Regulation of Planar Cell Polarity by Protein tyrosine kinase 7 in the mammalian
Auditory Sensory Epithelium.

Jianyi Lee
Kuala Lumpur, Malaysia

B.S., University of Virginia, 2008

A Dissertation presented to the Graduate Faculty
of the University of Virginia in Candidacy for the Degree of
Doctor of Philosophy

Department of Cell Biology

University of Virginia
December 2013



Abstract

Planar cell polarity (PCP) is a common feature of all tissues, and refers to
the coordinated orientation of cells and/or cellular structures in an axis parallel to
the plane of a tissue. Diverse morphogenetic and physiological processes
depend on the proper establishment of PCP. In vertebrates, the genetic factors
that regulate PCP include the conserved core PCP pathway genes and ciliary
genes. In addition, the elucidation of a number of distinct PCP components
suggests that vertebrates have adapted additional mechanisms to control PCP in
diverse cellular processes. Our lab has previously identified Protein tyrosine
kinase 7 (Ptk7), encoding an atypical receptor tyrosine kinase, as a novel
vertebrate-specific regulator of PCP [1]. The underlying mechanisms by which
Ptk7 regulates PCP are poorly understood. The clear morphological
manifestations of PCP in the mouse auditory sensory epithelium or organ of Corti
(OC) make it a powerful model system to study PCP signaling in mammals. In
the OC, PCP is defined by the V-shaped structure of the stereociliary bundle that
sits atop each sensory hair cell and by the uniform orientation of stereociliary
bundles across the epithelium. The precise establishment of these features is
critical for the proper hearing functions of the cochlea. The goal of this
dissertation was to dissect the cellular and molecular mechanisms by which Ptk7
regulates PCP in the OC. We have discovered that Ptk7 functions in parallel with
the noncanonical Wnt/PCP pathway to regulate actomyosin contractility and
orient hair cell PCP. For the first time, we demonstrate an active role for

nonsensory supporting cells in hair cell PCP where an apical contractile myosin II



network assembles and is proposed to exert polarized contractile tension on hair
cells. We also determined a pathway for actomyosin regulation in the OC where
Ptk7 promotes planar polarized Src signaling at cell-cell contacts to spatially
regulate actomyosin contractility. These studies have led us to propose a new
model for PCP regulation in the OC where Ptk7 mediates anisotropic myosin Il
based contractile tension between hair cell and supporting cell contacts to orient
hair cell PCP. Together, my work provides novel mechanistic insights into hair

cell PCP regulation.



Acknowledgements

Completing this dissertation marks a major milestone in my career. | would
not have accomplished this feat without the help and support of many intelligent
and inspiring individuals. You have all made an indelible mark on me and | am
forever indebted to you.

First and foremost, | would like to express my sincerest gratitude to my
PhD mentor, Dr. Xiaowei Lu, whose expertise, immeasurable guidance and
unyielding patience has carried me far in my graduate career. Her enthusiasm for
science and optimism embodies admirable qualities of a leader and teacher that |
draw inspiration from whenever | am met with a challenge. Furthermore, her
contributions with time, ideas and funding have made my Ph.D. experience a
highly productive and stimulating one. For that, it truly has been a great honor to
be your student and | thank you for giving me this rare opportunity to develop my
scientific independence under your wing.

| would also like to thank my committee members, Drs. Jeffrey Corwin,
Douglas DeSimone, Barry Gumbiner and lan Macara for their support, insightful
discussions and advice throughout my years in graduate school. It has served
me well and | owe them my heartfelt appreciation.

| extend my appreciation for my former and current colleagues at the Lu
lab who have fostered an excellent environment to develop my passion in
science. | especially thank Drs. Anna Andreeva, Conor Sipe, and Cynthia
Grimsley-Myers, | could not have asked for a better team of people to work with. |

would also like to acknowledge the Yu and Dwyer labs for giving me the



opportunity share my work with you and for the valuable feedback | have
received at our joint lab meetings. | also thank all members of the Department of
Cell Biology, especially Mary Hall and Dr. David Castle, for considering me to be
a part of the graduate program.

| must not forget the mentors who have been instrumental in sparking my
interest in the sciences from the beginning when | arrived at the University of
Virginia as an undergraduate. Thank you Dean Sandra Seidel, Dr. Lynn Hedrick
and Dr. Claire Cronmiller for serving as great women role models for me. | also
thank Dr. Dan Engel for the opportunity to do research in his lab.

To all friends whom | have known during my time at UVa, your continued
friendship and emotional support have further enriched my experiences and you
have given me so many good memories to cherish. | especially thank Cammy
and Erwen Tang, LaToya Roker, Kazusa Edamura, Yong Han Yeong, Michelle
Ko and Eugene Lin.

Finally, the basis for the success of reaching this milestone comes from
the unconditional love and support that | have received from my parents, Loy Lee
and Soon Chun Boey. Pa and Mum, thank you for your hard work and all the
sacrifices you have made to make it possible for me to pursue my education in
the US. Your faith and confidence in me are constant reminders of why | am here
and that | can accomplish anything | set my mind on. | am also grateful for my
siblings, Suyin Lee and Ken Thye Lee and cousin Priscilla Lee for their care and
support. To my best friend and my partner in life, Sheung Yin Kevin Mo, thank

you for your love and always putting my interests above yours, | can’t imagine



going through this without you. | can always count on you to keep me grounded
and motivated to see my dreams come to fruition. Your presence in my life has
brought me much peace and joy, and | look forward to our lives finally
converging.

Everyone, | am extremely delighted to celebrate this success with you and
| am eternally grateful for your help and support. We did it! From the bottom of

my heart, thank you.



Vi

Table of Contents

A STTACT ... [
ACKNOWIEAGEMENTS ... e e e e e e e e e e e eneenes i
Table Of CONTENTS ...uiiii e e e e e eeeees Vi
RSy A0 o L1 SRR Xi
LiSt OFf TADIES ..o Xiii
AD DI EVIATIONS ... Xiv

Chapter 1: Background

Section 1.1 Planar Cell Polarity (PCP)

1.1.1 Basic principles of PCP establishment.............cccccooeiiiiiiiiiiiiciineeee, 3
1.1.2 The COre PCP SYSIEM .....uuuiiiiiiiiiiiiiiiiiiiiiiiiiiiii e 4
1.1.3 Fat/DachSOUS SYSTEIM ........uuuuuiiiiiiiiiiiiiiiiiiiiiiiiiiieii e 6
1.1.4 PCP pathways independent of core PCP or Ft/Ds systems................ 8
1.1.5 PCP signaling in vertebrates.............ccceiiiieeeiiiiiiiiiie e 9
1.1.6 Downstream effectors of PCP signaling............ccccccccuviiiiiiiiiiiiiinnnnnns 12
1.1.7 Vertebrate specific regulators .............ccccccuuiiiiiiiiiiiiiiiis 14

Section 1.2 Development of the mammalian Cochlea

1.2.1 The organ of Corti (OC) ....coeiiiiiiiiieciie e 16
1.2.2 Specification and Differentiation of the OC .............cccccciiiiiiiiiiinnnnnns 19
1.2.3 Morphogenesis of the Cochlea I: Cochlear Duct Extension............... 21

1.2.4 Morphogenesis of the Cochlea: Stereociliary bundle development... 24

1.2.5 Hair cell PCP inthe OC.........uiiiiiiiiiiiiiiiiiiiiiiiiiiieiieiieinnneeenennneees 25

1.2.6 Noncanonical Wnt/core PCP signaling in the OC ..............ccccvvvnnnnes 29
Section 1.3 Protein Tyrosine Kinase 7 (Ptk7)

1.3.1 OVEBIVIEW .ttt e e ettt e e e e e e e e e e aaan e e eeeas 31

1.3.2 Expression and Structure of PTK7 .......coooiiiiiiiiiiiiceeiiceeeeeeees 31

1.3.3 Functional aspects of PTKT7 ... 34



Vil

Section 1.4 Mechanical Forces and Tissue Morphogenesis

O R @ V= V1 N 37
1.4.2 Generation of Cortical FOICES .........uuuiiiiiiiiiiiiiiicii e 39
1.4.3 Mechanotransduction and Force TranSmiSSIioN ..........cccccevvvvvineeeennn. 41
1.4.4 Role of forces in tissue Morphogenesis ............ccceeeveeeeeiiveeiiiiiiieeeeenn, 42
Section 1.5 Scope of DISSertation ............uuciiiiiieiiieeece e 44

CHAPTER 2: PTK7 Regulates Myosin Il Activity to Orient Planar Polarity in
the Mammalian Auditory Epithelium

/220 A | 1 o Yo [0 Tox 1 0 o N 48
2.2 RESUIIS . 50
2.2.1 Ptk7 Is Not Required for Asymmetric Membrane Localization of
Dishevelled-2 in the OC ... 50
2.2.2 PTK7 and Fz3/6 Receptors Act in Parallel and Have Opposing Effects
ON HAIN CeIIPCP ... 51
2.2.3 Ptk7 Is Required in Supporting Cells to Regulate Hair Cell PCP ...... 52
2.2.4 JINK Signaling Is Unlikely to Mediate PTK7 Function in the OC........ 53
2.2.5 Ptk7 and the Noncanonical Wnt Pathway Differentially Regulate a
Contractile Apical Myosin Il Network in Supporting Cells.................. 55
2.2.6 Ptk7 Regulates Myosin Il Activity to Orient Hair Cell PCP ................ 57
2.2.7 Ptk7 Promotes Planar Asymmetry of Junctional Vinculin.................. 58

2.2.8 Planar Asymmetry of Junctional Vinculin Is Restored in Fz3"; Ptk7™"

MUBBINTS ..ot e e et e e e e e e e e ees 60
2.2.9 Vangl2 and Ptk7 differentially regulate Planar Asymmetry of Vinculin
(UNPUDBHSNEA) ..o 60
2.2.10Inefficient deletion of Ptk7 in hair cells in Math1<"®; Ptk77“© cochlea
(UNPUDBIISNEA) ., 61
pZC T B 1T o U =1 o 62

pZ S Lo LU =P 67



viii

CHAPTER 3: PTK7-Src signaling at epithelial cell contacts mediates spatial

organization of actomyosin and planar cell polarity

3L INTFOAUCTION oo 90
3.2 REBSUILS e aaaa 93
3.2.1 PTKY positively regulates Src signaling and ROCK2 phosphorylation

in the mouse auditory sensory epithelium ............cccccccviiiiiiii e, 93

3.2.2 Src inhibition and hyperactivation both result in PCP defects in

1 LT © L RSP PPRPRRR 94
3.2.3 Src signaling mediates ROCK2 phosphorylation at intercellular
JUNCLIONS INthE OC ... e 96
3.2.4 Identification of vinculin and cortactin as potential targets of PTK7-Src
signaling in the organ of Corti (unpublished)...........ccccccciiiiiiinn. 97
3.2.5 Vinculin is required for hair cell PCP and regulates apical myosin 1B
foci assembly in the OC (unpublished)..........ccccccceeiiiiiiiiiii 98
3.3 DS CUSSION i 99
Bih  FIQUIES e 104

APPENDIX I: The Role of EphrinB ligands in Cochlear Morphogenesis

0 o o Yo 1V o1 o1 ISR 118
L2 RESUILS .ot e e e e e eaane 120
1.2.1 Expression of EphrinB1 and EphrinB2 in the developing OC .......... 120
[.2.2 EphrinBl is not required for hair cell PCP.........cccccccooeiiiieiiiiiiiiinn. 122
1.2.3 Genetic Interaction between EphrinB1 and Fz3/Fz6 in the OC........ 123
G T I 1] o U =7 o] SRR 124
R o 10 =TSSR 127

APPENDIX II: Dynamics of the myosin Il network in the developing OC

S | ) e Yo LU o3 1 oY ISR 133

[.2 RESUILS et e e e e eeeaes 134
[1.2.1 LiVe IMAgiNg SEL UP ..cuuuiiiiiiiie ettt e e aa s 134



[1.2.2 Myosin Il is recruited to medial borders of hair cells ....................... 135
1.2.3 Dynamics of the myosin Il network is disrupted in Ptk7” OC ......... 136
0 T B T =Y of U =17 o ] o USSP 136
R o LU [ =SSR 139

APPENDIX llI: Crosstalk between Ptk7-mediated pathway and hair cell
intrinsic polarity pathways

S 1 4 o Yo [V Yo o ] o USSP 144
1.2 RESUILS e e e e e e e e e e e eeeenes 145
I11.2.1 Ptk7 regulates cortical localization of Par-3 in the OC................... 145
[11.2.2 GEFS and GAPS fOr RAC.........uuuuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiieinininennnnnnnens 147
11.2.3 Gpsm2 localization is misoriented Ptk7” OC........cccocvevvceveceennnn. 149
0 T B T o U 7] [0 1 o RPN 149
] o U = USSP 152

CHAPTER 4: Summary and Future Work

v S YU 0 0 1 = VPP 157
o e VAU N 1 =T o § o ] o ORI 161
4.2.1 Does polarized tension regulate basal body positioning in the OC?161
4.2.2 Does polarized contractile tension mediated by PTK7-Src signaling
pathway spatially regulate cortical Rac-PAK activity?..................... 162
4.2.3 How does PTK7-Src signaling regulate actomyosin contractility?... 163
4.2.4 Does proteolytic cleavage of PTK7 regulate planar polarized Src
signaling iNn the OC?2.......e e 164
4.2.5 How does the noncanonical Wnt/PCP pathway regulate actomyosin
contractility in the OC?........oooiiiiii 166



CHAPTER 5: Materials and Methods

5.1 Mice and GENOLYPING .ovuuuuiiiiieeeieieeeiee e e e 169
5.2 Generation of afloxed Ptk7 allele .........cccoeeiiii, 169
5.3 Ptk7 genotyping in mosaic analysis ........ccccoeeiiiiiiii 170
5.4 ImmuUNONISTOCNEMISTIY oo 170
5.5 Cell culture and Western BIOtting ........cccoevvvviiiiiiiiiie e 171
5.6 Organotypic cochlear explant cultures .........ccccceeeviiiiiiiiiiiiccce e, 172
5.7 IMage aCQUISITION oooeeeieee e 173
5.8 Analysis of stereociliary bundle orientation/kinocilium position... 173
5.9 Quantification of pY416-Src and pY722-ROCK2 localization.......... 174
5.10 Live imaging of MIB-GFP..........ooouiiiiiiii e 175

CHAPTER 6: Bibliography



List of Figures

Figure 1

Figure 2
Figure 3

Figure 4

Figure 5
Figure 6

Figure 7

Figure 8

Figure 9

Figure 10

Figure 11

Figure 12

Figure 13

Figure 14

Figure 15

PCP signaling systems

Organization of the organ of Corti
Cochlear duct outgrowth

Ptk7 Regulates Fz3 Localization but Is Not Required for
Asymmetric Localization of DvI2 in the OC

Localization of DvI2 in Fz3™": Fz6” cochleae
Epistasis Analysis of Ptk7 and Fz3/Fz6 in Hair Cell PCP

Quantification of stereociliary bundle orientation for OHC1
and OHC2

Mosaic Analysis of Ptk7 in Hair Cell PCP

Conditional inactivation of Ptk7 using the Cre-loxP
technology

JNK Signaling Is Unlikely to Mediate PTK7 Function in the
ocC

Ptk7 and the Noncanonical Wnt Pathway Differentially
Regulate a Contractile Myosin 11B Network in Supporting
Cells

Ptk7 Regulates Myosin Il Activity to Orient Hair Cell PCP

Planar Asymmetry of Junctional Vinculin Is Abolished
in Ptk7”~ OC and Restored in Fz3™"; Ptk7”~ OC

E-cadherin and B-catenin localization in Ptk7” cochleae
and myosin 11B and vinculin localization in Fz3™; Ptk7™"
cochleae.

Vinculin planar asymmetry is differentially regulated by
Ptk7 and the non-canonical Wnt/PCP pathway

18

23

69

70

73

75



Figure 16

Figure 17

Figure 18

Figure 19

Figure 20

Figure 21

Figure 22

Figure 23

Figure 24

Figure 25

Figure 26

Figure 27

Figure 28

Figure 29

Figure 30

Figure 31

Analysis of Math1"; Ptk7“°" cochleae

88

PTKY regulates planar polarized Src signaling and ROCK2 104

phosphorylation at intercellular junctions in the mouse OC

ROCK?2 is still localized to intercellular junctions in Ptk7™
cochleae

Src inhibition and hyperactivation both result in PCP
defects in the OC

Localization of core PCP proteins DvI2 and Fz3 in Src-
inhibited and Csk™© cochleae

Src inhibition and hyperactivation have opposing effects
on pY416-Src and pY722-ROCK2 localization in the OC

Cortactin localization in the OC

Ptk7 promotes phosphorylation of junctional vinculin in the
OocC.

Vinculin is required for hair cell PCP.

Vinculin regulates the assembly of apical myosin Il foci in
supporting cells

EphrinB1 forms a complex with Fz3 in vitro.

EphrinB1 expression in the developing OC
EphrinB2 expression in the cochlea

EphrinB1 is not required for hair cell PCP

Genetic interaction between EphrinB1 and Fz3/Fz6

106

107

109

111

113

114

115

117

127

128

130

131

132

Comparison of Myosin IIB-GFP expression in live cochlear 139

explants with Myosin IIB immunostaining in fixed cochlear
tissues.

Xii



Figure 32

Figure 33

Figure 34

Figure 35

Figure 36

Figure 37

Figure 38

Myosin Il is recruited to medial borders of hair cells in
control OC

Dynamics of the myosin Il network is disrupted in Ptk7”"

ocC

Asymmetric localization of Par-3 is regulated by Ptk7

FilGAP localization in the OC

srGAP2 localization in the OC

Gpsm2 asymmetric localization is regulated by Ptk7

Model proposed for hair cell PCP regulation by Ptk7

List of Tables

Table 1

Table 2

Primers used for PCR genotyping

Primary antibodies used for immunostaining

140

142

152

153

154

155

160

176

177

Xiii



Xiv

Abbreviations

A-P
ADAM
Al
Arp2/3
ATP
BMP
BSA
CE

Csk
D-V

DC
DMEM
DMF
DMSO
DN
Dsh/Dvl
DTT
EDTA
Efnb1/2
Eph

ES Cells
FBS

Fj

FL

FRT
Ft/Ds
Fz

GAP
GAPDH
GBE
GEF
HBSS
HEPES
HRP

Ig

IHC
IPC
IPhC
JNK

Anterior-Posterior

A Disintegrin And Metalloproteinase
Adherens Junctions

Actin-related protein 2/3

Adenosine Triphosphate

Bone morphogenetic protein

Bovine Serum Albumin

Convergent extension

C-terminal Src Kinase

Dorsoventral

Deiter cells

Dulbecco's modified Eagle's medium
Dimethylformamide

Dimethyl

Dominant negative

Dishevelled

Dithiothreitol
Ethylenediaminetetraacetic acid
EphrinB1/B2

Ephrin Receptor

Embryonic Stem Cells

Fetal Bovine Serum

Four-jointed

Floxed allele

FLP recognition target
Fat/Dachsous

Frizzled receptor

GTPase activated protein
Glyceraldehyde 3-phosphate dehydrogenase
Germband extension

Guanine nucleotide exchange factor
Hanks’ Balanced Salt Solution
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Horseradish Peroxidase
Immunoglobulin

Inner Hair Cells

Inner Pillar Cells

Inner Phallangeal Cells

c-Jun N-terminal Kinase



MIIB Myosin Il Heavy Chain B
MIIB-GFP  Myosin IIB-Green Fluorescent Protein
ML Mediolateral

MLC Myosin light chain

MMP Matrix Metalloproteinases
NaN3 Sodium Azide

NaOH Sodium Hydroxide

NMII Non-muscle myosin I
NTD Neural Tube Defect

oC Organ of Corti

OHC Outer Hair Cell

OPC Outer Pillar Cells

PAK p21-Activated Kinase
PBST Phosphate Buffered Saline with Tween-20
PC Pillar Cell

PCP Planar Cell Polarity

PCR Polymerase Chain Reaction
PFA Paraformaldehyde

pPAK phosphorylated PAK
PTK7 Protein Tyrosine Kinase 7
RLC Regulatory light chain
ROCK Rho Kinase

ROI Region of Interest

RTK Receptor Tyrosine Kinase
SC Supporting Cell

SFK Src Family Kinases

Src Src

TCA Trichloroacetic acid

Tris-HCI Trisaminomethane hydrochloride
Vangl2 Van Gogh-Like 2

vcl Vinculin

wWB Western Blot

Wg Wingless

WT Wild-type

ADAM A Disintegrin And Metalloproteinase
ATP Adenosine Triphosphate
CE Convergent extension
CSK C-terminal Src Kinase
DMSO Dimethyl

DN Dominant negative
Dsh/Dvl Dishevelled

D-V Dorsoventral

Efnbl1/2 EphrinB1/B2



XVi

Eph Ephrin Receptor

FBS Fetal Bovine Serum

FL Floxed allele

Fz Frizzled receptor

GAP GTPase activated protein
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
GEF Guanine exchange factor
HBSS Hanks’ Balanced Salt Solution
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Ig Immunoglobulin

IHC Inner Hair Cells

JNK c-Jun N-terminal Kinase

MIIB Myosin Il Heavy Chain B
MIIB-GFP  Myosin IIB-Green Fluorescent Protein
ML Mediolateral

MLC Myosin light chain

MMP Matrix Metalloproteinases
NaN; Sodium Azide

NMII Non-muscle myosin I

NTD Neural Tube Defect

oC Organ of Corti

OHC Outer Hair Cell

PAK p21-Activated Kinase

PC Pillar Cell

PCP Planar Cell Polarity

PFA Paraformaldehyde

PTK7 Protein Tyrosine Kinase 7
RLC Regulatory light chain

ROCK Rho Kinase

RTK Receptor Tyrosine Kinase

SC Supporting Cell

SFK Src Family Kinases

Src cellular Src

TCA Trichloroacetic acid

Vangl2 Van Gogh-Like Protein 2

vcl Vinculin

WB Western Blot

WT Wild-type



Chapter 1: Background



Planar cell polarity (PCP) is a common feature of tissues and refers to the
coordination of cells and/or cellular structures across the plane of a two-
dimensional cell sheet. It was first discovered in Drosophila, where PCP is
manifested by the uniform alignment of sensory bristles and cellular hairs
(trichomes) in the wing and abdomen, and by the orientation of ommatidia in the
compound eye. In vertebrates, the organization of scales in fish, alignment of hair
follicles in skin and stereociliary bundles of the inner ear epithelium in mammals
represent clear examples of PCP [2—4]. Although most evident in epithelial
tissues, PCP has also been observed in mesenchymal tissues undergoing
collective and directional cell migration [5].

Diverse morphogenetic and physiological processes across the animal
kingdom are dependent on the proper establishment of PCP. PCP defects are
associated with developmental abnormalities such as deafness, polycystic kidney
disease, neural tube defects and congenital heart disease [6]. Over the past 30
years, extensive efforts have been made towards elucidating the genetic factors
that regulate PCP. A “core” cassette of PCP genes were originally identified in
Drosophila and subsequently shown to share conserved functions for PCP in
vertebrates. Interestingly, a number of distinct components operate exclusively in
vertebrate PCP processes. Our lab has previously identified Protein tyrosine
kinase 7 (Ptk7) as a novel regulator of PCP in vertebrate development [1]. Ptk7
mouse mutants display characteristic PCP defects such as craniorachischisis

(open neural tube) and stereociliary bundle misorientation in the inner ear.



However, the mechanisms by which Ptk7 regulates PCP in mammals remain
poorly understood.

The cochlea exhibits one of the most distinctive forms of PCP in mammals
and is defined by two main features: the asymmetric V-shaped stereociliary
bundle at the apical surfaces of each sensory hair cell and the uniform orientation
of these bundles across the sensory epithelium of the cochlea. These features
are established during embryonic development and are critical for the normal
perception of sound as stereociliary bundles are directionally sensitive to
mechanical stimuli. These striking morphological manifestations of PCP make
the cochlea a powerful model system to dissect the cellular and molecular
underpinnings of PCP signaling in vertebrates. Therefore, we have taken
advantage of this model system to gain mechanistic insights to Ptk7-mediated

establishment of PCP in the cochlea.

Section 1.1 Planar Cell Polarity (PCP)

1.1.1 Basic principles of PCP establishment

For tissues to display PCP, individual cells have to adopt intrinsic polarity
and the orientation of intrinsic polarity has to be coordinated with respect to
neighboring cells across the tissue. Achieving these two levels of organization
requires (1) global directional information to coordinate PCP across the tissue,
(2) cellular factors which integrate both local and global signals to establish the

primary PCP axis and (3) tissue-specific effector modules that impinge on



cytoskeletal regulation to polarize individual cells in coordination with neighboring
cells (reviewed in [7-10]).

The molecular framework for understanding PCP establishment has been
provided by rigorous genetic studies in Drosophila, and is best characterized in
the wing epithelium [11]. Presently, two signaling systems are known to regulate
PCP: the core PCP system and the Fat/Dachsous (Ft/Ds) system. The
underlying principle of both these systems is cell-cell communication.
Components of these modules display subcellular asymmetries in their
distributions and/or activities via heterophilic cell-surface protein interactions.
Interestingly, a number of manifestations of PCP have been identified in
Drosophila and are not regulated by either of these systems, suggesting that

additional PCP signaling systems exist.

1.1.2 The core PCP system

Based on defects in the uniform orientation of hairs on the wing, a “core”
network of genes were found to be required for PCP [11]. The core PCP
signaling module consists of six components: transmembrane proteins such as
seven-membrane domain Frizzled receptors (Fz), tetraspanin Van
Gogh/Strabismus (Vang/Stbm), atypical cadherin Starry Night/Flamingo
(Stan/Fmi), and cytoplasmic adaptor proteins Dishevelled (Dsh/Dvl), Diego (Dgo)
and Prickle (Pk) (Figure 1).

A hallmark feature of the core PCP proteins is that they asymmetrically

localize at the adherens junctions prior to morphological polarization events.



These proteins normally segregate into two groups to demarcate complementary
proximal (Vang and Pk) and distal (Fz, Dsh and Dgo) domains in each cell.
Furthermore, disrupting any one of the core PCP gene function affects the
asymmetric localization of all core PCP proteins. It is thought that the asymmetric
localization of core PCP components arise from intracellular feedback
interactions between proximal and distal PCP proteins while the local
propagation of this asymmetry to neighboring cells requires the assembly of
asymmetric intercellular complexes. Stan forms homodimers and facilitates
intercellular interactions between Fz and Vang to set up the initial polarity bias of
Fz activity. Subsequently, intracellular interactions between Dsh, Pk and Dgo
enhance and propagate the directionality of Fz-Vang binding, hence creating a
self-organizing feedback loop to stabilize a Fz-PCP signaling axis. A proposed
mechanism for polarized distribution of the core PCP components implicates
directional microtubule-transport of Fz, Dsh and Fmi [12, 13].

In the wing, core PCP mutations do not cause randomization of hair
orientation. They exhibit a phenomenon known as ‘domineering non-autonomy’,
where the polarity of wild-type cells adjacent to mutant clones is strongly
perturbed such that their wing hairs either orient toward or away from the mutant
clone [14]. For instance, clones of cells lacking Fz induces surrounding wing
hairs to point toward the fz mutant clone [15]. In contrast, Stom mutant clones
directs wild-type hairs to orient away from it [16]. These directional non-

autonomous effects on hair polarity support the instructive role of the core PCP



pathway in PCP establishment. Moreover, it has been show that this
phenomenon is conserved in all Drosophila tissues.

It still remains unclear how asymmetric core PCP protein localization
aligns with the axes of the wing. The concept of a morphogen gradient has been
proposed to encode long-range directional information for the core PCP system.
One of the proposed candidates for a morphogen is the Wnt family of
glycoproteins, which serve as ligands for Fz receptors. Until recently, Drosophila
Wnts were thought to function as permissive rather than instructive cues for Fz
as both over-expression and loss of function of multiple Wnts did not produce
PCP phenotypes [17-19]. Newly reported evidence has demonstrated that
Wingless (Wg) and dWnt4 function redundantly to support instructive roles in
PCP in the Drosophila wing [20]. An alternative model posits that the
Fat/Dachsous system provides global polarity signals to the core PCP pathway,

but recent genetic evidence is not consistent with this model (See Section 1.1.3).

1.1.3 Fat/Dachsous System

In addition to the noncanonical Wnt/PCP pathway, a second signaling
system regulates PCP and involves the protocadherins Fat (Ft) and Dachsous
(Ds) (Figure 1) (reviewed in [21-24]). The Ft/Ds system is also known as the
global module. Ft and Ds preferentially form intercellular bridges between
adjacent cells and Ds binding negatively regulates Ft activity. The strength of the
Ft/Ds interaction is further modulated by Four-jointed (Fj), a Golgi kinase that

phosphorylates the extracellular cadherin domains of both Ft and Ds. Similar to



the core PCP components, loss of Ft or Ds leads to non-autonomous PCP
defects [25-28].

Unlike the core PCP pathway, these components do not exhibit obvious
asymmetric subcellular localizations. Instead, Fj and Ds are expressed in
opposing gradients in the wing and eye, resulting in a gradient of Ft/Ds binding
and activity [26, 29, 30]. The alignment of the Ft/Ds pathway to the body axes is
regulated by upstream morphogens such as Wingless (Wg), Decapentaplegic
(Dpp) and Hedgehog (Hh) that control the transcription of ds and fj and create
opposite gradients of Ft/Ds binding interactions.

The relationship between the Ft/Ds and the core PCP signaling modules is
not clear. The observed gradient of Ft/Ds in polarized tissues was initially
proposed to set up global polarity signals for the core PCP system and hence
was placed upstream of the core PCP pathway. However, those views were
challenged by evidence from genetic mosaic studies. Casal et al. demonstrated
that in the Drosophila abdomen, directional non-autonomous effects of wild type
cells by Ft or Ds mutant clones occur even in the absence of Fz [18].
Furthermore, planar polarity defects in Ds mutant flies are exacerbated by the
loss of Fmi activity [18]. In the wing, reversing Ds and Fj expression gradients
reverses hair polarity while abolishing these gradients appears to have no effect
on wing hair polarity [26, 30, 31]. This observation suggests that Ds and Fj are
not essential components that provide spatial information in the wing. Together,
these studies suggest that these two systems function in parallel and reinforce

PCP using independent inputs.
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Figure 1. PCP signaling systems. (A) The core PCP system consists of
Frizzled (Fz), Dishevelled (Dsh), Van Gogh (Vang), Prickle (Pk) and Flamingo
(Fmi). Prior to morphological polarization, core PCP components adopt
asymmetric subcellular localizations at the adherens junctions and segregate
into two distinct subsets on the proximal (Fz/Dsh/Dgo) and distal (Vang/Pk)
domains of opposing cell-cell junctions to communicate polarity information
between neighboring cells. Polarized subcellular distributions are modulated
by intercellular and intracellular feedback interactions. (B) The second
Fat/Dachsous signaling module involves atypical cadherins Fat (Ft) and
Dachsous (Ds) which interact heterophilically. This binding is further
modulated by a Golgi kinase, Four-jointed (Fj). Fj phosphorylates both Ft and
Ds to make Ft a stronger ligand for Ds. In polarized tissues, Fj and Ds are
expressed in opposing gradients, resulting in a bias in the orientation of the Ft-
Ds heterodimer.

(Figure was adapted from Bayly & Axelrod, 2011 [7])

1.1.4 PCP pathways independent of core PCP or Ft/Ds systems

In Drosophila, several manifestations of PCP are regulated by
mechanisms that are independent of the core PCP or Ft/Ds systems. One of the
most well studied examples occurs during germband extension, where planar
polarized junctional rearrangements causes the germband epithelium to double

in length along the anterior-posterior (AP) axis and narrow along the dorsal-



ventral (DV) axis [32—35]. This polarized cell behavior relies on planar polarized
actomyosin contractility and adhesion, and requires the patterned expression of
transcription factors Even-skipped (Eve) and Runt [32, 34, 36]. Of note, another
pathway is responsible for mediating planar polarized cell behaviors during
elongation of the egg chamber during oogenesis. Critical to this process is the
alignment of basal actin filaments along the DV axis in follicle cells, in
perpendicular to the axis of elongation [37—40]. In this context, Fat2, a Fat
homolog and the receptor tyrosine phosphatase DLar exhibit planar polarized
distributions and regulates the planar polarized orientation of actin filaments [34,

41, 42].

1.1.5 PCP signaling in vertebrates

Components of the Drosophila core PCP pathway are highly conserved in
vertebrates. In mammals, at least 10 genes encode Frizzled receptors (Fz1-10),
2 genes for Van Gogh-like (Vangl1-2), 3 genes for Dishevelled (Dvl1-3), 3 genes
for Celsr (homolog of Flamingo, Celsrl-3) and 2 genes for Prickle (Pk1-2). The
existence of multiple vertebrate isoforms of each core PCP component presents
added complexity and challenges to understanding how these systems function
in vertebrates. Nevertheless, analyses of loss of function mutants have
implicated the core PCP pathway in diverse developmental processes in
vertebrates.

Analogous to the alignment of hairs and sensory bristles in Drosophila,

PCP signaling in vertebrates regulates the coordinated polarization of epithelial
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cells such as the posterior positioning of motile cilia in cells of the embryonic
node, hair follicle orientation in the skin and stereocilia orientation in the inner ear
(See section 1.2.6). In the embryonic node, motile cilia beat in a clockwise
motion to generate leftward flow of nodal fluid and biases the accumulation of an
unidentified signal that is critical for establishing left-right (LR) asymmetry in the
body [43]. Asymmetric distribution of core PCP proteins have been observed in
nodal cells, and defects in LR asymmetry are found in multiple organisms when
Vangl and Dvl functions are disrupted [44—-47]. Another phenomenon that
requires PCP signaling is the orientation of hair follicles in the skin. Each hair
follicle is a collection of hundreds of cells that becomes organized into an
asymmetric structure such that the associated hair makes an acute angle with
respect to the skin epithelium. Disorganization of hairs in the skin are found in
Celsrl, Vangl2 and Fz6 mutant mice, marked by the appearance of whorls and
ridges in their fur [3, 48, 49]. Chimeric experiments also revealed the
nonautonomous component of PCP signaling in hair follicle orientation,
evidenced by the observation that Vangl2-"'"* mutant cells affected the proper
polarization of adjacent wild-type hair follicles [3]. In the inner ear, PCP signaling
regulates the uniform orientation of stereociliary bundles in the sensory
epithelium and has been the one of the most widely used model systems for
studying PCP (see Section 1.2.5-1.2.6) [50].

While PCP signaling plays a crucial role in polarizing cells in epithelial
sheets, vertebrate PCP genes are required for coordinating collective cell

movements. Forward genetic screens in Xenopus and zebrafish demonstrated
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that orthologs of Drosophila PCP genes are critical for the process of convergent
extension during embryogenesis [51-53]. Convergent extension (CE) describes
the narrowing of a tissue in one axis (convergence) and its subsequent
elongation in a perpendicular axis (extension) [54]. At the cellular level,
mediolateral elongation and polarized cellular extensions allow intercalation of
mesodermal cells between each other, facilitating the convergence of cells
towards the midline and extension along the anterior-posterior (AP) axis [55-57].
In fish, frogs and mice, CE provides the driving force for two important
developmental processes: neural tube closure and axis elongation. During
neurulation, cells in the neural plate undergo CE, causing the neural plate curl
and eventually fuse to form a hollow tube known as a the neural tube. Single
mutations in Vangl2, Celsrl or the combinatorial loss of either DvI1 and DvI2 or
Fz3 and Fz6 function result in phenotypes characterized by open neural tube and
a shortened body axis [2, 58—60]. Although PCP genes are clearly involved,
there is little evidence for asymmetric distribution of PCP proteins in tissues
undergoing CE, possibly because cells are actively shifting around and have
transient cell-cell interactions. In addition to axis elongation and neural tube
closure, PCP signaling also regulates CE in mouse cochlea, kidney, heart and
eye [4, 61-63].

PCP genes have also been implicated in the development of the nervous
system, where it regulates processes such as neuronal migration, axon guidance
and dendritic patterning (Reviewed in [64, 65]). Studies in mice and zebrafish

provide evidence for the role of PCP signaling in the caudal migration of facial
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branchiomotor (FBM) neurons from rhombomere 4 (where they are generated) to
rhombomere 6. For instance, loss of vangl2 (trilobite), fzd3a and celsr2 in
zebrafish and Vangl2* mutations in mice results in disrupted FBM migration [66,
67]. Conditional inactivation of Celsrl in FBM neurons randomizes the direction
of FBM migration [68]. In addition to aberrant FBM neuron migration, Fz3, Celsr3,
Vangl2"" mutant mice also exhibit loss of major axon tracts that connect the
thalamus and cortex and defects in rostral turning of spinal cord sensory axons
[69, 70]. In mammals and flies, Celsr/Fmi proteins are required for dendritic
development where it prevents overgrowth of dendrites [71, 72]. DvI1 ™

hippocampal neurons have reduced dendritic growth and arborization [73].

1.1.6 Downstream effectors of PCP signaling

Downstream of the core PCP system, effectors regulate diverse cellular
outcomes such as reorganizing the cytoskeleton, modifying cell
adhesion/movement, affecting nuclear signaling and orientation of the mitotic
spindle. In the Drosophila wing, tissue specific effectors affect the growth and/or
positioning of hairs (trichomes) and bristles in individual cells. A small group of
proteins function as planar polarity effectors, which include Fuzzy (Fy), Inturned
(In) and Fritz (Frtz) [74—76]. In the wing, these proteins regulate the localization
of another effector Multiple Wing Hairs (Mwh) to restrict actin polymerization to
the distal edge of the cell [23]. Disruptions of vertebrate homologs of these
proteins produce mild gastrulation defects and its functions in the OC are

currently unknown [77].
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Several conserved effectors of the core PCP pathway have functions in all
tissues and were identified from studies in Drosophila, Xenopus and cultured
cells. These proteins function as regulators of the actin cytoskeleton and include
the Rho small GTPases (RhoA, Rac, and Cdc42), Jun N-terminal Kinase (JNK)
and formin protein Daam1 [78]. These proteins are well-known regulators of cell
polarity, cytoskeletal remodeling, adhesion and maotility. Due to their broad
cellular functions and expression of multiple forms, determining their specific
functions in mammalian PCP requires the generation of conditional mutants. Our
lab has previously examined the role of Rac GTPases in inner ear PCP. Racl
and Rac3 function redundantly in cochlear CE and have a maintenance function
in hair cell PCP in the developing OC. Specifically, p21-activated kinase (PAK), a
downstream effector of Rac regulates the orientation and maintenance of hair
cell PCP [79, 80].

The c-Jun N-terminal Kinase (JNK) signaling cascade has been generally
considered as a key effector of the PCP pathway in vertebrates and lies
downstream of Rac [81, 82]. JNK signaling regulates CE during Xenopus
gastrulation, and later shown to act on other PCP-dependent processes such as
neuronal migration and axon guidance [82, 83]. Pharmacological inhibition of
JNK signaling in the cochlea contributes to bundle structural defects and cellular
disorganization. Conditional deletion of Jnk1 and Jnk2 exhibit supernumerary
rows throughout the OC without obvious cochlear length/width defects

(unpublished).
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Elucidating the effectors of the Ft/DS system has been challenging, as
they are involved in the regulation of both planar polarity and tissue growth.
Under certain circumstances, Ft/Ds signaling can affect the asymmetric
distribution of core PCP proteins indirectly by regulating oriented cell division, cell
dynamics and alignment and polarity of microtubules involved in Fz transport [12,
84, 85]. In addition, Ft/Ds activity has been proposed to regulate oriented cell
divisions by polarizing the distribution of a downstream atypical myosin Dachs to
promote anisotropy in junctional tension [86]. In vertebrates, the effectors of the

Ft/Ds system remain unknown.

1.1.7 Vertebrate specific regulators

A number of genes have been exclusively associated with vertebrate PCP
processes. Mutations of genes encoding these proteins produce characteristic
PCP phenotypes and display genetic interactions with the core PCP
components. These proteins are proposed to refine and mediate PCP signaling
in a context-specific manner. Proteins such as Ror2 and Ryk function as co-
receptors for PCP and are Wnt responsive. Other proteins such as Scribble,
Smurf ubiquitin ligases and Sec24b patrticipate in PCP by regulating the
trafficking, transport and turnover of core PCP proteins. In addition, Protein
tyrosine kinase 7 (Ptk7) encodes an atypical receptor tyrosine kinase for which
its Drosophila counterpart Off-track (Otk) has no role in PCP in flies (see Section

1.3). Its functions are still not well understood and the major goal of this
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dissertation is aimed at dissecting its role in the regulation of PCP in the inner
ear.

Ror2 belongs to a family of transmembrane receptors that interact with
noncanonical Wnt5a and mediate its effects on PCP signaling [87]. In fact, Ror2
mutant mice display similar phenotypes with Wnt5a mutants. This interaction
attenuates canonical Wnt signaling and promotes JNK activity through VangI2
phosphorylation. In the developing limb, a gradient of Wnt5a generates PCP
gradient of Vangl2 activity to direct proper limb elongation [88]. In the inner ear,
Ror2 mutants have a relatively mild PCP phenotype and complexes with Cthrcl
to stabilize Wnt-Fz receptor complexes [89].

Receptor-like tyrosine kinase (Ryk), an atypical receptor tyrosine kinase,
is the mammalian homolog for derailed and functions in axon guidance and
neurite outgrowth in flies and mammals. While Ryk”™ mice do not have PCP
phenotypes, it genetically interacts with Vangl2 and complexes together with
Wnt5a acts to modulate Vangl2 stability [90].

Scribble (Scrb), a well-known determinant of apical-basal polarity was
initially identified as a novel PCP regulator from studies of the Circletail mouse
mutant. Scrb regulates asymmetric localization of Vangl2 [91] and was proposed
to be required for targeting and restricting Vangl2 to the apical domain of hair
cells.

Sec24b encodes for a cargo-sorting member of the COPII endoplasmic
reticulum-Golgi transport vesicle. Loss of function Sec24b mutants exhibit PCP

phenotypes in the neural tube, heart and inner ear and genetically interacts with
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Vangl2 and Scrb [92]. Sec24b regulates the proper trafficking of Vangl2 to the
membrane [93].

Smad ubiquitination regulatory factors, Smurfl and Smurf2 have also
been implicated in vertebrate PCP regulation. Loss of function of these two E3
ubiquitin ligases in mice produce PCP phenotypes in the cochlea and neural tube
defects. These proteins were found to be recruited into a complex with

phosphorylated Dvl and Par-6 and target Pk for degradation [94].

Section 1.2 Development of the mammalian Cochlea
1.2.1 The organ of Corti (OC)

The snail-shaped coiled cochlea is the primary auditory sensory organ that
resides in the bony labyrinth of the inner ear. It houses a unique sensory
epithelium that is exquisitely patterned for converting mechanical sound stimuli
into electrical impulses. This epithelium also known as the organ of Corti (OC)
rests on the basilar membrane and consists of a finite number of specialized
epithelial cells that are divided into two groups: sensory hair cells (HC) and
nonsensory supporting cells (SC). In the mature OC, these epithelial cells are
organized into a stereotypical mosaic pattern where supporting cells interdigitate
between hair cells (Figure 2). Along the medial-to-lateral axis of the cochlear
duct, sensory hair cells are further arranged into a single row of inner hair cells

(IHCs) and three rows of outer hair cells (OHCs). Supporting cells include the
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inner and outer pillar cells (IPC and OPC), Border/Inner Phallangeal cells (IPhC)
and Deiter Cells (DC).

Sensory hair cells assemble the V-shaped actin-rich stereociliary bundle,
apical specializations that serve as the primary sensory receptors for hearing. In
response to changes in sound pressure waves, the basilar membrane vibrates
and causes the stereociliary bundle to pivot towards the lateral edge of the
cochlear duct. This directionally biased deflection triggers the opening of
mechanically gated ion channels in the stereocilia and induces a depolarizing
inward current in hair cells. Synaptic vesicles carrying neurotransmitter
molecules fuse at the basolateral surfaces of hair cells to transmit electrical
signals through afferent neurons to the brainstem. Moreover, the cochlea is
tonotopically mapped whereby sensory hair cells at each location along the
cochlear duct are tuned to respond to sounds of a specific frequency. It is
thought that the IHCs primarily serve to detect basilar membrane vibrations and
OHCs serve in amplifying and conferring higher sensitivity to IHCs.

As its name suggests, non-sensory supporting cells provide structural
support for the OC. Hair cells do not interface the basilar membrane directly.
Instead, they rest on the cell bodies of supporting cells, which contact the basilar
membrane. Cross-sections of the OC reveal high structural complexity of
supporting cells. Supporting cells project finger-like phalangeal processes to fill
the gaps between hair cells and form a tight ion impermeable epithelium, critical
for maintaining the ionic compositions between the fluid-filled chambers in the

cochlea.
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Evidently, development of the elaborate structural features of the OC is
tightly linked to the proper hearing functions of the cochlea. Majority of
sensorineural hearing loss stems from damage to and loss of sensory hair cells
in the cochlea. In mammals, these aberrations are irreversible as we lack the
natural capacity to regenerate hair cells. Substantial progress needs to be made
towards understanding the mechanisms that underlie cochlear development with
the ultimate goal of designing effective diagnostics and identifying targets for

regenerative therapies for hearing loss.

Lateral

Figure 2. Organization of the organ of Corti (En face view). Hair cells
(pink) are arranged into four rows along the medial lateral axis of the cochlear
duct. Supporting cells (gray) interdigitate between hair cells. Juxtaposing the
lateral and medial edges of the OC are the cells of the lesser epithelial ridge
(LER) and the greater epithelial ridge (GER), respectively. Each hair cell
assembles a V-shaped stereociliary bundle (green) that is oriented towards
the lateral edge of the OC




19

1.2.2 Specification and Differentiation of the OC

The mammalian inner ear comprising the vestibular and auditory sensory
organs arises from the otic placode, a region of thickened ectoderm that
develops adjacent to the hindbrain and is present at embryonic day (E) 8.5 in the
mouse [95]. Over the next 24 hours, the otic placode undergoes invagination and
pinches off from the ectoderm to form the fluid-filled otocyst. Multi-potent
epithelial progenitor cells in the otocyst further develop into three major lineages,
prosensory cells (which contribute to hair cells and supporting cells), proneural
cells (which become auditory or vestibular neurons) and nonsensory cells (which
give rise to all other cells derived from the otocyst).

At E11, the cochlear duct emerges from the ventral portion of the otocyst
[96, 97] and the initial outgrowth process is regulated by several genes such as
Gata3, Pax2 and Eyal (Figure 3). Epithelial-mesenchymal interactions in the
developing otocyst direct the coiling of the duct [98]. Specification of the
prosensory domain occurs concurrently with the growth of the cochlear duct.
Multiple factors and signaling pathways cooperate to specify and restrict the
prosensory domain to a narrow region bounded by two non-sensory domains; the
greater epithelial ridge (GER) on its medial side and the lesser epithelial ridge
(LER) on its lateral side. Broad expression of Notch regulators such as Hes1 and
Hey1/2, Lunatic Fringe (Lfng) and the Notch ligand Jagged1l (Jagl) in the early
otocyst stage suggests a requirement for Notch signaling in restricting and/or

specifying prosensory fate. This hypothesis was further validated by studies
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where loss-of-function of Notch signaling in mice led to a significant loss of hair
cell and supporting cell numbers [99-101].

In contrast, Hedgehog signaling functions as a negative regulator of
prosensory cell fates in non-sensory cells within the cochlear duct to restrict the
size and position of the OC. Deletion of Gli3, a downstream target of hedgehog
signaling, produced shortened cochlear ducts with expanded and ectopic
sensory patches [102]. Interestingly, spiral ganglia located medial to the
developing OC strongly express a hedgehog ligand, Sonic Hedgehog (Shh).
Bone Morphogenetic Protein 4 (Bmp4) is also one of the earliest molecular
players involved in prosensory specification. High expression of BMP4 was
observed in the region lateral to the OC known as the Lesser Epithelial Ridge
(LER) [103]. The observed opposing expression gradients of BMP and
Hedgehog ligands suggests that these two signaling pathways may antagonize
each other to further restrict and pattern the prosensory domain. The prosensory
domain is also demarcated by the expression of SRY-related high mobility-group
(HMG)-box transcription factor, Sox2. Loss of function Sox2 mutants inhibits
prosensory domain formation, implicating it as another molecular player in the
specification of the sensory primodium in the OC [104, 105].

At E13, expression of a cyclin-dependent kinase inhibitor p27""** is
upregulated in the prosensory domain in a graded fashion from the apex to base
of the cochlea [106]. This molecular event overlaps with terminal mitoses of
multipotent prosensory cells and precedes the first signs of hair cell

differentiation. Between E13 and E15, prosensory cells differentiate into inner
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and outer hair cells (IHC, OHC) and between five to seven different types of
supporting cells (SC) (Figure 1). Hair cell differentiation occurs along two axes in
the cochlea; first, along a base-to-apex gradient and a second medial-to-lateral
gradient where inner hair cell differentiation precedes outer hair cell
differentiation. Multiple lines of evidence implicate Atohl or Math1, a basic Helix-
Loop-Helix (bHLH) transcription factor, as a master regulator of hair cell
differentiation [107—-109]. At this developmental time point, Atohl is upregulated.
In response to Atoh1, hair cells express specific Notch ligands to activate Notchl
receptors in neighboring prosensory cells and repress hair cell fate by inhibiting
Atoh1 expression [110, 111]. Together with other regulators such as Inhibitor of
Differentiation (Id), Prox1 and Sox2, the Notch signaling pathway plays an
essential role in singling out hair cell fates from supporting cell fates. What
remains elusive is how different types of hair cells and supporting cells are

specified during development.

1.2.3 Morphogenesis of the Cochlea I: Cochlear Duct Extension

Concomitant with differentiation of the post-mitotic prosensory cells, the
cochlear duct continues to extend and coil, doubling in length to approximately
1.75 turns by PO (Figure 3) [112, 113]. Cochlear duct extension and coiling
appears to be an evolutionary adaptation of the basilar papilla in tetrapod
species, and confers the ability to discriminate a wider range of sound
frequencies [97]. During terminal morphogenesis, the four to five cell layers thick

prosensory domain unidirectionally thins out into a two-cell layer thick epithelium
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where hair cells rest on the cell bodies of supporting cells [9]. Cochlear extension
occurs in the absence of any cell death or proliferation indicating that dynamic
cellular rearrangements provide the main driving force for this process. Another
by-product of these movements is the highly ordered pattern of hair cells and
supporting cells (Figure 2).

The cellular movements underlying these rearrangements are highly
reminiscent of convergent extension (CE) movements where cells actively
narrow along one axis (convergence) and extend along a perpendicular axis
(extension) [54, 114]. In vertebrates, the noncanonical Wnt/core PCP pathway
regulates CE during neural tube closure. Mutations in core PCP genes such as
Vangl2 and Dishevelled often exhibit shorter and widened cochleae, implicating
core PCP signaling in cochlear extension [61, 115]. A recent study showed that
disruption of p120-catenin, a component of the adherens junction, leads to CE
defects but not hair cell PCP defects in the cochlea. Altered distribution of
cadherins in core PCP mutants reveal that cadherin-dependent mechanisms are
involved in cochlear CE and that the core PCP pathway regulates cochlear CE
and hair cell planar polarity independently [116].

Downstream of the PCP signaling pathway, our lab has demonstrated that
Rho family of small GTPases Racl and Rac3 function redundantly to regulate
cochlear extension [80]. Conditional Racl single mutants have shortened
cochlear ducts while Racl; Rac3 double mutants display exacerbated cochlear
duct defects. Upon closer examination, epithelial cells in the floor region of E14.5

Racl; Rac3 double mutant cochleae revealed a loss of epithelial cohesion and
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were accompanied by formation cyst-like sensory patches in the cochlea. These
findings are consistent with a role for Rac GTPases in coupling actin dynamics
and E-cadherin cell adhesion to regulate mediolateral and radial cell
intercalations during cochlear extension. Another study has proposed that PCP
signaling may regulate cell adhesion by recruiting Racl to the adherens junctions
[117].

Non-muscle myosin Il (NMII) is a key player that regulates CE in both
Drosophila and vertebrates through modulation of junctional remodeling and cell
shape change [32, 118]. Genetic and pharmacological perturbations of myosin I
activity disrupts cochlear outgrowth and causes cellular disorganization in the
OC, hence implicating myosin Il in cochlear extension and cellular patterning

[114].

¢ ¢ @

E10.75 E115 E12

Figure 3. Cochlear duct outgrowth. Paint filled mouse inner ears
illustrating the outgrowth of the cochlear duct over the course of embryonic
development between E10.75 and E17. The cochlear duct emerges from
the ventral portion of the inner ear (indicated by arrows), subsequently
elongates and coils to form approximately 1.75 turns. D, Dorsal, V, Ventral

(Adapted and modified from Morsli et al., 1998 [112])
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1.2.4 Morphogenesis of the Cochlea: Stereociliary bundle development

As the cochlear duct extends, polarized actin-rich stereociliary bundles
assemble on the lumenal surfaces of sensory hair cells, and are uniformly
oriented across the OC. In addition, cells in the OC become mono-ciliated
containing a single microtubule based primary cilium known as the kinocilium.

Stereociliary bundle development follows similar hair cell differentiation
gradients and PCP in hair cells is accomplished in two phases: establishment
and refinement [119]. Initially, short microvilli of uniform size and length cover the
luminal surfaces of nascent hair cells at E12.5 [120]. At E15, the axonemal
kinocilium templated by the basal body elongates and projects out into the
luminal space from the center of each hair cell. Subsequently, the kinocilium
migrates non-randomly towards the lateral pole of the hair cell by E16.5 and
triggers neighboring microvilli to elongate in a controlled manner.

Each microvillus thickens to become a more tightly bundled paracrystalline
array of rigid actin filaments that define the stereocilia. The current model for the
transformation of microvillus to stereocilium follows one where new actin
filaments are added on the periphery of the stereocilium as existing filaments
migrate towards the core of the stereocilium [121, 122]. Regulated actin
assembly directs stereocilia growth to specific lengths, leading to the formation of
the staircase-like array such that the tallest row of stereocilia lies next to the
kinocilium. To promote bundle cohesion, a number of proteinaceous filaments
link individual stereocilia with each other and the tallest row of stereocilia with the

kinocilium. As the stereocilia elongates, a proportion of actin filaments project
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into the apical cytoplasm to form rootlets which anchor into the cuticular plate, a
dense meshwork of cross-linked actin and cytoskeletal proteins located just
below the apical surface of hair cells. Excess microvilli that fail to incorporate into
the rows of the stereociliary bundle will be resorbed. Once assembled, the
stereocilia continue to grow, mature and renew but the kinocilium will degenerate
postnatally.

Between late embryonic and early postnatal developmental stages, hair
cells undergo a critical period of refinement to correct any deviations of their
stereociliary bundle and achieve uniform orientation [123]. Outer hair cells also
remodel their apical surfaces to ensure optimal mechanotransduction prior to the
onset of hearing at P10 [124]. Beyond this critical reorientation period,
stereociliary bundle orientation defects otherwise uncorrected remain misaligned
through adulthood. This may be attributed to the progressive stiffening of the
intercellular junctions and thickening of the actin belts that physically restrict
rearrangements of the stereociliary bundle [125, 126]. Hair cells with misoriented
stereociliary bundles do not undergo cell death but perturbed PCP signaling in
the OC affects the cellular architecture of neighboring supporting cells [127].
These morphological disruptions may alter the general biomechanical properties
of the OC and interrupt the amplification function of OHCs, hence decreasing

their sensitivity to sound.

1.2.5 Hair cell PCP in the OC
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PCP in hair cells in the OC is defined at two levels. In individual hair cells,
planar polarity is defined by the V-shape structure of the stereociliary bundle. At
the tissue level, hair cells across the OC uniformly align their stereociliary
bundles towards the lateral edge of the cochlear duct.

The uniform orientation of stereociliary bundles across the OC is regulated
by the noncanonical Wnt/core PCP signaling pathway (see Section 1.1 and
Section 1.2.6). Perturbations in core PCP signaling result in mild to severe
randomizations of stereociliary bundle orientation that are dependent on the
genetic background, hair cell subset and/or specific region of the OC [59, 61,
115]. However, in all cases, the structural polarity of individual stereociliary
bundles remains intact. Therefore, core PCP signaling is dispensable for the
intrinsic polarity of hair cells but is required to coordinate planar polarity at the
tissue level.

The transient nature of the kinocilium suggests a developmental role and it
has been thought to function as a guidepost for hair bundle morphogenesis and
orientation. During establishment of PCP, migration of the kinocilium marks a
critical step in polarizing the orientation of the stereociliary bundle. The link
between kinocilium and hair cell PCP has been shown by analyses of mouse
mutants of ciliary/basal body associated proteins, which exhibit complete loss or
mispositioning of the kinocilium [128-130]. In the cochleae of these mutant mice,
stereociliary bundle structure and bundle orientation are disrupted, therefore

highlighting the pivotal role of the kinocilium in the polarization of the hair bundle.
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A few groups including ours have shed light on the mechanisms that
regulate hair cell-intrinsic polarity in the OC. Our lab has previously identified that
cortical Rac-PAK activity is normally localized to the lateral domain of hair cells
and tightly correlates with basal body positioning and bundle orientation.
Therefore, localized Rac-PAK activity may serve as cell intrinsic polarity cues
[79, 128, 131]. Disruption in the functions of two microtubule motor associated
proteins, Lissencephaly 1 (Lis1) and Kinesin Family protein 3A (Kif3a), result in
hair bundle morphology and orientation defects. These observations supports the
idea that microtubule-mediated process are involved regulating hair cell PCP.
Furthermore, these proteins also regulate cortical Rac-PAK localization. At
postnatal stages, Lis1 functions to maintain planar polarity by recruiting
cytoplasmic dynein to generate pulling forces on the microtubule array and
microtubule organization. In the absence of these proteins, core PCP asymmetric
localizations are maintained suggesting that they could operate independent of
tissue PCP signaling. We therefore propose that microtubule capture at the
lateral hair cell cortex establishes a cortical domain of Rac-PAK signaling
creating a positive feedback loop, which subsequent microtubule-cortical
attachments are strengthened to position the basal body at the lateral side of the
hair cell. Microtubule capture at the lateral cortex may be mediated by
mechanisms analogous to spindle orientation.

A newly published study has revealed a role for the aPKC/Par-3/Par-6
polarity complex in planar polarization of hair cells [132]. This polarity complex

has conserved functions during asymmetric cell division, where they localize
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asymmetrically at the apical cortex and recruit a scaffolding protein mammalian
Inscuteable (minsc), G protein Gai and LGN/Gpsm2 (homolog of Pins). This
complex of proteins subsequently recruits effectors such as dynein to pull on
astral microtubules and orient the mitotic spindle. In the OC, Par-3 localizes at
the lateral apical surface of hair cells and recruits minsc/LGN/Gai complex to
exclude aPKC medially, creating a molecular blueprint on the hair cell apical
surface that defines the V-shape of the developing stereociliary bundle. In
addition to localizing on the apical surface, Par-3 and aPKC were both
asymmetrically distributed in opposite domains at the adherens junctions, where
core PCP proteins are localized. Although the functional significance of
aPKC/Par-3 junctional localization has not been defined, this finding raises an
interesting possibility that it may link tissue polarity with cell-intrinsic polarity
pathways in the OC.

Altogether, the accumulating evidence supports a two-tier hierarchy for
hair cell PCP regulation in the OC. Tissue-level PCP signaling generates
extrinsic or tissue polarity cues which are then interpreted by the hair cell intrinsic
effector machinery to align intrinsic polarity to the tissue polarity axis.
Additionally, these cell-intrinsic pathways can function independently of inputs
from the tissue polarity pathways to establish planar polarization of individual hair
cells. The studies highlighted above have provided critical leads in the potential
cell intrinsic mechanisms. Several questions surrounding this model include the
nature of the tissue polarity cues and how these cues are transduced to the cell-

intrinsic mechanisms.
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1.2.6 Noncanonical Wnt/core PCP signaling in the OC

Eaton first proposed that PCP signaling regulates stereociliary hair
bundles in the inner ear [133]. Subsequent studies confirmed this idea, where
core PCP mouse mutants exhibited mild to severe randomizations of stereociliary
bundle orientation in the OC [59, 115, 134]. It has also been commonly observed
that stereociliary bundles in the outermost OHC rows show heightened sensitivity
to PCP perturbations. In the case of Fz3 and Fz6 double mutants, stereociliary
bundle orientation defects are restricted to the IHCs [59]. Moreover, these
mutations are also often associated with a shortened and widened cochlear duct,
suggesting the role of CE during cochlear duct extension [61, 115].

Examination of mammalian homologs of core PCP components reveals
that they are asymmetrically distributed in the OC [91]. Due to the close
juxtaposition of hair cells and supporting cells, it has been difficult to distinguish
whether PCP proteins specifically localize to either or both cell types in the OC.
Initial studies show that Vangl2 localized at cell-cell junctions between medial
domains of hair cells and lateral domains of supporting cells [91]. High-resolution
imaging methods later confirmed that Vangl2 is enriched at the lateral membrane
of supporting cells [135]. Dvl1 and DvlI2 both accumulated along the lateral
membrane of hair cells [60]. Analysis of two redundant Fz receptors (Fz3 and
Fz6) involved in hair cell PCP regulation was asymmetrically localized on the
medial side of hair cells and supporting cells, hence colocalizing with Vangl2

instead of DvI1/2 [59].
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Similar to the cochlea, sensory epithelia in the vestibular sensory organs
also exhibit hair cell PCP and depend on core PCP signaling. In the utricle and
saccule, two populations of sensory hair cells show reversed polarities along a
line of reversal. Examination of core PCP proteins in these tissues reveal that
localizations of Fz6 and Pk2 were not altered across the line of reversal even
though the orientation of stereociliary bundles was reversed [136]. Together,
these results indicate that although asymmetric distribution of core PCP proteins
are conserved in the auditory and vestibular sensory organs, it does not seem to
be the absolute determinant of PCP in hair cells.

Wnts have been examined for their role in hair cell PCP. In mammals,
there are at least 8 Wnt genes that are expressed in the cochlea [123, 137]. Two
Wnt genes, Wnt5a and Wnt7a, display graded expression patterns at
developmental timepoints that coincide with the establishment of hair cell PCP.
Application of exogenous Wnt7a or Wnt antagonists such as Sfrpl, Sfrp3 (Frzb)
or WIF1 to wild-type cochlear explant cultures causes orientation defects of
stereociliary bundles [119, 123, 138]. These results suggest a role for Wnt
gradients in hair cell PCP. However, mild PCP phenotypes have been found in
Whnt5a knockout mice and stereociliary bundle orientation was normal in Wnt7a™
mice [123, 138]. Therefore, an instructive role for these molecules has not been
defined perhaps due to functional redundancies between multiple Wnts.

Taken together, it remains to be determined the nature of and identity of
the cues that encode directional information to establish the PCP axis in the OC.

Most enigmatic are the downstream signaling mechanisms that impinge on
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cytoskeletal rearrangements to regulate stereociliary bundle formation.
Furthermore, the signaling mechanisms that link core PCP signaling to the cell-

intrinsic polarity machinery are otherwise unknown.

Section 1.3 Protein Tyrosine Kinase 7 (Ptk7)

1.3.1 Overview

Protein Tyrosine Kinase 7 (Ptk7 and also known as colon carcinoma
kinase-4/CCK-4) encodes an atypical receptor tyrosine kinase, which has been
implicated as a molecular switch with versatile functions during development and
adulthood. Our lab previously identified Ptk7 as a novel regulator of planar cell
polarity in vertebrates. Morpholino knockdown of Ptk7 leads to CE defects in
Xenopus and Ptk7 mutant mice display severe neural tube closure defects and
stereocilia misorientation in the inner ear, reminiscent of those found in core PCP
mutants [1]. Given the observed developmental abnormalities of Ptk7 mutants
and its presence in various cancers, PTK7 has emerged as an important player
during development, cancer progression and metastasis [139, 140]. Studies
performed in Xenopus, zebrafish and mouse model systems reveal that the

mechanisms underlying Ptk7 function are complex and context-specific.

1.3.2 Expression and Structure of PTK7

PTK7 is ubiquitously expressed in embryonic and adult tissues,

undifferentiated human embryonic stem (ES) cells and tumors [141-143].
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Analysis of human cDNA from testis and various cancer lines revealed as many
as 5 alternatively spliced variants of PTK7 [144]. During embryonic development,
Ptk7 is dynamically expressed in tissues. In the early mouse embryo, Ptk7
expression is regulated by Cdx, a homeodomain transcription factor [145]. Within
the mouse OC, Ptk7 is localized to both hair cells and supporting cells. At E16.5,
PTKY localizes to the apical surfaces of outer hair cells and at the adherens
junctions of both developing hair cells and supporting cells. By E18, Ptk7
becomes restricted to lateral membranes of hair cells and supporting cells [1].
This observation suggests that Ptk7 function must be tightly regulated to ensure
proper tissue morphogenesis.

Polymorphisms in human PTK7 have been identified albeit not associated
with any disease. Interestingly, developmental disorders whose symptoms
include mental retardation, craniofacial, limb and skeletal abnormalities have
been attributed to duplication of chromosome 6p where the PTK7 gene is located
[146]. PTK7’s involvement in cancer progression has been well documented
suggesting its potential as a therapeutic target and prognostic marker. In fact, the
human PTK7 gene was first cloned from melanoma cells and is misexpressed in
multiple cancers including colon cancer, esophageal cancer, acute myeloid
leukemia and breast cancer. Recently, PTK7 has been associated with
resistance to chemotherapeutic drugs [147].

Analysis of the mouse Ptk7 gene indicates 92.6% sequence identity with
the human PTK7 gene. Ptk7 is homologous to Hydra Lemon, chick kinase-like

gene (KLG) and Drosophila Offtrack (Otk). It is an 118kDa protein consisting of



33

an extracellular domain with 7 immunoglobulin-like (1g) repeats, a
transmembrane domain and an intracellular kinase domain (Figure 2). It is
predicted to be a dead kinase owing to the lack of the conserved ‘DFG’ triplet
motif (replaced with ‘ALG’) required for binding of magnesium ions that
coordinate ATP in the ATP-binding cleft [148]. Despite its predicted lack of
catalytic activity, the kinase domain of PTK7 is crucial for regulating diverse
biological processes. The intracellular kinase domain has emerged as a critical
component of Ptk7. In Xenopus, PTK7 mediates Dsh membrane localization
through its cytoplasmic domain [149]. Other interaction partners of the
cytoplasmic domain include adaptor protein RACK1 and 3-catenin. While
detectable PTK7 kinase activity has not been reported in literature, data from our
lab suggests that PTK7 is both a substrate for and activator of tyrosine kinase
Src in epithelial cells (Unpublished).

Ligands for mouse Ptk7 have yet to be identified. In Xenopus, Ptk7
interacts with canonical Wnts, Wnt3a and Wnt8 [150]. PTK7 may participate in
sequestering canonical Wnts and attenuating canonical Wnt signaling. Wnt4, a
non-canonical Wnt has been shown to interact with Drosophila Otk. In vitro, the
transmembrane domain of PTK7 displays weak propensity for dimer formation
[151]. Transmembrane region of PTK7 is critical for stabilizing PTK7 localization
at the membrane. The extracellular domain (ECD) functions to coordinate cell-
cell communication and adhesion.

A number of posttranslational modifications regulate many aspects of

PTKY function during development and in cancer. For instance, Chuzhoi (Chz)
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mutant mice carrying an additional cleavage site on PTK7 extracellular domain
produce characteristic PCP phenotypes [152]. The membrane typel-matrix
metalloproteinase (MT1-MMP) and members of a disintegrin and
metalloprotease (ADAM) family mediate proteolytic cleavage of PTK7 ECD.
Following MT1-MMP mediate cleavage of the ECD, C-terminal PTK7 fragments
are sequentially cleaved by y-secretase and released into the cytosol [153, 154].
Full length PTK7 has been shown to inhibit actin cystokeleton contractility while
the soluble ECD promotes this activity and cell invasion [154]. The PTK7 gene
sequence also contains 10 putative N-glycosylation sites, but functional analyses
of this posttranslational modification has not been explored [143]. Since variants
of PTK7 are differentially expressed in tissues, posttranslational modifications of

the protein may confer cell-type specific functions.

1.3.3 Functional aspects of PTK7

Investigations across various organisms reveal that PTK7 has evolved
different functions across species with molecular mechanisms that appear to be
context specific. Multiple lines of evidence argue that PTK7 is a regulator of
vertebrate PCP. For instance, loss-of-function PTK7 mouse mutants primarily
cause characteristic PCP phenotypes, PTK7 genetically interacts with a core
PCP gene Vangl2, and can activate JNK signaling in vitro [1, 150]. Dishevelled
(Dsh) occupies a key branching point that separates canonical Wnt signaling
from non-canonical Wnt/PCP signaling. Membrane recruitment of Dsh is a

prerequisite for PCP signaling activity. While translocation of Dsh to the
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membrane requires Ptk7 function in Xenopus, this requirement is dispensable in
the mouse and zebrafish, reflecting mechanistic differences between species
[149, 155, 156]. Other context dependent functions that require PTK7 for Dsh
membrane recruitment have yet to be identified.

Ptk7 plays a conserved role in PCP by regulating convergent extension
movements during gastrulation and neural tube closure in Xenopus, zebrafish
and mice. Ptk7” mice exhibit severe neural tube closure defects. PTK7 affects
polarized protrusive activity of mesodermal cells during CE [1, 155]. Abnormal
CE also occurs in Xenopus and zebrafish when PTK7 function is disrupted [1,
156, 157]. During neural tube closure in Xenopus, PTK7 is proposed to regulate
CE through its interaction with RACK1 and PKCd1 to further stabilize Dsh at the
membrane.

Neural crest migration is another example of a PCP regulated process.
Crest cells at the neural plate migrate along defined paths to give rise to diverse
cell types that underlie craniofacial structures and the peripheral nervous system.
Injection of PTK7 morpholinos in the Xenopus embryo blocks neural crest
migration due to the failure in localizing Dsh at the membrane [149]. While the
downstream mechanisms are unknown, PTK7 is proposed to stabilize the Fz7-
Dsh complex and promote Dsh phosphorylation [149]. An interaction between
PTK7 and PlexinA is also functionally important in neural crest migration but this
interaction does not affect Dsh membrane localization [158]. Therefore, PTK7
can function as a coreceptor for either Fz or Plexin to regulate neural crest

migration.
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Recently, several groups have proposed that Ptk7 does not function
exclusively in PCP signaling but also affects canonical Wnt/B-catenin signaling
[150, 156, 159]. These studies have yielded conflicting results. Two groups
reported that PTK7 inactivates canonical Wnt signaling. Ptk7 co-precipitates
canonical Wnts, Wnt3a and Wnt8 in the presence of Fz7 but does not interact
with noncanonical Wnts [150]. It has been hypothesized that PTK7 functions to
sequester canonical Wnt receptor complexes thereby attenuating canonical Wnt
signaling. In zebrafish, PTK7 potentiates Wnt5a- and Wnt11-mediated non-
canonical Wnt signaling activity [156]. Expression of PTK7 ECD rescued axial CE
defects suggesting that PTK7 functions in vivo as a canonical Wnt co-receptor.
To date, Wnt/B-catenin phenotypes have not been reported in mice. On the
contrary, a positive role for PTK7 in canonical Wnt signaling was reported by an
independent study. Puppo and colleagues found an interaction between the
amino-terminus of B-catenin and the PTK7 intracellular domain [159]. Based on
in vitro functional assays in mammalian cells and Xenopus, PTK7 promotes
canonical Wnt signaling by stabilizing a pool of 3-catenin at the membrane that is
resistant to degradation, thereby allowing subsequent 3-catenin target gene
transcription. Overall, these results suggest that PTK7 functions as an important
molecular switch between the canonical Wnt/3-catenin pathway and the non-
canonical Wnt/PCP pathway.

Little evidence supports a PCP role for PTK7 homologs in lower model
organisms. Rather, the Drosophila homolog of Ptk7, otk, associates with PlexinA

receptors to mediate Semaphorin-1la (Sema-1a) repulsive signaling in motor
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axon guidance at the embryonic stage [160]. Otk is also implicated in layer-
specific neuronal connectivity in the fly visual system [161]. A more recent study
reported that interaction between Otk and Drosophila Wnt4 inhibits canonical
Whnt signaling [150]. Interestingly, overexpression but not loss of Otk caused
misalignment of wing hairs, suggesting that otk can affect non-canonical Wnt
signaling.

Few studies offer insights to the downstream signaling mechanisms and
effectors of Ptk7 function in mammalian PCP. Our functional dissection of Ptk7 in
the inner ear provides evidence to suggest that Ptk7 functions in an alternate
pathway separate from the core PCP pathway to regulate anisotropic contractile
forces and orient hair cell PCP. Interestingly, polarized cell behaviors during axis
elongation in the Drosophila germband epithelium are regulated independently of
core PCP signaling [32]. Instead, planar polarized myosin Il dynamics and
activity facilitates localized contraction and local neighbor exchange, allowing the
embryo to narrow and elongate [32, 162]. Therefore, mechanical forces may be
well suited to be act as spatial cues for globally coordinating PCP. In the next
section, we will elaborate on how forces are generated, transmitted and

integrated to moderate large-scale tissue morphogenesis.

Section 1.4 Mechanical Forces and Tissue Morphogenesis

1.4.1 Overview



38

Throughout development, cells in the embryo undergo dynamic shape
changes and movements to acquire specialized form and function. In the OC,
developing supporting cells and hair cells continuously reshape and rearrange
while establishing PCP [113, 116, 124]. Major emphasis has been placed on
characterizing the genes and the chemical cues that coordinate these behaviors.
However, one must acknowledge that these cellular behaviors are fundamentally
a mechanical process and therefore, physical forces provide a critical link in
integrating the genetic and biochemical control of morphogenesis. Unlike
biochemical intercellular signals, mechanical forces can serve as long-range
cues to coordinate polarity and cellular behaviors.

Within the developing embryo, cells generate forces using their
cytoskeleton framework of actin filaments and microtubules. These forces can be
further regulated in time and space to generate various transformations in cell
and tissue shape. Conversely, cells are also exposed to a myriad of external
forces in their microenvironments such as hydyrostatic pressure, tension and
fluid shear stress. These external forces play a role in modulating cell fate
specification and differentiation. To maintain cellular and tissue integrity, cells
must also be able to balance between extrinsic and intrinsic forces.

Force generation and force transmission are two self-organizing events
that drive tissue morphogenesis. The availability of biophysical and advanced
imaging has provided opportunities to probe the basis of these forces and the
identities of molecular complexes that sense and transduce mechanical signals

over long distances. | will summarize key findings of how cell-generated
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mechanical forces develop at a local level and how they integrate at a tissue

level to drive global changes in tissue morphology.

1.4.2 Generation of Cortical Forces

Cortical forces underlie the ability of cells to change shapes or rearrange
and are produced by the contraction of a meshwork rich in myosin II, cross-linked
actin filaments and other actin binding proteins. These individual components
assemble into higher order structures and their cooperative associations form a
cohesive contractile unit.

Non-muscle myosin Il (hereon referred to as Myosin Il) is a motor protein
that is composed of two heavy chains, two essential light chains and two
regulatory light chains (RLCs). Myosin Il is a bipartite molecule; the globular head
domain crosslinks actin and couples with ATPase activity to generate mechanical
energy for the conformational change (the “powerstroke”) while the tail domain
participates in the assembly of bipolar minifilaments which exert tension on the
actin cytoskeleton [163, 164]. Mammals express 3 isoforms of myosin Il heavy
chain encoded by separate genes: Myosin IIA (encoded by Myh9), Myosin 11B
(encoded by Myh10) and Myosin IIC (encoded by Myh14). Variations in their
localization and the differences in their enzymatic and motor activities contribute
to different functions but they also have partially overlapping functions.

Myosin Il activity can be regulated at several levels but is primarily
regulated through phosphorylation of the RLC by kinases such as myosin light

chain kinase (MLCK) and Rho-associated protein kinase (ROCK). This event
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releases Myosin Il head-head associations to promote F-actin binding and
ATPase activity, and relieves head-tail interactions to promote their assembly
into minifilaments. In contrast, phosphorylation of several sites on the myosin |l
heavy chain by kinases such as the transient receptor potential melastatin 7
(TRPMT7), Protein Kinase C (PKC) proteins and Casein Kinase Il (CKII)
destabilizes existing minifilaments and inhibits de novo myosin Il assembly [163,
165].

In addition to myosin Il minifilament assembly and contractile activity, actin
assembly at the cell cortex is an important component of force generation. Actin
cytoskeleton provides the framework for contractile activity and is regulated
through actin assembly and modulating the architecture of actin filament arrays.
Free actin monomers that readily assemble into filaments and subsequently grow
by monomer addition to the barbed ends of existing filaments. The actin related
protein Arp2/3 complex and formins are two well-known regulators of filament
nucleation that produce branched and unbranched filaments, respectively. In
attached cells, Arp2/3 mediated-formation of branched actin networks at the
plasma membrane function to scaffold and concentrate signaling molecules,
myosin Il or adhesion molecules and maintain stabilize contacts. Furthermore,
actin cross-linkers such as fascins, a-actinin and filamins organize actin filaments
into higher order structures and modulate the mechanical properties of the
actomyosin network [166, 167]. The extent of crosslinking regulates stiffness of
actomyosin networks and influences contractile force generation and

transmission.
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The actomyosin network exhibits dynamic properties. On a fast timescale,
the actomyosin network behaves like a viscoelastic solid that reversibly deforms.
At longer timescales, actomyosin networks exhibit fluid-like behaviors and flows.
Flows are directed by gradients in actomyosin contractility and this feature of the
actomyosin network functions to redistribute and realign forces within cells. To
drive different cellular responses, actomyosin flows can be further regulated in
terms of the frequency and amplitude of contractions, and the direction of the

flow.

1.4.3 Mechanotransduction and Force Transmission

Mechanotransduction describes the process of cells sensing alterations in
the mechanical force balance and transducing these cues into changes in
biochemical signaling and gene expression. Forces generated by the actomyosin
network are transmitted to neighboring cells and the extracellular milieu through
two main locations: cell-cell adhesions and cell-extracellular matrix (ECM)
adhesions modulated by cadherins and integrins respectively. Although
structurally different, these two adhesion molecules function to connect the actin
cytoskeleton through adaptor proteins and remodel the actomyosin network in
response to force. | will focus on mechanotransduction at cell-cell adhesive
contacts, as they are a major means of transmitting cortical tension within
tissues.

At epithelial cell-cell contacts, mechanotransduction is primarily mediated

by E-cadherin based intercellular junctions. Using their extracellular domains, E-
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cadherins participate in homophilic interactions in trans and provide the link
between adjacent cells. The cytoplasmic domain of E-cadherin connects with the
actin cytoskeleton through interactions with p120-catenin, 3-catenin and a-
catenin [168, 169]. This linkage is fortified through binding of additional binding
proteins such as vinculin and epithelial protein lost in neoplasm (EPLIN) [170—
172]. Cadherin/catenin complexes are bona fide mechanotransduction
complexes [173]. The current model posits that in response to force, a
conformational change is imposed on a-catenin exposing cryptic binding sites for
vinculin [170, 174]. Subsequently, vinculin stabilizes a-catenin and interacts with
other actin regulatory proteins function to reinforce junctions and alter junction
mechanics.

Mechanical forces regulate the strength of adhesions to mediate force
transmission, and conversely, adhesions modify forces by altering actomyosin
organization and dynamics. At initial cell-cell contact formation, tension drives the
clustering of E-cadherin molecules at junctions. Progressive recruitment of
Arp2/3 by cadherin clusters promotes branched actin networks and induces a
wave of actomyosin activity which lead to the maturation and strengthening of E-
cadherin junctions [175]. Furthermore, cross talk between cell-cell adhesions and
cell-ECM adhesions can further modulate adhesion as they impinge on common
biochemical signaling components. During Xenopus CE, integrins are capable of

modifying cadherin-mediated adhesion [176].

1.4.4 Role of forces in tissue morphogenesis
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Several studies have shed light on how cell-generated forces cooperate to
drive tissue morphogenesis (reviewed in [177]). Coupling of local forces through
intercellular adhesions exert global spatial and temporal regulation of contractility
to transform tissue shape and direct morphogenetic movements.

Tissue bending and invagination is achieved through apical constriction
and underlies morphogenetic processes such as gastrulation, tube formation and
neurulation [178]. During neural tube closure, apical constriction is mediated by
increased contractility of the circumferential actomyosin network at intercellular
junctions. As a result, each cell’s apical surface reduces in size relative to its
base. The coordinated contractility of the apical myosin Il network between linked
cell populations transforms an initially planar neural plate into a hollow tube. In
the case of Drosophila mesodermal invagination, apical constriction is driven by
the contraction of a medial myosin Il network that spans the apical cortex [179].

Tissue elongation can be accomplished by cellular rearrangements, where
cells exchange neighbors, allowing the tissue to converge in one direction and
extend in the perpendicular direction. During Drosophila germband extension,
planar polarized junction remodeling mediated by anisotropic myosin I
contractility drives cell intercalation. Myosin Il is enriched along vertical junctions
(parallel to the dorsal-ventral axis) which shrinks to bring four or more cells in
contact and then resolves along the anterior-posterior axis to form new contacts
[32]. Contraction of actomyosin cables spanning multiple junctions form rosettes

to further promote tissue elongation [33, 180].
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The interplay between mechanical forces and PCP has been reported in
Drosophila tissues. These studies provide evidence for the role of force-mediated
cellular rearrangements in coordinating global tissue PCP. Bipolar enrichment of
Myosin Il in aligned cells of the prospective denticle field mediates cell
rearrangements during planar polarization of the Drosophila denticle epithelium
[181]. In the developing Drosophila wing, cells exhibit planar polarized
localization of core PCP proteins along the proximal-distal (P-D) axis. It appears
that this polarized localization is accomplished in part by contraction of the hinge,
which creates anisotropic mechanical stress on the adjacent wing blade region to
realign their PCP to the PD axis [84, 182]. Anisotropic tissue tension is proposed
to mediate cell neighbor exchanges, cell elongation and oriented cell division and
perturbation of Dachsous disrupts these cellular rearrangements. The Ft/Ds
pathway may function through atypical myosin Dachs to allow cells to
coordinately respond to mechanical stress. Whether analogous forces influence

global PCP in vertebrates awaits further investigation.

Section 1.5 Scope of Dissertation

Establishment of PCP is critical for diverse morphogenetic processes and
tissue function. Ptk7 has been implicated as a novel regulator of PCP in
vertebrates, and published studies on Ptk7 function have yielded important
insights with respect to its molecular regulation and how Ptk7 intersects with the
non-canonical Wnt/PCP pathways. Many of these studies have been elucidated

in lower vertebrate model systems and we now understand that Ptk7 has
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acquired different functions in a context specific manner. However, few studies
have shed light on downstream signaling mechanisms mediated by PTK7. As
discussed earlier, Ptk7 regulates hair cell PCP in the cochlea. The striking
manifestation of PCP in the OC offers readout at single cell resolution and makes
the mouse cochlea an excellent model system to study PCP signaling. The aim
of this work was to dissect the underlying cellular and molecular mechanisms of
PTKY during establishment of PCP in the mouse OC.

Using a genetic approach, we identify Ptk7 function in supporting cells
plays a cell non-autonomous role in hair cell PCP. We have further elucidated
that PTK7 functions in parallel with the core PCP signaling pathway to regulate
myosin Il activity and orient hair cell PCP. These findings are summarized in
Chapter 2 of this dissertation.

Chapter 3 offers insights to a downstream signaling mechanism by which
PTKY regulates actomyosin contractility in the OC. In vitro analysis in MDCK I
epithelial cells have led to the identification of Src as a novel interaction partner
of PTK7. We propose that a PTK7-Src signaling axis spatially regulates myosin Il
activity by promoting planar polarized ROCK2 phosphorylation at selected
boundaries between hair cells and supporting cells. We identify cortactin and
vinculin as additional targets of PTK7-Src signaling in the OC.

In addition, this dissertation also contains 3 appendices summarizing
preliminary results. Appendix | discusses the role of ephrinB signaling molecules
in hair cell PCP, Appendix Il describes findings from live imaging studies of

myosin Il network in the OC and Appendix Ill explores the potential candidates
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involved in cross-talk between Ptk7 and hair cell intrinsic mechanisms in the OC.
Together, my work provides novel insights to the mechanisms that underlie hair
cell PCP. In the chapters henceforth, | provide evidence to propose a new model

where polarized actomyosin-based contractile forces regulates hair cell PCP.
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CHAPTER 2: PTK7 Regulates Myosin Il Activity to Orient Planar Polarity in

the Mammalian Auditory Epithelium

This chapter is based on the following publication:

Lee, J, Andreeva, A, Sipe, CW, Liu, L, Cheng, A, Lu, X. “PTK7 Regulates Myosin
Il Activity to Orient Planar Polarity in the Mammalian Auditory Epithelium”
Current Biology June 5, 2012;22(11):956-66.

With permission from Elsevier; license number 3273710487235
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2.1 Introduction

Epithelial cells are often polarized within the plane of a cell sheet,
perpendicular to the apical-basal polarity axis. One of the most prominent
examples of epithelial planar cell polarity (PCP) is found in the mammalian
auditory sensory epithelium, the organ of Corti (OC). The OC is composed of one
row of inner hair cells (IHC) and three rows of outer hair cells (OHC) and non-
sensory supporting cells. Hair cells are separated from one another by
supporting cells, forming a checkerboard pattern. The stereociliary bundle, the
mechanotransduction organelle located on the apical surface of the hair cell,
consists of rows of actin-based stereocilia of graded heights in a V-shaped array.
This structural asymmetry of the stereociliary bundle defines PCP of an individual
hair cell. Across the OC, hair cells display uniform planar polarity, with the vertex
of their V-shaped stereociliary bundles all pointing to the lateral edge of the
cochlear duct. Uniform bundle orientation is required for normal sound perception
[121].

Inner ear PCP is regulated by an evolutionarily conserved noncanonical
Wnt pathway, which has emerged as a key regulator of metazoan tissue
morphogenesis, including convergent extension (CE) movements during axis
elongation, neural tube closure and inner ear morphogenesis [22]. The core
components of the noncanonical Wnt pathway are Frizzled (Fz), Dishevelled
(Dsh/Dvl), Strabismus (Stbm)/Van Gogh (Vang), Starry night (Stan)/Flamingo
(Fmi), Diego (Dgo) and Prickle (Pk). These molecules engage in both intra- and

inter-cellular signaling to align PCP in neighboring cells. In other systems,
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members of the Rho family small GTPases (RhoA, Racl and Cdc42) and their
effectors, including Rho-associated kinases (ROCK) and c-Jun N-terminal
kinases (JNK), have been implicated in PCP signaling downstream of the core
components. In the inner ear, the noncanonical Wnt pathway is required for
stereociliary bundle orientation and cochlear convergent extension [183].
Mutations in homologs of Fmi (Celsrl), Vang (Vangll/Vangl2), Fz (Fz2/Fz3/Fz6)
and Dsh (Dvl1/DvI2/DvI3) cause misoriented stereociliary bundles and a
shortened cochlear duct [22]. The small GTPase Racl and its downstream
effector p21-activated kinases (PAK) regulate hair cell PCP in the OC [79, 128],
while non-muscle myosin Il has been implicated in cochlear extension [114].

In addition to the conserved noncanonical Wnt pathway, novel PCP
regulators have been identified in mammals, including Protein tyrosine kinase 7
(Ptk7), a receptor tyrosine kinase-like molecule [1, 92—-94, 115]. Mouse Ptk7
mutations cause similar phenotypes to those of noncanonical Wnt pathway
mutants, including neural tube and hair cell PCP defects [1, 152]. In Xenopus,
Ptk7 has been shown to regulate neural tube closure [1] and neural crest
migration [149, 157] by mediating membrane recruitment of Dishevelled through
PKCd and the adaptor molecule RACK1 [149, 157]. However, it is unclear
whether PTK7 regulates mammalian epithelial PCP by a similar mechanism, as
PTK7 has been shown to mediate mesodermal CE in mice without affecting DvI2
membrane localization [155].

To gain insight into the mechanisms by which PTK7 regulates mammalian

epithelial PCP, we carried out a functional dissection of Ptk7 in planar
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polarization of hair cells in the OC, where stereociliary bundle orientation
provides a robust and quantifiable readout for PCP at single-cell resolution. Our
results reveal that Ptk7 and the noncanonical Wnt pathway differentially regulate
myosin ll-based contractility to align hair cell PCP. We show that Ptk7 is required
in supporting cells to orient hair cell PCP, likely by exerting contractile tension on

neighboring hair cells through an apical myosin Il network.

2.2 Results

2.2.1 Ptk7 Is Not Required for Asymmetric Membrane Localization of

Dishevelled-2 in the OC

Membrane recruitment and asymmetric localization of the cytoplasmic
scaffold protein Dishevelled is a conserved readout for PCP signaling [61, 184,
185]. To determine where Ptk7 intersects with the noncanonical Wnt pathway,
we first tested if Ptk7 is required for membrane recruitment of DvI2. At E17.5, in
the mid-basal region of control OC, endogenous Dvl2 is asymmetrically localized
and appears to be enriched on the lateral membranes of hair cells (Figure 4A, C).
DvI2 localization is disrupted in Vangl2-""* OC [61] and Fz3""; Fz6" OC (Figure
5), indicating that DvI2 localization is a functional readout of the noncanonical
Wnt pathway activity. By contrast, DvI2 localization was normal in the Ptk7”- OC
at E17.5 (Figure 4B, D). Similarly, in the mid-apical region of OC, membrane
recruitment of DvI2 occurred in both control and Ptk7” OC (Figure 4E-H). We
also examined Fz3 localization at E17.5, which is normally enriched along the

medial poles of hair cells and supporting cells [59, 91] (Figure 4l, K, M, O).
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Interestingly, membrane localization of Fz3 was significantly reduced in the Ptk7"
" OcC (Figure 4J, L, N, P). These results indicate that Ptk7 regulates Fz3
localization but is not required for asymmetric membrane localization of DvI2 in
the OC. Thus, the noncanonical Wnt pathway is at least partially active in the

absence of Ptk7.

2.2.2 PTK7 and Fz3/6 Receptors Act in Parallel and Have Opposing Effects

on Hair Cell PCP

The normal DvI2 membrane localization and reduced Fz3 localization in
Ptk7” OC suggests that Ptk7 is not an obligatory component of the noncanonical
Wnt pathway, however it may regulate the strength of noncanonical Wnt
signaling. To test this idea, we next sought to determine the epistatic relationship
between Ptk7 and the Fz3/6 genes. Mouse Fz3 and Fz6 regulate PCP signaling
in a redundant manner [59]. We used stereociliary bundle orientation as readout
for PCP, which is already evident at embryonic day (E) 18.5. In the control, the
vertices of the V-shaped stereociliary bundles all point toward the lateral edge of
the cochlear duct (Figure 6A, A’). While Fz3 or Fz6 single mutants had normal
bundle orientation (Figure 6B, B’ and data not shown), Fz3™"; Fz6” mutants had
misoriented stereociliary bundles, affecting primarily IHCs [59] (Figure 6C, C’,
Figure 5). By contrast, in the Ptk7”- OC, bundle misorientation was confined to
OHC3 (Figure 6D, D’, Figure 7). Surprisingly, bundle misorientation in OHC3 was
significantly suppressed in both Fz3"; Ptk7”" and Fz6 *; Ptk7”” mutants (Figure

6E, E’, and data not shown). These results indicate that Ptk7 and Fz3/Fz6 have
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opposing effects on hair cell PCP and suggest that Ptk7 acts upstream of or in
parallel to Fz3/Fz6. To distinguish between these two possibilities, we analyzed
stereociliary bundle orientation in Fz3"; Fz6™; Ptk7™" triple mutants. If Ptk7 acts
upstream of Fz3/Fz6 in a linear genetic pathway, then the Fz mutations should
be epistatic to Ptk7, i.e. the triple mutants should have a phenotype similar to
Fz3/Fz6 double mutants. On the other hand, if Ptk7 acts in parallel to Fz3/Fz6,
then neither mutation should be epistatic; instead, the triple mutants may show
an additive phenotype. Indeed, the triple mutants displayed a combination of the
Fz3/Fz6 and Ptk7 mutant phenotypes: both IHC and OHC rows displayed
misoriented stereociliary bundles (Figure 6F, F’, Figure 7). Taken together, these
results indicate that Ptk7 and Fz3/Fz6 act in parallel and have opposing effects

on hair cell PCP.

2.2.3 Ptk7 Is Required in Supporting Cells to Regulate Hair Cell PCP

Next, we sought to determine the site of action of Ptk7 in the OC. To this
end, we generated a ‘floxed’ allele of Ptk7 (Ptk7°°). A knock-out allele (Ptk7")

was derived from Ptk7<°

upon germline Cre expression (Figure 9A, B). We first
used the Foxg1®™ line [186] to inactivate Ptk7 in the entire cochlear epithelium.
OHC3s in these mutants displayed misoriented stereociliary bundles similar to
Ptk7”" mutants (Figure 9C-E), indicating that Ptk7 acts within the cochlear
epithelium to regulate hair cell PCP.

We then carried out genetic mosaic analysis to further determine the cell-

type specific requirement of Ptk7. PTK7 is expressed in both hair cells and
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supporting cells and co-localizes with the adherens junction protein E-cadherin
[1]. To generate Ptk7 mosaics, we took advantage of the Ella-Cre line [187],
which expresses Cre in all cells but at variable levels. In Ella-Cre; Ptk7<°"
animals, cells with high Cre expression level would have a genotype of Ptk7™",
while cells with low Cre expression level would have a genotype of Ptk7°°" thus
retaining a functional copy of Ptk7 (referred to as Ptk7+ thereafter). The
genotypes of individual cells in the OC were unambiguously determined by the
presence or absence of PTK7 immunostaining (Figure 8B-F). Because only
OHC3s were affected in Ptk7 mutants, we focused on OHC3s and correlated
stereociliary bundle orientation with the genotypes of each hair cell and its four
immediate supporting cell neighbors (Figure 8A, shaded in blue). Many mosaics
had a Ptk7+ hair cell with a misoriented stereociliary bundle surrounded by
varying numbers of Ptk7” supporting cells (arrows, Figure 8D-F”). Moreover, as
the number of Ptk7”" supporting cells surrounding a Ptk7+ hair cell increased (up
to 4), both the penetrance and the severity of bundle misorientation defect
increased (Figure 8G, H). Together, these results indicate that Ptk7 function in

hair cells alone is insufficient for normal bundle orientation, and that Ptk7 is

required in supporting cells to regulate hair cell PCP.

2.2.4 JNK Signaling Is Unlikely to Mediate PTK7 Function in the OC

Our results so far are consistent with a model where Ptk7 and the
noncanonical Wnt pathway converge on common effectors to regulate bundle

orientation. It has been shown that the noncanonical Wnt pathway activates JNK
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signaling in other systems [81, 82]. We therefore considered the possibility that
Ptk7 has an opposing effect on Fz-mediated JNK signaling. To test this, we
performed biochemical assays for JNK activation in HEK293T cells (Figure 10A).
Using phosphorylation of c-Jun as readout, we found that expression of PTK7
alone had a minimal effect on JNK activation, while expression of Fz3 alone led
to JNK activation. Moreover, coexpression of PTK7 and Fz3 did not inhibit INK
activation by Fz3. Thus, in this heterologous system, there was no apparent
effect of PTK7 on JNK signaling.
Next, we examined whether PTK7 regulates JNK signaling in vivo. By using
antibodies that specifically recognize phosphorylated and activated JNK (pJNK),
we found that, in E17.5 controls, pJNK localized to cellular junctions and the tips
of a subset of stereocilia (Figure 10B-B”), suggesting JNK signaling is active
during cochlear morphogenesis. However, in Ptk7” OC, we did not observe any
significant changes in pJNK levels or localization (Figure 10C-C”), suggesting
that JNK is unlikely to be a downstream effector of PTK7 in the OC.

To more rigorously assess whether PTK7 regulates inner ear PCP through
JNK signaling, we next examined genetic interactions between Ptk7 and the Jnk
genes using bundle orientation as readout. Among the three mouse homologs of
Jnk, Jnk1 and Jnk2 are broadly expressed. While single Jnk knock-out mice are
viable, Jnk1/2 double mutants display neural tube defects and die at E10.5 [188—
190]. We found that Jnk1 and Jnk2 single mutants had essentially normal bundle
orientation at E18.5 (Figure 10E and data not shown). In the Jnk1™; Ptk7”~ OC,

bundle misorientation persisted in OHC3s, comparable in severity to Ptk7”"
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mutants (Figure 10F). Similar results were obtained in Jnk2”"; Ptk7”" double
mutants (data not shown). Therefore, unlike Fz3/Fz6 mutations, Jnk1/Jnk2
mutations had no effect on the bundle misorientation phenotype of Ptk7 mutants,
providing further evidence that JNK is unlikely to mediate PTK7 signaling in the

OC.

2.2.5 Ptk7 and the Noncanonical Wnt Pathway Differentially Regulate a

Contractile Apical Myosin Il Network in Supporting Cells

To further pursue downstream effectors of Ptk7, we next investigated a
potential role of Ptk7 in regulating myosin Il function in the OC. It has been
shown that noncanonical Wnt signaling activates actomyosin contractility in other
systems [118, 191, 192]. Moreover, myosin Il regulates CE and neural tube
closure in Xenopus [193, 194] and cochlear extension in mice [114].

We first examined myosin IIB (MIIB, encoded by Myh10), one of the three
myosin Il heavy chain proteins (MIIA, MIIB and MIIC) expressed during cochlear
morphogenesis [114]. Hair cell planar polarization and stereociliary bundle
formation proceed in a base-to-apex gradient starting at the base of the cochlea
around E16.5, as evidenced by migration of the axonemal kinocilium [115] and
asymmetric localization of activated PAK [79]. At E16.5, in control tissues, MIIB
was localized to cellular junctions [114] (Figure 11A-E). In addition, in the mid-
basal region of the cochlea, we also observed an assembly of MIIB foci near the
apical surface of supporting cells (pillar and Deiters’ cells) (Figure 11A-C,

arrows). By contrast, the apical MIIB foci were absent from the supporting cells in
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the mid-basal region of the Ptk7” OC and overall junctional localization of MIIB
was reduced compared to controls (Figure 11F-J). Western blot analysis of E16.5
whole cochlear lysates showed that total levels of MIIB in Ptk7”" cochleae were
similar to controls (Figure 11K). These results indicate that Ptk7 promotes
junctional localization of MIIB and is required for the assembly of apical MIIB foci
in supporting cells.

To determine if the noncanonical Wnt pathway also regulates MIIB
localization, we examined Fz3"; Fz6” and Vangl2'"'* cochleae at E16.5. In
contrast to Ptk7 mutants, the apical MIIB foci still formed in the supporting cells of
Fz3"; Fz6" and Vangl2"-""* mutants, albeit smaller in size compared to controls
(Figure 11L-0). Interestingly, junctional MIIB levels were significantly reduced in
Vangl2'"** mutants (Figure 11N, O) but only slightly reduced in Fz3™; Fz6™
mutants (Figure 11L, M). Thus, Ptk7 and the noncanonical Wnt pathway
differentially regulate MIIB localization in the OC.

We next asked whether the apical MIIB foci in supporting cells were
contractile structures. Because force generation by myosin Il molecules requires
their ATPase activity [163], we reasoned that formation of an active contractile
network should be disrupted upon inhibition of the myosin ATPase activity. To
test this hypothesis, we took advantage of a Cre-inducible dominant-negative
allele of Myh10 (Myh10"") carrying a point mutation (R709C) in MIIB, which
retains actin binding but compromises the actin-activated ATPase activity [195] .

1Cre

Foxg was used to activate the expression of MIIB (R709C) in the cochlear

epithelium, such that Foxg1°™; Myh10°™PN animals expressed only mutant
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(R709C) MIIB in the cochlea. Immunostaining revealed that MIIB (R709C) was
still localized to cellular junctions but failed to assemble into apical foci in
supporting cells at E16.5 (Figure 11R-S). These observations indicate that
assembly of apical MIIB foci requires its ATPase activity and strongly suggest

that the apical MIIB foci in supporting cells are contractile structures.

2.2.6 Ptk7 Regulates Myosin Il Activity to Orient Hair Cell PCP

Decreased cortical MIIB level and the absence of apical MIIB foci in the
Ptk7” OC suggest compromised myosin Il activity. Myosin Il is activated by
myosin regulatory light chain (RLC) phosphorylation, which is required for
actomyosin contractility [163]. We therefore examined the distribution of
phosphorylated RLC (pRLC) in the OC. At E16.5, in the mid-basal region of the
control OC, pRLC was primarily detected at cellular junctions with higher intensity
around pillar cell membranes (Figure 12A, B). In E16.5 Ptk7”” OC, pRLC staining
appeared to be decreased at cell-cell contacts compared to controls, but,
surprisingly, it was highly localized to apical foci in supporting cells (Figure 12C,
D, arrows). By Western blot analysis, Ptk7”" cochleae showed a ~2-fold increase
in total pRLC levels compared to controls (Figure 12M).

The paradox of the absence of MIIB and increased staining of pRLC in
apical foci in Ptk7” supporting cells suggests that other myosin Il heavy chain
molecules may be present in these structures. We therefore examined MIIC and
MIIA distribution in Ptk7”” OC. In the mid-basal region of the control OC at E16.5,

both MIIC and MIIA were detected at apical foci in supporting cells (Figure 12E,
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F, I, J). Overall, MIIC appeared to be enriched in supporting cells, whereas MIIA
localization was diffused and hardly detectable at cell boundaries. In Ptk7” OC,
MIIC staining appeared to be decreased at cell-cell contacts but was still present
at apical foci in supporting cells (Figure 12G, H), whereas MIIA staining at apical
foci in supporting cells was greatly reduced (Figure 12K, L). Western blot
analysis showed that in Ptk7”" cochleae, total levels of MIIC were slightly
increased (Figure 12N), while total MIIA levels were similar compared to controls
(Figure 120). Taken together, reduced cortical localization of MIIB, MIIC and
pRLC and the absence of MIIB and MIIA in apical foci in Ptk7” OC suggest that
Ptk7 regulates myosin Il activity.

If compromised myosin Il activity caused bundle misorientation in Ptk7”"
mutants, then blocking myosin Il activity should result in similar bundle
orientation defects. Because MIIA, MIIB and MIIC are all present and likely
function redundantly in the OC, we took a pharmacological approach and applied
the myosin Il inhibitor blebbistatin to cochlear explant cultures around the time of
stereociliary bundle formation (see Chapter 5, Materials & Methods). We found
that explants treated with blebbistatin displayed bundle misorientation (arrows,
Figure 12Q), whereas bundle orientation in control explants was relatively normal
(Figure 12P). Therefore, we conclude that myosin Il activity is required for hair

cell PCP.

2.2.7 Ptk7 Promotes Planar Asymmetry of Junctional Vinculin
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Defects in myosin Il localization suggest that myosin Il function is
compromised in Ptk7”- OC. To evaluate myosin Il function, we examined
junctional vinculin localization. Vinculin is a tension-sensitive actin-binding protein
involved in anchoring actin filaments to adhesion complexes at both focal
adhesions and adherens junctions [196—-198]. Recent in vitro studies
demonstrate that recruitment of vinculin to adhesion sites is myosin ll-dependent
[168, 170, 199, 200]. At E16.5, we observed a base-to-apex gradient of junctional
vinculin localization in the control OC that coincides with the gradient of MIIB
distribution (see Figure 11A-E). In the mid-basal region of control cochlea,
vinculin was asymmetrically localized along cell-cell contacts and enriched on the
medial side of hair cell membranes (Figure 13A-C). Strikingly, in the mid-basal
region of the Ptk7”" OC, planar asymmetry of junctional vinculin was abolished,
and overall junctional vinculin staining was reduced compared to controls (Figure
13D-F). On the other hand, localization of resident adherens junction proteins,
including E-cadherin and B-catenin, was comparable to controls (Figure 14),
suggesting that loss of vinculin planar asymmetry in Ptk7” OC is not a result of
disrupted adherens junctions. In the apex, junctional vinculin staining in control
and Ptk7”- OC was similar and both lacked apparent planar asymmetry (Figure
13G-J). These results indicate that Ptk7 promotes planar asymmetry of junctional
vinculin and strongly support the hypothesis that Ptk7 regulates myosin ll-based

polarized contractile forces between OC epithelial cells.
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2.2.8 Planar Asymmetry of Junctional Vinculin Is Restored in Fz3"; Ptk7™"

Mutants

In Ptk7 mutants, loss of vinculin planar asymmetry correlated with bundle
misorientation. To understand the functional significance of vinculin planar
asymmetry as well as the basis for the suppression of the Ptk7 bundle orientation
phenotype by Fz3 (see Figure 6), we examined vinculin localization in Fz3” and
Fz3"; Ptk7” mutants at E16.5. In the Fz3” OC, staining intensity of junctional
vinculin was similar to controls, though its planar asymmetry appeared less
robust (Figure 13K-M). Remarkably, planar asymmetry of junctional vinculin was
restored in Fz3™"; Ptk7”" mutants (Figure 13N-P). Moreover, Fz3™; Ptk7” double
mutants showed an increase in junctional MIIB levels and reappearance of apical
MIIB foci in supporting cells compared to Ptk7 single mutants (Figure 14). Taken
together, these results demonstrate a strong correlation between vinculin planar
asymmetry and hair cell PCP, and further suggest that Ptk7 and Fz3 act in an

opposing fashion to regulate contractile forces between OC epithelial cells.

2.2.9 Vangl2 and Ptk7 differentially regulate Planar Asymmetry of Vinculin

(unpublished)

We showed that Ptk7 and the core PCP pathway differentially regulate
myosin [IB. In support of the notion that Ptk7 regulates tension, vinculin
localization in Ptk7 mutants was reduced and its planar asymmetry was lost.
Here we determined whether myosin IIB defects observed in core PCP mutants

also correlated with vinculin localization defects. We analyzed the distribution of
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vinculin in Vangl2-""> mutant OC. In contrast to the loss of planar asymmetry in
the mid-basal region of Ptk7 mutant OC, planar asymmetry of junctional vinculin
in Vangl2"""? hair cells was misoriented along with a modest reduction in staining
intensity (Figure 15G-1) compared to control OC (Figure 15A-C). Therefore, both
Ptk7 and the non-canonical Wnt/PCP pathway act in concert to promote planar

asymmetry of vinculin in the OC.

2.2.10 Inefficient deletion of Ptk7 in hair cells in Math1°"®; Ptk77°° cochlea

(unpublished)

From our genetic mosaic analysis, we determined that Ptk7 has a non-
autonomous function in supporting cells to regulate hair cell PCP. On the other
hand, we were unable to determine cell-autonomous functions of Ptk7 due to
technical difficulties in identifying mosaics with Ptk7 mutant hair cells surrounded
by four neighboring wild-type supporting cells. We therefore inactivated Ptk7
function in hair cells using a Math1°'™ driver line where Cre is expressed in
developing hair cells and a subset of supporting cells as early as E14.5. At
E17.5, Math1“"®; Ptk77“© OC had mild stereociliary bundle orientation defects
compared to control OC (Figure 16A, B). Furthermore, upon analysis of Ptk7
expression in Math1¢™; Ptk77°°0OC, localization of PTK7 at the adherens junction
was not significantly altered (Figure 16C, D). In the apex of control OC, we
observed expression of PTK7 on apical surfaces of outer hair cells (Figure 16E).
This expression pattern was maintained in Math1°"®; Ptk77/“° OC (Figure 16F).

1Cre

These results suggest that Math1~"~ —mediated deletion of Ptk7 in hair cells may
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occur at later stages of development, precluding our elucidation of a cell-

autonomous role for Ptk7 in hair cell PCP.

2.3 Discussion

In this study, we present multiple lines of evidence that Ptk7 is not an
obligatory component of the noncanonical Wnt pathway; rather, during PCP
signaling in the auditory epithelium, Ptk7 and the noncanonical Wnt pathway
differentially regulate myosin Il-based contractile forces to orient PCP.
Furthermore, we uncover an active role of supporting cells in this process
through a contractile apical myosin Il network (Figure 13Q).

In the mouse, Ptk7 is not required for membrane recruitment of the
noncanonical Wnt pathway component Dvi2 either in the inner ear (this study) or
in the mesoderm during gastrulation [155]. These results contradict studies in
Xenopus, where it has been shown that Ptk7 mediates membrane recruitment of
Dishevelled through a PKC&-dependent mechanism [149, 157]. A possible
explanation is that the Xenopus Dishevelled membrane recruitment assay was
based on exogenously expressed Dishevelled, while we examined endogenous
DvlI2 in the mouse. There is also evidence that PTK7 may have evolved different
functions in mice and Xenopus. For example, PTK7 has been shown to regulate
neural crest migration in Xenopus, but not in mice [149, 152]. While it is formally
possible that PTK7 might mediate membrane localization of other mouse
Dishevelled proteins (Dvl1 and Dvl3), it is unlikely to be the primary function of
PTK7 in PCP regulation in the OC. Instead, our results strongly support a

function of PTK7 in myosin Il regulation to align PCP.
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Interestingly, bundle misorientation in Ptk7 mutants is largely restricted to
OHC3 despite broad expression of PTK7 in the cochlea. OHC3s are positioned
at the lateral edge of the OC and, as such, are mechanically coupled to a
different group of cells than the other hair cell rows. We speculate that their
unigue mechanical environment may render OHC3s more sensitive to
compromised myosin Il function in Ptk7 mutants. Furthermore, normal DvI2
localization suggests that the noncanonical Wnt pathway is at least partially
active in Ptk7 mutants. We propose that overall PCP signaling is weakened but
not disrupted in Ptk7 mutants, resulting in defects only in OHC3s.

Although we have identified Ptk7 non-autonomous function in supporting
cells, PTK7 may also have a cell-autonomous role in hair cells. However, in this
study we could not establish such a role conclusively. Because hair cell and
supporting cell membranes are closely juxtaposed, we were unable to identify
mosaics where a Ptk7” hair cell was surrounded by four Ptk7+ supporting cells
using PTK7 immunostaining. We also lacked a means to perturb Ptk7 function
specifically in hair cells during PCP signaling.

Our genetic analysis revealed, rather surprisingly, opposing effects
of Ptk7 and Fz3/Fz6 on stereociliary bundle orientation. These findings contrast
with our earlier observation that Ptk7 and Vangl2"* mutations showed a positive
genetic interaction such that double heterozygous animals displayed spina bifida
[1]. It is worth noting that an allelic series of Vangl2 mutations caused neural tube
defects ranging from mild (e.g., spina bifida) to severe (e.g., craniorachischisis) in

both mice and humans [201-203]. Thus, reduced Ptk7 gene dosage may
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enhance the dominant effects of the Looptail mutation on neural tube closure.
Fz3/Fz6 genes have unigue qualities among the noncanonical Wnt pathway
components: Fz3/Fz6 mutations cause bundle misorientation primarily in IHCs,
where bundle orientation is frequently reversed. Furthermore, Fz3/Fz6 and DvI2
appear to localize to opposite poles of hair cells, which is at odds with a
conserved role of Fz in Dishevelled recruitment through direct binding [204].
Thus, our results add to a growing body of evidence that

suggests Fz3/Fz6 use novel mechanisms to regulate hair cell PCP. We propose
that Fz3/Fz6 and Ptk7 act in an opposing fashion to modulate actomyosin
contractility in the OC and that reduced Fz3 localization in the Ptk7”~ OC is
probably a secondary effect of altered actomyosin organization rather than the
cause for bundle misorientation.

We show that Ptk7 and the noncanonical Wnt pathway differentially
regulate a contractile apical myosin Il network in supporting cells. These
structures are analogous to those observed during Drosophila gastrulation [179,
205] and germ band extension [162, 206, 207], which generate pulsed contractile
forces on cell-cell junctions to drive apical constriction and cell intercalation,
respectively. We hypothesize that the apical myosin Il foci in supporting cells
may engage in similar contractile behaviors to exert pulling forces on neighboring
hair cells. Ptk7 modulates myosin-Il based contractile tension on hair cells by
mediating the assembly of the apical myosin network in supporting cells. Fz3/Fz6
may modulate contractility in hair cells and/or supporting cells to counterbalance

the pulling forces on hair cells (Figure 13Q). In support of this model, we show
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that vinculin, a force-sensitive actin binding molecule, is normally enriched along
the medial junctions of hair cells, that this planar asymmetry is lost in Ptk7”"
mutants, and importantly, both vinculin planar asymmetry and bundle orientation
were restored in Fz3"; Ptk7” double mutants. Based on the misorientation of
vinculin planar asymmetry in Vangl2-"'"* OC, we further speculate that the
noncanonical Wnt/PCP pathway polarize contractile behaviors of myosin Il foci to
generate tension on selective cell contacts.

The precise mechanisms by which PTK7 regulates myosin Il activity
remain to be determined. Paradoxically, in spite of reduced cortical myosin Il
staining, pRLC level was increased in Ptk7”- OC. Therefore, it is unlikely that
PTKY regulates myosin Il activity through RLC phosphorylation per se. These
results are consistent with a role of PTK7 in myosin Il heavy chain regulation.
Different myosin Il isoforms are regulated by distinct upstream signals
[208]. Ptk7 deficiency affected the localization of all three heavy chain isoforms,
with the strongest impact on MIIB, which has properties best suited to exert
tension [163]. These results are consistent with a role of PTK7 in myosin Il heavy
chain regulation. We suspect that the increased level of pRLC in Ptk7”~ OC may
reflect a compensatory response to compromised myosin Il heavy chain function.

How might contractile tension orient hair cell PCP? We showed previously
that hair cell PCP is controlled by Rac-PAK signaling [79, 128]. Interestingly,
several in vitro studies suggest that tension and myosin Il can inhibit Rac activity
through GEFs and GAPs for Rac [209-212]. Consistent with this idea, activated

PAK and vinculin exhibit complementary patterns of planar asymmetry in hair
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cells. We propose that polarized contractile tension between OC epithelial cells

regulates the spatial pattern of Rac-PAK activity to orient hair cell PCP (Figure

13Q).
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Figure 4. Ptk7 Regulates Fz3 Localization but Is Not Required for
Asymmetric Localization of DvI2 in the OC.

(A-D) In the mid-basal region of the OC at E17.5, DvI2 (red) was enriched on the
lateral membranes of hair cells in both control (A, C) and Ptk7™~ (B, D) cochleae.
(E—H) In the mid-apical region of the OC at E17.5, similar membrane localization
of DvI2 was observed in control (E, G) and Ptk7™~ (F, H) cochleae. Cell
boundaries were labeled with Racl immunostaining (green). (I-L) In the mid-
basal region of OC at E17.5, Fz3 (red) was enriched on the medial membranes
of hair cells and supporting cells in the control (I, K). This localization was
disrupted in Ptk7 ™~ cochleae (J, L). (M—P) In the mid-apical region of the OC at
E17.5, asymmetric localization of Fz3 was not apparent in either control (M, O)
or Ptk7”" (N, P) cochleae. Green, phalloidin staining. Percentages indicate the
distance of the positions analyzed from the base relative to the length of the
cochlea. Arrowheads indicate the row of pillar cells. Brackets indicate OHC rows.
Lateral is up in all micrographs. Scale bars represent 6 pm.

(Panels A-D were contributed by Sipe CW.)
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 Control | Fz3'; Fz6"

| Mid-apical (75%) | Mid-basal (25%) |

Figure 5. Localization of DvI2 in Fz3"; Fz6™ cochleae.

(A-D) E17.5 cochlear whole-mounts stained with DvI2 (red). (A, C) In the control,
Dvl2 is enriched on the lateral membrane of hair cells. (B, D) Membrane
localization of DvI2 was abolished in Fz3"; Fz6” OC. Percentages indicate the
distance of the positions analyzed from the base relative to the length of the
cochlea. Arrowheads indicate the row of pillar cells. Brackets indicate OHC rows.

Lateral is up in all micrographs. Scale bars, 10 pm.
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Figure 6. Epistasis Analysis of Ptk7 and Fz3/Fz6 in Hair Cell PCP

(A—F) Basal region (15% cochlear length) of E18.5 cochleae stained with
phalloidin (green) and acetylated tubulin (red) to visualize the stereocilia and the
kinocilium, respectively. Genotypes are indicated above the panels. (A'-F’)
Quantification of bundle orientation in OHC3 (orange bars) and IHC (blue bars)
rows for the indicated genotypes. (A and B) In control (A, A') and Fz3™~ (B, B')
cochleae, OHC3 and IHC bundle orientation do not deviate beyond 30° from the
medial-lateral axis. (C and C') In Fz3™"; Fz6"~ mutants, the bundle orientation
defect was most pronounced in IHCs. (D and D’) In Ptk7”~ mutants, bundle
orientation defects were most pronounced in OHC3s. (E and E') In Fz3™";
Ptk7™"~ mutants, bundle orientation in OHC3s was significantly improved
compared to Ptk7”~ mutants. (F and F') Fz37";Fz6™"";Ptk7™"" triple mutants
displayed an additive defect in bundle orientation. Blue arrowheads indicate the

row of IHCs, orange arrowheads indicate the OHC3 row, and brackets indicate

all OHC rows. Lateral is up in all micrographs. Scale bars represent 10 pym.
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Figure 7. Quantification of stereociliary bundle orientation for OHC1 and
OHC2.

(A-F) Quantification of stereociliary bundle orientation for rows OHCL1 (green
bars) and OHC2 (red bars) for the indicated genotypes. Cells were scored in the
same manner as in Figure 4. Overall bundle orientation defect in OHC1 and
OHC2 showed a consistent pattern of genetic interactions compared to other hair

cell rows.
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Figure 8. Mosaic Analysis of Ptk7 in Hair Cell PCP

(A) Schematic diagram of cellular organization in the OC. Hair cells (shaded light
pink) are separated from one another by intervening supporting cells. Each hair
cell in OHC3 is immediately surrounded by four supporting cells (shaded in blue).
Flanking the OC are cells of the lesser epithelial ridge (LER) and the greater
epithelial ridge (GER). (B—F") Midbasal region (25% cochlear length) of E18.5
cochleae stained with PTK7 antibodies (red) and phalloidin (green). (B and B’) In
controls, PTK7 is expressed in both hair cells and supporting cells and localized
to cell-cell contacts. (C—F") Examples of Ptk7 mosaics in Ella-Cre;

Ptk77°© cochleae. Ptk7" hair cells with misoriented stereociliary bundles (arrows)
surrounded by different numbers of Ptk7”~ supporting cells (SC) are shown and
schematized. (G and H) In Ella-Cre; Ptk7"“© mosaic cochleae, both the
penetrance (G) and the severity (H) of bundle orientation defects in Ptk7* OHC3
positively correlates with the number of Ptk7 ™~ supporting cell neighbors.
Arrowheads indicate the row of pillar cells. Brackets indicate OHC rows. Lateral

is up in all micrographs. Scale bars represent 10 um.
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Figure 9. Conditional inactivation of Ptk7 using the Cre-loxP technology.
(A) Generation of the Ptk7°° allele. A gene-trap strategy was used to target loxP
sites into the Ptk7 locus. The FRT-flanked “secretory gene-trap” cassette
contains a transmembrane domain (TM) followed by Bgeo, a fusion of -

7¢° allele was

galactosidase and neomycin phosphotransferase. The Ptk
generated by Flp-mediated removal of the gene-trap cassette. In the Ptk7°°
allele, exons 3-5 were flanked by loxP sites (red triangles). The Ptk7- allele was
generated by Cre-mediated deletion of exons 3-5, predicted to cause out-of-
frame splicing. (B) Western blot of E16.5 brain lysates showed absence of PTK7
protein from Ptk7” mutants, indicating that Ptk7” is a null allele. (C-D’) E18.5
cochlear whole-mounts from the mid-basal region (25% of cochlear length) of
Foxg1©™; Ptk77°° (C, C’) and Ptk7”" cochleae (D, D’) stained with PTK7 (red) and
phalloidin (green). Arrowheads indicate the row of pillar cells. Brackets indicate
OHC rows. Lateral is up in all micrographs. Scale bars, 10 ym. (E) OHC3 bundle

orientation defects in E18.5 Foxg1©™; Ptk7”“© mutants were similar to Ptk7™

cochleae, indicating that Ptk7 is required in cochlear epithelial cells.
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Figure 10. JNK Signaling Is Unlikely to Mediate PTK7 Function in the OC
(A) PTK7 expression has no effect on JNK activation in vitro. HEK293T cells
were transfected either with PTK7, Fz3, or both and assayed for c-Jun
phosphorylation. (B—C") In the middle turn of E17.5 OC (50% cochlear length),
pJINK localization (red) in the Ptk7~ OC (C—C") was similar to the control (B—B").
Green, phalloidin staining. (D—F) Basal region (15% cochlear length) of

E18.5 Ptk7™" (D), Jnk1™" (E), and IJnk1™";Ptk7”~ (F) cochleae stained with
phalloidin (green) and acetylated tubulin (red). Quantifications of bundle
orientation of OHC3s are shown to the right. White arrowheads indicate the row
of pillar cells; orange arrowheads indicate the OHC3 row. Brackets indicate OHC
rows. Lateral is up in all micrographs. Scale bars represent 6um in (B)—(C’), 2um
in (B") and (C"), and 10um in (D)—(F).

(Panel A was contributed by Andreeva A, Panels B-C” were contributed by Sipe

CW)
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Figure 11. Ptk7 and the Noncanonical Wnt Pathway Differentially Regulate a
Contractile Myosin IIB Network in Supporting Cells

(A-J, L-S) Confocal images of MIIB (red) and phalloidin (green) staining in the
OC at E16.5. (A—E) In the control OC, MIIB is localized to cell-cell contacts and
to apical foci in the supporting cells in the midbasal region of the OC (A-C). (F-J)
In Ptk7™"~ OC, apical MIIB foci were absent from supporting cells (F—H) and
overall junctional MIIB staining was reduced. (C and H) Z projections along the
dashed lines in (B) and (G), respectively, showing the apical position of the MIIB
foci in supporting cells. (K) Total levels of MIIB in E16.5 Ptk7”~ cochleae were
comparable to controls. Lysates from four cochleae of the same genotype were
pooled and loaded in each lane. GAPDH served as loading control. Numbers on
the bottom indicate percentage of normalized levels. (L-O) Apical MIIB foci
(arrows) were still present in the supporting cells of Fz3™"; Fz6™~ (L, M)

and Vangl2""'? (N, O) mutants, albeit smaller in size. (P and Q) Wild-type MIIB is
localized to cell-cell contacts and apical foci in supporting cells (arrows). (R and
S) ATPase-deficient MIIB (R709C) was localized to cell-cell contacts but failed to
assemble into apical foci in supporting cells. Percentages indicate the distance of
the positions analyzed from the base relative to the length of the cochlea.
Arrowheads indicate the row of pillar cells. Brackets indicate OHC rows. Lateral

is up in all micrographs. Scale bars represent 5 ym.
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Figure 12. Ptk7 Regulates Myosin Il Activity to Orient Hair Cell PCP

(A—-L) Localization of pRLC (A-D), MIIC (E-H), and MIIA (I-L) in the midbasal
region of OC (25% cochlear length) at E16.5. Green, phalloidin staining. (A and
B) In the control, pRLC (red) is localized to cell-cell contacts. (C and D)

In Ptk7™"~ OC, pRLC staining was decreased at cell boundaries but increased in
apical foci in supporting cells (arrows). (E and F) In the control, MIIC (red)
localizes to cell-cell contacts and apical foci in supporting cells (arrows). (G and
H) In Ptk7™~ OC, MIIC staining was reduced at cell boundaries but still localized
to apical foci in supporting cells (arrows). (I and J) In the control, MIIA (red) is
localized to apical foci in supporting cells (arrows). (K and L) In Ptk7™~ OC, MIIA
staining was undetectable. (M—O) Western blot analysis of total levels of pRLC,
MIIC, and MIIA in E16.5 Ptk7™~ cochleae. Lysates from four cochleae of the
same genotype were pooled and loaded in each lane. GAPDH served as loading
control. Numbers on the bottom indicate percentage of normalized levels. (P and
Q) Phalloidin (green) and acetylated-tubulin (red) staining of cochlear explants
treated with either vehicle (P) or 10uM blebbistatin (Q), with quantification of
bundle orientation shown beneath. Arrows indicate examples of misoriented
stereociliary bundles in blebbistatin-treated explants. Arrowheads indicate the
row of pillar cells. Brackets indicate OHC rows. Lateral is up in all micrographs.

Scale bars represent 5 ym in (A—H) and 6um in (I-L) and (P)—(Q).
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Figure 13. Planar Asymmetry of Junctional Vinculin Is Abolished

in Ptk7™~ OC and Restored in Fz3™"; Ptk7™~ OC.

(A—P) Confocal images of vinculin (red) and phalloidin (green) staining at E16.5.
(A—C) In the mid-basal region (25% cochlear length) of control OC, vinculin was
asymmetrically localized along cell-cell junctions and enriched on the medial side
of hair cell membranes. (D—F) In the mid-basal region of Ptk7”~ OC, junctional
vinculin localization lost planar asymmetry and was greatly reduced compared to
controls. (G-J) In the apex (85% cochlear length), junctional vinculin staining in
the control (G, H) and Ptk7™~ (I, J) OC was similar, with no apparent planar
asymmetry. (K—M) In the midbasal region of Fz3™"OC, junctional vinculin staining
was similar to controls but its planar asymmetry was less robust. (N-P) In the
midbasal region of the Fz3™"; Ptk7™"~ OC, planar asymmetry of junctional vinculin
was restored. (C, F, M, P) High magnification of the boxed hair cell above.
Lateral is up in all micrographs. Scale bars represent 2 um in (C), (F), (M), and
(P) and 10 ym in other panels. (Q) A proposed model for regulation of hair cell
PCP by Ptk7. Acting in supporting cells (shaded gray), Ptk7 mediates the
assembly of a contractile apical myosin Il network to exert pulling forces on the
medial border of hair cells, leading to enhanced contractile tension as evidenced
by increased vinculin recruitment. In turn, polarized contractile tension promotes
asymmetric Rac-PAK activity on the lateral side of hair cell cortex (shown in
magenta) to orient the stereociliary bundle. Fz3/Fz6 may act in hair cells and/or
supporting cells to counterbalance Ptk7-mediated contractile tension on hair

cells.
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Figure 14. E-cadherin and B-catenin localization in Ptk7”" cochleae and
myosin IIB and vinculin localization in Fz3"; Ptk7” cochleae.

(A-H) E16.5 cochlear whole-mounts stained with E-cadherin (red) and B-catenin
(green) antibodies. Compared to controls (A-D), distribution of these junctional
proteins were normal in Ptk7”- OC (E-H) embryos. (I-N) Confocal images of MIIB
(red) and phalloidin (green) staining in the mid-basal region of OC at E16.5. (I, J)
In Fz3"-OC, MIIB is localized to cell-cell contacts, as well as in apical foci in
supporting cells (arrows). (K, L) In Ptk7” OC, junctional localization of MIIB is
reduced and apical MIIB foci in supporting cells are absent. (M, N) In Fz3™; Ptk7"
" 0C, junctional staining of MIIB was increased compared to Ptk7” OC and
assembly of MIIB foci in supporting cells was restored. (O-T) Confocal images of
vinculin (red) and phalloidin (green) staining in the apex at E16.5. Similar staining
of junctional vinculin were observed in Fz3" (O, P), Ptk7”" (Q, R) and Fz3""; Ptk7"
" 0cC (S, T) with no apparent planar asymmetry. Percentages indicate the
distance of the positions analyzed from the base relative to the length of the
cochlea. Arrowheads indicate the row of pillar cells. Brackets indicate OHC rows.
Lateral is up in all micrographs. Scale bars, A-H, 6 ym; I-T, 10 pym.

(Panels A-H were contributed by Sipe CW.)
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Figure 15. Vinculin planar asymmetry is differentially regulated by Ptk7 and
the non-canonical Wnt/PCP pathway. Whole mount E16.5 cochleae stained
with vinculin (red) and phalloidin (green). (A-B) In control OC, vinculin is localized
to cell contacts and is medially enriched in hair cells. (D-E) Junctional vinculin
staining is reduced and planar asymmetry is lost in Ptk7”" OC. (G-H) In
Vangl2'"** OC, vinculin is distributed more evenly at cell-cell contacts, and in
some cases, planar asymmetry of vinculin was misoriented (asterisk). (C, F, 1)
Higher magnification cells marked with asterisk in (A), (D) and (G), respectively.
Arrowheads indicate the row of pillar cells. Brackets indicate OHC rows. Lateral

is up in all micrographs. Scale bars; C, F, I, 2um; others 5 um.
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Figure 16. Analysis of Math1°"®; Ptk77°© cochleae. (A-B) E17.5 whole mount
cochleae stained with phalloidin (red) to visualize the stereociliary bundle. In the
basal region, no significant differences were observed in stereociliary bundle
orientation in Math1“"®; Ptk77°° OC (B) compared to control (A). (C-E)
Immunostaining of PTK7 (green). (C-D) In the basal region (15% of cochlear
length) of control (C) and Math1®"; Ptk77“° (D) OC, PTK?7 is localized along hair
cell and supporting cell contacts. (E-F) In the apex region of control OC (90%
cochlear length), PTK7 staining is observed on the apical surfaces of outer hair
cells and is not disrupted in Math1°"; Ptk77°° (F) OC. Arrowheads indicate the

row of pillar cells. Brackets indicate OHC rows. Lateral is up in all micrographs.
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CHAPTER 3: PTK7-Src signaling at epithelial cell contacts mediates spatial

organization of actomyosin and planar cell polarity.

This chapter is based on a manuscript that is currently under review.
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3.1 Introduction

Actomyosin contractility in nonmuscle cells is a central regulator of cell
shape change and tissue morphogenesis [164]. Actin filaments and the myosin Il
motor, which consists of two heavy chains, two essential light chains and two
regulatory light chains (RLC), assemble into contractile subcellular structures and
supracellular networks to drive diverse physiological processes, including cell
division, cell migration and tissue morphogenesis [163]. During development,
dynamic actomyosin networks have been shown to mediate the collective
behavior of an interacting network of cells. For example, during Drosophila
gastrulation and vertebrate neural tube closure, coordinated apical constriction,
or contraction of the cell apex, results in bending and invagination of an epithelial
cell sheet [178, 179]. During embryonic axis elongation in Drosophila and
Xenopus, anisotropic contractile forces mediate directional cell intercalation and
convergent extension [33, 162, 213]. However, mechanisms underlying precise
spatial and temporal control of actomyosin assembly on a tissue scale remain
poorly understood.

Emerging evidence indicates that planar cell polarity (PCP) signaling plays
an important role in spatial regulation of actomyosin contractility during vertebrate
tissue morphogenesis. First discovered in Drosophila where it regulates polarity
within the plane of the wing epithelial cell sheet, an evolutionarily conserved core
PCP pathway regulates morphogenesis of both epithelial and non-epithelial
tissues in vertebrates, including convergent extension, neural tube closure and

PCP in the auditory sensory epithelium [22]. The core PCP pathway signals
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through the small GTPase RhoA and its downstream effector Rho-associated
kinases (ROCK), which phosphorylates myosin RLC to stimulate actomyosin
contractility.

In addition to the core PCP pathway, both invertebrates and vertebrates
employ alternative mechanisms for spatial regulation of actomyosin contractility
to drive planar polarized cell behavior. In Drosophila, germband extension is
driven by anisotropic junctional contractility independently of the core PCP
pathway and is likely mediated by cadherin-mediated mechanotransduction and
junctional remodeling [33, 36, 162]. In the mouse, genetic evidence suggest that
a Protein tyrosine kinase 7 (Ptk7)-mediated pathway acts in concert with the core
PCP pathway to differentially regulate actomyosin contractility and orient PCP in
the auditory sensory epithelium [214].

Ptk7 was previously identified as a novel regulator of PCP in vertebrates
[1]. Ptk7 is required for many of the same morphogenetic processes regulated by
the core PCP pathway [1, 149, 152, 155, 157]. Ptk7 encodes a conserved
receptor-tyrosine kinase (RTK)-like molecule, which is predicted to lack
endogenous kinase activity because the invariant ‘DFG’ motif essential for
correct positioning of ATP is replaced with ‘ALG’. Interestingly, studies in various
model organisms suggest that vertebrate Ptk7 orthologs have evolved different
functions and signaling mechanisms [149, 156, 157, 214]. Whereas Xenopus
Ptk7 mediates membrane recruitment of the core PCP protein Dishevelled via its
cytoplasmic domain, Ptk7 regulates PCP and Wnt signaling in zebrafish via its

extracellular domain. In the mouse, Ptk7 regulates PCP in the auditory sensory
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epithelium through modulation of junctional contractility, but the underlying
mechanism is unknown.

We have uncovered a possible connection between Ptk7 and myosin Il in
Madin-Darby canine kidney (MDCK) epithelial cells. In MDCK cells, Ptk7
knockdown (KD) gives rise to cell shape and actomyosin defects that are
consistent with our published observations in vivo in Ptk7”- OC. We found that
PTKY interacts with the tyrosine kinase Src and regulates active Src localization
at cell-cell contacts. Interestingly, expression of dominant negative (DN) Src in
MDCK cells resulted in similar actomyosin defects as Ptk7KD cells. Our
biochemical data suggests that Ptk7 stimulates Src signaling activity at cell-cell
contacts. We further identify ROCK2 as a target of junctional PTK7-Src signaling.
Ptk7KD cells reduced the level of active Src at cell-cell contacts, resulting in
delocalization of ROCK2 from cell-cell contacts and decreased junctional
contractility, accompanied by increased total ROCK activity and basal
actomyosin defects. These findings provide evidence that Ptk7 signals through
Src to regulate actomyosin contractility.

Here, we used the mouse auditory sensory epithelium in vivo to shed light
on the mechanisms by which Ptk7 regulates actomyosin contractility during
mammalian epithelial morphogenesis. We present evidence that planar polarized
Src signaling is critical for PCP regulation in the auditory sensory epithelium and
that PTK7-Src signaling regulates tyrosine phosphorylation of junctional ROCK2.
In addition, we have identified other potential targets of Ptk7-Src signaling that

are important for actomyosin regulation in the OC.
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3.2 Results

3.2.1 PTKY positively regulates Src signaling and ROCK2 phosphorylation
in the mouse auditory sensory epithelium

Having identified Src as a likely signaling intermediary of Ptk7 in MDCK
cells, we investigated whether Src signaling is relevant for Ptk7-mediated
epithelial PCP regulation in vivo. The mouse auditory sensory epithelium, or the
organ of Corti (OC), located in the cochlea is a well-established model for PCP
signaling. The V-shaped hair bundles atop auditory hair cells and their uniform
orientation serve as a robust readout for PCP. To determine if Ptk7 regulates
active Src localization in the OC, we first examined pY416-Src localization at
embryonic day (E) 16.5. Active Src was localized to intercellular junctions in
control OC. Interestingly, pY416-Src staining was planar polarized along cell
boundaries between outer hair cells (OHC) and supporting cells, with an average
medial/lateral intensity ratio of 1.7 (Figure 17A-C, M). By contrast, overall staining
and planar asymmetry of pY416-Src was significantly reduced in Ptk7” OC
(Figure 17D-F, M). Overall levels of pY416-Src were decreased by ~40% in Ptk7"
" cochleae (Figure 170). Taken together, these results indicate that PTK7
positively regulates junctional Src signaling in the OC.

To identify targets of PTK7-Src signaling important for myosin Il regulation
in the OC, we examined the localization and phosphorylation of ROCK2, a likely
target of junctional Src signaling in MDCK cells. Rho kinase (ROCK) stimulates
myosin Il activity through direct phosphorylation of RLC and inhibition of the RLC

phosphatase by phosphorylating the myosin phosphatase target subunit 1
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(MYPT1). In control OC, ROCK2 was localized to intercellular junctions in a
punctate pattern. Despite cellular disorganization, ROCK2 was still localized to
intercellular junctions in Ptk7”- OC (Figure 18). Remarkably, pY722-ROCK2
showed planar-polarized junctional localization in control OC, similar to that of
pY416-Src (Figure 17G-I, N). This planar asymmetry was likewise disrupted in
Ptk7”OC (Figure 17J-L, N). Thus, PTK7 mediates ROCK2 tyrosine

phosphorylation at cell-cell contacts in vivo.

3.2.2 Src inhibition and hyperactivation both result in PCP defects in the

oC

Disrupted localization of active Src in Ptk7”" cochleae suggests that Src
signaling is required for PCP in the OC. In the mouse, Src family kinases (SFKs)
Src, Yes and Fyn are ubiquitously expressed and function redundantly [215].
Therefore, to determine the role of Src signaling in the OC, we took a
pharmacological approach and treated cochlear explants with the SFK inhibitor
SU6656 [216]. Vehicle-treated explants had normal PCP: the axonemal
kinocilium at the vertex of V-shaped hair bundles were positioned near the lateral
pole of hair cells (Figure 19A, C). By contrast, many hair bundles in SU6656-
treated explants were misoriented relative to the medial-lateral axis of the
cochlea (Figure 19B, arrows; 19D). Immunoblotting of treated cochlear tissues
confirmed that Src inhibitors effectively reduced pY416-Src levels (Figure 19E).
Thus, we conclude that SFKs and/or structurally related kinases are required for

PCP in the OC.
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Planar polarized pY416-Src localization suggests that spatial regulation of
Src signaling is important for PCP in the OC. To test this idea, we uniformly
elevated levels of Src signaling in the cochlea using a conditional allele of C-
terminal Src kinase [217]. Csk negatively regulates SFK activity by
phosphorylating a conserved C-terminal tyrosine critical for auto-inhibition (Y527
in Src). Csk knockout mice exhibited hyperactivation of SFKs, resulting in neural
tube defects and lethality around E10.5 [218]. In Csk®° mutants, where Csk was
deleted in the cochlea using a Pax2Cre driver [219], two classes of PCP defects
were observed. Csk®© cochleae were generally shorter and widened (Figure
19F, G). In the basal region of the cochlea, the hair bundle and the kinocilium
were often misoriented relative to the medial-lateral axis of the cochlea (Figure
171, K, arrows). In the apical (and occasionally basal) region of the cochlea, there
was an extra row of outer hair cells (Figue 19L, M), likely due to defects in

kKO cochleae

medial-lateral cell intercalation. Overall pY416-Src levels in Cs
were increased by ~2 folds (Figure 19N). These results suggest that the level of
Src signaling is critical for PCP establishment.

To determine if altered Src signaling affects the core PCP pathway, we
examined the asymmetric localization of the core PCP proteins Dvl2 and Fz3. To
better match the developmental stage examined in different mutants, we inhibited
Src signaling systemically in vivo using Bosutinib, a bioavailable dual Src/Abl
inhibitor [220]. Membrane recruitment and asymmetric localization of DvI2 in the

OC was largely unchanged in both Bosutinib-treated and Csk®“® OC (Figure 20A-

F). Previous observations suggest that Fz3 localization is sensitive to changes in
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cortical cytoskeleton [79, 214]. In Bosutinib-treated and Csk®™° OC, Fz3 was still
asymmetrically localized, albeit with reduced staining intensity, suggesting that
altered Src signaling may affect the cortical cytoskeleton (Figure 20G-L).
Together, these results suggest that the core PCP pathway was still active when

Src signaling is perturbed.

3.2.3 Src signaling mediates ROCK2 phosphorylation at intercellular

junctions in the OC

Our data so far suggest that Src is a signaling intermediary between PTK7
and actomyosin contractility. To further test this idea, we assayed the effects of
Src inhibition and hyperactivation on the localization of myosin 1B, active Src and
pY722-ROCK?2 in the OC, all of which are regulated by PTK7. At E16.5, Ptk7
regulates both junctional myosin IIB and a network of apical myosin IIB foci in
supporting cells [214]. Similar to Ptk7” mutants, both Bosutinib treatment and
Csk deletion disrupted the apical myosin IIB foci in supporting cells, while
junctional myosin IIB staining was relatively unchanged, suggesting that normal
levels of Src signaling is important for the assembly of the apical myosin network
(Figure 21A-F). Of note, Csk®™° OC was disorganized and much wider along the
medial-lateral axis, consistent with cell intercalation defects (Figure 21E, F).

Importantly, planar polarized pY416-Src localization to intercellular
junctions was disrupted by both conditions. Whereas Src inhibition greatly
reduced junctional pY416-Src staining, in Csk®® OC pY416-Src became

circumferentially localized around intercellular junctions (Figure 21G-L).
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Strikingly, while altered Src signaling did not significantly impact ROCK2
localization to intercellular junctions (Figure 21M-R), pY722-ROCK2 localization
closely correlated with pY416-Src staining. It was greatly reduced by Src
inhibition and became circumferentially localized around intercellular junctions in
Csk®° OC (Figure 21S-X). Together, these results identify ROCK2 as a target of

junctional Ptk7-Src signaling in the OC.

3.2.4 Identification of vinculin and cortactin as potential targets of PTK7-

Src signaling in the organ of Corti (unpublished)

Our analysis in MDCK cells and mouse organ of Corti suggests that
PTK7-Src signaling regulates myosin Il contractility and ROCK2 localization
through both direct and indirect mechanisms. In addition to ROCK2, we
hypothesize that there are additional targets of PTK7-Src signaling at intercellular
junctions that participate in myosin Il regulation. Dynamic actin assembly
mediated by the WAVE2-Arp2/3 actin nucleator complex was shown to promote
myosin Il recruitment and is necessary for generating junctional tension [221]. A
number of actin regulatory proteins serve as Src substrates including cortactin
and vinculin. Cortactin is a multidomain actin-binding protein enriched at the cell
cortex. Src phosphorylation of cortactin promotes Arp2/3 complex-mediated actin
polymerization [222]. To test if cortactin is a relevant target of Src signaling in the
OC, we analyzed cortactin localization. In E16.5 control OC, we observed that

cortactin localizes to cell-cell contacts in a planar polarized fashion similar to
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pY416-Src (Figure 22), suggesting a role for cortactin in Src-regulation of
actomyosin contractility in the OC.

Previously, we found that vinculin, a tension sensitive actin binding
molecule, is enriched along the medial borders between hair cells and supporting
cells and its planar asymmetry is dependent on Ptk7 (See Chapter 2 Figure 13)
[214]. Vinculin binds to actin and can nucleate F-actin assembly directly or by
interacting with Arp2/3 [223-225]. Interestingly, vinculin was one of the earliest
identified tyrosine phosphorylation targets of Src [226]. Src tyrosine
phosphorylation of residue 1065 in vinculin induces conformational changes
which affect vinculin stability and recruitment at adhesion complexes and force
generation, and is essential for Arp2/3 binding [225, 227, 228]. Using a
phosphorylation-specific antibody directed against tyrosine 1065, we observed
pY1065-vinculin staining at cell-cell junctions and it was enriched at medial
borders of hair cells, similar to pY416-Src localization (Figure 23A-C). In Ptk7
mutants, junctional pY1065-vinculin localization was significantly reduced and its
planar asymmetry was lost (Figure 23D-F). These results suggest that Ptk7

signals through Src to promote vinculin phosphorylation at cell-cell contacts.

3.2.5 Vinculin is required for hair cell PCP and regulates apical myosin |IB
foci assembly in the OC (unpublished)
Our observation that junctional planar asymmetry of both total and
phosphorylated vinculin was disrupted in Ptk7 mutants correlates with hair

bundle misorientation. We next addressed the functional importance of vinculin in
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hair cell PCP. Vinculin (Vcl) knockout mice are embryonic lethal due to severe
heart and brain defects [229]. Thus, we inactivated vinculin in the cochlea using a

1" driver line and a conditional allele of vinculin (Vcl™) [186, 230]. In

Foxg
Foxg1©™; VcI'" mutant OC, stereociliary bundle misorientation was restricted in
the third row of OHCs (Figure 24A-D). While three rows of outer hair cells are
normally found in the apex of control OC, conditional vinculin mutant cochleae
exhibited an extra row of outer hair cells in the apex (Figure 24E, F). These PCP
defects are highly reminiscent of those found in Ptk7”~ mutants. These results
demonstrate that vinculin planar asymmetry is required for hair cell PCP.

Vinculin is recruited to sites of increased tension in a myosin ll-dependent
manner, and it has become apparent that vinculin is important for force
transmission at cell-cell contacts [170]. We posit that vinculin is likely involved in
regulating actomyosin contractile tension in the OC. To determine the role of
vinculin in actomyosin contractility, we analyzed myosin IIB localization in vinculin
mutants. In control OC, myosin IIB is localized to cellular junctions and to apical
foci in supporting cells (Figure 25A, B, arrows). In Foxg1©"; VcI" mutant OC,
junctional myosin 1IB localization was modestly reduced and apical myosin 11B
foci in supporting cells were either barely detectable or significantly smaller in
size (Figure 25C-F, arrows). These results indicate that vinculin regulates the

robust assembly of myosin I1I1B foci in the OC and may function to reinforce

actomyosin contractility.

3.3 Discussion
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How actomyosin contractility is coordinately regulated in groups of
mechanically coupled cells to drive tissue morphogenesis is a fundamental
guestion in developmental biology. In addition to the RhoA-ROCK signaling axis
[231-234], our study now reveals a novel layer of actomyosin regulation at
intercellular junctions. We present evidence that PTK7-Src signaling at cell-cell
contacts spatially organizes the actomyosin cytoskeleton to regulate junctional
contractility and PCP. Moreover, we identify ROCK2 as one of the targets of
junctional PTK7-Src signaling and for the first time implicate ROCK2 tyrosine
phosphorylation in the regulation of PCP in the OC.

It is worth noting that MDCK cells and the OC have interesting differences
in the regulation of ROCK2 localization and phosphorylation. In MDCK cells,
ROCK?2 junctional localization depends on PTK7-Src signaling, however the
steady state level of ROCK2 phosphorylation is normally very low. In the mouse,
on the other hand, ROCK2 was still localized to cell-cell contacts in Ptk7” OC,
suggesting that there are additional mechanisms that regulate junctional ROCK
localization in vivo, as observed in other developing epithelia [235]. By contrast,
phospho-Y722 ROCK2 was localized to intercellular junctions in wild-type OC but
was severely disrupted in both Ptk7” and Src-inhibited OC. Together, these
results suggest that PTK7-Src signaling regulates junctional contractility in part
through ROCK2 phosphorylation.

How ROCK2 tyrosine phosphorylation regulates junctional contractility
remains to be determined. ROCK2 phosphorylation at Y722 has been shown to

be required for focal adhesion turnover and decrease its binding to and activation
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by RhoA-GTP [236, 237]. ROCK2 phosphorylation at intercellular junctions may
likewise promote the turnover of cadherin adhesions and render ROCK2
insensitive to junctional RhoA-GTP levels. In the mouse OC, pY722 ROCK2 is
enriched along the medial boundaries of hair cells. We have previously proposed
that junctional contractility is increased at these boundaries, based on the
polarized recruitment of vinculin [214]. Thus, junctional ROCK2 tyrosine
phosphorylation may be associated with increased contractile tension. Because
we found evidence that junctional ROCK2 levels are sensitive to adhesive forces
(data not shown), we further speculate that ROCK2 Y722 phosphorylation is part
of a feedback regulatory loop that balances junctional ROCK2 levels with
intercellular adhesion strength. Curiously, despite decreased junctional
contractility, Ptk7 loss led to increased total levels of RLC phosphorylation both in
vitro and in vivo. This is likely connected to altered ROCK2 localization and
activity, as an Y722F ROCK2 mutant showed increased kinase activity and when
overexpressed also caused increased RLC phosphorylation [236, 237].

In addition to ROCK2, we propose that two actin regulatory proteins,
cortactin and vinculin serve as additional effectors of PTK7-Src signaling. A
recent study proposed that Arp2/3 mediated actin assembly is required for
promoting and stabilizing junctional tension [221]. Both cortactin and vinculin bind
to Arp2/3 and were localized asymmetrically on medial borders of hair cells
similarly to active Src, where we believe tension is increased. We further showed
that Ptk7 promotes Src-dependent tyrosine phosphorylation of vinculin at cell-cell

contacts in the OC. Vinculin is functionally important for hair cell PCP and is
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supported by two pieces of evidence. First, Ptk7 and the non-canonical Wnt PCP
pathway act in concert to regulate planar asymmetry of vinculin. Second,
analysis of loss of function vinculin mutants revealed hair cell PCP defects, and
diminished assembly of apical MIIB foci in supporting cells. The weak PCP
phenotypes observed in vinculin mutants suggests that it is one of many potential
Src effectors in hair cell PCP. Vinculin is an important component of the force
transmission complex at intercellular junctions and may be involved in myosin |l
recruitment in a positive feedback loop [169, 170]. We hypothesize that
phosphorylation of cortactin and vinculin at cellular junctions by Src regulates
junctional contractility through mechanisms that involve localized actin assembly.
Further work will be directed towards establishing whether these actin regulators
promote contractile tension in the OC through Arp2/3 based-actin assembly.

In the mouse OC, planar polarized junctional Src signaling requires PTK7
and is crucial for PCP regulation. At present, it is unclear whether PTK7 plays an
instructive or permissive role in polarized Src signaling. Although PTK7 is
expressed in both hair cells and supporting cells, it is conceivable that its activity
and/or localization are regulated by post-translational mechanisms, such as
proteolysis [154] and tyrosine phosphorylation. Indeed, reciprocal regulation
between Src and RTKs have been widely observed [238]. In addition to PTK7,
Src signaling in the OC is likely regulated by multiple pathways. In other systems,
Src can be rapidly activated by mechanical force [239] and cadherin adhesion
[240]. Because hair cells and supporting cells are mechanically coupled through

cadherin-based cell-cell contacts and engage in “tug of war” interactions during
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morphogenesis, we speculate that Src signaling is cooperatively regulated by
PTK7 and cadherin-mediated mechanotransduction [198]. We show that altered
Src signaling reduced asymmetric localization of Fz3 but not DvI2, suggesting
that Src signaling levels may be important for the robustness of the core PCP
pathway, which acts in concert with Ptk7 to regulate contractility. Conversely, the
core PCP pathway may spatially coordinate the “tug of war” interactions between
hair cells and supporting cells and participate in cadherin-mediated
mechanotransduction, for example, through regulation of E-cadherin surface
expression [116, 241].

How does junctional contractility affect stereociliary bundle orientation? It
has been established that the positioning of the hair cell basal body and the
associated kinocilium plays an instructive role in stereociliary bundle orientation.
Our previous work suggests a model in which microtubule capture at the hair cell
cortex anchors the basal body at the lateral pole of hair cells through a positive
feedback loop involving Rac-PAK signaling [128, 131]. We propose that
increased tension exerted on the medial boundary of hair cells locally inhibit
cortical capture of microtubules, thereby favoring microtubule capture at the

lateral pole to position the basal body.
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Figure 17. PTK7 regulates planar polarized Src signaling and ROCK2
phosphorylation at intercellular junctions in the mouse OC.

(A-F) E16.5 cochleae stained for pY416-Src (red) and phalloidin (green). (A-C)
pY416-Src was enriched on the medial boundaries of hair cells in the control. (D-
F) Junctional pY416-Src staining was significantly reduced in Ptk7” OC. (C, F)
Higher magnifications of the hair cell indicated by asterisks in B and E,
respectively. (G-L) E16.5 cochleae stained for pY722-ROCK2 (red) and
phalloidin (green). (G-1) In control OC, pY722-ROCK2 staining showed similar
planar asymmetry to that of pY416-Src. (J-L) Junctional pY722-ROCK2 staining
was significantly reduced in Ptk7” OC. (I, L) Higher magnification of the hair cell
indicated by asterisks in H and K, respectively. Images were taken from the mid-
basal region of the cochlea (25% cochlear length). Arrowheads indicate the row
of pillar cells. Brackets indicate OHC rows. Lateral is up in all micrographs. Scale
bars, (C, F, I, L), 2 um, all other panels, 4 um. (M, N) Quantification of medial to
lateral (M:L) staining intensity ratios of junctional pY416-Src (M) and pY722-
ROCK2 (N). Planar asymmetry of both localizations was lost in Ptk7”- OC. (0-Q)
Total levels of pY416-Src (O), ROCK2 (P) and ROCK1 (Q) in E16.5 cochlear
lysates. Lysates from two cochleae of the same genotype were pooled and

loaded in each lane. Numbers indicate percentage of normalized levels.
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Figure 18. ROCK2 is still localized to intercellular junctions in Ptk7™”
cochleae.

(A-D) ROCK2 (red) and Rac1l (green) immunostaining in the mid-basal region of
E16.5 OC (25% cochlear length). (A, B) In control OC, ROCK2 localizes to cell-
cell contacts in a punctate pattern and shows diffused staining in the cytoplasm
of hair cells and supporting cells. (C, D) ROCK2 localization at cell-cell contacts
is largely unchanged in Ptk7”- OC, although OHC rows are slightly disorganized.
Arrowheads indicate the row of pillar cells. Brackets indicate OHC rows. Lateral

is up in all micrographs. Scale bars, 4 ym.
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Figure 19. Src inhibition and hyperactivation both result in PCP defects in
the OC.

(A, B, H-M) Phalloidin (green, labels the hair bundle) and acetylated-tubulin (red,
labels the kinocilium) staining of Src-inhibited cochlear explants (A, B) and E18.5
Csk®© OC (F-K). (A, B) Hair bundle orientation is disrupted in SU6656-treated
cochlear explants (B, arrows). Hair bundle fragmentation is also observed (B,
open arrow). (C, D) Quantification of kinocilium positions in vehicle (C) and
SU6656-treated (D) explants. (E) SU6656- and Bosutinib-treatment reduced
pY416-Src levels in cochlear explants. (F, G) Flat mounted cochleae from E18.5
control and Csk®® embryos. (G) Csk*® have shorter and widened cochlear
ducts. (H-K) Csk®® hair cells have defects in hair bundle orientation and
kinocilium position (J, K). Images were taken from the mid-basal region of the
cochlea (25% cochlear length). (J, K) Higher magnification of the boxed OHCs in
H and I, respectively. Arrows indicate the kinocilium position. (L, M) Csk®<®
mutants (M) have an extra row of OHCs in the apical region of the cochlea (80%
cochlear length). (N) pY416-Src levels are increased by ~2 folds in Csk®©
cochlear tissues. Arrowheads indicate the row of pillar cells. Brackets indicate
OHC rows. Lateral is up in all micrographs. Scale bars, (A, B), 6 um; (J, K), 5 um;

all other panels, 10 pm.
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Figure 20. Localization of core PCP proteins DvI2 and Fz3 in Src-inhibited
and Csk®° cochleae.

(A-F) DvI2 (green) and Racl (red) immunostaining in E17.5 OC. (A, B) DvI2 is
asymmetrically localized along lateral borders of hair cells in control OC.
Asymmetric localization of DvI2 was unchanged in Bosutinib-treated OC (C, D)
and slightly disorganized in Csk®™° OC (E, F). (G-L) Fz3 immunostaining (green)
and phalloidin staining (red) in E17.5 OC. (G, H) Fz3 is enriched along medial
boundaries of hair cells and supporting cells in control OC. Asymmetric
localization of Fz3 was reduced in both Bosutinib-treated (I, J) and Csk®© OC (K,
L). Images were taken from the mid-basal region of the OC (25% cochlear
length). Arrowheads indicate the row of pillar cells. Brackets indicate OHC rows.

Lateral is up in all micrographs. Scale bars, 4 pm.
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Figure 21. Src inhibition and hyperactivation have opposing effects on
pY416-Src and pY722-ROCK2 localization in the OC.

(A-X) E16.5 cochleae stained for myosin 11B (A-F), pY416-Src (G-L), ROCK2 (M-
R) and pY722-ROCK2 (S-X). Green, phalloidin staining. (A, B) In control OC,
myosin IIB (red) is localized to intercellular junctions and to apical foci in
supporting cells (arrows). (C-F) Apical myosin IIB foci are absent in Bosutinib-
treated OC (C, D) and Csk®“® OC (E, F). Junctional myosin IIB localization is
unchanged. (G-H) In control OC, pY416-Src (red) is enriched along medial
boundaries between hair cells and neighboring supporting cells. pY416-Src
staining was significantly reduced in Bosutinib-treated OC (I, J) and became
circumferentially localized along cell-cell contacts in Csk®© OC (K, L). (M-P)
ROCK2 (red) was distributed along intercellular junctions in a punctate manner in
control (M, N) and Bosutinib-treated OC (O, P). (Q, R) In Csk®*® OC, ROCK2 is
still localized to intercellular junctions. Of note, multicellular rosettes were
frequently observed, where ROCK2 was enriched at their vertices (arrows). (S,
T) In control OC, pY722-ROCK2 (red) staining shows similar planar asymmetry
to that of pY416-Src. pY722-ROCK2 staining was greatly reduced in Bosutinib-
treated OC (U, V) and became circumferentially localized along cell-cell contacts
in Csk™© OC (W, X). Images were taken from the mid-basal region of the OC
(25% cochlear length). Arrowheads indicate the row of pillar cells. Brackets

indicate OHC rows. Lateral is up in all micrographs. Scale bars, 4 pm.
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Figure 22. Cortactin localization in the OC.

E16.5 control OC stained for cortactin (red) and phalloidin (green). (A-B) In the
mid-basal region of the cochlea (25% cochlear length), cortactin is localized to
cell-contacts and enriched along medial borders between hair cells and
supporting cells. (C) Higher magnification of the hair cell boxed in panels (A) and
(B). Arrowheads indicate the row of pillar cells. Brackets indicate OHC rows.

Lateral is up in all micrographs. Scale bars, A-B, 6um; C, 2um.
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Figure 23. Ptk7 promotes phosphorylation of junctional vinculin in the OC.
(A-F) E16.5 cochleae were stained for pY1065-Vinculin (red) and phalloidin
(green). (A-C) In control OC, pY1065-Vinculin staining showed similar planar
asymmetry to that of pY416-Src. (D-F) In Ptk7”~ OC, junctional pY1065-Vinculin
staining was significantly reduced in Ptk7”" OC. (C, F) Higher magnification of the
hair cell indicated by asterisks in A and D, respectively. Images were taken from
the mid-basal region of the cochlea (25% cochlear length). Arrowheads indicate
the row of pillar cells. Brackets indicate OHC rows. Lateral is up in all

micrographs. Scale bars, C, F, 2 ym; others 4 um.
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Figure 24. Vinculin is required for hair cell PCP.

E18.5 whole-mount cochleae stained with phalloidin (green) and acetylated-
tubulin (red) to visualize the stereociliary bundle and kinocilium, respectively. (A)
In the mid-basal region (25% cochlear length) of control OC, stereociliary
bundles are uniformly oriented with their vertices pointing towards the lateral
edge of the cochlea. (B) Foxg1®™; Vcl"- OC exhibit stereociliary misorientation
primarily in the third row of OHCs. Example of misoriented bunde is indicated by
white arrow. (C, D) Quantification of OHC3 stereociliary bundle orientation in
control (C) and Foxg1©; VcI"" OC (D). (E) In the mid-apex (80% of cochlear
length) of control OC, 3 rows of OHCs are present. (F) Supernumerary rows of
OHCs are found in the mid-apex region of Foxg1®"; Vcl"~ OC. Arrowheads
indicate the row of pillar cells. Brackets indicate OHC rows. Lateral is up in all

micrographs. Scale bar, 5 um.
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Figure 25. Vinculin regulates the assembly of apical myosin Il foci in

supporting cells.

E16.5 cochleae stained with myosin 1B (MIIB, red) and phalloidin (green). (A-B)
In control OC, myosin IIB is localized to cell junctions of both hair cells and
supporting cells, and found in apical foci (arrows) in supporting cells. (C-D) In
Foxg1©™: VeI~ OC, apical MIIB foci (arrows) are significantly reduced and
smaller in size while junctional localization of MIIB is normal. (E-F) In some
cases, MIIB foci were absent from supporting cells in conditional vinculin mutant
OC. (Note: the big blob of MIIB staining is an artifact). Arrowheads indicate the
row of pillar cells. Brackets indicate OHC rows. Lateral is up in all micrographs.

Scale bar, 5 pm.



118

APPENDIX I: The Role of EphrinB ligands in Cochlear Morphogenesis

[.1 Introduction

The erythropoietin-producing hepatocellular (Eph) receptors belong to the
largest family of receptor tyrosine kinases (RTKs) and interact with their cell-
surface bound ligands, ephrins. Ephrins are grouped into two classes: the A-
class are GPI-linked and the B-class are transmembrane ligands. The B -class
ephrins consists of three members: ephrin B1, B2 and B3, and serve as ligands
for ephrinB receptors (EphB). EphB/EphrinB signaling has been implicated in
many developmental processes such as neural crest migration, axon guidance,
angiogenesis and tissue patterning by regulating cellular processes such as cell
adhesion versus repulsion, cell motility, migration and cell-cell communication
[242—244].

Unlike most RTK signaling, Eph/Ephrin signaling is bidirectional, in that
both the receptor and ligand can signal. Ephrin binding results in ‘forward’
signaling by inducing Eph receptor dimerization and subsequent activation of
phosphotyrosine-mediated pathways. Conversely, ephrins can signal into the
cells that express them upon receptor binding and this mode of signaling is
termed ‘reverse signaling’. Eph receptor forward signaling mechanisms follow the
classical RTK signaling activation cascade. Activation of an Eph kinase domain
promotes receptor dimerization and tyrosine phosphorylation provides binding
sites for adaptor molecules. Class B ephrins do not harbor intrinsic catalytic

abilities but their C-terminal tails have several motifs that facilitate signaling.
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Highly conserved between the C-terminal domains of all ephrinB ligands are five
tyrosine residues that can be phosphorylated and a PDZ-binding domain (YKV)
[245]. Phosphorylation of these tyrosine residues provides binding sites for
SH2/3 containing adaptor protein, Grb4. A unifying theme in EphB/EphrinB
signaling is that their downstream molecular targets converge on regulating the
cytoskeleton [246]. The most well-known effectors of the EphB/EphrinB
interaction are Src family kinases and Ras/Rho family GTPases. Phosphorylation
of ephrinB C-terminal fragments by Src recruits adaptor proteins such as Grb4 to
mediate rearrangement of the cytoskeleton [247-249].

The effects of ephrin signaling on cell behavior depend on the cell type;
resulting in either increased adhesion (attraction) or decreased adhesion
(repulsion) [250]. Density of receptor-ligand complexes may determine the
outcome of their interactions. Initial interactions support adhesion, but it is known
that Eph/ephrin clusters assemble into larger signaling complexes, switching to
more repulsive activities [243]. The Eph-ephrin interaction is of high affinity and
thus, it has been elusive how these complexes mediate repulsive activities.
Repulsion can be mediated by terminating signals upon receptor-ligand binding
and is achieved by two mechanisms, proteolytic cleavage of either the ephrins or
Eph receptors and rapid trans-endocytosis of the ligand-receptor complexes
(Himanen JP, 2007).

EphB/EphrinB signaling does not operate in isolation. In fact, Eph
receptors and ephrins can function independently and crosstalk with other

signaling pathways. Evidence linking EphB/EphrinB and Wnt signaling has been



120

shown to play an important role in various morphogenetic processes. In
Xenopus, ephrinB1 intersects with the noncanonical Wnt/PCP pathway by
interacting with Dishevelled and promoting RhoA activity to regulate cell sorting
and directional cell migration [251, 252]. This interaction can be modulated by
FGF and EphB receptors [253]. Moreover, downregulation of ephrinB1/2
signaling by ADAM13 protease activity promotes canonical Wnt activity and is
required for early cranial neural crest induction [254]. Since canonical and non-
canonical Wnt pathways are known to inhibit each other, cleavage of ephrinB
signaling molecules may function to derepress canonical Wnt signaling.
Preliminary observations in our lab include a biochemical interaction
between ephrinB1 and Frizzled3/Frizzled6 (Figure 26), two Frizzled receptors
that function redundantly in hair cell PCP. Interestingly, Fz3 and Fz6 do not
interact with the full-length EphrinB1 species but rather interacts preferentially
with faster-migrating forms of EphrinB1. These observations suggest that Fz3/6
interact with post-translationally modified forms of ephrinB1 and may form a
potential ligand-receptor pair for PCP signaling. In light of our data and other
published studies, we became interested in exploring the role of B class ephrins

in cochlear morphogenesis.

[.2 Results

1.2.1 Expression of EphrinB1 and EphrinB2 in the developing OC
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The mRNAs for all three EphrinB genes are highly expressed in the inner
ear during mouse development, peaking at E15 in the mouse and declines
postnatally [255, 256]. However, the protein expression patterns of these ligands
have not been thoroughly investigated during early cochlear development.

To examine the cellular/subcellular distribution of class B ephrins, we
analyzed their localizations in E16.5 cochleae. Using an antibody that detects the
ectodomain of ephrinB1, we were very intrigued by the expression pattern
presented. EphrinB1 protein expression was observed at cell-cell contacts in the
region medial to the OC known as the Greater Epithelial Ridge (GER) (Figure
27A, B). Furthermore, the epithelial cells of the GER immediately adjacent to the
row of inner hair cells displayed the highest expression of ephrinB1 (Figure 27A,
B). This “graded” pattern of protein localization corresponds well with the medial
to lateral differentiation gradient of sensory hair cells.

Interestingly, at approximately 4um below the plane of the previously
described ephrinB1 localization, ephrinB1 staining was also detected in halo-like
structures in hair cells (Figure 27C, D). The identity of these subcellular
structures is elusive. To verify specificity of the ephrinB1 antibody used, we
examined ephrinB1 localization in Efnb1l mutant OC (Figure 27E-G). We found
that while ephrinB1 localization at cell-cell contacts in the GER was lost, the halo-
like subcellular structures in hair cells remained positive for ephrinB1 (Figure
27E-H). It is unclear if this localization is due to cross-reactivity of ephrinB1

antibody with other ephrinB molecules or due to non-specific binding.
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In contrast, ephrinB2 was predominantly localized in punctae in the
cytoplasm of supporting cells and weakly distributed in hair cells (Figure 28A, B).
We did not observe EphrinB2 staining in halo-like subcellular structures in the
hair cells. In Efnb1”" OC, ephrinB2 localization was maintained and appeared to
be slightly upregulated in Efnb1 mutant OC (Figure 28C, D). Taken together, the
observed protein localizations of ephrinB1 and ephrinB2 in the cochlea suggest

that class B ephrins may play a role in cochlear morphogenesis.

[.2.2 EphrinB1lis not required for hair cell PCP

The elevated expression of class B ephrins during early development
correlates well with the timeline during which the OC undergoes terminal
morphogenesis and establishes the asymmetric stereociliary bundle on each hair
cell. To test if class B ephrins have a role in cochlear morphogenesis, we
investigated the effects of ephrinB1 on hair cell PCP. Stereociliary bundles are
evident as early as E17.5 and their orientation was used as a readout for PCP.
EphrinB1 (Efnb1l) is X-linked and therefore, female heterozygotes are mosaics
due to random X-inactivation. It is also known that in female Efnb1*"embryos,
mutant cells exhibit strong sorting effects from wild-type cells [250]. In control
OC, hair cells uniformly orient the vertices of their stereociliary bundles towards
the lateral edge of the cochlear duct. We found that Efnb1”" male, and Efnb1*"
and Efnb1™ female embryos exhibit relatively mild stereociliary bundle orientation
defects in the cochlea; most stereociliary bundles were oriented towards the

lateral edge of the OC with deviations less than 30° from normal and exhibited
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normal V-shape bundle morphology (Figure 29A-C, data not shown). The weak
bundle misorientation phenotype in Efnbl mutants may be indicative of functional
redundancy between Efnb genes in hair cell PCP and supported by the
persistence of ephrinB2 signaling in Efnb1l mutant OC (Figure 28C-D).

Compound ephrinB2 mutant mice are embryonic lethal due to severe
defects in angiogenesis and auditory brainstem responses (i.e hearing) are
defective in postnatal ephrinB2 heterozygous mutant mice [257, 258]. To
overcome the lethality, we are attempting to generate Efnb1l; Efnb2 double
mutants by conditionally inactivating Efnb2 in the cochlea using a Foxg1©™ driver
line in combination with Efnb1 mutations. Thus far, examination of
transheterozygote Efnbl; Efnb2 cochleae did not reveal any significant
differences in stereociliary bundle orientation compared to control cochleae
(Figure 29D). These results indicate that ephrinB1 is not required for hair cell
PCP and that class B ephrins may function redundantly in cochlear

morphogenesis.

1.2.3 Genetic Interaction between EphrinB1 and Fz3/Fz6 in the OC

In light of the observed in vitro interaction between Fz3/Fz6 and ephrinB1
(Figure 26), we went on to study the genetic interaction between ephrinB1 and
Fz3/Fz6 genes in hair cell PCP. Fz3 and Fz6 function redundantly to regulate
hair cell PCP [59]. In the inner ears of Fz3; Fz6 double mutants, severe
misorientation defects are observed in the row of inner hair cells (Figure 30B). In

our preliminary analysis, we recovered one triple mutant embryo that did not



124

exhibit significant differences in IHC stereociliary bundle orientation compared to
Fz3/Fz6 double mutants (Figure 30B, C). On the other hand, reduced ephrinB1
dosage in Fz3"; Fz6"" OC does not exacerbate stereociliary bundle
misorientation (Figure 30E). Thus, there is no strong genetic interaction between
Efnbl and Fz3/6 in the cochlea and may be further masked by functional

redundancy among ephrinB genes in hair cell PCP.

1.3 Discussion

Our initial investigation indicates that class B ephrins are expressed in the
OC during terminal morphogenesis when hair cells establish uniform stereociliary
bundle orientation. This distinct organization is achieved in two ways: first, by
local alignment of each hair cell’s intrinsic cytoskeletal machinery to generate the
asymmetric stereociliary hair bundle and secondly, by global coordination of cells
in relation to its neighbors [259]. In both stages, a global guidance cue is
required. These guidance cues could be generated from a localized source near
the polarized epithelium [123]. Our analysis of ephrinB1 protein localization
revealed that it is present in the region medial to the OC, suggesting that it may
serve as a guidance cue for hair cell PCP. Furthermore, non-overlappping
cellular localizations between ephrinB1 and ephrinB2 may reflect diversity in their
functions and that they may contribute towards the stereociliary bundle
orientation in different subsets of hair cells.

A study looking at Wnt5a proposes that there is an intrinsic difference

between the medial and lateral sides of the cochlear epithelium and that this can
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direct the orientation of the stereocilia [138]. The identity of the molecules
contributing to such difference has not been successfully defined, mainly in part
due to functional redundancy between genes in mammals. We speculate that the
high concentration of EphrinB1 expression at the cells immediately adjacent to
the inner hair cells could be contributing to the commonly postulated “morphogen
gradient” for PCP. The weak hair bundle misorientation phenotype in loss of
function EphrinB1 mutants indicates that it is not necessary for hair cell PCP but
one cannot discount the possibility that it functions redundantly with other class B
ephrins for hair cell PCP. Analysis of Efnb1; Efnb2 double mutants and possibly
Efnbl; Efnb2; Efnb3 triple mutants will be necessary to determine if class B
ephrins serve as instructive cues for hair cell PCP.

The detection of a biochemical interaction between Fz3/Fz6 and ephrinB1
yields the hypothesis that ephrinB1 may signal through Fz receptors. When
overexpressed in cells, multiple forms of ephrinB1 can be detected with different
apparent molecular weights (MW). These different forms of ephrinB1 could be
due to post-translational modifications such as phosphorylation, glycosylation or
protease-mediated cleavage. Class B ephrins have been found to be
glycosylated in vivo [260]. Alternatively, class B ephrins can also be
proteolytically cleaved by metalloproteinases and their membrane-tethered
fragments subsequently cleaved by y-secretases to release the intracellular
domain for attenuating Eph-mediated signaling [261]. It remains to be determined
whether or not this interaction is direct and warrants in-depth analysis to

characterize this interaction further. The lack of a strong genetic interaction
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between Efnbl and Fz3/Fz6 in the cochlea may be explained by potential
compensation by other ephrinB genes. Nevertheless, we are excited by the
prospect that perhaps these two components form a ligand-receptor pair for PCP
signaling.

Eph/Ephrin signaling normally mediates cell adhesion and class B ephrins
are well-known repulsion cues for EphB-expressing neurons, during axon
guidance. Fz3"; Fz6” mutants exhibit severe misorientation in the inner row of
hair cells that is most often biased towards a complete reversal of the stereocilia
hair [59]. In other PCP mutants, the stereocilia misorientation is distributed
randomly. The uniform polarity disruption in Fz3"; Fz6” suggests that there must
be strong repulsive cues that instruct inner hair cells to orient their stereocilia
away from the signal. EphrinB signaling mediates repulsive cellular behaviors,
such as growth cone repulsion during axon guidance and migration of cells into
the presumptive eye field in the Xenopus. It would be interesting to test if Class B
ephrins function as “repulsive” cues for stereocilia orientation in these hair cells.
In light of our findings, we hypothesize that class B ephrins signal through Fz to

regulate hair cell PCP by “repelling” stereocilia away from its source.
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1.4 Figures
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Figure 26. EphrinB1 forms a complex with Fz3 in vitro.
Lysates from HEK293T cells transfected with Flag-tagged Fz3 and ephinB1 were
subjected immunoprecipitation by Flag-beads and blotted for Fz3 or ephrinB1

antibodies (unpublished, Anna Andreeva).
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Figure 27. EphrinB1 expression in the developing OC.

E16.5 whole-mount cochleae were stained for EphrinB1 (red) and phalloidin
(green). (A-B) In the mid-basal region of control OC, EphrinB1 localizes to cell-
cell contacts in the region medial to the OC (called the Greater Epithelial Ridge
(GER), region marked by yellow line). Notice the intense EphrinB1 expression in
cells of the GER closest to the row of inner hair cells. (C-D) Approximately 4um
below the optical plane shown in (A), strong ephrinB1 staining was found in
unidentified halo-like subcellular structures in hair cells. (E-F) In Efnb1”" OC,
ephrinB1 staining in the GER was significantly reduced. (G-H) Staining of the
halo-structures in hair cells was still present, albeit with reduced intensity, in
Efnb1”" OC. Arrowheads indicate the row of pillar cells. Brackets indicate OHC

rows. Lateral is up in all micrographs. Scale bar, 10um.
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Figure 28. EphrinB2 expression in the cochlea.

E16.5 whole mount cochleae stained for EphrinB2 (red) and phalloidin (green).
(A-B) In the mid-basal region of control OC, ephrinB2 is strongly present in
punctae in the apical cytoplasm of supporting cells and more diffusely distributed
in hair cells. (C-D) EphrinB2 staining is maintained and slightly upregulated in
Efnb1” mutant OC. Brackets indicate OHC rows. Lateral is up in all

micrographs. Scale bar, 10um.
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Figure 29. EphrinB1 is not required for hair cell PCP.

E18.5 cochleae were stained with phalloidin (green) to visualize the stereocilia
bundle. Genotypes are indicated above the panels. (A) In the basal region (15%
cochlear length) of control OC, stereociliary bundles uniformly orient towards the
lateral edge of hair cells. (B-C) Mild misorientation of stereociliary bundles
(deviations of <30° from expected position) were observed in Efnb1”' and Efnb1”
" 0cC. (D) Stereociliary bundle orientation was largely normal in double
heterozygote Foxg1®™; Efnbl”"; Efnb2*" OC. White arrowheads indicate the row
of pillar cells. Brackets indicate OHC rows. Lateral is up in all micrographs. Scale

bar, 10pm.
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Figure 30. Genetic interaction between EphrinB1 and Fz3/Fz6. Basal region

Efnb1”; Fz3";

(15% cochlear length) of E17.5 cochleae stained with phalloidin (green) to
visualize the stereocilia bundle. Genotypes are indicated above the panels. (A)
In control OC, stereociliary bundles are uniformly oriented with their vertices
pointed towards the lateral edge of the OC. (B-C) In contrast, both Fz3"; Fz6™
(B) and Efnb1”; Fz3"; Fz6™ (C) OC exhibit severe stereociliary bundle
misorientation in the inner hair cell (IHC) row. (D-E) Reducing EphrinB1 gene
dosage in Fz3"; Fz6" OC (E) does not exacerbate its stereociliary bundle
orientation phenotype. White arrowheads indicate the row of pillar cells, blue
arrowheads indicate row of inner hair cells. Brackets indicate OHC rows. Lateral

is up in all micrographs. Scale bar, 10pum
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APPENDIX II: Dynamics of the myosin Il network in the developing OC

1.1 Introduction

Actomyosin contractility generates the forces responsible for major cell
shape changes and rearrangements in tissue morphogenesis [262, 263]. These
forces are also provides a source of mechanical cues that regulate diverse
cellular behaviors, such as cell growth, cell polarity establishment and
locomotion. Distinct outcomes of contractility are determined by spatial and
temporal regulation of actomyosin networks. At the tissue level, coupling of
actomyosin networks at intercellular and cell-matrix adhesive contacts facilitate
force transmission to produce global and coherent tissue changes in mechanics
and shape. Our work provides evidence in support of an alternate pathway
mediated by Ptk7 that acts in parallel with the noncanonical Wnt/ PCP pathway
to regulate actomyosin contractility and align hair cell PCP in the OC [214]. We
showed that Ptk7 regulates the assembly of a contractile apical myosin Il network
in supporting cells in the OC. However, the underlying mechanism(s) by which
actomyosin contractility regulates hair cell PCP is unknown.

Dynamic actomyosin foci have been observed in a number of cell types
that exhibit contractile behaviors. During Drosophila germband extension (GBE),
cell intercalation is driven by planar polarized contractile forces mediated by a
medial apical actomyosin meshwork [162]. The apical myosin Il foci that we
observed in supporting cells may function analogously to the myosin Il network in

the Drosophila germband. Interestingly, vinculin, a tension sensitive molecule
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recruited to adhesion sites in a myosin Il dependent-manner, is enriched along
medial borders of hair cells in the OC suggesting that hair cells are under
tension. Furthermore, stereociliary bundle orientation defects correlated with
disrupted vinculin planar asymmetry in Ptk7” and Vangl2""-" OC. Taken
together, we hypothesize that the apical myosin Il network in supporting cells
exerts anisotropic contractile forces at boundaries between hair cells and
supporting cells to orient hair cell PCP.

Our assessment of the myosin Il network in the OC has been based solely
on steady state distribution myosin Il in fixed tissues, which offer limited insights
to the dynamics and role of actomyosin contractility during hair cell PCP.
Therefore, we used time-lapse live imaging to investigate and characterize

behaviors of the myosin Il network in the developing OC.

1.2  Results
[1.2.1 Live imaging set up

To gain mechanistic insights into how actomyosin contractility regulates
hair cell PCP, we developed a live-imaging protocol to visualize the myosin I
network in the cochlea. We established cochlear explants from knock-in mouse
embryos that endogenously express GFP-tagged myosin IIB (MIIB-GFP) [264].
These cochlear explants were originally dissected from E15.5 embryos and
allowed to recover in vitro for 12 hours before imaging. Using a heated stage and

the Deltavision deconvolution inverted microscope, we imaged regions of
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cochlear explants that were comparable to the mid-basal region of E16.5
cochlea, where we observed prominent immunostaining of apical myosin 1B foci
in supporting cells. Under these conditions, we were able to detect live MIIB-GFP
signals at cell-cell contacts in the OC that resemble Myosin 11B immunostaining
patterns in fixed tissues (Figure 31). MIIB-GFP in apical foci in supporting cells
were present but more nebulous in these tissues presumably due to low levels of
endogenous expression. We therefore focused our analysis on the dynamics of
the junctional myosin 11B network. Overall, we have established a protocol that
allows consistent staging and imaging of the myosin 11B-GFP network during

establishment of PCP in cochlear explants.

[1.2.2 Myosin Il is recruited to medial borders of hair cells

To investigate the functions of the myosin Il network during PCP, we
monitored the distribution and temporal evolution of junctional MIIB-GFP in E16.5
control OC. Our initial time-lapse movies were made at one-frame intervals every
two minutes for approximately two hours (Figure 32A-D, Movie 1). These movies
revealed dynamic changes in junctional MIIB-GFP signal intensity over time.
Interestingly, we observed progressive accumulation of MIIB-GFP signals along
the medial borders of hair cells (Figure 32A-D, Movie 1). Using MIIB-GFP
intensity as a measure of tension, we quantified fluorescence intensity changes
over time at selected regions of interest in the OC. At medial borders of hair cells,
we found that MIIB-GFP intensity increased in a pulsatile manner over time

(Figure 32E, F). On the other hand, MIIB-GFP intensity at lateral borders of hair
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cells was weaker relative to medial borders of hair cells and a steady level of
MIIB-GFP intensity was maintained over time (Figure 32G). These results

suggest that contractile tension is higher on medial borders and supports our
hypothesis that anisotropic contractile forces are exerted at selected hair cell-

supporting cell contacts.

I1.2.3 Dynamics of the myosin Il network is disrupted in Ptk7”- OC

In Ptk7”~ OC, planar asymmetry of junctional vinculin was lost, suggesting
that Ptk7 promotes anisotropic contractile tension in the OC. To determine the
requirement for Ptk7 in anisotropic contractile tension in the OC, we imaged Ptk7"
" cochlear explants that were transgenic for myosin IB-GFP (Figure 33A-D,
Movie 2). Quantification of MIIB-GFP intensity at medial borders of Ptk7" hair
cells revealed subtle and less apparent pulsatile increases in MIIB-GFP intensity
through time (Figure 33E-G). In several hair cells, intensity of MIIB-GFP at both
medial and lateral borders were equivalent (Figure 33F, H). At the lateral borders
of hair cells, MIIB-GFP intensity remained steady over time (Figure 33H, Movie
2). Interestingly, we also observed that MIIB-GFP signals often accumulated at
multicellular junctions in the OC. These observations suggest that Ptk7 promotes
contractile tension at medial borders of hair cells by regulating myosin Il

dynamics in the OC.

1.3 Discussion
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Live imaging of cochlear explants from MIIB-GFP transgenic mouse
embryos reveals dynamic actomyosin activity at cellular contacts in the OC.
Although myosin Il foci in supporting cells were more challenging to image,
preliminary analysis of the junctional myosin Il network has been informative. In
lower model organisms, myosin Il is recruited to sites of increased tension in a
positive feedback manner [180]. Using MIIB-GFP intensity as an indicator of
tension, we discovered that myosin Il is preferentially recruited to medial borders
of hair cells. This observation provides the first direct evidence for anisotropic
tension at contacts between hair cell and supporting cells during PCP signaling
and complements well with our observations in fixed tissues. Attaining more
guantitative description of the forces at these cellular contacts will greatly
supplement our model for polarized tension in the OC.

Recent studies incorporating quantitative live imaging methods with
biophysical and computational approaches reveal two conserved features in
actomyosin dynamics: actomyosin flow patterns and pulsed contractility [162,
164, 262, 265]. These features explain the self-organizing properties of the
actomyosin network. Myosin Il redistribution induced by flow enhances a gradient
of contractility and localized actin assembly to spatially orient cell deformation.
Pulsation of the actomyosin network regulates the frequency and speed of the
cellular deformation in question. Our time-lapse movies suggest that these
dynamic properties are conserved in the OC. Evaluation of junctional MIIB-GFP
intensity over time in control OC indicates that the junctional myosin Il network

pulses. Pulsatile actomyosin networks have also been postulated to function as
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ratchets which allow feedback mechanisms to stabilize contractile forces and
effectively generate contractility [266]. In Ptk7” OC, dynamic fluctuations and
pulsation of the junctional myosin Il network were diminished along with
weakened accumulation of myosin Il at medial borders of hair cells. We therefore
propose that Ptk7 regulates myosin Il dynamics in a feedback loop to promote
anisotropic contractile tension in the OC.

In our current working model, we posit that actomyosin tension spatially
regulates basal body position through Rac-PAK signaling and hence defines the
orientation of the stereociliary bundle in the OC. Therefore, to determine if
polarized contractile tension regulated by myosin Il dynamics is functionally
important for hair cell PCP, future work will be directed towards correlating
myosin Il network dynamics with basal body behaviors by imaging cochlear

explants that are doubly transgenic MIIB-GFP and centrin2-GFP [267].
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.4  Figures
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Figure 31. Comparison of Myosin IIB-GFP expression in live cochlear
explants with Myosin IIB immunostaining in fixed cochlear tissues.

(A) MIIB-GFP localization of E15.5 (+12 hours in vitro) control cochlear explants.
MIIB-GFP signals are observed on cell-cell junctions. (B) Immunostaining of
myosin IIB in E16.5 control OC. Myosin IIB is localized to cell-cell junctions and
in foci in supporting cells. Images were taken from mid-basal regions of the
cochlea. White arrowheads indicate the row of pillar cells. Brackets indicate OHC

rows. Lateral is up in all micrographs. Scale bar, 6um.
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Figure 32. Myosin Il is recruited to medial borders of hair cells in control
OC. (A-D) Four different timeframes extracted from a time-lapse movie imaging
MIIB-GFP in E15.5 (+12 hours in vitro) wild-type cochlear explants. Images of the
MIIB network were taken every 2 minutes for a total of 114 minutes. Arrows
indicate position of cell junctions. (E-G) Kymographs and fluorescence intensity
plots of regions of interest indicated in (A). (E-F) At medial borders of hair cells,
MIIB-GFP intensity increases in a pulsatile manner over time. (G) MIIB-GFP
intensity remains steady through time at lateral contacts of hair cells. Black
arrowheads indicate position of cell junction. White arrowheads indicate the row
of pillar cells. Brackets indicate OHC rows. Lateral is up in all micrographs. Scale

bar, 4um.
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Figure 33. Dynamics of the myosin Il network is disrupted in Ptk7” OC.
(A-D) Four different time-points extracted from a movie imaging the myosin 11B
network in E16.5 (+12 hours in vitro) Ptk7”" cochlear explants. Images were
taken every minute for a total of 1 hour. (E-H) Kymographs and quantifications of
junctional MIIB-GFP intensity at selected regions of interest, indicated in (A). (E-
G) At medial borders of Ptk7™" hair cells, MIIB-GFP intensity fluctuates less and
does not show robust accumulation over time. (H) At lateral borders of hair cells,
MIIB-GFP intensity is low and remains steady through time. White arrowheads
indicate the row of pillar cells. Brackets indicate OHC rows. Lateral is up in all

micrographs. Scale bar, 4um.
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APPENDIX llI: Crosstalk between Ptk7-mediated pathway and hair cell

intrinsic polarity pathways

1.1 Introduction

Accumulating evidence suggests a two-tiered hierarchy for hair cell PCP
regulation; tissue-level PCP signaling provides extrinsic or tissue polarity cues
that are interpreted by hair cell-intrinsic pathways that regulate planar
polarization of individual hair cells. In the OC, active p21-activated kinase (PAK),
a downstream effector of the Rac GTPases, localizes asymmetrically at the hair
cell cortex and likely serves as cell intrinsic polarity cues [79, 128]. Localized
cortical Rac-PAK activity is important for hair bundle orientation and is spatially
coordinated by the noncanonical Wnt/PCP pathway. Data from our lab has led to
the elucidation of a novel hair cell intrinsic polarity pathway whereby microtubule-
capture at the hair cell cortex establishes a constrained cortical domain of Rac-
PAK signaling to form a positive feedback loop that reinforces microtubule
cortical attachments for proper positioning of the basal body at the lateral pole of
the hair cell [79, 128, 131]. However, how tissue polarity cues impinge on the
cell-intrinsic polarity machinery is incompletely understood.

Evidence in previous chapters suggests that PTK7-Src signaling regulates
actomyosin contractility to orient hair cell PCP. We propose that Ptk7-mediated
contractile tension exerted on medial borders of hair cells spatially restricts
microtubule cortical capture to the lateral edge of hair cells through

mechanotransduction mechanisms that ultimately orient Rac-PAK signaling.
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Evidence from in vitro studies suggests that tension and myosin Il can inhibit Rac
activity [209, 210]. The observation that vinculin and pPAK localizes to
complementary domains on the hair cell cortex also lends support to this idea. To
identify the molecular components of the proposed mechanotransduction
pathway, we took a candidate approach based on published literature. We
hypothesize that mechanical forces control the activity and/or localization of
regulators of Rac GTPases and microtubule cortical capture to orient PCP in the
OcC.

Here | describe the rationale and preliminary analysis of several candidate

molecules, which include Par-3, 3-Pix, FilGAP, srGAP2/3 and Gpsm2.

1.2 Results
[11.2.1 Ptk7 regulates cortical localization of Par-3 in the OC

Rationale: The Ptk7-myosin Il pathway that we have established in the OC
bears similarities with the myosin ll/Par-3-based signaling mechanism that
operates during germband extension (GBE) in the Drosophila [36]. They both
function independently of the core PCP signaling pathway and implicate planar
polarized myosin Il contractility. In the germband epithelium, myosin Il and F-
actin are concentrated at anterior-posterior (A-P) borders while Bazooka/Par-3 is
enriched at the reciprocal dorsal-ventral (D-V) interfaces [32, 36].
Complementary localizations of cortical Par-3 and myosin Il are required for

proper cell intercalation and Par-3 localization is regulated by Rho-kinase [268].
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Furthermore, Par-3 is also involved in spatial regulation of Rac activity in other
systems by associating with Rac guanine exchange factors (GEF) Tiam1 and
Tiam2 [269, 270].

In addition, Par-3 belongs to a conserved Par-3/Par-6/aPKC complex that
regulates cell polarity in various organisms by generating cortical landmarks that
establish asymmetric distribution of effector proteins [271]. During asymmetric
cell division in Drosophila neuroblasts, Par-3 promotes cortical localization of
Pins (vertebrate homolog LGN/Gpsm2) [272]. Pins forms a cortical protein
complex with the G-protein subunit a (Ga) and nuclear mitotic apparatus (NuMA),
which binds to and anchors dynein to the cell cortex. Dynein at the cell cortex
exerts pulling forces on astral microtubules to orient the spindle. A recent study
reported that conditional deletion of mammalian Pins in the inner ear results in
stereocilia bundle orientation and hair bundle polarity defects [273]. It is likely that
microtubules emanating from the kinocilium are preferentially captured at the
cortex where LGN is localized. Therefore, Par-3 may directly regulate Rac
activity through Tiam1 and indirectly through microtubule cortical capture.

Experiment: To determine whether Par-3 is involved in Ptk7-myosin Il
pathway, we analyzed Par-3 localization in the developing OC. At E16.5, Par-3 is
localized at the lateral cortex of hair cells in control OC (Figure 34A, B), similar to
pPAK cortical localization [79] and LGN/Gpsm2 localization (see below) [132]. In
Ptk7 mutant cochleae, asymmetric Par-3 localization was mislocalized and
sometimes ectopically distributed around the hair cell cortex (Figure 34C, D).

This result suggests that Ptk7 regulates Par-3 asymmetry and is consistent with
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a role of Par-3 in promoting cortical capture of microtubules and Rac activation at

the lateral pole of hair cells.

[11.2.2 GEFs and GAPs for Rac

Rationale: In other systems, mechanical tension can result in the
deactivation of Rac signaling [274—-276]. Rac GTPases function as molecular
switches that cycle between a GTP-bound (active) state and a GDP-bound
(inactive) state. Two classes of proteins, Guanine Nucleotide Exchange Factors
(GEFs) and GTPase activating proteins (GAPs) are known to promote and inhibit
Rac activity respectively. In addition, a number of these proteins are associated
with cell-adhesions and cytoskeletal regulators, making them well positioned as
candidates that translate mechanical signals into biochemical signaling.

Indeed, several studies have shown that the localization and activity of
these proteins at these sites can be modulated by physical cues such as
actomyosin-based tension and stretching. For instance, a Rac-specific GEF B-Pix
interacts with myosin Il and its recruitment to cell substrate adhesions is
negatively regulated by myosin Il contractility [277]. On the other hand, in
response to tension, a Rac GAP FilGAP dissociates from an actin crosslinking
protein filamin A and is redistributed to the plasma membrane where it is
necessary for suppressing Rac activity [212, 278]. In addition, the family of Slit-
Robo GAPs (srGAPs) consisting of 3 members, srGAPL, -2 and -3, exhibits Rac
specific GAP activity [279, 280]. These proteins share a highly conserved

molecular structure that includes an F-BAR domain, a RhoGAP domain and a
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SH3 domain. F-BAR domain containing proteins are known for their ability to
sense and induce membrane curvature [281, 282]. Dimerization of F-BAR
domains creates a crescent-shaped surface that interacts with negatively
charged membrane lipids. In the mouse, sSrGAPs are involved in various aspects
of neuronal morphogenesis and migration [283]. It has been proposed that
SrGAP2 negatively regulates neuronal migration and promotes neurite outgrowth
primarily through its F-BAR domain and by locally attenuating Rac activity.
Experiment: To identify relevant regulatory proteins that may play a role in
modulating Rac activity during hair cell PCP signaling, we examined the
localizations of the following GEFs: B-Pix, and GAPs: FilGAP, srGAP2 and
SIGAP3 in E16.5 control and Ptk7”- OC. Among these proteins, we were unable
to detect specific staining of B-Pix and srGAP3 in the OC (data not shown).
Analysis of FilGAP localization in control OC revealed that it was localized to
centrioles and diffusely distributed in a punctate manner in the cytoplasm of hair
cells and supporting cells (Figure 35A, B). This localization pattern was not
significantly altered in Ptk7” OC (Figure 35C, D). We observed that sSrtGAP2 was
localized along cell-cell junctions and occasionally appeared enriched along the
medial borders of outer hair cells (Figure 36A-C). However, absence of Ptk7 in
the OC did not affect the localization of srGAP2 at cell-cell junctions (Figure 36D-
F). These results suggest that FilIGAP and srGAP2 are unlikely to participate in

Ptk7-mediated mechanotransduction pathway during hair cell PCP.
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11.2.3 Gpsm2 localization is misoriented Ptk7” OC.

Rationale: We hypothesize that the mechanisms that regulate microtubule
cortical capture at the hair cell cortex may be analogous to those involved in
spindle orientation during asymmetric cell division. In Drosophila neuroblasts,
Par-3 functions to promote cortical localization of Pins (mammalian homolog
Gpsm2) and facilitate the recruitment of dynein, which pulls on astral
microtubules to orient the spindle.

Experiment: We therefore tested if Ptk7 regulates microtubule cortical
attachments through Gpsm2 by examining Gpsmz2 localization in the OC. In
control OC, Gpsm?2 is localized at two domains: around the basal body and is
asymmetrically enriched at the lateral hair cell cortex in a similar manner to Par-3
and pPAK (Figure 37A, B, data not shown). In contrast, Gpsm2 asymmetry was
misoriented in Ptk7” OC (Figure 37C, D). This result suggests that Ptk7
regulates Gpsm2 asymmetry and implicate Gpsmz2 as another potential cortical
regulator that links upstream Ptk7-mediated mechanical signals to the

microtubule effector machinery.

[11.3 Discussion

Our preliminary results support Par-3 as a candidate effector that
transduces signals mediated by Ptk7-Myosin Il pathway to the microtubule based
cell intrinsic pathway in the OC. In the OC, Par-3 is asymmetrically localized at

the hair cell cortex, opposite to where we propose tension and myosin Il
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contractility is high, reflecting similarities with the Par-3/myosin Il pathway in
Drosophila. In Ptk7 mutants, planar asymmetry of Par-3 was misoriented. The C-
terminal domain of Par-3 is required for its membrane association and can be
phosphorylated by ROCK and Src [268, 284]. ROCK phosphorylation of the C-
terminal domain of Par-3 disrupts Par-3 membrane localization. Thus, Ptk7 may
regulate cortical Par-3 localization through Src or by regulating actomyosin
contractility.

Par-3 and Gpsm2 plays a conserved role during asymmetric cell division
[272, 285]. They serve as cortical landmarks to modulate interactions between
microtubules and the cell cortex to orient the spindle. In the OC, Par-3 and
Gpsm2 were both localized at the lateral cortex, supporting its potential role in
establishing microtubule-cortex interactions. We found that Ptk7 regulates
asymmetry of both Par-3 and Gpsmz2, further implicating them as candidate
cortical proteins that link tissue level polarity cues to the microtubule effector
machinery. Recently, Gpsm2 was identified as a causative gene for congenital
human deafness DFNB82 and Chudley-McCullough syndrome, both of which
result in profound sensorineural hearing loss [286, 287]. Based on their
localizations in the OC, we hypothesize that Par-3 may integrate upstream
mechanical signals mediated by Ptk7 to spatially regulate cortical Rac-PAK
activity by recruiting a cortical complex that includes Gpsm2, hence promoting
microtubule-cortical interactions and anchoring the basal body at the lateral pole

of hair cells.
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Our attempts to identify candidate Rac GAPs and GEFs revealed that
FilGAP and srGAP2 are not essential components of our proposed Ptk7-
mediated mechanotransduction pathway. It is possible that other members of the
SrGAP family play a more dominant role during hair cell PCP signaling. Based on
inner ear gene expression data analysis, SrtGAP3 is the highest expressed
member among srGAPs in hair cells (retrieved from SHIELD: Shared Harvard
Inner-Ear Laboratory Database, https://shield.nms.harvard.edu/). Nevertheless,
continued efforts will be made towards testing Rac-specific GAP and GEF
proteins that transduce Ptk7-mediated mechanical signals in the OC. It will also
be important to establish force-responsiveness of the identified candidates by

assessing their localizations in response to blebbistatin and ROCK inhibitors.
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1.4 Figures
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Figure 34. Asymmetric localization of Par-3 is regulated by Ptk7.

E16.5 cochleae stained with Par3 (red) and phalloidin (green). (A-B) In the mid-
basal region of control OC, Par3 strongly localizes at the lateral cortex of hair
cells (yellow arrow). (C-D) In Ptk7”" OC, asymmetry of Par3 is mislocalized or
distributed more evenly on the hair cell cortex (blue arrows). White arrowheads
indicate the row of pillar cells. Brackets indicate OHC rows. Lateral is up in all

micrographs. Scale bar, 4um.
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Figure 35. FilGAP localization in the OC.

E16.5 whole mount cochleae stained with FIlGAP (red) and phalloidin (green).

(A, B) In control OC, FilGAP strongly localized to the centrioles and was diffusely
distributed in the cytoplasm of hair cells and supporting cells. (C, D) No
significant differences in FilGAP localization were observed in Ptk7”" OC. White
arrowheads indicate the row of pillar cells. Brackets indicate OHC rows. Lateral is

up in all micrographs. Scale bar, 4um
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Figure 36. srGAP2 localization in the OC.

E16.5 whole-mount cochleae stained with sTtGAP2 (red) and phalloidin (green).
(A, B) In control OC, srGAP2 localized to cell-cell contacts and was occasionally
enriched on the medial borders of hair cells (asterisk). (D, E) No changes in
srGAP2 localization were noted between control and Ptk7 mutant OC. (C, F)
Higher magnification of the hair cell indicated by asterisks in A and D,
respectively. Images were taken from the mid-basal region of the cochlea (25%
cochlear length). White arrowheads indicate the row of pillar cells. Brackets
indicate OHC rows. Lateral is up in all micrographs. Scale bar, (C, F), 2um;

others, 6um.
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Figure 37. Gpsm2 asymmetric localization is regulated by Ptk7.

E16.5 cochleae stained with Gpsm2 (red) and phalloidin (green). (A-B) In the
mid-basal region of control OC, Gpsm2 localizes at the lateral cortex of hair cells
(yellow arrow). (C-D) In Ptk7” OC, asymmetry of Gpsm2 is mislocalized (blue
arrow). White arrowheads indicate the row of pillar cells. Brackets indicate OHC

rows. Lateral is up in all micrographs. Scale bar, 4um.
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CHAPTER 4: Summary and Future Work
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4.1 Summary

The vast array of morphogenetic and physiological processes that depend
on the establishment of planar cell polarity (PCP) emphasizes its importance in
human health and disease. While extensive studies have identified the genetic
factors that regulate PCP, the underlying cellular and molecular mechanisms
remain poorly understood in mammalian epithelia. Much of the framework for
understanding PCP specification has been centered on the evolutionarily
conserved non-canonical Wnt/core PCP pathway, initially discovered in
Drosophila. The existence of multiple genes encoding vertebrate core PCP
protein homologs presents a challenge in determining their specific functions in
vertebrate PCP-regulated processes. Furthermore, we have begun to appreciate
that PCP specification can be context specific and that vertebrates have adapted
additional mechanisms to polarize diverse cellular outcomes. Prior to this work,
Ptk7 was identified as a novel regulator of PCP in vertebrates [1]. The major goal
of this work was to address the cellular and molecular mechanisms by which
Ptk7 regulates mammalian epithelial PCP using the auditory sensory epithelium.

By employing a combination of mouse genetics, ex vivo organotypic
explants and multiple imaging techniques, we have taken great stride towards
achieving significant advances in our understanding of hair cell PCP regulation.
The work presented in this dissertation has led us to propose a conceptually new
model for hair cell PCP regulation that centers on actomyosin-based contractile
tension. We demonstrate that an alternate Ptk7-mediated pathway functions in

parallel with the noncanonical Wnt/PCP pathway to regulate actomyosin
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contractility and orient hair cell PCP. For the first time, our genetic mosaic
analysis of Ptk7 illustrates that supporting cells, the immediate neighbors of
sensory hair cells, play an active role in hair cell PCP. Specifically, Ptk7
promotes the assembly of a contractile apical myosin Il network in supporting
cells. Our data suggests that the apical myosin Il network functions to exert
polarized contractile forces at contacts between supporting cells and hair cells.
Furthermore, we uncovered a mechanism for Ptk7-mediated actomyosin
regulation in hair cell PCP. Our data suggests that PTK7 promotes localized Src
activity at cell-cell contacts to regulate actomyosin contractility and that ROCK2
is a target of junctional PTK7-Src signaling in the OC.

How does actomyosin contractile tension orient hair cell PCP? In the OC,
tissue level PCP signaling provides extrinsic or tissue polarity cues that are
interpreted by hair cell intrinsic effector machinery. Previously published work
from our lab suggests a model for a microtubule-mediated cell intrinsic polarity
machinery. In this model, interactions between microtubules and the hair cell
cortex establishes a restricted domain of Rac-PAK signaling, setting up a positive
feedback loop to anchor the basal body at the lateral edge of the cell [128, 131].
Taken together, we propose the following working model where Ptk7-mediated
polarized contractile forces are exerted on medial borders of hair cells to
antagonize microtubule-cortical interactions, thereby favoring microtubule
capture at the lateral pole to position the basal body (Figure 38).

Several elements in our proposed model for hair cell PCP regulation

warrant further investigation and validation. One of the important elements to be
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addressed is the mechanism by which polarized contractile tension signals are
transduced to the microtubule-based cell intrinsic machinery. Having defined the
PTK-Src signaling pathway as a critical regulator of actomyosin contractility,
efforts will be made towards dissecting downstream mechanisms that modulate
polarized contractile tension in the OC. These studies will continue to provide
additional insights on how PCP is regulated at the tissue level and how these
mechanisms are interlocked with cell-intrinsic effector modules. Understanding
how epithelial tissues respond to mechanical signals will also have broad

implications for epithelial tissue morphogenesis and physiology.
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Figure 38. Model proposed for hair cell PCP regulation by Ptk7.

Ptk7 regulates the assembly of an apical myosin Il network in supporting cells,
through planar polarized Src signaling (magenta) at cell-cell contacts. The apical
myosin Il network in supporting cells function to exert polarized contractile
tension on medial borders of hair cells, evidenced by increased vinculin
recruitment (blue). Anisotropic contractile tension spatially regulates cortical Rac-
PAK activity (orange) and promotes microtubule capture at the lateral side of the

hair cell to position the basal body and hence, aligns the stereociliary bundle.
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4.2  Future Directions
4.2.1 Does polarized tension regulate basal body positioning in the OC?

In Chapter 2, we found that in VangI2"""* and Ptk7” mutant cochlea,
disruptions of vinculin planar asymmetry correlated with stereociliary bundle
misorientation. Together with evidence from preliminary time-lapse imaging of
the myosin Il network in OC and the analysis of vinculin loss of function mutants,
we demonstrate that polarized contractile tension is required for hair cell PCP.
Our working model proposes that polarized myosin 1l based contractile tension
provides tissue level polarity cues that are interpreted by the microtubule based
cell-intrinsic pathway to position the basal body at the lateral pole of hair cells. As
a first step to validating this model, we could establish a role for polarized
contractile tension in basal body positioning in the OC. We can test this by
studying and correlating myosin Il dynamics with basal body movements during
PCP signaling by live imaging cochlear explants that are doubly transgenic for
myosin [IB-GFP and Centrin2-GFP (marking centrioles) [267]. Preliminary live
imaging of myosin II-GFP transgenic cochlear explants indicate that myosin Il is
increased on medial borders in a pulsatile manner. If our model is correct,
pulsatile increases in myosin Il signals will be accompanied with biased tugging
of the centrioles towards the lateral side of hair cells. Comparisons of centriole
movements in these cochlear explants in the absence or presence of ROCK
inhibitor Y27632 or in the genetic background of Ptk7 null mutations contractile
tension is disrupted or weakened, will define a role for polarized contractile

tension in basal body positioning. Randomized Brownian-like movement of the
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basal body under conditions that disrupt tension in the OC will support the
hypothesis that polarized contractile tension functions as a tissue polarity cue to

orient hair cell PCP.

4.2.2 Does polarized contractile tension mediated by PTK7-Src signaling

pathway spatially regulate cortical Rac-PAK activity?

Work from our lab has previously shown that Rac-PAK signaling functions
as a cell-intrinsic polarity cue in hair cells and that the noncanonical Wnt/PCP
pathway regulates an asymmetric cortical domain of Rac-PAK activity in the OC
[79, 128]. Our model posits that Ptk7-mediated contractile tension exerted on
medial borders of hair cells restricts microtubule-cortical capture to the lateral
edge of hair cells by regulating Rac-PAK signaling. The observed complementary
localizations of vinculin, a tension sensitive molecule, and Rac-PAK on the hair
cell cortex are consistent with this idea. Therefore, to determine if Rac-PAK
signaling provides the link between PTK7-Src signaling, actomyosin contractility
and stereociliary bundle orientation, a comprehensive examination of cortical
Rac-PAK localization using an antibody for Rac1-GTP in OC of Ptk7™", Src-
inhibited, Csk and Vinculin conditional mutants will be necessary.

How does Ptk7-Src signaling regulate Rac-PAK localization? Par-3 is a
scaffolding protein that recruits members of the Par-3/Par-6/aPKC complex
essential for cell polarity in diverse cellular contexts. In the OC, we found that
Par-3 is normally localized asymmetrically on the lateral cortex of hair cells

similar to cortical active PAK localization and that Ptk7 regulates asymmetric Par-
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3 localization. Therefore, we propose that Par-3 is an effector of Ptk7-Src
signaling that transduces tissue mechanical signals into differential biochemical
activities of Rac to orient hair cell PCP. Several papers suggest that Par3 can
regulate the activity of Rac by associating with Rac guanine exchange factors
(GEF) Tiam1 and Tiam2 [269]. Interestingly, Tiam1 localizes on microtubules in
hair cells and is proposed to be delivered to the lateral hair cell cortex to mediate
Rac-PAK signaling [131]. Furthermore, Rac activity can be negatively regulated
by tension through modulating Rac GAPs and GEFs [209, 210]. The requirement
for Par-3 in cortical Rac-PAK signaling will have to be further addressed by

analyzing Par-3 mouse mutants.

4.2.3 How does PTK7-Src signaling regulate actomyosin contractility?

In chapter 3, our analysis in MDCK cells and mouse OC suggests that
PTK7-Src signaling regulates actomyosin contractility through both direct and
indirect mechanisms. Time-lapse imaging of myosin Il network in cochlear
explants in the presence of Src inhibitors will be necessary to determine if PTK7-
Src signaling regulates myosin Il dynamics. Our preliminary examination of the
live myosin Il network in MIIB-GFP transgenic cochlear explants reveals
recruitment of myosin Il in a pulsatile manner along medial contacts of hair cells.
In contrast, in Ptk7 mutants, myosin Il dynamics was disrupted and recruitment of
myosin Il to the medial borders was significantly reduced. Similar defects in
myosin Il dynamics between Ptk7 mutant explants and Src-inhibited explants will

suggest that PTK7-Src signaling locally modulate junctional myosin Il dynamics.
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A recent study proposed that Arp2/3-mediated actin assembly is required
for promoting myosin Il recruitment and stabilizing junctional tension [221].
Vinculin and cortactin, are actin-binding proteins that interact with Arp2/3 and are
well-established substrates of Src tyrosine phosphorylation [227, 288]. In the OC,
we show that both cortactin and vinculin were localized asymmetrically on medial
borders of hair cells similarly to active Src, where contractile tension is increased.
Preliminary analysis of actin distribution in hair cells indicates that actin is
enriched on the medial border of hair cells. Moreover, Ptk7 regulates Src-
dependent tyrosine phosphorylation of vinculin at cell-cell contacts. We therefore
hypothesize that Ptk7-Src signaling regulates actomyosin contractility by
promoting Arp2/3-dependent actin polymerization activity. Changes in Arp2/3
localization in the Ptk7” and Src-loss of function or gain of function mutants will
support this hypothesis. Arp2/3 knockout mice are embryonic lethal. Therefore,
application of pharmacological inhibitors of Arp2/3 such as CK-636 or CK548 on
MIIB-GFP transgenic cochlear explants and documenting their effects on myosin
Il dynamics and localization, and stereociliary bundle orientation will be
informative in the role of Arp2/3-dependent actin polymerization in actomyosin

regulation and hair cell PCP.

4.2.4 Does proteolytic cleavage of PTK7 regulate planar polarized Src

signaling in the OC?

In Chapter 3, we show that planar polarized junctional Src signaling is

dependent on PTK7 and is required for the assembly of myosin Il foci in
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supporting cells. In the OC, Ptk7 is ubiquitously expressed in hair cells and
supporting cells, and stands in contrast to the asymmetric localization of active
Src at cell-cell contacts. This raises the question of how Ptk7 mediates planar
polarized Src signaling in the OC.

We hypothesize that PTK7 localization and activity are modulated by post-
translational mechanisms such as phosphorylation and proteolytic cleavage. It
has been shown that in colon cancer cell lines, PTK7 is sequentially cleaved by
MT1-MMP and y-secretase [152—-154, 289]. In the developing OC, Ptk7 exhibits
a dynamic expression pattern [1]. In addition to localizing at the adherens
junctions, PTKY7 is transiently localized on the apical surfaces of outer hair cells.
Over the course of hair cell PCP establishment, PTK7 becomes predominantly
localized at the adherens junctions. The functional relevance of this dynamic
localization of PTK7 in hair cell PCP has not been explored. Interestingly, in vitro
expression of a Ptk7 construct lacking its cytoplasmic domain is predominantly
localized to the apical surface of MDCK cells. Interaction between Src and PTK7
requires the cytoplasmic domain of PTK7, which harbors the kinase domain.
Thus, proteolytic cleavage of PTK7 cytoplasmic domain provide a potential
mechanism for regulating planar polarized Src signaling in the OC. Analyzing the
effects of MMP and y-secretase inhibitors on active Src localization and hair cell
PCP will shed light on the role of proteolytic processing in PTK7-Src junctional
signaling in the OC. Ultimately, studies of knock-in mice that express a non-
cleavable form of PTK7 will be necessary to further elucidate the in-vivo

relevance of PTK7 cleavage on hair cell PCP.
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4.2.5 How does the noncanonical Wnt/PCP pathway regulate actomyosin
contractility in the OC?

In Chapter 2, we found that both Ptk7 and the noncanonical Wnt/PCP
pathway differentially regulate actomyosin contractility in the OC. Whether or not
they have separate contributions to actomyosin contractility are not clear. Based
on myosin IIB immunostaining, junctional myosin Il localization was reduced and
myosin 1B foci were absent in supporting cells in Ptk7” OC. In Vangl2-"-?
mutants, junctional myosin 1B localization was reduced but apical myosin Il foci
assembled in supporting cells and appeared smaller in size. Furthermore,
disrupting Ptk7 and Vangl2 function causes distinct effects on planar asymmetry
of junctional vinculin. Ptk7 mutant OC displayed a loss of vinculin planar
asymmetry while in Vangl2"”'** OC, vinculin planar asymmetry was misoriented.
Based on these observations, Ptk7-mediated assembly of myosin Il foci in
supporting cells is necessary for generating contractile tension, but additional
mechanisms facilitated by noncanonical Wnt/PCP signaling may function to
polarize contractile tension. A comparison of the live myosin Il network in
Vangl2-"""? and Ptk7”" cochlear explants will reveal if Ptk7 and noncanonical
Wnt/PCP pathway regulates distinct aspects of myosin Il dynamics. Our
preliminary live imaging of the myosin Il network in the cochlea reveals that
myosin Il is preferentially recruited to medial borders of hair cells. Recruitment of
myosin Il to randomized locations along the hair cell cortex in Vangl2""'** OC will

support the hypothesis that the noncanonical Wnt/PCP pathway polarizes
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contractile tension at cell-cell contacts. The core PCP pathway may spatially
coordinate the “tug of war” interactions between hair cells and supporting cells
and participate in cadherin-mediated mechanotransduction, for example, through
regulation of E-cadherin surface expression [241].

Our genetic data also indicates that Fz3/Fz6 and Ptk7 act in opposing
fashions to orient hair cell PCP. We propose that Fz3/Fz6 modulates actomyosin
contractility in hair cells and/or supporting cells by counterbalancing pulling
forces on hair cells. Fz3/Fz6 may regulate myosin Il activity directly through RLC
phosphorylation and/or modulate Src activity at cell-cell contacts. It would be
informative to examine the localization of active Src in Fz3; Fz6 double mutant
OC. Changes in planar asymmetry of active Src would support the latter. How
might Fz3 inhibit Src? Src are well known effectors of Eph/EphrinB and G-protein
signaling [247]. While the in vivo relevance of the Fz3 and EphrinB1 biochemical
interaction awaits further investigation, Fz3 may modulate Src activity through
Eph/EphrinB signaling. Conversely, Src has been established as direct effectors
of G-protein signaling [290, 291]. A recent study showed Fz receptors were

recently found to interact Gai, Gaq, and Gas proteins [292].
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CHAPTER 5: Materials and Methods
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5.1 Mice and Genotyping

All mice were maintained in compliance with NIH guidelines and the
Animal Care and Use Committee at the University of Virginia. Mice were either
obtained from the Jackson Laboratory, the referenced sources or produced in-
house and maintained on a mixed genetic background.

For genotyping, mouse genomic DNA was extracted from embryo tail
snips. These tissues were incubated with 100ul 50 mM NaOH at 95 °C for 30
minutes and neutralized with 30ul of 1M Tris-HCI (pH 7.5). PCR was performed
using primers listed in Table 1 or in genotyping protocols for Fz3, Fz6, Jnkl and
Jnk2 mice available on the Jackson laboratory website
(http://jaxmice.jax.org/query). Myh10DN genotyping was performed as previously

described [195].

5.2 Generation of a floxed Ptk7 allele

A gene-trapping strategy similar to that described by Skarnes et al. [293]
was used to target loxP sites into the Ptk7 locus. Briefly, a targeting vector
containing the ‘secretory gene trap’ cassette [294] flanked by FRT sites and Ptk7
genomic sequences flanked by loxP sites was electroporated into E14 ES cells
(details of vector construction are available upon request). Homologous
recombination events were detected by long-range PCR using the AccuPrime
TAQ DNA polymerase system (Invitrogen). Two independent gene-trapped

clones were injected into blastocysts and mutant mice were established by
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chimera breeding. The floxed allele was generated by germline expression of the
Flp recombinase to remove the gene-trap cassette and subsequently bred to
homozygosity. Ptk7°'“© animals are viable and fertile, indicating the floxed allele

is fully functional.

5.3 Ptk7 genotyping in mosaic analysis

PTK7 immunostaining was used to determine the Ptk7 genotype of
individual hair cells and supporting cells in mosaic OC. To ensure that cells were
genotyped correctly, care was taken to confirm the presence or absence of PTK7
immunostaining by scanning through the entire Z-stack, about 4 ym in thickness

on average.

5.4 Immunohistochemistry

For cochlea whole mounts, temporal bones were collected at the indicated
developmental timepoints and fixed in 4% paraformaldehyde (PFA) at 4°C
overnight or at room temperature for 1 hour. Alternatively, cochleae were fixed in
10% trichloroacetic acid (TCA) for 1 hour at 4°C (see Table 1.2). Dissected
cochleae were incubated in PBS + 5% heat-inactivated goat serum + 0.1% Triton
+ 0.02% NaN3 (blocking solution) for 1 hour at room temperature, followed by
overnight incubation with primary antibodies listed in Table 2 at 4°C. After three
washes in PBS + 0.1% Triton, samples were incubated with secondary

antibodies for 1 hour at room temperature. Cochleae were flat-mounted on glass
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slides in Mowiol with 5% N-propyl gallate.

5.5 Cell culture and Western Blotting

For overexpression studies of PTK7 and Fz3, HEK293T cell lines were
maintained in 10% FBS, 1% penicillin/streptomycin and high glucose DMEM
(Gibco) at 37°C, 5% CO2. Full-length EphrinB1, Fz3 and PTK7 constructs were
transfected into cells using Fugene6 (Roche).

For Western blotting, tissue samples were lysed in 1% TritonX-100 lysis
buffer (0.14M NaCl, 20mM HEPES pH7.4, 25mM NaF, 5mM 1mM Na3zVO,, 5mM
NasP.07, 4mM EDTA) with 1X Protease inhibitor cocktail (Roche), and diluted
with 4X SDS sample buffer. Samples were boiled at 95°C for 5 minutes and run
in 8% or 15% acrylamide gels. Transfer was carried out on nitrocellulose
membranes at 300mA. Membranes were blocked in 5% milk/PBST for 1 hour at
room temperature and then incubated with primary antibodies diluted in 3%
BSA/PBST/NaN3 overnight at 4°C. Primary antibodies were: rabbit anti-PTK7 [1]
(1:3000), rabbit anti-phospho RLC (1:500, Rockland), rabbit anti-Myosin 11B
(1:1000, Sigma), rabbit anti-Myosin IIA (1:500, Covance), rabbit anti-Myosin 11C
(2:2500, Covance), rabbit anti-Fz3 (1:1000, Sigma), rabbit anti-c-Jun (1:1000,
Cell Signaling), rabbit anti-phospho-cJun (1:1000, Cell Signaling), goat anti-
ROCK1 (1:500, Santa Cruz), rabbit anti-ROCK2 (1:500, Cell Signaling), rabbit
anti-pY416 Src (1:500, Cell Signaling #2101) goat anti-EphrinB1 (1:200, R&D
Systems). Horseradish peroxidase (HRP) conjugated-rabbit (1:10,000), goat

(1:10,000) or mouse (1:10,000) secondary antibodies were diluted in 5%
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milk/PBST and washed 3 times in PBST for 10 minutes each. Membranes were
developed with Millipore Immobilon Western HRP chemiluminescence HRP
substrate (mixed 1:1).

For quantification of MIIA, MIIB, MIIC, pRLC, pY416-Src, ROCK1 and
ROCK2 Western blots, membranes were incubated with fluorescent-labeled
secondary antibody at 1:15,000 dilution with 2% fish gelatin/PBST for 1 hour at
room temperature, washed 3 times in PBST, and scanned using the Odyssey
Infrared Imaging System (LI-COR, Inc., Lincoln, NE, USA). The relative levels of
MIIA, MIIB, MIIC, pRLC pY416-Src, ROCK1 and ROCK2 were normalized to
their respective GAPDH loading controls and expressed as a percentage of the

normalized control level in lane 1.

5.6 Organotypic cochlear explant cultures

Cochlear explants from E15.5 embryos were established on Matrigel-
coated chamber slides and treated with either vehicle (DMF, dimethylformamide
or DMSO, dimethyl sulfoxide) or drug (listed below) after four hours in vitro.
Culture media contains DMEM/F12 (1:1) supplemented with N2 (1:100;
Invitrogen) and penicillin or ampicillin and explants were maintained in 5% CO, at
37°C.

For inhibition of myosin Il activity, 10 uM blebbistatin (Enzo LifeSciences)
was used. After 24 hours of drug treatment, media were replaced with drug-free
media. Explants were maintained for another three days in vitro and then

processed for immunostaining (see 5.4).
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For Src inhibition, explants were treated with either vehicle (DMSO) or 5
MM SU6656 (Millipore). After 48 hours of drug treatment, media were replaced
with drug-free media. Explants were maintained for another three days in vitro
and then processed for immunostaining. For in vivo Src inhibition, a single dose
of Bosutinib (LC laboratories) was administered intraperitoneally to wild-type
dams on E16.5 or 17.5 at 30 mg/kg, and embryos were harvested four hours
later and processed for immunostaining. Embryos from vehicle-injected dams

were used as controls.

5.7 Image acquisition

Z-stacks of images were acquired on a Deltavision deconvolution
microscope using a 60x objective (NA 1.4) at 0.2um intervals and processed with
Softworx software (Applied Precision) and Adobe Photoshop CS2 (Adobe
Systems). Alternatively, confocal images were collected on a Zeiss LSM700
Confocal Laser Scanning Microscope (Carl Zeiss) using a 63x objective (NA 1.4)
at 0.4pm intervals. Optical slices along the Z-axis were generated using the Zen
2009 LE software (Carl Zeiss). The cochlear positions analyzed in the
micrographs are indicated as the distance from the base relative to the length of

the cochlea in percentages.

5.8 Analysis of stereociliary bundle orientation/kinocilium position

Stereociliary bundles in E18.5 OC were visualized by phalloidin and
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acetylated tubulin staining which mark the stereocilia and the kinocilium,
respectively. Measurements of stereociliary bundle orientation were taken from
hair cells in the basal region of the cochlea (at least 4 cochleae per genotype)
using ImageJ software (http://rsb.info.nih.gov/ij). Bundle orientation was
determined by the angle formed by the intersection of a line drawn through the
axis of symmetry of the stereociliary bundle and one parallel to the medial-lateral
axis of the OC (assigned as 0°). Clockwise deviations from 0° were assigned

positive values and counterclockwise negative values.

5.9 Quantification of pY416-Src and pY722-ROCK2 localization

Fluorescence intensity measurements of pY416-Src and pY722-ROCK2
immunostaining were taken from single z-plane images using line-scan analysis
in ImageJ. The position of the cell junction along the line was determined by the
peak of F-actin staining. For planar asymmetry measurements in the OC,
junctional intensity at the medial and lateral boundaries was first normalized
relative to a spot six pixels away in the cytoplasm, and then plotted as medial to
lateral (M:L) intensity ratios. Average M:L ratio and standard error of the mean
(S.E.M.). A student’s two-tailed t-test was performed to determine statistical

significance (a=0.05).
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5.10 Liveimaging of MIIB-GFP

Cochlear explants from E15.5 or E16.5 Myosin [IB-GFP (MIIB-GFP)
knock-in mouse embryos were established on No.1 glass coverslips coated with
matrigel. After recovery in vitro for 12 hours, explants were imaged on an
inverted Deltavision deconvolution microscope. Coverslips were oriented such
that the apical surfaces were facing down, mounted and secured in position by
silicon grease balls to the bottom face of a 35mm No. 1.0 coverglass-bottom
culture dish (MatTek). During live imaging, explants were maintained in 10mM
HEPES buffered Phenol-red free DMEM on a heated stage at 37°C. For every
time point, Z-stacks of images (step size of 0.3um) of equivalent mid-basal region
of the cochlea were obtained. Softworx was used to view time-lapse movies and
to extract equivalent single Z-plane sections across time to align. Single optical
sections were concatenated in ImageJ and aligned using StackReg plugin to
account for tissue drift. Measurements of MIIB GFP intensity were taken using
region of interest (ROI) tool and kymographs were created with a kymograph

plug in in ImageJ.



Table 1. Primers used for PCR genotyping
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Strain Sequence (5’-3’)
Cre AGAACCTGAAGATGTTCGCG
GGCTATACGTAACAGGGTGT

Ptk7°°/ Ptk7*

AGAGAGAGTTCATTTGTGATA

AGCTATTCATACAACTCCGTTCC

TGGTACTAGTATGTGCTCAG




Table 2. Primary antibodies used for immunostaining
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Antigen Host Species Dilution (?a?tglrgg ;f
Acetylated Tubulin Mouse mAb 1:500 Sigma T6793
B-catenin Mouse 1:500 Cell Signaling
Cortactin Mouse mADb 1:300 Gift from Thomas
Parsons
Dvi2! Rabbit 1:100 Cell ggf””g
E-cadherin Rat 1:200 Sigma U3254
Ecto-ephrinB1 Goat 1:100 R&isﬁt?’ems
Ecto-ephrinB2 Goat 1:25 R&iszgtgms
Ecto-PTK7 Rabbit 1:500 [1]
FilGAP Rabbit 1:100 Gift from Yasutaka
Ohta
Fz3 Rabbit 1:200 N(Z'I;gﬁ?(jﬁg%”g)
Gpsm?2 Rabbit 1:500 Gift fro\r/nva(?ningwen
Myosin 1A Rabbit 1:300 COVG‘::SPPRB'
Myosin 11B Rabbit 1:500 Sigma M7939




178

Covance PRB-

Myosin IIC Rabbit 1:100 444P
Par-3 Rabbit 1:100 Millipore 07-330
Phospho Y1065- . ] Invitrogen 44-
Vinculin Rabbit 1:200 1078G
Phospho JNK Rabbit 1:250 Cell Signaling
Phospho Y416- . ) Cell Signaling
Sre Rabbit 1:500 49101
Phospho Y722- : ) Gift from Zee-Fen
ROCK? Rabbit 1:100 Chang
. ] Rockland 100-
Phospho MLC Rabbit 1:400 401-416
Rac1! Mouse mAb 1:200 Millipore 05-389
1 . . Cell Signaling
ROCK2 Rabbit 1:100 9029
SIGAP2 Rabbit 1:100 Giftfrom Wei-Lin
Vinculin Mouse mAb 1:600 Sigma V9131

'Antibodies used with 10% trichloroacetic acid (TCA) fixation protocol
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