Emx2 is involved in regulation of spindle orientation during cell 

division, possibly through a similar Par/Insc/LGN/Gαi complex as proposed by mediating 

stereocilia polarity in HCs.   

 

B. Role of Emx2 in neuronal migration  

During cortical neurogenesis, newly-formed neurons migrate beyond the older deeper 

neurons to settle in closer to the surface of the cortex.  Emx2 is expressed in the Cajal-

Retzius cells of the marginal zone, which are essential for guiding the newborn neurons 

to radially migrate to the external layer.  Loss of Emx2 function affects radial neuronal 

migration (Cecchi, 2002; Mallamaci, Mercurio, et al., 2000).  Interestingly, 

Par/Insc/LGN/Gαi complex is also involved in neuronal migration.  Neuronal migration 

is a two-step process with extension of the leading axon followed by soma translocation.  

This process is coordinated by actin polymerization, cytoskeleton re-organization, and 

protein relocalization within the neuron.  The Par complex is asymmetrically distributed 

in the migrating neurons, which relocated the centrosomes and provides the microtubule 

dynamics for neuronal migration.  For example, Par6 regulates microtubule elongation, 

centrosome motility and cell body movements (Goldstein & Macara, 2007; Humbert et 

al., 2006; Ramahi & Solecki, 2014; Solecki, Govek, & Hatten, 2006).  Thus, Emx2 could 

also play a role in neuronal migration via the Par/Insc/LGN/Gαi complex.  

 
C. Potential cytoplasmic function of Emx2  

Another interesting function of Emx2 stems from the study of olfactory neurons.  

Emx2 is located not only in the nucleus of olfactory sensory neurons, but also in the in 

both axon bundles and terminals of olfactory sensory neurons (Nedelec et al., 2004).  The 
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axonal localization of Emx2 directly interacts with regulator of mRNA translation, the 

mRNA cap-binding protein eukaryotic translation initiation factor 4E (eIF4E).  This non-

nucleus localization of Emx2 is proposed to be an evidence for on-site control of protein 

translation at the axon terminals in the olfactory sensory neurons.  In addition to Emx2, 

several other homeodomain proteins such as Otx2 and Engrailed 2, have also been 

demonstrated to bind eIF4E at the olfactory neurons (Nedelec et al., 2004).  These results 

indicate that Emx2 could function outside of the nucleus at the axonal terminal and may 

also regulate polarity proteins directly.  Further experiments of co-immunoprecipitation 

of Emx2 and polarity proteins, together with western blot of cytoplasmic Emx2 of HCs 

are needed to examine whether Emx2 could function directly in mediating polarity. 
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Chapter 4: Future directions 

 

I. Axon guidance 

A. Rationale and Hypothesis 

Stereocilia displacements of sensory HCs in response to sound in the form of 

vibrations, and changes in head positions and water pressure lead to neurotransmitter 

release.  Released neurotransmitters are converted by the innervating neurons into action 

potentials, which propagate to the central nervous system.  In the maculae, the 

innervating afferents are mutually exclusive across the LPR and the central projections of 

these neurons are also different.  Neurons that innervate sensory HCs in LES of the 

utricle and IR of the saccule project to the cerebellum, whereas neurons that innervate the 

rest of maculae project to the brainstem (Maklad & Fritzsch, 2003; Maklad et al., 2010).  

In addition to the maculae, the afferents that innervate the neuromasts are also mutually 

segregated based on HC polarity.  Whereas a single afferent neuron can innervate 

multiple neuromasts, it only innervates HCs sharing the same polarity (Faucherre et al., 

2010; Faucherre et al., 2009; Lopez-Schier et al., 2004; Nagiel et al., 2008).  This pattern 

of afferent organization has been suggested to provide the functional 

compartmentalization of the maculae and lateral line system (Faucherre et al., 2009; 

Maklad et al., 2010; Nagiel, Patel, Andor-Ardo, & Hudspeth, 2009).  Since my results 

demonstrated that Emx2 dictates the LPR formation in both maculae and neuromasts, it is 

possible that one or some of the downstream effectors of Emx2 regulate specific neuronal 

projection to the Emx2-positive HCs. The finding that olfactory neurons fail to target the 
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olfactory bulbs in the Emx2 knockout mice supports the hypothesis that Emx2 functions 

in neuronal pathfinding (Pellegrini et al., 1996).  

 
B. Proposed experiments  

To test the hypothesis that Emx2 dictates the innervation pattern of afferents in the 

maculae and neuromasts, I would like to propose several experiments in both mouse and 

zebrafish. I would like to conduct lipophilic dye tracing of neuronal trajectories in the 

gain- and loss-of Emx2 models that I have generated and collected in both mouse and 

fish.   In mice, the lipophilic dye tracing of afferents in the maculae will be conducted 

according to methods previously described (Maklad & Fritzsch, 2003; Maklad et al., 

2010).  Filter paper soaked with lipophilic dye will be implanted into the cerebellum and 

brainstem to examine the retrograde-labeled afferents in the maculae.   I will start with 

the Emx2 null mutants and move into the Sox2CreER;RosaEmx2 and Gfi1Cre;RosaEmx2  gain-

of-function models if the results from null mutants are promising.  

In addition, I would like to use both the gain- and loss-of emx2 function fish that I 

have generated to examine the neuronal innervation pattern in the neuromasts.  I would 

like to inject small amount of HuC:mem-tdTomato plasmid into various emx2 mutants 

crossed with neuroD:GFP line in order to label a single tdTomato positive neuron among 

all the GFP positive neurons to determine the innervation pattern and its relationship to 

HC polarity (Faucherre et al., 2009).   
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II. The relationship between Emx2 and the cPCP pathway 

A. Rationale and Hypothesis 

My results indicated that Emx2 does not mediate its effect via changing the 

distribution or expression of cPCP proteins.  However, Emx2 could function 

independently or via cPCP effectors.  How does cPCP pathway relate it polarity cues to 

the intracellular polarity pathway is not clear in the inner ear or other well studied 

systems. 

 
B. Proposed experiments 

To address whether Emx2 functions independently or via cPCP effectors, I would like 

to generate compound heterozygous mutants of Emx2 and cPCP components such as 

Vangl2 and Fz.  Specifically, I would like to use the Vangl2lp/+ for this purpose (Deans et 

al., 2007).  If Emx2 functions independently of the cPCP pathway, then these compound 

heterozygous mutants should be normal.  If the compound mutants show a phenotype that 

is not evident in either of the single mutant, it would suggest that Emx2 and the cPCP 

genetically interact.  In principal, given the broad expression domain of Vangl and Emx2, 

I could also investigate possible phenotype in the brain and kidney of these compound 

mutants.   

Similar experiments will be performed in zebrafish.  I will use the trilobite mutants 

(Mirkovic et al., 2012) to breed with my loss- and gain-of-emx2 function fish to explore 

whether the effects of emx2 is conserved in vertebrates. 
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III. Screening for downstream targets of Emx2 

A. Rationale and Hypothesis 

Since Emx2 encodes a transcription factor, identifying the downstream targets of 

Emx2 is essential for understanding the mechanism involved in mediating a switch in 

polarity.  RNA-seq is an obvious choice. I have tried the RNA-seq approach by collecting 

maculae from Gfi1Cre;RosaEmx2/tdT (gain-of-function) and Gfi1Cre;RosatdT/+ (control).  My 

first RNA-seq attempt was not successful.  More attempts should be conducted in the 

future.  

 
B. Proposed experiments  

The failed first attempt of RNA-seq could be a technical issue.  However, it could 

also be because the effects of Emx2 in HCs are confounded by expression profiles from 

the entire maculae.  Thus, for the next step, I would like to conduct single cell RNA-seq 

experiments.  I will set up the same experiments of collecting maculae from 

Gfi1Cre;RosaEmx2/tdT (gain-of-function) and Gfi1Cre;RosatdT/+ (control) E15.5 embryos.  In 

these macule, all the HCs will be tdTomato-positive and I will dissociate the cells with 

accutase and proceed to pick individual cells manually under a fluorescent microscope 

and processed them for RNA-seq.  The time point of E15.5 was chosen because there 

should be enough HCs undergoing polarity establishment at this age.  In the long-run, 

HCs with conditional loss-of Emx2 function can be pursed for RNA-seq even though the 

target cell population is smaller than gain-of-function studies.  I would like to collect 

single tdTomato-positive hair cells isolated from Gfi1Cre;Emx2 lox/+;RosatdT/+ (controls) 

Gfi1Cre;Emx2 lox/-;RosatdT/+ (loss-of-function) utricles and saccules.  Then, RNA-seq will 

be performed on these two groups of hair cells.   
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IV. Functional significance of the LPR  

A. Rationale and Hypothesis  

What is the functional significance of the LPR?  The Emx2 knockout mice die at birth, 

which negate the option to study the behavioral consequence from lack of LPR in these 

mice.  I have observed some vestibular phenotypes exhibited by the Gfi1Cre/+;RosaEmx2/+ 

gain-of-function mutants before their death around P20.  However, it is difficult to 

address exclusively the loss of LPR in these mice because the stereocilia polarity is also 

reversed in all the cristae.  

In addition to the Gfi1Cre/+;RosaEmx2/+ mice, I have also noticed swimming problems 

with the gain-of-function emx2 zebrafish.  However, for the same reasons stated for the 

mice, the stereocilia reversal is also present in the inner ear and the specific function of 

the LPR in neuromasts cannot be addressed easily.  We will not be able to pinpoint the 

function of the LPR specifically using these mutants. The emx2 null fish has a similar 

problem of losing LPR from both inner ear and lateral line.  Oddly, the emx2 null fish 

seem to swim fine before their demise at 10-12 dpf.  

 
B. Proposed experiments  

To address the specific function of LPR in maculae, conditional knock out of Emx2 

mice should be generated.  I had spent a lot of time in trying to generate the Emx2lox/lox 

using the embryonic stem cells provided by KOMP.  Unfortunately, despite all my efforts, 

homozygous Emx2-lox mice are not viable (see Appendix II).  Recently, we received 

another Emx2lox/lox mouse strain from Dennis O’Leary’s lab at Salk.  I am excited to be 

able to generate conditional knockout of Emx2 using Gfi1Cre strain.  In these conditional 

mutants, I will first address whether the polarity phenotype in the maculae is 
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recapitulated the Emx2 nulls.  If the LPR is indeed absent in the conditional mutants, I 

will conduct vestibular testing on these mice such as rotarod, forced swim test, open field 

tests and vestibular evoked potential.  In addition, I will also investigate the cochlear 

phenotype in these mutants.  I always think that the loss of outer HCs in the Emx2 null 

mutants is due to an earlier requirement of Emx2 in the organ of Corti development.  The 

conditional knockout of Emx2 only in the HCs of the cochlea will allow us to evaluate the 

requirement of Emx2 in cochlear HC polarity.  

 

V. Role of Emx2 in other ciliated cells  

A. Rationale and Hypothesis  

Many ciliated cells are polarized including cells in the node and Kupffer’s vesicle, 

ependymal cells lining the brain ventricles, ciliated cells on epidermis of frogs.  Notably, 

the cPCP pathway is required for cilia polarity in all of these cell types, similar to sensory 

HCs.  Although Emx2 is not known to be expressed in ciliated cells other than sensory 

HCs, I asked whether there is a common machinery for mediating cilia polarity (i.e. basal 

body localization) among these ciliated cells and whether Emx2 is sufficient to switch the 

polarity as in sensory HCs.  

 
B. Proposed experiments 

To ask whether Emx2 is mediating a polarity switch via a machinery common to 

other ciliated cells, I would like to conduct experiments in Kupffer’s vesicles and floor 

plate of zebrafish.  First, I would like to confirm data in ZFIN that neither of these two 

tissues expresses emx2.  Then, I would like to ectopic express emx2 in zebrafish to 

investigate whether polarity is affected in these two tissues.   
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For the Kupffer’s vesicle, I would like to inject emx2 mRNA into the yolk of one-cell 

stage zebrafish embryos.  Then, I will screen for any heart looping phenotype as a 

readout of left-right asymmetry defects from a possible perturbation of cilia polarity in 

the Kupffer’s vesicle.  

Floor plate cells in zebrafish contain a single cilium that is posteriorly-localized.  For 

expression of emx2 specifically in the floor plate, I will inject UAS:emx2-GFP into one-

cell stage zebrafish embryo with a Gal4 promoter specifically expressed in the floor plate, 

shh:Gal4.  The position of the cilium in reference to the cell boundary will be revealed 

using ccd2d2a and ZO-1 antibodies, respectively.   

Similar experiments can be attempted in mice, though more time consuming.  I can 

drive Emx2 expression in the ependymal cells using GFAPCre.  The ventricular region 

will be processed with antibodies to γ-tubulin and β-catenin to identify cilia localization 

and cell boundary of the ependymal cells.  
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Appendix I 

 
Expression of emx2 in the trilobite mutant larvae 

To test if the expression of emx2 is disturbed in the vangl2 mutant, trilobite, I stained 

trilobite mutants at 3dpf with anti-Emx2 antibody.  Larvae were processed for anti-emx2 

staining, phalloidin to determine bundle orientation, and anti-parvalbumin to label each 

HC.  In the littermate controls, HCs are polarized half and half in opposite direction along 

the dorsal-ventral, or anterior-posterior, respectively.  The expression of emx2 within 

these neuromasts are preferentially aligned on one side of the neuromasts (Fig A.1A-A”).  

In the trilobite mutant, the stereocilia are randomly oriented, consistent with published 

data (Mirkovic et al., 2012).  Emx2 are normally expressed in half of the HCs pointing in 

the same direction within a given neuromast.  However, the emx2-expressing cells are no 

longer aligned at one side but randomly distributed within the neuromast (Fig. A.1B-B”).  

Thus, these results indicate that it is not the expression of emx2 but the alignment of 

emx2-expressing cells are disrupted by the vangl mutation. 
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Figure A.1. emx2-expressing cells are randomly distributed in the neuromast of 
trilobite mutant.  (A-A”) In the control neuromast, HCs are aligned along dorsal-ventral 
axis.  The emx2-expressing cells are facing ventral, which are aligned mostly in relative 
dorsal side of a D-V oriented neuromast (n=10, 3 experiments, 6 fishes).  (B-B”) 
Compared to the littermate controls (A-A”), HCs are randomly oriented in the trilobite 
mutants (B), and emx2-expressing cells (dashed-line circled) are no longer preferentially 
located to one side of the neuromast (n=20, 3 experiments, 5 fishes).  Arrows indicate the 
orientation of HCs.  Asterisks are marking the emx2-expressing cells.  Arrowhead 
represents the expression of emx2 in non-HC. 
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Appendix II 

 

Generation of Emx2 lox mice. 

Given that the Emx2 null mice die right after birth due to lack of the urogenital 

system, I wanted to generate conditional knockout mice for further studies of Emx2 

function specifically in the ear.  There are several questions raised by my results shown in 

Chapter 2.  First, what is the specific requirement of Emx2 in the HCs and what is the role 

of Emx2 in supporting cells since Emx2 is expressed in both cell types?  Second, what is 

the functional significance of the LPR in the maculae as I have pointed out in Chapter 4.  

To answer these questions, tissue- and cell-specific knockout mutant of Emx2 mice are 

needed.  

We obtained the Emx2lox/+ embryonic stem cells from KOMP (Fig. A.2).  A targeted 

cassette containing lacZ as a reporter and neomycin as a drug selector was inserted from 

Exon1 to Exon3 of Emx2.  After flipping out the lacZ and Neomycin in between the two 

FRT sites with flp, I obtained the Emx2lox/+ mice.  However, homozygous Emx2lox/lox is 

not viable and I was never able to obtain any embryos that are homozygous, even as early 

as E7.5.  These results suggest a potential lethal effect caused by loxP insertions into 

introns of Exon2.  In addition, I had bred Emx2lox/+ mice with a ubiquitous cre strain, β-

actinCre/+mice to determine if the recombination by cre was correct.  However, no 

successful recombination has been identified thus far.  Thus, there could be deleterious 

effects resulting from cre recombination, which will need further exploration. 
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Figure A.2. Schematic of Emx2lox/+ mice and the breeding strategy.  A reporter 
cassette was inserted in the introns of Emx2 to generate Emx2lox/+ mice.  The sequence 
between two FRT sites (blue tringle) was removed first.  Then, with specific Cre 
recombinase, the sequence between the two remaining loxP sites (red tringle) was 
removed.  Thus, the Exon2 can be deleted in a tissue-specific manner. 
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