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Abstract
Epithelial cells are polarised into distinct domains by the core apical and
basolateral determinants. Cell polarity is critical for tissue integrity and also plays
an important role in many morphogenetic processes. How polarity determinants act
to polarise the cytoskeleton and orient cellular functions is unclear. The work
presented in this thesis examines how the different components of the cytoskeleton
– the actin filaments, Spectrins and microtubules – become polarised in response
to polarity determinants and how this polarisation contributes to different cellular
behaviours in development. Our results identify a novel role for Hippo signalling in
linking cell polarity determinants to polarisation of the actin cytoskeleton during
Drosophila border cell migration. We find that Hippo signalling acts independently
of canonical Yorkie nuclear signalling. Instead, Warts phosphorylates and inhibits
the actin regulator Enabled to activate F-actin Capping protein activity, thus
polarising the actin cytoskeleton by restricting F-actin polymerisation to the outer
rim of the migrating cluster. In addition to Hippo’s link with F-actin, our work also
demonstrates a link between Hippo and the Spectrin cytoskeleton. We show that
apical and basolateral Spectrins are upstream regulators of Hippo signalling and
act as potential mechanosensors to regulate growth. Finally, we also show that
polarity determinants are important for polarising microtubules in Drosophila follicle
cells. We demonstrate that the Spectrin-associated proteins Patronin and Shortstop
are required to polarise microtubules along the apical-basal axis of epithelial cells.
These microtubules direct apical transport of Rab11-positive vesicles containing
the microvilli determinant Cadherin99C via the Dynein motor and its adaptor protein
Nuf. At the apical cortex, Rab11-positive vesicles switch to actin-based transport
via the MyosinV motor and its adaptor protein dRip11 to direct apical delivery of
Cadherin99C to drive biogenesis of apical microvilli. Taken together, our work
demonstrates how determinants of apical-basal polarity can control polarisation of
the cytoskeleton to direct diverse cellular processes.

3

	
  

Acknowledgements
First and foremost, I would like to thank Barry for being such a motivating
supervisor and a great mentor; your enthusiasm and passion for science is very
contagious! Thank you for all the discussions and advice, and for giving me
independence over my work. It has been a pleasure to be part of your lab and I
have thoroughly enjoyed the last four years here.
I would like to thank all the lab members for the great atmosphere in the lab.
Thanks to the former members Neil for teaching me fly genetics and for the
amusing fly-room banter, Ruth for making my transition into the lab so smooth,
Eliana for help with the border cell migration work and Clara for being so
mischievous and fun. Thank you George for all your help throughout the PhD, for
answering all my silly questions and for generally being super woman in the lab.
Thanks to Graham for all my great secret Santa presents year after year, and for
teaching me everything from live imaging and larval dissections to power ballads
and Norwegian death metal – still not a huge fan of the latter! Thank you Mariana
for all the dances, gossip and good times; Zoe for the jokes that are slightly better
than Ahmed’s. A big thanks to the gruesome twosome, Ahmed and Mario – my ‘big
brothers’ who make day-to-day life in the lab more fun! Thank you guys for all your
help, for listening to me moan and of course, for all the laughs and jokes! I would
also like to thank members of the Tapon lab for all the discussions (scientific and
non-scientific), pub times and cake! Thanks especially to Gaspar who shared a lot
of his flies with me and Rachael who helped me with the gut dissections.
I would like to express my gratitude to my family, who have always been so
supportive and encouraging. I would also like to thank Ollie for the support and for
always pushing me to do my best. Thanks to my friends, especially Maddie, Lauren,
Rob, Nil and Sakshi, who have helped to make the last four years in London great!
Finally, I would like to thank my thesis committee, the LRI PhD programme team
and everyone who has helped in any way over the last four years.
This work was funded by Cancer Research UK.
4

	
  

Table of Contents
Abstract ................................................................................................................ 3	
  
Acknowledgements ............................................................................................. 4	
  
Table of Contents ................................................................................................ 5	
  
List of Figures ...................................................................................................... 8	
  
List of Movies ..................................................................................................... 11	
  
Abbreviations ..................................................................................................... 12	
  
Chapter 1.	
   Introduction................................................................................... 15	
  
1.1	
   Overview ................................................................................................. 15	
  
1.2	
   Cell polarity in epithelial tissues .......................................................... 15	
  
1.2.1	
   Apical polarity determinants .............................................................. 18	
  
1.2.2	
   Basolateral polarity determinants ...................................................... 20	
  
1.2.3	
   Regulation of cell polarity: Positive feedback and mutual
antagonism ................................................................................................... 21	
  
1.2.4	
   Drosophila as a model to study epithelial polarity ............................. 22	
  
1.3	
   Polarity and cytoskeletal organisation ................................................ 23	
  
1.3.1	
   Actin cytoskeleton .............................................................................. 25	
  
1.3.2	
   Spectrin cytoskeleton ........................................................................ 31	
  
1.3.3	
   Microtubule cytoskeleton ................................................................... 37	
  
1.4	
   Polarity and growth – the Hippo pathway ........................................... 41	
  
1.4.1	
   Core components of the Hippo pathway ........................................... 41	
  
1.4.2	
   Upstream regulators of the Hippo pathway ....................................... 42	
  
1.4.3	
   Polarity proteins and Hippo signalling ............................................... 46	
  
1.4.4	
   Actin and Hippo signalling ................................................................. 46	
  
1.5	
   PhD Aims ................................................................................................ 50	
  
Chapter 2.	
   Materials & Methods .................................................................... 51	
  
2.1	
   Drosophila Genetics .............................................................................. 51	
  
2.1.1	
   Generation of clones ......................................................................... 51	
  
2.1.2	
   Temperature shift experiments .......................................................... 52	
  
2.1.3	
   Drosophila strains and genotypes ..................................................... 52	
  
2.2	
   Histology................................................................................................. 61	
  
2.2.1	
   Immunostaining of Drosophila tissues .............................................. 61	
  
2.2.2	
   Wing mounting ................................................................................... 63	
  
2.2.3	
   Transmission electron microscopy of Drosophila egg chambers ...... 63	
  
2.3	
   Inhibitor treatments ............................................................................... 64	
  
2.4	
   Live imaging ........................................................................................... 65	
  
2.5	
   Quantification and image analysis ....................................................... 66	
  
2.6	
   Cell culture ............................................................................................. 67	
  
2.6.1	
   Human cell culture ............................................................................. 67	
  
2.7	
   Co-immunoprecipitation ....................................................................... 69	
  
2.8	
   Western blot analysis ............................................................................ 70	
  
2.9	
   Antibodies .............................................................................................. 71	
  
2.10	
  In vitro kinase assay .............................................................................. 72	
  
Chapter 3.	
   Results I The Hippo pathway is required for collective cell
migration of Drosophila border cells ............................................................... 74	
  
5

	
  

3.1	
   Polarity determinants and upstream components of the Hippo
pathway are polarised in Drosophila border cell clusters ......................... 76	
  
3.2	
   The Hippo pathway is required to polarise the actin cytoskeleton of
border cell clusters to promote migration ................................................... 80	
  
3.2.1	
   Hippo pathway mutants cause border cell migration delay ............... 80	
  
3.2.2	
   wts mutant clusters exhibit abnormal migration and a defective
actomyosin cytoskeleton .............................................................................. 83	
  
3.3	
   Polarisation of the actin cytoskeleton through Hippo signalling is
not mediated by Yorkie phosphorylation .................................................... 87	
  
3.4	
   Wts regulates the activity of the Ena/Capping protein system to
organise cluster architecture and motility................................................... 89	
  
3.4.1	
   Ena is required for border cell migration ............................................ 89	
  
3.4.2	
   Wts directy phosphorylates Ena and represses its activity ................ 92	
  
3.4.3	
   Inactivating Ena can rescue hpo mutants .......................................... 95	
  
3.4.4	
   Capping protein is required for border cell migration ......................... 96	
  
3.4.5	
   Capping protein expression can rescue wtsx1 mutants...................... 96	
  
3.5	
   Discussion .............................................................................................. 98	
  
3.5.1	
   Hippo signalling acts independently of Yki phosphorylation during
border cell migration ................................................................................... 101	
  
3.5.2	
   Redundancy between Ena and other actin regulators ..................... 101	
  
3.6	
   Concluding remarks ............................................................................ 103	
  
Chapter 4.	
   Results II Spectrins are upstream regulators of the Hippo
pathway
106	
  
4.1	
   The apical Spectrin cytoskeleton is required to restrict tissue
growth in the Drosophila wing and eye ..................................................... 107	
  
4.1.1	
   Apical Spectrins bind to Ex, Kib and Mer ........................................ 108	
  
4.1.2	
   Spectrins are polarised in Drosophila and human epithelia ............ 109	
  
4.1.3	
   Apical spectrins act upstream or at the level of Ex .......................... 111	
  
4.2	
   The lateral Spectrin cytoskeleton is required for Hippo signalling in
the Drosophila follicle cell epithelium........................................................ 112	
  
4.2.1	
   Lateral Spectrins repress Hippo target gene expression in follicle
cells 112	
  
4.3	
   Lateral Spectrin cytoskeleton is required to restrict cell
proliferation in the Drosophila adult intestinal epithelium ...................... 115	
  
4.3.1	
   Lateral Spectrins repress Hippo target gene expression in intestinal
stem cells ................................................................................................... 119	
  
4.4	
   Spectrins are conserved in mammals and required for activation of
the Hippo pathway ....................................................................................... 122	
  
4.5	
   How does the Spectrin cytoskeleton induce Hippo signalling in
response to mechanical force? – Proposed Model .................................. 124	
  
4.6	
   Discussion ............................................................................................ 130	
  
4.6.1	
   Spectrins act as mechanosensors to induce Hippo signalling ......... 133	
  
4.6.2	
   Alternatives to our model ................................................................. 134	
  
4.7	
   Concluding remarks ............................................................................ 135	
  
Chapter 5.	
   Results III The Spectrin cytoskeleton, microtubule
cytoskeleton and actin microvilli are sequentially organised by cell
polarity determinants in polarised epithelial cells ....................................... 137	
  
5.1	
   Cadherin99C is localised to the apical membrane in follicle cells.. 138	
  
6

	
  

5.2	
   Polarity determinants are required for apical localisation of
Cad99C .......................................................................................................... 141	
  
5.3	
   Rab11 is required for Cad99C trafficking .......................................... 142	
  
5.4	
   The Nuclear fallout-Dynein motor complex is required for apical
localisation of Rab11 ................................................................................... 144	
  
5.5	
   Microtubules are required for the trafficking of Rab11 to the apical
membrane ..................................................................................................... 147	
  
5.6	
   Patronin and Shortstop are required to polarise microtubules in the
follicle cell epithelium .................................................................................. 149	
  
5.7	
   The apical Spectrin cytoskeleton is required to polarise Patronin
and Shot in response to apical-basal polarity determinants ................... 153	
  
5.7.1	
   The apical Spectrin cytoskeleton can bind to Patronin and Shot .... 153	
  
5.7.2	
   The apical Spectrin cytoskeleton is required for the apical
localisation of Patronin and Shot ................................................................ 154	
  
5.8	
   Polarity determinants are required to polarise the Spectrin
cytoskeleton ................................................................................................. 157	
  
5.9	
   F-actin turnover is required for apical delivery of Rab11 ................ 159	
  
5.10	
  The dRip11-Myosin V motor complex is required for apical delivery
of Rab11 ........................................................................................................ 161	
  
5.11	
  The microtubule polarisation and apical transport/delivery
machinery is conserved in humans ........................................................... 165	
  
5.12	
  Discussion ............................................................................................ 167	
  
5.13	
  Concluding remarks ............................................................................ 172	
  
Chapter 6.	
   Final Discussion ......................................................................... 173	
  
Chapter 7.	
   Appendix ..................................................................................... 178	
  
Reference List .................................................................................................. 183	
  

7

	
  

List of Figures
Figure 1.1 Epithelial polarity in Drosophila ............................................................. 17	
  
Figure 1.2 Drosophila life cycle and examples of epithelia used from different
stages ..................................................................................................................... 22	
  
Figure 1.3 The cellular cytoskeleton in Drosophila epithelial cells ......................... 24	
  
Figure 1.4 Regulation of actin dynamics ................................................................ 27	
  
Figure 1.5 Organisation of actin filaments and Spectrins in microvilli .................... 36	
  
Figure 1.6 Microtubule transport in epithelial cells ................................................. 40	
  
Figure 1.7 Components of the Drosophila Hippo pathway ..................................... 45	
  
Figure 3.1 The actin cytoskeleton is polarised during border cell migration in
Drosophila egg chambers ...................................................................................... 75	
  
Figure 3.2 Polarisation of apical determinants and upstream Hippo pathway
components during border cell migration ............................................................... 78	
  
Figure 3.3 Localisation of the core Hippo pathway kinases Wts, Hpo and the Hpo
cofactor Sav ........................................................................................................... 79	
  
Figure 3.4 Upstream components of the Hippo pathway are required for border cell
migration ................................................................................................................. 81	
  
Figure 3.5 Core Hippo pathway kinases Hpo and Wts are required for border cell
migration ................................................................................................................. 82	
  
Figure 3.6 Live imaging of wtsx1 mutant reveals tumbling migration defect ........... 83	
  
Figure 3.7 wtsx1 mutant clusters exhibit defective actomyosin cytoskeleton .......... 85	
  
Figure 3.8 Wts is not required for border cell specification or membrane polarity . 86	
  
Figure 3.9 Ectopic activation of Yki does not inhibit border cell migration ............. 88	
  
Figure 3.10 Ectopic expression of Ena causes border cell migration delay ........... 90	
  
Figure 3.11 Zyx, Ena and Capping protein localisation in border cell clusters at
different stages of migration ................................................................................... 91	
  
Figure 3.12 Wts can phosphorylate Ena on a conserved consensus site in vitro .. 93	
  
Figure 3.13 Wts can phosphorylate Ena in vivo ..................................................... 94	
  
Figure 3.14 hpo, ena double mutant clusters migrate normally ............................ 95	
  
Figure 3.15 Capping protein expression can rescue wtsx1 mutants ....................... 97	
  
Figure 3.16 Model: Apico-basal polarity during Drosophila border cell migration 100	
  
Figure 4.1 Polarisation of Spectrins in Drosophila and human epithelia .............. 110	
  
8

	
  

Figure 4.2 Kst co-localises with Ex ....................................................................... 111	
  
Figure 4.3 Lateral Spectrins are required for normal cell shape in the Drosophila
follicle cell epithelium ............................................................................................ 114	
  
Figure 4.4 Lateral Spectrins are required to restrict stem cell proliferation in the
Drosophila intestinal epithelium ............................................................................ 117	
  
Figure 4.5 Quantification of stem cell proliferation in the intestinal epithelium ..... 118	
  
Figure 4.6 Lateral Spectrins repress Hippo target gene expression in the intestinal
epithelium ............................................................................................................. 120	
  
Figure 4.7 Lateral Spectrin cytoskeleton acts in parallel with Kib to restrict stem cell
proliferation in the intestinal epithelium ................................................................ 121	
  
Figure 4.8 The apical Spectrin cytoskeleton may be mechanosensory in the wing
imaginal disc ......................................................................................................... 126	
  
Figure 4.9 CrbEXTM-GFP restricts tissue growth and acts upstream of Wts .......... 127	
  
Figure 4.10 Model: CrbEXTM-GFP expression induces clustering and activates Hippo
signalling .............................................................................................................. 128	
  
Figure 4.11 Model: Apical and lateral Spectrins regulate Hippo signalling in different
tissue contexts and may act as mechanosensors ................................................ 129	
  
Figure 5.1 Cad99C is localised to the apical membrane during microvilli
morphogenesis in the follicle cell epithelium ........................................................ 140	
  
Figure 5.2 Polarity determinants are required for apical localisation of Cad99C . 141	
  
Figure 5.3 Rab11 co-localises with Cad99C and is required for its trafficking to the
apical membrane .................................................................................................. 143	
  
Figure 5.4 The Nuf-Dynein motor complex is required for apical localisation of
Rab11 ................................................................................................................... 146	
  
Figure 5.5 Microtubules are polarised in follicle cells and required for apical
trafficking of Rab11 .............................................................................................. 148	
  
Figure 5.6 Patronin and Shot are required to polarise the microtubules in the follicle
cell epithelium ....................................................................................................... 151	
  
Figure 5.7 Patronin and Shot act in parallel to polarise the microtubules in the
follicle cell epithelium ............................................................................................ 152	
  
Figure 5.8 Patronin and Shot bind to apical Spectrins ......................................... 155	
  
Figure 5.9 The apical Spectrin cytoskeleton is required to polarise Patronin and
Shot ...................................................................................................................... 156	
  

9

	
  

Figure 5.10 Polarity determinants are required to polarise the Spectrin cytoskeleton
to direct polarisation of downstream effectors ...................................................... 158	
  
Figure 5.11 F-actin turnover is required for Rab11 trafficking to the microvilli ..... 160	
  
Figure 5.12 The dRip11-MyoV complex is dispensable for apical transport of Rab11
but is required for their apical delivery .................................................................. 163	
  
Figure 5.13 MyoV is required for Crb apical delivery ........................................... 164	
  
Figure 5.14 The microtubule polarisation and apical transport/delivery machinery is
conserved in humans ........................................................................................... 166	
  
Figure 5.15 Model: Polarity determinants polarise the spectrin and microtubule
cytoskeletons to orchestrate apical trafficking of Cad99C .................................... 170	
  
Figure 6.1 Comparison of the functions of the NDR/LATS kinases Wts, Trc, Orb6
and Cbk1 in polarising filamentous actin and/or myosin contractility ................... 174	
  
Figure 7.1 Cpβ, Wts and Hpo are required for border cell cluster cohesion ........ 178	
  
Figure 7.2 Other regulators of F-actin polymerisation are also required for border
cell migration ........................................................................................................ 179	
  
Figure 7.3 Kst does not genetically interact with Kib in the intestinal epithelium . 180	
  
Figure 7.4 Polarity is still maintained upon loss of Rab11, Nuf and Dynein function
............................................................................................................................. 181	
  
Figure 7.5 shot3 mutants have a mild effect on Rab11 localisation and exhibit
normal polarity ...................................................................................................... 182	
  

10

	
  

List of Movies
Movie M1

Polarisation of F-actin visualised with Utrophin-GFP in border cells

Movie M2

Tumbling migration of wtsx1 or Mats-IR clusters versus a control

Movie M3

Disintegration of wtsx1 or Mats-IR clusters versus a control

Movie M4

Failure of detachment wtsx1 or Mats-IR clusters versus a control

Movie M5

Tumbling migration of UAS.ena cluster versus a control

Movie M6

Disintegration of cpbM143 cluster versus a control

Movie M7

Rescue of wtsx1 mutant migration by expression of Capping protein

11

	
  

Abbreviations
α-Spec

α-Spectrin

AJ

Adherens Junction

aPKC

Atypical Protein Kinase C

Arm

Armadillo

Arp2/3

Actin-Related Protein 2/3

β-Spec

β-Spectrin

Baz

Bazooka

βH-Spec

βHEAVY-Spectrin

Cad99C

Cadherin99C

CAMSAP

Calmodulin-Regulated Spectrin-Associated Protein

Chic

Chickadee

Co-IP

Co-immunoprecipitation

Cp

Capping Protein

Crb

Crumbs

CT

C-Terminal

Cyto D

Cytochalasin D

DAPI

4',6-Diamidino-2-Phenylindole

DE-Cad

Drosophila E-Cadherin

Dia

Diaphanous

Diap1

Drosophila Inhibitor of Apoptosis 1

Dlg

Discs Large

Dpp

Decapentaplegic

dRip11

Drosophila Rab11 Interacting Protein

DST

Dystonin

E-Cad

E-Cadherin

ECM

Extracellular Matrix

Ena

Enabled

ERM

Ezrin Radixin Moesin

Ex

Expanded

F-actin

Filamentous Actin

FERM

4.1 Ezrin Radixin Moesin
12

	
  

FRET

Fluorescence Resonance Energy Transfer

G-actin

Globular Actin

GFP

Green Fluorescent Protein

Hh

Hedgehog

Hpo

Hippo

ISC

Intestinal Stem Cell

JAK

Janus Kinase

JNK

c-Jun N-terminal Kinase

KEM

Kibra Expanded Merlin

Kib

Kibra

Kst

Karst

LATS

Large Tumour Suppressor

Lgl

Lethal giant larvae

MACF1

Microtubule-Actin Crosslinking Factor 1

MAP

Microtubule associated protein

MARCM

Mosaic analysis with a repressible cell marker

Mats

Mob as a Tumour Suppressor

Mer

Merlin

MST

Mammalian Ste20-like

MTOC

Microtubule Organising Centre

Myo

Myosin

NDR

Nuclear Dbf2-Related

Nuf

Nuclear fallout

P-MyoII

Phospho-Myosin II

PATJ

Pals1-Associated Tight Junction Protein

PCDH15

Protocadherin 15

PCDH24

Protocadherin 24

PH

Pleckstrin Homology

PH3

Phospho-Histone H3

Plec

Plectin

PRR

Proline-Rich Region

Rab11FIP

Rab11 Family of Interacting Proteins

RNAi

RNA Interference

Sav

Salvador
13

	
  

Scrib

Scribble

Shot

Shortstop

siRNA

Small Interfering RNA

Slbo

Slow Border Cells

Std

Stardust

STAT

Signal Transducer and Activator of Transcription

TEM

Transmission Electron Microscopy

Trc

Tricornered

Tub

Tubulin

Upd

Unpaired

VASP

Vasodilator-Stimulated Phosphoprotein

WASP

Wiskott-Aldrich Syndrome Protein

Wg

Wingless

WT

Wild type

Wts

Warts

YAP

Yes-associated Protein 1

Yki

Yorkie

Zyx

Zyxin

14

	
  

Chapter 1 Introduction

Chapter 1.

Introduction

1.1 Overview
Cell polarity is a fundamental feature of most cells and is required for many
physiological processes. Much of the work in dissecting the mechanisms of polarity
has been carried out in epithelial cells. A conserved set of polarity proteins are
known to be crucial in determining the overall polarity of the cell. Yet the
mechanisms by which the polarity determinants orient cellular components and
functions are not known. An important feature in epithelial cells is the cytoskeleton,
which exhibits a dramatic re-organisation according to the polarisation of the cell.
How this polarisation of the cytoskeleton is achieved is unclear. The overall aim of
my PhD was to address the role of polarity determinants in the polarisation of the
cytoskeleton during various morphogenetic events in epithelia. In order to highlight
the main concepts behind the work presented in this thesis, I will begin by
introducing the fruit fly Drosophila melanogaster (Drosophila) as a model to study
polarity and cytoskeleton polarisation, followed by an account of our current
understanding of epithelial polarity, the different components of the cytoskeleton in
epithelial cells, and the role that these polarised cytoskeletal components play in
morphogenesis. The main focus of this thesis will be on three sub-types of
cytoskeletons: the actin cytoskeleton, the Spectrin cytoskeleton and the
microtubule cytoskeleton, and the role of their polarisation in the contexts of cell
migration, tissue growth and intracellular trafficking, respectively.

1.2 Cell polarity in epithelial tissues
One type of specialised cell is the epithelial cell, which is the major building block of
tissues in all metazoans. Epithelia cover the surfaces and line the cavities within an
animal, providing protection and a selective and dynamic physiological barrier for
the maintenance of homeostasis (Tyler, 2003). One key requirement for epithelial
tissue formation is the establishment of polarity along the apical-basal axis in
individual epithelial cells. There are many different types of epithelial cells, each of
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which are all specialised to serve particular functions such as protection, absorption,
secretion and many more.
The plasma membranes of epithelial cells exhibit distinct apical and basolateral
membrane domains that are separated by the presence of adherens junctions (AJ),
a belt-like structure that functions to adhere neighbouring cells together (MartinBelmonte and Mostov, 2008, Rodriguez-Boulan and Macara, 2014, St Johnston
and Ahringer, 2010, Tepass, 2012). The apical-basal domains, which are
generated by the asymmetric distribution of membrane-associated protein
complexes, are essential for cells to self-organise into sheets to form tissues and
this polarity is. The apical domains of the cells face the external environment and
often consist of protrusions such as microvilli to mediate exchange with the
environment, while the basolateral domains of cells contact neighbouring cells and
the basement membrane.
The apical and basolateral membranes contain distinct compositions of proteins,
known as polarity determinants, which are essential for governing cell polarity
(Figure 1.1). Many of the polarity genes were first identified in Drosophila
melanogaster (Drosophila) and Caenorhabditis elegans (C.elegans) but are also
evolutionarily conserved in vertebrates (Tepass, 2012, Thompson, 2013). The core
polarity determinants in epithelial cells are organised into three main complexes:
the Crumbs (Crb) complex, the Bazooka (Baz)/Par3 complex and the Scribble
(Scrib) complex. The apical domain is specified by the Crb and Baz/Par3
complexes, whereas the basolateral domain is specified by the Scrib complex.
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Crb

PATJ

Sdt
Par6
aPKC

Cdc42

Baz

Positive
feedback
AJ

Mutual
antagonism

Dlg
Lgl
Scrib

Figure 1.1 Epithelial polarity in Drosophila
Apical (red) and basolateral (green) polarity determinants specify distinct membrane domains
that are required for the establishment of cell polarity in epithelial cells. The apical and
basolateral domains are separated by the adherens junctions (AJ; blue). Cell polarity is
maintained via a positive feedback mechanism and mutual antagonism between the polarity
determinants. All of these proteins are conserved between Drosophila and mammals.
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1.2.1 Apical polarity determinants
Crb complex
The Crb complex comprises Crb, Stardust (Std) (Pals1 in mammals), PATJ (Pals1associated tight junction protein) and Lin-7, which have all been reported to bind
each other (Assemat et al., 2008, Tepass, 2012). Crb is the only transmembrane
protein among the polarity determinants and is expressed in most polarised
Drosophila epithelia, with the exception of the adult midgut intestinal epithelium
(Tepass et al., 1990). Mutation in crb leads to the loss of epithelial polarity (Tepass
et al., 1990, Tepass and Knust, 1990). In some fly tissues, the Baz and Crb
complexes can act redundantly and therefore removal of both proteins is necessary
to eliminate the apical domain (Tanentzapf and Tepass, 2003, Fletcher et al., 2012).
Mammals have three Crb homologues.
Crb has a large extracellular domain and a small intracellular domain, composed of
only 37 amino acids (Tepass et al., 1990, Wodarz et al., 1993). The extracellular
domain has been suggested to form homodimers between neighbouring cells to
stabilise the protein at the apical membrane (Fletcher et al., 2012). Work in
Zebrafish has shown that interaction between the Crb extracellular domains can
also mediate cell adhesion in the retina (Zou et al., 2012).
The intracellular domain of Crb contains a PDZ-binding domain and a FERM (4.1,
Ezrin, Radixin, and Moesin) binding domain, which are crucial for its interaction
with the other components of the Crb complex. The scaffolding protein Std binds to
Crb via its PDZ-domain and ERL1 motif (Bachmann et al., 2001, Hong et al., 2001,
Roh et al., 2002). The Crb-Sdt complex is required to recruit PATJ and Lin-7
apically; both PATJ and Lin-7 contain PDZ-domains and L27 domains that can bind
to the PDZ-binding domain in Crb and the L27 domain in Sdt, respectively
(Bachmann et al., 2008, Bachmann et al., 2004). Sdt is required for maintaining the
stability of the Crb complex, as its loss leads to rapid endocytosis and degradation
of apical Crb (Tepass and Knust, 1993). While the PDZ-binding domain defines
Crb’s role in polarity, the FERM-binding domain allows Crb to interact with other
proteins and adopt more diverse roles. Through its FERM-binding domain, Crb can
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Chapter 1 Introduction

bind to the FERM proteins Expanded (Ex) (Ling et al., 2010, Robinson et al., 2010),
which couples its function to growth regulation via the Hippo pathway (see 1.4.3).
Crb has also been shown to interact with the cytoskeletal FERM proteins Ezrin,
Moesin and βHEAVY-Spectrin (βH; also known as Karst (Kst) and referred to as Kst
in this thesis), thus linking the protein to cytoskeleton regulation (Medina et al.,
2002, Whiteman et al., 2014).
The Crb complex is able to maintain apical identity by recruiting the key Cdc42Par6-aPKC complex, which associates with the Crb complex via direct interactions
between the L27 domain of Sdt and the PDZ domain of Par6. Once recruited
apically, the Cdc42-Par6-aPKC complex is then responsible for polarising most
other proteins in the cell, as well as directing polarisation of Crb itself. Mutations in
cdc42, aPKC and par6 can result in loss of apical identity and disruption of polarity
(Fletcher et al., 2012, Franz and Riechmann, 2010, Harris and Tepass, 2008,
Hutterer et al., 2004, Rolls et al., 2003, Wodarz et al., 2000). Importantly, the Crb
complex is not the only means of recruiting Cdc42-Par6-aPKC to the plasma
membrane, because another key apical determinant also has this capability.
Baz/Par3 complex
The Baz (Par3 in mammals) complex is composed of Baz and the Cdc42-Par6aPKC complex (St Johnston and Ahringer, 2010, Tepass, 2012). Mammalian Par3
has been shown to directly bind to the PDZ domain in Par6 and the kinase domain
in aPKC (Izumi et al., 1998, Lin et al., 2000, Suzuki et al., 2001). Loss of Baz
function causes polarity defects (Krahn et al., 2010, Muller and Wieschaus, 1996).
Interestingly, binding of Baz to the aPKC kinase domain can lead to one of two
outcomes: either Baz is phosphorylated by aPKC (Izumi et al., 1998, Morais-de-Sa
et al., 2010), which leads to dissociation of Baz from the apical membrane, or Baz
is not phosphorylated by aPKC and instead forms a stable complex. The latter is
required for establishment of apical-basal polarity in Drosophila tissues where Crb
is not expressed, such as embryos undergoing cellularisation or the early stage
follicle cell epithelium (Franz and Riechmann, 2010, Harris and Peifer, 2004,
Morais-de-Sa et al., 2010, Muller and Wieschaus, 1996, Wodarz et al., 2000). The
reason for this dichotomy remains unclear, but one proposal is that Baz
phosphorylation is critical for releasing a pool of Baz to perform a separate function
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at AJs, where Baz is required to recruit the Cadherin-Catenin complex, composed
of DE-cadherin, Armadillo (β-catenin in mammals) and α-Catenin, during junctional
remodelling (McGill et al., 2009, Tepass, 2012).

1.2.2 Basolateral polarity determinants
The Scrib complex is composed of Scrib, Discs large (Dlg) and Lethal giant larvae
(Lgl) and is required to specify the basolateral domain in epithelial cells (Assemat
et al., 2008, St Johnston and Ahringer, 2010). Mutants for scrib, dlg or lgl lead to
the loss of polarity and uncontrolled cell proliferation, and as such, are referred to
as neoplastic tumour suppressors (Bilder and Perrimon, 2000). Mammals have one
Scrib homologue, four Dlg homologues and two Lgl homologues (Elsum et al.,
2012). Genetic analysis has shown that Scrib, Dlg and Lgl co-localise at the
basolateral membrane interdependently and mutants of scrib, dlg or lgl all give the
same phenotype, suggesting that the three proteins work together (Bilder, 2004).
Despite the genetic evidence, only Dlg and Lgl have been shown to interact directly
(Zhu et al., 2014).
In recent years, many studies have shown additional roles for different members of
the polarity complexes beyond the regulation of apical-basal polarity. Indeed,
polarity determinants have also been implicated in processes such as planar cell
polarity, spindle orientation, cell migration, actin cytoskeleton regulation and control
of cell proliferation and survival via the Hippo pathway, although the molecular
mechanisms are yet to be clearly defined.
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1.2.3 Regulation

of

cell

polarity:

Positive

feedback

and

mutual

antagonism
After the asymmetric distribution of apical and basolateral polarity complexes is
established, epithelial polarity is maintained through two mechanisms: mutual
antagonism between apical and basolateral polarity complexes and positive
feedback loops, which act to target polarity determinants to where they are already
most concentrated at the plasma membrane. This combination of principles is
sufficient to generate robust polarisation of simulated cells in computer models
(Fletcher et al., 2012).
There is strong evidence that Cdc42 is capable of driving positive feedback in both
yeast and Drosophila cells, and that certain components of apical and basolateral
complexes can directly antagonise membrane association of one another in both
C.elegans and Drosophila to segregate the apical and basolateral domains
(reviewed in (Thompson, 2013). One example of a molecular mechanism for
mutual antagonism is that aPKC can directly phosphorylate the Lgl protein to
remove it from the apical domain (Betschinger et al., 2003, Hutterer et al., 2004,
Betschinger et al., 2005), while Lgl can also act to inhibit the kinase activity of
aPKC to prevent spreading of the apical domain (Atwood and Prehoda, 2009).
Mutation of aPKC results in ectopic spreading of basolateral determinants around
the plasma membrane (Wodarz et al., 2000, Rolls et al., 2003). Conversely,
mutation of lgl can cause spreading of the apical polarity determinants around the
plasma membrane (Bilder and Perrimon, 2000, Bilder et al., 2003). Other molecular
mechanisms of mutual antagonism remain to be identified.
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1.2.4 Drosophila as a model to study epithelial polarity
Drosophila have simple, undifferentiated epithelia that serve as an attractive model
to investigate the function of polarity determinants and their effects during
morphogenesis. The research in this thesis uses a range of Drosophila epithelia,
which includes the larval wing imaginal discs and mostly adult tissues such as egg
chambers containing the follicle cell epithelium and the border cell cluster, the wing,
the eye and the midgut (Figure 1.2).

Intestinal*epithelium

Egg
Drosophila*
Life*Cycle
Pupa

Larva

Wing*epithelium

Follicle*cell*epithelium
Larva

Larva

Figure 1.2 Drosophila life cycle and examples of epithelia used from different
stages
Drosophila development normally takes 10 days: once hatched the larvae go through three
stages of growth, leading to pupation and finally eclosion as adults. The work in this thesis uses
a range of different Drosophila epithelia, some of which have been highlighted in this figure. Life
cycle image used from http://biology.kenyon.edu/courses/biol114/Chap13/Chapter_13A.html.
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1.3 Polarity and cytoskeletal organisation
One interesting question presented by cell polarity is how the polarity proteins
organise the cytoskeleton and the intracellular transport machinery to determine
cell shape and execute cell functions. The interactions between polarity proteins
and the cytoskeleton are very complex, such that the cytoskeleton and vesicle
transport are important for targeted delivery of polarity proteins such as Crb, yet
polarity determinants are also required to govern cytoskeletal polarisation and
targeted vesicle delivery. The acquisition of polarity causes a dramatic
reorganisation of the cellular cytoskeleton, but the mechanisms involved in
regulating this process remain elusive.
The cytoskeleton is the principle molecular machinery that is responsible for
orienting cellular organelles and functions. It is involved in the regulation of many
intracellular processes ranging from cell division, cell shape, polar growth, cell
migration and morphogenesis. The cytoskeleton is a complex system, and in
Drosophila consists of three main components: actin filaments, microtubules and
Spectrins (Figure 1.3). Mammalian cells also have an additional component called
intermediate filaments, which will not be covered in this thesis. The different
components of the cellular cytoskeleton have distinct physical and structural
properties that allow each one to perform specific functions as well as an overall
function to maintain cell structure and integrity.
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+
Figure 1.3 The cellular cytoskeleton in Drosophila epithelial cells
Drosophila epithelial cells contain three sub-types of cytoskeleton – actin filaments,
microtubules and Spectrins. These three cytoskeletons are all polarised with the actin polarising
to the apical region, microtubules polarising along the apical-basal axis and the Spectrins
polarising to the apical and lateral membranes of the cell.
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1.3.1 Actin cytoskeleton
The actin filament (also known as filamentous actin or F-actin) is a double-stranded
helical polymer composed of globular actin (G-actin) monomers that bind and
hydrolyse ATP. Actin filaments can modulate the mechanical properties of the cell
by arranging into diverse structures such as branched or crosslinked networks, and
parallel or antiparallel bundles.

1.3.1.1 Regulation of actin dynamics
Actin polymerisation
The actin cytoskeleton is very tightly regulated, as it plays an important role in
many cellular functions; its regulation and organisation into diverse structures
requires association with many regulatory proteins such as actin crosslinkers,
polymerisers and disassembly complexes (Figure 1.4). Actin filaments are very
dynamic

and

can

undergo

rapid

turnover

through

polymerisation

and

depolymerisation events. Actin filaments are polarised and contain two polar ends:
the fast-growing plus-end, known as the barbed end, and the slow-growing minusend, known as the pointed end (reviewed in (Blanchoin et al., 2014, Campellone
and Welch, 2010). Actin polymerisation is driven by Profilins, Formins and the actin
related protein 2/3 (Arp2/3) complex (reviewed in (Blanchoin et al., 2014,
Campellone and Welch, 2010).
Profilin, which is known as Chickadee (Chic) in Drosophila, is an abundant protein
that binds to the G-actin monomers in the cytoplasm and sequesters them for de
novo actin assembly (Kang et al., 1999). In the presence of Profilin, actin
monomers form actin dimers and trimers that can initiate spontaneous nucleation of
new actin filaments (Pollard et al., 2000). Formin proteins such as Diaphanous
(Dia) in Drosophila (mDia1 in mammals) contain conserved Formin homology
domains 1 and 2 (FH1 and FH2) that enables the protein to recruit Profilins to the
barbed ends and drive de novo nucleation of linear actin filaments (Chesarone et
al., 2010, Evangelista et al., 2003, Romero et al., 2004). The Arp2/3 complex
contains 7 subunits and nucleates new actin filaments from the side of existing
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ones to generate a branched actin network, which is important in migrating cells
(Blanchoin et al., 2000, Campellone and Welch, 2010, Goley and Welch, 2006,
Mullins et al., 1998).
Nucleation factors such as the Arp2/3 complex and Formins require activation by
membrane-bound Rho GTPases such as Cdc42, Rac1 and Rho1, which means
that actin nucleation is predominantly localised to sites near the plasma membrane
(reviewed in (Ridley, 2006, Sit and Manser, 2011). Rho1 can directly activate Dia,
whereas the Arp2/3 complex has to be activated indirectly via the nucleation
promoting factors such as Wiskott-Aldrich syndrome protein (WASP) and
Scar/WAVE family of proteins, which require Cdc42 and Rac1 for their activation,
respectively (Lammers et al., 2005, Padrick et al., 2011).
In addition, another group of proteins that regulate actin polymerisation are the
Enabled/Vasodilator-stimulated phosphoprotein (Ena/VASP) proteins – named
after the Drosophila protein Ena (Mena/VASP/Evl in mammals), referred to as Ena
for simplicity – and Capping proteins (Cp; CapZ in mammals). Ena functions as a
tetramer and binds to the barbed ends of actin filaments, where it recruits Profilin to
promote actin polymerisation (Bachmann et al., 1999, Chereau and Dominguez,
2006, Kang et al., 1997, Pasic et al., 2008, Walders-Harbeck et al., 2002). In
Drosophila, Ena has been shown to bind to Chic via its Proline-rich region (AhernDjamali et al., 1999). Ena antagonises the function of Cp (Barzik et al., 2005, Bear
et al., 2002) and also promotes the bundling of actin filaments (Bachmann et al.,
1999, Huttelmaier et al., 1999, Schirenbeck et al., 2006). Cp is a heterodimeric
protein composed of α (Cpα) and β (Cpβ) subunits, and competes with Ena to bind
barbed ends of actin filaments; Cp acts by capping the barbed ends and preventing
further actin polymerisation (Cooper and Sept, 2008).
Actin depolymerisation
Regulation of actin dynamics also requires actin disassembly and depolymerisation.
Cofilin and Gelsolin are actin-severing proteins that promote actin disassembly and
dissociation of actin monomers from the pointed end (Southwick, 2000). Cofilin can
sever actin filaments and create free barbed and pointed ends that can undergo
polymerisation or depolymerisation, thus G-actin monomer exchange at the two
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polar ends is not affected (Chan et al., 2009, Ichetovkin et al., 2000, Pavlov et al.,
2007). Gelsolin on the other hand, severs and caps the barbed end of actin
filaments, therefore reducing the number of free barbed ends available and inhibits
actin polymerisation (Sun et al., 1999). The actions of these severing proteins are
important for remodelling the actin cytoskeleton (Southwick, 2000).

Barbed end
nucleation
Branched
nucleation

Profilin

En

Arp2/3

a

G-actin
monomers

Dia-like
Formins
G-actin
monomers

Cp
Capping

Cofilin
Severing
Figure 1.4 Regulation of actin dynamics

The actin cytoskeleton is highly dynamic and regulated by an assortment of actin-binding
proteins. Ena, Dia-like Formins and Profilin all act at the barbed end to polymerise more F-actin,
whereas Arp2/3 nucleates from existing filaments to promote a branched F-actin network.
Capping protein (Cp) binds to the barbed end and prevents further F-actin polymerisation; Cp is
antagonised by Ena as they both compete for binding at the barbed end. Cofilin is an F-actin
severing protein and promotes disassembly and remodelling of the actin cytoskeleton.

Actin bundling and contractility
During polymerisation, actin filaments can become connected together by
crosslinking proteins such as Fascin, Fimbrin, Filamin and α-Actinin, to produce
more complex structures for various intracellular functions (Bretscher, 1981, Feng
and Walsh, 2004, Kureishy et al., 2002, Matsudaira, 1991, Matsudaira, 1994, Xu et
al., 1998). For instance, the establishment of a branched actin network is required
for the formation of lamellipodia at the leading edge of motile cells, while parallel
bundles are required for structures like the filopodia and microvilli (reviewed in
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(Chhabra and Higgs, 2007). As their name suggests, parallel actin bundles have
their actin filaments all oriented in the same direction, with the barbed ends often
facing the cell membrane (Chhabra and Higgs, 2007). The antiparallel bundles,
which have their barbed ends oriented in opposite directions, are often coupled
with the non-muscle Myosin II (MyoII) and used in contractile structures such as
stress fibres (Blanchoin et al., 2014, Naumanen et al., 2008); they generate
contractile forces by promoting sliding of antiparallel actin filaments. Myosins are
motor proteins that associate with actin. There are many members of the myosin
superfamily and most of them are involved in directed movement towards the
barbed ends (Sellers, 2000). A well-characterised example is the Myosin V (MyoV)
motor protein, which is involved in transport of cargo molecules to the plasma
membrane along the actin filaments present at the apical cortex (also known as the
terminal web) (reviewed in (Reck-Peterson et al., 2000). The network of actin
filaments is organised and anchored to the plasma membrane by the actin-binding
proteins Ezrin/Radixin/Moesin (reviewed in (Fehon et al., 2010).

1.3.1.2 Actin and polarity
In epithelial cells, actin filaments and MyoII form an apical contractile ring that is
responsible for maintaining cell shape and integrity. In Drosophila embryos, this
apical contractile ring is essential for apical constriction and invagination of
epithelial cells to form the mesoderm and epithelial organs (Dawes-Hoang et al.,
2005, Fox and Peifer, 2007, Martin et al., 2009). In yeast, the actin cytoskeleton is
important for the process of symmetry breaking that leads to establishment of
polarity (reviewed in (Li and Gundersen, 2008). Symmetry breaking is initiated by
the formation of actin cables, which facilitate the polarised transport of proteins to
specific compartments in the cell. The exact mechanism of how these actin cables
are formed or regulated is unclear, however Cdc42 activity is thought to be required
for this process, as induction of constitutively active Cdc42 can lead to the
spontaneous polarisation of non-polarised G1-arrested yeast cells (WedlichSoldner et al., 2003). Studies have reported a positive feedback mechanism
between actin and Cdc42 that requires MyoV mediated actin-based transport to
localise active Cdc42 to the apical sites and promote its function during the
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establishment of polarity (Wedlich-Soldner et al., 2004). It is unclear whether this
process of symmetry breaking also occurs in Drosophila (Thompson, 2013).

1.3.1.3 Actin and cell migration
Work from many groups has shown that a dynamic actin cytoskeleton is essential
for cell migration (reviewed in (Blanchoin et al., 2014, Krause and Gautreau, 2014).
Motile cells exhibit a highly organised actin cytoskeleton that is polarised to the
front and back of the cell, known as the leading edge and trailing edge, respectively
(Ridley et al., 2003). Cell motility is driven by protrusions at the leading edge that
adhere to the substratum. These adhesive interactions are tightly regulated such
that there is strong adhesion at the leading edge, followed by de-adhesion and
acto-myosin contraction at the trailing edge, which produces traction required for
cell movement (reviewed in (Mitchison and Cramer, 1996). The protrusions at the
leading edge contain lamellipodia and filopodia. Lamellipodia are composed of
branched actin filaments produced by Arp2/3 complex nucleation and rapid capping
of filaments by Cp (Mejillano et al., 2004, Pollard and Borisy, 2003, Rogers et al.,
2003, Small et al., 2002). Filopodia are thin finger-like projections that extend from
lamellipodia; they are composed of linear actin filaments that are organised into
parallel bundles by crosslinking proteins (Mattila and Lappalainen, 2008,
Schirenbeck et al., 2006). Actin polymerisation in filopodia is regulated by Formins
and the Ena/Cp system, in addition, these proteins can also regulate actin
polymerisation in sub-populations of the lamellipodia (Homem and Peifer, 2009,
Mejillano et al., 2004, Schirenbeck et al., 2005, Yang et al., 2007). Ena localises to
the tips of the lamellipodia and filopodia and promotes filament elongation by
antagonising the activity of Cp, which inhibit actin polymerisation (reviewed in (Bear
and Gertler, 2009).
The actin structures responsible for contraction of the trailing edge include the cell
cortex and focal adhesion-anchored stress fibres. The cell cortex, which is an actinSpectrin shell underneath the cell membrane, is responsible for providing cortical
stiffness and maintaining cell shape (Pollard and Cooper, 2009, Salbreux et al.,
2012). The cell cortex is highly dynamic and can rapidly become reorganised to
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drive changes in cell shape in response to external stimuli from the extracellular
matrix (ECM) or neighbouring cells; actin nucleation in the cortex is driven by the
Formin Dia and the Arp2/3 complex (Bovellan et al., 2014). The cell cortex also
plays an important role in signal transduction by linking the plasma membrane to
the underlying cell cytoskeleton and intracellular signalling pathways (reviewed in
(Neisch and Fehon, 2011).
Stress fibres are contractile actin bundles that span the cell body and are linked to
the focal adhesions (Naumanen et al., 2008). Together, the stress fibres and the
focal adhesions help the cell to contract, which is critical for cell migration. Focal
adhesions are dynamic structures that help to anchor the cell to the underlying
substratum; they mediate adhesion of the intracellular acto-myosin assembly to the
ECM through interactions with the transmembrane adhesion proteins integrins
(reviewed in (Critchley, 2000, Wehrle-Haller and Imhof, 2002, Wiesner et al., 2005).
The LIM domain protein Zyxin (Zyx), which localises to focal adhesions and stress
fibres, is important for regulating actin dynamics at focal adhesions and allows cells
to respond to external forces (Smith et al., 2010, Yoshigi et al., 2005). Zyx can bind
to Ena proteins via its N-terminal proline-rich motifs and recruit them to focal
adhesions to promote actin polymerisation of stress fibres in response to
mechanical stimuli (Drees et al., 2000, Hirata et al., 2008, Hoffman et al., 2006,
Yoshigi et al., 2005).
The actin cytoskeleton is a very versatile system that plays a role in many other
physiological processes in addition to cell migration. For instance, actin dynamics
have been implicated in signal transduction via the Hippo pathway to regulate
growth in response to mechanical cues (reviewed in (Halder et al., 2012); see
Chapter 1.4.4). The actin cytoskeleton and Myosin motors also play an important
role in endocytosis, tissue invagination and wound healing (Mooren et al., 2012,
Martin and Goldstein, 2014, Martin and Lewis, 1992, Wood et al., 2002).
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1.3.2 Spectrin cytoskeleton
Spectrins are a major component of the membrane cytoskeleton and play an
important role in crosslinking actin filaments to the plasma membrane. The Spectrin
cytoskeleton provides the structural support required to determine cell shape.
There are three different subunits that make up the Spectrin cytoskeleton: αSpectrin (α-Spec), β-Spectrin (β-Spec) and βHEAVY-Spectrin (βH-Spec; also known
as Karst (Kst)) (reviewed in (Machnicka et al., 2012).
Spectrins are conserved from C.elegans to humans. C.elegans and Drosophila,
have single genes encoding each subunit, however in mammals there are two main
isoforms for the α subunit – αI-II, encoded by SPTA1 and SPTAN1, four isoforms
for the β subunit – βI-IV-Spec, encoded by SPTB, SPTBN1, SPTBN2, SPTBN4,
respectively, and finally one gene for the Kst subunit – βV-Spec, encoded by
SPTBN5 (reviewed in (Bennett and Baines, 2001, Machnicka et al., 2012, Thomas,
2001). In humans, SPTAN1 is the sole non-erythrocyte α-Spec protein, which has
several alternatively spliced isoforms, and SPTBN1 is the main non-erythrocyte βSpec that is expressed in all nucleated cells (Machnicka et al., 2012).
The Spectrin cytoskeleton comprises α-Spec/Kst or α/β-Spec heterotetramers,
where α and β subunits are assembled into a heterodimer in a side-to-side,
antiparallel fashion, and the two heterodimers are associated head-to-head to form
the tetramers (Speicher et al., 1992). Multiple tetramers can bind to one actin
filament, forming a branched network that cross-links the membrane via
interactions with Ankyrin and/or FERM domain proteins (Thomas, 2001).
The three Spectrin subunits, α-Spec, β-Spec and Kst, all contain multiple Spectrin
repeat domains and helical linker regions that enable the proteins to extend, thus
giving them elastic properties (Grum et al., 1999, Johnson et al., 2007, Stabach et
al., 2009). Other protein domains vary between the different subunits. Interestingly,
only the β subunits contain the crucial F-actin binding domain at their N-terminals,
however the arrangement of the α/β subunits in the tetramer allows both ends of
the unit to cross-link actin (reviewed in (Thomas, 2001). A Pleckstrin homology
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(PH) domain can be found at the C-terminals of the β subunits (Macias et al., 1994).
Other additional domains in the Spectrin proteins include the EF-hand region found
in α subunits, the Ankyrin binding site found in β-Spec but not in Kst, and finally the
Src homology 3 (SH3) domain found in α-Spec and Kst. The presence of these
conserved domains allow Spectrins to undergo various protein-protein and proteinlipid interactions (reviewed in (Machnicka et al., 2012).
The Spectrin cytoskeleton is polarised in epithelial cells and the two different
tetrameric structures localise to distinct regions of the plasma membrane; the α/Kst
heterotetramers are confined to the apical domain and are referred to as the apical
Spectrins, while the α/β heterotetramers are confined to the lateral domain and are
referred to as lateral Spectrins (Lee et al., 1997, Medina et al., 2002, Thomas and
Kiehart, 1994, Thomas et al., 1998, Thomas and Williams, 1999, Zarnescu and
Thomas, 1999). Losing one type of Spectrin cytoskeleton does not cause the other
to spread beyond its domain, as demonstrated in Drosophila cells mutant for kst,
where β-Spec cannot be detected in the apical membrane (Lee et al., 1997,
Zarnescu and Thomas, 1999).

1.3.2.1 Role of Spectrins in morphogenesis
The role of Spectrins has been well characterised in erythrocytes, where they form
a hexagonal network at the plasma membrane, which is required to maintain
membrane integrity (Liu et al., 1987, Stokke et al., 1986, Baines, 2009). Mutations
in Spectrin genes lead to hereditary haemolytic anaemia in humans (Delaunay,
2007). The intimate association of Spectrins with the apical and lateral domains, in
addition to their ability to stabilise specific proteins to the membranes have raised
speculations about their role in the establishment of epithelial polarity. Contrary to
this speculation, numerous studies have demonstrated that removal of functional
Spectrin does not lead to defects in apical-basal polarity (Medina et al., 2002,
Moorthy et al., 2000, Zarnescu and Thomas, 1999).
Genetic analysis in Drosophila epithelia has revealed a role for Spectrins in
morphogenesis and maintenance of tissue integrity (Chen et al., 2009, Deng et al.,
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1995, Lee et al., 1997, Thomas et al., 1998, Zarnescu and Thomas, 1999). In the
Drosophila follicle cell epithelium, loss of α-Spec leads to the loss of monolayer
organisation and hyperplasia (Lee et al., 1997), indicating that the Spectrin
cytoskeleton may be required in a developmental pathway that regulates epithelial
monolayer integrity and proliferation. Follicle cells mutants for kst retain an intact
epithelial monolayer but exhibit defects in cell shape and follicle cell migration
caused by failure to undergo apical constriction (Zarnescu and Thomas, 1999). Kst
is localised apically at sites of invagination such as the salivary gland placodes,
ventral midline and posterior midgut, linking it to the organisation and maintenance
of apical contraction in Drosophila epithelia (Thomas and Kiehart, 1994). The apical
co-localisation of Kst staining with Myosin-II at sites where contraction is generated
raises the possibility that the two proteins may interact to regulate contractile
processes during morphogenesis (reviewed in (Thomas, 2001). Loss of Kst in
C.elegans also affects cell contraction and produces short, stubby worms; this
phenotype is due to defects in cross-linking of the apical domain of ectodermal
cells to the actin fibres, which are required for contractions to reduce the diameter
of the worm and elongate it (McKeown et al., 1998).
Crb has been shown to bind and recruit the apical Spectrin cytoskeleton (Medina et
al., 2002). Co-immunoprecipitation from embryos showed that Crb, Kst and the
FERM domain containing protein Moesin all formed a complex together, suggesting
that the interaction between Crb and Kst may be mediated by a FERM domain
protein (Medina et al., 2002). Crb has been shown to be required for the correct
localisation of Kst in the stalk membrane of the photoreceptor cells in the
Drosophila eye (Pellikka et al., 2002). Conversely, loss of Kst does not affect Crb
localisation, therefore supporting the hypothesis that Spectrins are not required to
establish polarity (Pellikka et al., 2002).
The molecular properties of Spectrins and their universal role in maintaining cell
shape and membrane integrity, along with their conserved role in cell contraction,
raises the possibility of a link between the Spectrin cytoskeleton and tension. In
support of this, a recent study in C.elegans has demonstrated that the loss of
Spectrins leads to the loss of membrane tension in touch receptor neurons, which
impairs responses to external mechanical stimuli (Krieg et al., 2014). This indicates
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that Spectrins are involved in sensing cellular tension. A relationship between
Spectrins and cellular tension was reported in erythrocytes over two decades ago,
and more recently in mammalian cell culture through the use of a FRET-based
Spectrin sensor (Stokke et al., 1986, Meng and Sachs, 2012). Collectively, these
data support the idea for a role of the Spectrin cytoskeleton as a potential
membrane tension sensor, although the molecular details that govern this function
still need to be explored.
In recent years, more and more studies have associated the Spectrin cytoskeleton
with previously unrecognized roles. The multi-functional Spectrin cytoskeleton has
now been linked to various cellular processes and signalling pathways ranging from
early endosome recycling (Phillips and Thomas, 2006) to TGFβ signalling (Tang et
al., 2003). However, the mechanism behind how the apical and lateral Spectrin
cytoskeletons regulate epithelial morphogenesis is still unknown. Additionally, the
conserved role of Spectrins in cellular contraction, and their newly proposed role in
sensing cellular stress, raises an important question of whether Spectrins can act
as tension sensors in epithelia to induce cellular signalling.

1.3.2.2 Organisation of Actin and Spectrin in microvilli
Most epithelial cells contain microvilli at their apical membrane. Microvilli are
membrane extensions that can perform a range of tissue-specific functions such as
absorption in the intestinal brush border, secretion in Drosophila follicle cells and
mechanotransduction in stereocilia of the inner ear (reviewed in (Lange, 2011).
Microvilli are composed of longitudinal bundles of actin filaments that are
crosslinked by the Villin, Fascin or Fimbrin proteins and tethered to the plasma
membrane by Myosin motors (Bretscher, 1991, Heintzelman and Mooseker, 1990,
Lange, 2011, McConnell and Tyska, 2007, Tilney and Mooseker, 1971). These
bundles extend to the base of the microvilli as rootlets, where they are anchored to
more actin filaments that run perpendicularly to the bundle by Myosin and Spectrins
(Figure 1.5) (Hirokawa et al., 1983a, Mooseker and Tilney, 1975, Mooseker, 1983).
Together, these proteins form an apical filamentous network of F-actin, which is
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stabilised and anchored to the apical cell membrane by Spectrins (Hirokawa et al.,
1983a, Hirokawa et al., 1983b). This filamentous structure is known as the ‘terminal
web’ and it possesses the ability to contract due to the presence of Myosin motors
(Hirokawa et al., 1982, Keller et al., 1985).
Members of the ERM (Ezrin-Radixin-Moesin) protein family provide links between
membrane proteins and the cortical cytoskeleton, and as such, these proteins and
their interacting partners have been shown to regulate microvilli development in
many different cell types (Fehon et al., 2010, LaLonde et al., 2010).
Another protein that is implicated in microvilli regulation is Protocadherin15
(PCDH15; Cadherin99C (Cad99C) in Drosophila). Mutations in PCDH15 give rise
to Usher syndrome, which is an inherited deaf-blindness disease caused by defects
in stereocilia of the human ear cochlear cells and microvilli of the eye photoreceptor
cells (Alagramam et al., 2001a, Alagramam et al., 2001b, Ben-Yosef et al., 2003).
PCDH15 interacts with another cadherin, Cadherin23, to form links that connect the
tips of adjacent stereocilia, which are necessary for hearing (Elledge et al., 2010,
Geng et al., 2013, Kazmierczak et al., 2007, Sollner et al., 2004). Recent studies
have also reported an important role for the Drosophila PCDH15 homologue
Cad99C in the regulation of microvilli arrangement and size in follicle cells (Chung
and Andrew, 2014, D'Alterio et al., 2005, Schlichting et al., 2006). Cad99C is
localised to the apical membranes of microvilli and its overexpression is sufficient
to expand microvilli length (D'Alterio et al., 2005, Schlichting et al., 2006). How
exactly Cad99C controls microvilli size or how the protein becomes localised to the
apical domain of epithelial cells is currently unknown.
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Figure 1.5 Organisation of actin filaments and Spectrins in microvilli
(A) Electron microscope image of the actin and spectrin network at the terminal web of mouse
intestinal brush border (Hirokawa et al., 1983a). Scale bar: 0.1µm. Red arrows mark F-actin
bundles (rootlets); yellow arrows mark crosslinked fibrils; PM: Plasma membrane. (B)
Schematic diagram of apical microvilli in follicle cells. F-actin bundles make the core of the
microvilli. These bundles are held together via crosslinking proteins, rooted at the terminal web
via Spectrins and attached to the plasma membrane via Myosins. Follicle cell microvilli also
have Cad99C localised at the plasma membrane.
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1.3.3 Microtubule cytoskeleton
Microtubules are composed of α/β tubulin subunits that form heterodimers and
make a cylindrical structure with two polar ends; the minus-end allows capping and
anchoring to the microtubule organising centre (MTOC), while the plus-end is
where polymerisation occurs (reviewed in (Etienne-Manneville, 2010, Meads and
Schroer, 1995).

1.3.3.1 Centrosomal vs. acentrosomal microtubules
In most mitotic cells, microtubules are nucleated by the centrosome, which allows
formation of the mitotic spindle during mitosis (Bettencourt-Dias and Glover, 2007).
Many cells contain centrosomal microtubules that are organised radially, which play
an important role in positioning membrane-bound organelles such as the nucleus,
endoplasmic reticulum, Golgi apparatus and mitochondria in cells (reviewed in (de
Forges et al., 2012). A variety of cells, however, contain acentrosomal microtubules
that are required for specialised functions. For instance, in epithelial cells, cell-cell
contact and polarisation involves a major reorganisation of the microtubules where
the centrosomal radial organisation is lost. Instead, epithelial cells develop a new
apical-basal array of microtubules that are no longer anchored at the centrosome
(reviewed in (Keating and Borisy, 1999). The acentrosomal microtubules are
thought to arise from either release from the centrosome, breakage/severing of
existing microtubules or de novo nucleation and growth (cytoplasmic assembly or
nucleation from specific acentrosomal sites) (reviewed in (Bartolini and Gundersen,
2006, Keating and Borisy, 1999). The newly formed free microtubules require
anchoring of the minus-ends to apical acentrosomal sites. The microtubules in
epithelial cells are highly polarised with the minus-ends oriented apically and the
plus-ends oriented basally (Bacallao et al., 1989, Clark et al., 1997). The
mechanistic details of how this polarisation and stabilisation of microtubules is
achieved in epithelial cells in not well understood. However, the recent discovery of
Patronin (Calmodulin-regulated Spectrin-Associated Protein (CAMSAP) 1,2,3 in
mammals) is beginning to help unravel some of the mechanisms involved (see
following section; (Hendershott and Vale, 2014).
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1.3.3.2 Regulation of microtubule dynamics
Microtubules are highly dynamic structures that alternate between phases of
polymerisation (growth) and depolymerisation (shrinking), enabling them to
undergo quick structural changes in response to the cellular environment (reviewed
in (Hendershott and Vale, 2014, O'Rourke and Sharp, 2011, Silva and Cassimeris,
2014).
Microtubule dynamics can be regulated by the direct action of microtubuleassociated proteins (MAPs), as well as post-translational modifications on tubulin
(reviewed in (Etienne-Manneville, 2010, Hammond et al., 2008, van der Vaart et al.,
2009). MAPs can carry out a range of functions that include nucleation, capping,
plus-end tracking or destabilisation. Many proteins that regulate microtubule plusend dynamics have been identified and characterised over the years. These
proteins include CLIP-170 (Cytoplasmic Linker Protein), APC (Adenomatous
Polyposis Coli) and EB1 (End-binding protein 1), which can regulate microtubule
dynamics by promoting microtubule growth, stabilisation or attachment to the cell
cortex (reviewed in (Akhmanova and Hoogenraad, 2005, Akhmanova and
Steinmetz, 2010). In contrast, relatively few proteins are known that bind to the
minus-ends of microtubules and regulate their dynamics (Akhmanova and
Hoogenraad, 2015). Recent work in Drosophila and mammals has identified a new
minus-end binding protein called Patronin (CAMSAP 1/2/3 in mammals), which
bind to microtubule minus-ends and stabilise them (Baines et al., 2009, Goodwin
and Vale, 2010, Hendershott and Vale, 2013, Jiang et al., 2014). The mammalian
homologues of Patronin (CAMSAP2 and 3) have been shown to be required for
maintenance of acentrosomal microtubules in mammalian cells (Tanaka et al.,
2012, Yau et al., 2014). In addition, CAMSAP3 has been shown to anchor
microtubule minus-ends to the AJs and play a role in junctional maintenance in
mammalian epithelial cells (Meng et al., 2008). The C.elegans homologue of
Patronin (PTRN-1) is also important for microtubule function (Chuang et al., 2014,
Marcette et al., 2014, Richardson et al., 2014).
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1.3.3.3 Microtubules and intracellular trafficking
In eukaryotic cells, microtubules play a key role in long-range transport of
membrane vesicles in the endocytic and secretory pathways. Microtubule-based
transport is also required for polarity in many different cell types, where stable
microtubules act as tracks to deliver positional information and specific polarity
proteins to the right compartments in the cell (reviewed in (Musch, 2004, Siegrist
and Doe, 2007, Rodriguez-Boulan et al., 2005).
The movement of cargo along microtubules is directed by members of two big
families of motor proteins, the Dyneins and the Kinesins, which use ATP hydrolysis
to produce force and movement (reviewed in (Walker and Sheetz, 1993). Dynein
consists of two or three heavy chains complexed with multiple intermediate and
light chains; the globular head domains of the heavy chains form the motor
domains that bind to microtubules and allow movement (reviewed in (Kardon and
Vale, 2009, Roberts et al., 2013, Walker and Sheetz, 1993). Kinesin consists of two
heavy chains and two light chains and similar to Dynein, the head domains of the
heavy chains form the motor domains (Hirokawa and Tanaka, 2015, Walker and
Sheetz, 1993). Dynein motors transport different cargos towards the minus-ends,
while the Kinesin motors mainly facilitate transport towards the plus-ends of
microtubules (Figure 1.6; reviewed in (Caviston and Holzbaur, 2006, Hirokawa et
al., 2009, Karki and Holzbaur, 1999, Vale, 2003, Walker and Sheetz, 1993).
Regulation of transport occurs via the activation or deactivation of Dynein and
Kinesin proteins and selective binding of these motors to the cargos. Motor activity
can be affected by direct action of signalling factors or by signalling processes
regulated Rab GTPase activity (Horgan and McCaffrey, 2011). The interactions
between motor proteins and their specific cargo are mediated through protein
complexes that contain scaffolding proteins, Rab GTPases or specific adaptor
proteins. Rab GTPases bind to specific cargos and often use specialised adaptor
proteins to associate with their particular motors (reviewed in (Akhmanova and
Hammer, 2010, Ali and Seabra, 2005, Stenmark, 2009). One example of this is the
GTPase Rab11, which can form a complex with Dynein or Kinesin by interacting
with either adaptor proteins Rab11-FIP3 (Nuclear fallout (Nuf) in Drosophila)
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(Horgan et al., 2010) or Rab11-FIP5 (Rip11 in Drosophila) (Schonteich et al., 2008),
respectively. Rab GTPases are compartment-specific and allow trafficking of cargo
to targeted areas of the cell (reviewed in (Deneka et al., 2003, Wandinger-Ness
and Zerial, 2014).
Interestingly, a study has shown that Rab proteins are able to switch between
microtubule-based and actin-based motility for transport of cargo to-and-from the
membrane (Wu et al., 1998). This switch from long-range transport provided by the
microtubules to short-range transport within the cortical actin network is thought to
promote a more efficient delivery to the target regions/destinations, however the
molecular details behind this observation are not yet fully understood.

Acto-myosin
ring

Dynein
Kinesin

Cargo

Microtubules

+
Figure 1.6 Microtubule transport in epithelial cells
Microtubules are polarised along the apical-basal axis in epithelial cells with their minus-end
oriented apically. Dynein motors transport cargo apically towards the minus-ends, while Kinesin
motors transport cargo basally towards the plus-ends.

40

	
  

Chapter 1 Introduction

1.4 Polarity and growth – the Hippo pathway
The apical polarity determinant Crb and the actin cytoskeleton have both been
linked to growth control via the regulation of the Hippo pathway. The Hippo
pathway is a conserved signalling pathway that controls cell proliferation and cell
survival in animal tissues. During development, Hippo signalling is required to
regulate organ size and tissue homeostasis. One of the key characteristics of the
pathway is that its regulation of cell proliferation and growth does not affect other
processes such as patterning and differentiation. Many of the genes in the pathway
are potent tumour suppressors and disruption in Hippo signalling has been shown
to lead to many cancers (Barron and Kagey, 2014, Halder and Johnson, 2011,
Harvey and Tapon, 2007, Moroishi et al., 2015, Pan, 2010).

1.4.1 Core components of the Hippo pathway
Since its discovery in Drosophila, the Hippo pathway has been extensively studied
in both flies and mammals and identification of new components that regulate the
pathway has been rapidly increasing. The core components of the pathway
comprise the kinases Hippo (Hpo; MST1/2 in mammals), an Ste20-like kinase and
Warts (Wts; Lats1/2 in mammals), an NDR kinase, their respective co-factors
Salvador (Sav; WW45 in mammals) and Mob as a tumour suppressor (Mats;
MOBKL1A/B in mammals) and the downstream effector Yorkie (Yki; YAP/TAZ in
mammals), which is a transcriptional co-activator (reviewed in (Yu and Guan, 2013,
Zhao et al., 2011b).
Hpo activation has been shown to require plasma membrane association and
dimerisation, as well as binding to its cofactor Sav (Deng et al., 2013, Jin et al.,
2012, Wu et al., 2003). Active Hpo phosphorylates the downstream kinase Wts, at
a Serine residue (S909) in the activation loop and a Tyrosine residue (T1079)
within the hydrophobic motif (Chan et al., 2005, Wu et al., 2003). Hpo also
phosphorylates the Wts cofactor Mats, which increases the affinity between Mats
and Wts (Wei et al., 2007). Phosphorylation of Wts and its association with Mats
activates Wts to phosphorylate Yki at three conserved Serine residues (S111, S168
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and S250), which promotes binding to the 14-3-3 protein that sequesters Yki in the
cytoplasm (Dong et al., 2007, Huang et al., 2005, Oh and Irvine, 2009).
When Hippo signalling is inactive, Yki is not phosphorylated and can translocate to
the nucleus, where it binds to its nuclear cofactor Mask (Mask 1/2 in mammals) and
the transcription factor Scalloped (Sd; TEAD 1-4 in mammals) to activate
transcription of target genes that promote cell proliferation and cell survival such as
cyclin E (cycE) and Drosophila inhibitor of apoptosis 1 (diap1) (Goulev et al., 2008,
Koontz et al., 2013, Huang et al., 2005, Sansores-Garcia, 2013, Sidor, 2013, Wu et
al., 2008, Zhang et al., 2008). Yki also activates expression of upstream Hippo
pathway regulators such as ex, mer and kibra (kib), which provide a negative
feedback mechanism (Hamaratoglu et al., 2006, Genevet et al., 2010) – these
upstream regulators are discussed below. Hpo and Wts are both tumour
suppressors and their mutation leads to dramatic tissue overgrowth in both
Drosophila and mammals (Dong et al., 2007, Huang et al., 2005, Song et al., 2010).
Most phenotypes caused by mutations of hpo or wts can be phenocopied by
overexpression of Yki; Yki gain of function causes massive overproliferation and
overgrowth, while loss of Yki function results in a strong undergrowth phenotype.
Loss of function of the Hippo pathway components in mice can lead to
tumourigenesis. Furthermore, YAP is often nuclear in many types of human
cancers (Barron and Kagey, 2014, Camargo et al., 2007, Dong et al., 2007,
Moroishi et al., 2015, Steinhardt et al., 2008).

1.4.2 Upstream regulators of the Hippo pathway
The core components of the Hippo pathway have been well characterised, however
the interactions and functions of the upstream components are more complex and
less well understood, particularly as more and more regulators are frequently being
identified and added to the pathway. Only the most relevant upstream regulators
for my project will be discussed herein.
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1.4.2.1 Kibra, Expanded and Merlin complex
A key upstream regulator of the Hippo pathway is the Kibra (Kib), Expanded (Ex)
and Merlin (Mer) complex, also known as the KEM complex, which comprises the
WW domain containing protein Kib (also known as WWC1 in mammals) and the
FERM family proteins Ex (similar to both FRMD6 and AMOT proteins in mammals)
and Mer (NF2 tumour suppressor in mammals) (Figure 1.7) (Baumgartner et al.,
2010, Hamaratoglu et al., 2006, Genevet et al., 2010, Yu et al., 2010). Kib, Ex and
Mer are recruited to the apical cortex independently, however they all co-localise
and can form a complex together. The KEM complex has been shown to act
genetically upstream of the other Hippo pathway components (Genevet et al., 2010,
Hamaratoglu et al., 2006, Yu et al., 2010). These proteins are crucial to activate the
pathway, as mutations in their genes result in inhibition of Hippo signalling and lead
to moderate overgrowth phenotypes (Baumgartner et al., 2010, Hamaratoglu et al.,
2006, Genevet et al., 2010, Yu et al., 2010). Interestingly, the contributions of Kib,
Ex and Mer seem to vary in Drosophila tissues; mutations in the genes show tissue
specific differences in phenotype and severity (McCartney et al., 2000, Meignin et
al., 2007, Polesello and Tapon, 2007, Yu et al., 2008, Zhao et al., 2008). In addition,
the genes also show temporal differences in their requirement between larval and
pupal stages (Milton et al., 2010). The functions of Kib, Ex and Mer are conserved
in mammals. Human homologues of the proteins have been shown to activate
Hippo signalling and restrict YAP activity in human cell lines (Angus et al., 2012,
Xiao et al., 2011, Yu et al., 2010, Zhang et al., 2010). Ex, Kib and NF2 (mammalian
Mer) have been reported to bind to each other and are thought to form a complex
similar to their Drosophila counterparts (Zhang et al., 2010).
Kib, Ex and Mer are reported to act synergistically to regulate Hippo signalling.
Double mutants for ex;mer, mer;kib or ex;kib exhibit a more severe overgrowth
phenotype, similar to hpo and wts mutants, than the phenotypes observed for ex,
mer and kib mutants alone, suggesting that the proteins may act in separate
branches to regulate Hippo signalling (Hamaratoglu et al., 2006, Maitra et al., 2006,
McCartney et al., 2000, Pellock et al., 2007, Zhang et al., 2010). Kib has been
shown to act primarily upstream of Mer, however, the synergistic effect observed in
kib and mer double mutants compared to mer mutants alone, suggests that the two
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proteins may also contribute independently to regulate the activity of Yki
(Baumgartner et al., 2010, Yu et al., 2010). Collectively, these data suggest that
although Ex, Mer and Kib form a scaffolding complex together at the apical cortex,
the proteins likely act independently to regulate activation of the Hippo pathway;
the mechanisms involved in these independent regulations remain to be explored.
Of the three proteins in the KEM complex, Kib and Ex have been shown to interact
with Hpo (Genevet et al., 2010, Yu et al., 2010). Hpo’s interaction with the
upstream regulators has been proposed to promote membrane association of the
kinase, promoting the dimerisation required for its activation (Deng et al., 2013, Jin
et al., 2012). Additionally, Ex has also been shown to bind to Yki directly and
sequester it in the cytoplasm in a phosphorylation-independent manner, thus
providing an alternative mechanism for regulation of Yki (Badouel et al., 2009, Oh
et al., 2009).
The Hippo pathway has conventionally been regarded as a linear pathway, where
the upstream regulators activate Hpo, which activates Wts, which in turn
phosphorylates Yki to inhibit its activity. However, recent work by Yin et al. (2013)
has challenged the linear model by demonstrating that Mer does not function
biochemically upstream of Hpo (Yin et al., 2013). Instead, their study has revealed
that Mer directly binds and recruits Wts to the plasma membrane, and this
translocation of Wts to the membrane is required to promote its phosphorylation
and activation by Hpo (Yin et al., 2013). Additionally, the Hpo co-factor Sav has
been implicated in targeting Hpo to the membrane and tethering Hpo and Wts to
facilitate the phosphorylation (Yin et al., 2013). The identification of Mer and Sav’s
roles in membrane-association of Wts and Hpo, respectively, has provided new
insight into the mechanism that activates the core kinase cascade, highlighting the
importance of the membrane-cytoskeleton scaffold.
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Figure 1.7 Components of the Drosophila Hippo pathway
The apical polarity determinant Crb interacts with the upstream regulator Ex to activate Hippo
signalling. Ex interacts with the other upstream regulators Kib and Mer to form what is thought
to be an apical scaffold that helps to recruit and activate downstream components of the
pathway. The KEM complex activates the Hpo kinase, which then acts with its cofactor Sav to
phosphorylate and activate the Wts kinase and its cofactor Mats. Activated Wts phosphorylates
Yki, which promotes binding to 14-3-3 proteins, sequestering Yki in the cytoplasm. When Hippo
signalling is off, Yki is no longer inhibited and can translocate to the nucleus, where it interacts
with the transcription factor Sd to activate transcription of cell proliferation and anti-apoptosis
genes.
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1.4.3 Polarity proteins and Hippo signalling
In the last few years, numerous studies have identified an important link between
polarity proteins and Hippo signalling, in particular with the apical determinant Crb.
Loss of Crb in the wing imaginal disc causes an overgrowth phenotype, indicating a
role for the protein in growth regulation. Several studies have shown that Crb can
interact with the FERM protein Ex via its FERM-binding domain, which promotes
the apical localisation of Ex (Chen et al., 2010, Ling et al., 2010, Robinson et al.,
2010). Imaginal discs mutant for crb show loss of apical Ex localisation. Notably,
wild type cells adjacent to mutant clones of crb also lose apical Ex and Crb, which
suggests that Crb may recognise cell-cell contacts that are mediated by homophilic
Crb-Crb binding (Chen et al., 2010). Overexpression of Crb drives Ex turnover at
the apical membrane by promoting Ex phosphorylation and degradation by the
Skp/Cullin/F-box (Slimb/β-TrCP) ubiquitin ligase (Ribeiro et al., 2014). Therefore,
Crb can regulate the Hippo pathway in two ways, first, by recruiting Ex apically to
initiate pathway activation and second, by promoting Ex degradation at the apical
membrane to allow precise regulation of Yki activity by the Hippo pathway.
The role of Crb in epithelial polarity is independent of its role in Hippo signalling, as
the intracellular domain of Crb contains two distinct domains – the PDZ-binding
domain and the FERM-binding domain – that allow specific functions relating to cell
polarity and Hippo regulation, respectively (Chen et al., 2010, Ling et al., 2010,
Robinson et al., 2010). Knockdown of Crb3 (mammalian Crb) leads to decrease in
YAP (mammalian Yki) phosphorylation levels, suggesting that the mechanism to
regulate the Hippo pathway via Crb might be conserved in mammals (Szymaniak et
al., 2015, Varelas et al., 2010).

1.4.4 Actin and Hippo signalling
The myriad of studies in recent years has contributed to great progress in the
Hippo field, linking the pathway to many diverse processes besides regulation of
cell proliferation and growth. Many of the Hippo pathway components are localised
apically, to the AJs or associated with the actin cytoskeleton. There is strong
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evidence that suggests this apical localisation is required to activate the pathway.
The extracellular cues that trigger cell signalling and activation of the Hippo
pathway are slowly beginning to be unravelled.
Emerging evidence indicates that the actin cytoskeleton and mechanical stress in
the tissue may provide the necessary cues for Hippo activation. In fact, in the last
five years several groups have unveiled the signalling processes that link
rearrangement of the actin cytoskeleton with Hippo signalling. Studies in
Drosophila have shown that modifying the organisation of the actin cytoskeleton in
epithelial tissues can affect growth via regulation of the Hippo pathway. In imaginal
discs, loss of Capping protein (Cp) or overexpression of an activated form of the
Formin Diaphanous (Dia) leads to an increase in apical F-actin levels and causes
strong overgrowth phenotypes (Fernandez et al., 2011, Sansores-Garcia et al.,
2011). The effects observed from changes in the actin cytoskeleton are specific as
cell polarity or other signalling pathways such as Hedgehog (Hh) and
Decapentaplegic (Dpp) signalling were not affected (Sansores-Garcia et al., 2011).
The increase of F-actin leads to inhibition of Hippo signalling and an increase in Yki
activity, inducing expression of its target genes ex and diap1 (Fernandez et al.,
2011, Sansores-Garcia et al., 2011). Conversely, apical F-actin levels are also
affected when Hippo signalling is perturbed, however the data suggests that this
occurs independently of Yki activity (Fernandez et al., 2011). The exact mechanism
by which F-actin regulates Hippo signalling remains elusive.
The interaction between F-actin and Hippo signalling is also conserved in
mammals. Studies in mammalian cells have shown that localisation (and therefore
activity) of YAP can be regulated by changes in cell morphology (Dupont et al.,
2011, Wada et al., 2011). For example, during cell spreading the change in cell
morphology leads to modification of the actin cytoskeleton and increased
production of actin stress fibres compared to compact cells, which promotes
nuclear translocation and therefore activity of YAP (Dupont et al., 2011, Wada et al.,
2011). The question of how this localisation and activity of YAP is regulated is
complicated to answer, as there have been some discrepancies about whether
YAP activity in response to these actin cytoskeleton changes is regulated through
LATS1/2 phosphorylation.
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Disruption of the actin cytoskeleton by treating sparse cells with actin inhibiting
drugs such as Cytochalasin D (CytoD) or Latrunculin (Lat), causes YAP to be
retained in the cytoplasm (Wada et al., 2011, Zhao et al., 2012). This retention has
been reported to be caused by LATS1/2 mediated phosphorylation, as expression
of a dominant negative form of LATS, which competes with the endogenous kinase,
is sufficient to block YAP retention in the cytoplasm (Wada et al., 2011). In addition,
mouse embryonic fibroblast cells expressing a form of YAP that has its LATS1/2
phosphorylation site (Serine 112) mutated to Alanine (YAP-S112A), revealed that
YAP-S112A was able to translocate into the nucleus and remain nuclear upon
treatment with actin inhibiting drugs (Wada et al., 2011). This therefore supports
the notion that YAP activity in response to the actin cytoskeleton is dependent on
LATS1/2 phosphorylation.
Contradicting this notion, another study argues that YAP activity in response to the
actin cytoskeleton is independent of LATS1/2 phosphorylation in human cell lines
(Dupont et al., 2011). Dupont et al. (2011) demonstrate that cells treated with
Latrunculin to disrupt the actin cytoskeleton do not show a significant change in
levels of YAP phosphorylation (Dupont et al., 2011). Furthermore, deletion of
endogenous YAP in human cells, followed by the expression of a TAZ construct
containing four mutated LATS1/2 target residues (4SA-mTAZ) revealed that 4SAmTAZ was still responsive to the changes in actin cytoskeleton upon Latrunculin
treatment (Dupont et al., 2011), suggesting that LATS1/2 is not required to regulate
YAP activity in response to changes in the actin cytoskeleton. Instead, the authors
showed that cytoskeletal forces generated by actin bundles, stress fibres and
tensile actomyosin structures, were required to modulate YAP/TAZ activity, as
inhibition of ROCK and non-muscle myosin – which are required to generate
cytoskeletal tension – prevented nuclear localisation of YAP (Dupont et al., 2011).
These data indicate that YAP/TAZ can directly respond to cytoskeletal forces, thus
positing a role for YAP/TAZ as tension sensors in the cell. More recently, new
mediators linking the actin cytoskeleton and YAP activity have been identified,
these include Cofilin, Gelsolin and CapZ (mammalian Cp), which are all negative
regulators of F-actin (Aragona et al., 2013).
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The relationship between actin dynamics and Hippo signalling seems to be
important for sensing mechanical forces in the tissues. Tissue surface tension has
been suggested to be a stimulus for cell proliferation and growth; the actin
cytoskeleton may therefore be involved in sensing cellular tension and translating it
into the regulation of cell proliferation and growth via the Hippo pathway. The
discovery of YAP/TAZ as potential tension sensors in mammalian cells has
provided new mechanistic insight into their roles in contact inhibition of cell
proliferation, where YAP has been shown to localise predominantly in the nucleus
in cells that are growing at low density and in the cytoplasm in cells that are
confluent (Zhao et al., 2007). Contact inhibition is a process that leads to the
proliferative arrest and differentiation of cells once the cells (in a tissue or
monolayer culture) reach high density or confluence; this behaviour is a critical
regulator of tissue growth and is often lost or misregulated in cancer (Fagotto and
Gumbiner, 1996, McClatchey and Yap, 2012, Perrais et al., 2007, Zeng and Hong,
2008). Notably, contact inhibition is also associated with phosphorylation of
YAP/TAZ, thus indicating the involvement of the Hippo pathway kinases.
Additionally, Hippo dependent contact inhibition has also been shown to be
regulated by the AJ proteins E-Cadherin (E-cad), α-Catenin and β-Catenin (Kim et
al., 2011). Therefore, it is plausible that cytoskeletal tension and canonical Hippo
signalling might work in parallel and converge on YAP to regulate contact inhibition.
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1.5 PhD Aims
Cell polarity has been shown to be important for many diverse processes, including
cell division, maintenance of tissue integrity and cell migration. While great
progress has been made to understand the determinants involved in establishment
and regulation cell polarity, in comparison very little is known about how these
machineries then act to polarise the functions of the cell. It is important to
investigate such downstream readouts of polarity in order to fully understand the
processes involved in morphogenesis.
My PhD sought to investigate how the cytoskeleton becomes polarised in response
to polarity determinants and what the functional contribution of cytoskeletal
polarisation is in particular cellular behaviours during development. A key focus of
my work was the role of the Hippo pathway, which in yeast is critical for
cytoskeletal polarisation but in metazoans has primarily been thought of as a
growth control pathway.

50

	
  

Chapter 2 Materials and Methods

Chapter 2.

Materials & Methods

2.1 Drosophila Genetics
Drosophila stocks were kept at 18°C or 25°C. All experimental crosses were
maintained at 25°C, except the temperature shift experiments that were initially
maintained at 18°C and then shifted to 29°C.
The Gal4/UAS system was used for RNAi or overexpression of genes (Brand and
Perrimon, 1993); different Gal4 lines were used to allow tissue-specific expression
of transgenes. The Actin flipout (actin.FRT.CD2.FRT.Gal4/ UAS) system was used
to generate positively marked clones (GFP+) that were expressing RNAi or
overexpression of genes (Pignoni and Zipursky, 1997). The MARCM system was
used to generate positively marked mutant clones (GFP+), and in some cases drive
UAS transgene expression in the clonal cells (Lee and Luo, 1999). The FLP/FRT
system was used to generate negatively marked mutant clones (GFP-) (Harrison
and Perrimon, 1993).

2.1.1 Generation of clones
The MARCM system was used to obtain mutant clones in border cells. 1-3 days old
adult females were heatshocked for 1 hour at 37°C, twice a day, over 3 days and
ovaries were dissected 4-6 days after heatshock.
All other follicle cell mutant clones were obtained using either the MARCM or
FLP/FRT system. 1-3 days old adult females were heatshocked for 1 hour at 37°C
and ovaries were dissected 3-5 days after heatshock.
Mutant clones in the wing imaginal discs were obtained by heatshocking larvae for
1 hour at 37°C on day 3 after egg laying. Third instar larvae were then dissected 3
days after heatshock.
Actin Flipout border cell clones for transgene expression were obtained by
heatshocking newly eclosed females for 15 minutes at 37°C, and ovaries were
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dissected 2 days after heatshock. All other Actin Flipout clones were obtained by
heatshocking newly eclosed females for 8 minutes at 37°C and ovaries were
dissected 2 days after heatshock.

2.1.2 Temperature shift experiments
Crosses were set up and maintained at 18°C until adulthood. 3-4 day old adults
were shifted to 29°C for 10 days for induction of transgene expression, the guts of
adult females were then dissected for experiments.

2.1.3 Drosophila strains and genotypes
UAS.ykiV5, UAS.ykiV5S168A, UAS.ykiV53SA were gifts from K. Irvine (Oh and
Irvine, 2009). UAS.myoV-CT-GFP and UAS.dRip11-CT-GFP were gifts from D.
Ready (Li et al., 2007).
The following RNAi lines were ordered from the Vienna Drosophila Resource
Center: Hpo IR (VDRC 104169), Wts IR (VDRC 106174), Mats (VDRC 108080),
Chic IR (VDRC 102759), α-Spec IR (VDRC 25387), Kst IR (VDRC 37074), β-Spec
IR (VDRC 42053), Patronin IR (VDRC 27654) and Dynein IR (heavy chain subunit;
VDRC 28054).
Ubi-Sav-HA was generated by M. Holder, Rab11 IR was generated by R. Brain and
UAS.cpβ, FRT42D hpo42-47,ena210, UAS.enaS187A and UAS.enaS187D lines were
generated by P. Gaspar.
Most fly strains, including the wing and eye drivers, are described and listed in
Flybase (Tweedie et al., 2009). Fly strains ordered from Bloomington Drosophila
Stock Centre were: FRT80B wtsx1, Slbo.lacZ, c306.Gal4, UAS.ena, arp66B
(arp3EP3640), UAS.shot-GFP, FRT42B shot3, UAS.patronin-GFP, UAS.katanin60,
GR1.Gal4, Ex.lacZ, FRT19A cdc423 and FRT40A lgl4.
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Kst-YFP (DGRC 115-285), trafficjam.Gal4 (DGRC 104-055) and FRT80B nuf
(DGRC 111-536) were ordered from Drosophila Genetic Resource Center, Kyoto.
Strains used from previous studies were: UAS.ex and UAS.mer (Udan et al., 2003),
FRT40A exAP50 (Hamaratoglu et al., 2006), UAS.kib, Kib IR and FRT82B kib32
(Genevet et al., 2010), UAS.sav (Wehr et al., 2013), UAS.Wts-Myc (Jia et al.,
2003), FRT42D hpo42-47 (Wu et al., 2003), DIAP1-HRE-GFP4.3 (Zhang et al., 2008),
CrbExTM-GFP (Pellikka et al., 2002), α-spece226 and β-specG113 (Huelsmeier et al.,
2007), kstd1113 (Campos et al., 2010), UAS.zyxinV5 (Rauskolb et al., 2011),
FRT40A cpβM143 (Janody et al., 2004), UAS.cpα-HA (Fernandez et al., 2011),
Nod.lacZ and Kin.lacZ (Clark et al., 1997), Upd.lacZ (Shaw et al., 2010) and
slbo.Gal4 (Rorth et al., 1998).
Genotypes in figures were as follows:
Figure 3.1 (B-E)

w

Figure 3.2 (A-C)

w

Figure 3.2 (D-F)

w; slbo.Gal4/+; UAS.kib/+

Figure 3.2 (G-I)

w; slbo.Gal4/+; UAS.ex/+

Figure 3.2 (J-L)

w; slbo.Gal4/+; UAS.mer/+

Figure 3.3 (A-C)

w;; ubi.sav-HA

Figure 3.3 (D-F)

c306.Gal4/+;; UAS.sav/+

Figure 3.3 (G-I)

c306.Gal4/+; UAS.wts-myc/+

Figure 3.3 (J-L)

w

Figure 3.4 (A,B)

yw hsflp tub.Gal4 UAS.nucGFP-myc/+;; FRT82B Gal80/
FRT82B

Figure 3.4 (C)

yw hsflp tub.Gal4 UAS.nucGFP-myc/+; FRT40A Gal80/
FRT40A exAP50

Figure 3.4 (D)

yw hsflp tub.Gal4 UAS.nucGFP-myc/+; FRT40A Gal80/
FRT40A exAP50; FRT82B Gal80/ FRT82B kibΔ32

Figure 3.5 (A,B)

yw hsflp tub.Gal4 UAS.nucGFP-myc/+;; FRT82B Gal80/
FRT82B

Figure 3.5 (C,D)

yw hsflp tub.Gal4 UAS.nucGFP-myc/+; FRT42D Gal80/
FRT42D hpo42-47
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Figure 3.5 (E,F)

yw hsflp tub.Gal4 UAS.nucGFP-myc/+;; FRT82B Gal80/
FRT82B wtsx1

Figure 3.6 (Control) yw hsflp tub.Gal4 UAS.nucGFP-myc/+;; FRT82B Gal80/
FRT82B
(wtsx1)

yw hsflp tub.Gal4 UAS.nucGFP-myc/+;; FRT82B Gal80/
FRT82B wtsx1

Figure 3.7 (A,C)

yw hsflp tub.Gal4 UAS.nucGFP-myc-/+;; FRT82B Gal80/
FRT82B

Figure 3.7 (B,D)

yw hsflp tub.Gal4 UAS.nucGFP-myc/+;; FRT82B Gal80/
FRT82B wtsx1

Figure 3.8 (A)

yw hsflp tub.Gal4 UAS.nucGFP-myc/+; slbo.lacZ/+; FRT82B
Gal80/ FRT82B

Figure 3.8 (B)

yw hsflp tub.Gal4 UAS.nucGFP-myc/+; slbo.lacZ/+; FRT82B
Gal80/ FRT82B wtsx1

Figure 3.8 (C)

yw hsflp upd.lacZ; tub.Gal4 UAS.nucGFP-myc/+; FRT82B
Gal80/ FRT82B

Figure 3.8 (D)

yw hsflp upd.lacZ; tub.Gal4 UAS.nucGFP-myc/+; FRT82B
Gal80/ FRT82B wtsx1

Figure 3.8 (E,G)

yw hsflp tub.Gal4 UAS.nucGFP-myc/+;; FRT82B Gal80/
FRT82B

Figure 3.8 (F,H)

yw hsflp tub.Gal4 UAS.nucGFP-myc/+;; FRT82B Gal80/
FRT82B wtsx1

Figure 3.9 (A-C)

yw

hsflp/+;

Actin.FRT.CD2.FRT.Gal4/+;

UAS.CD8GFP/

UAS.GFP
Figure 3.9 (D-F)

yw

hsflp/+;

Actin.FRT.CD2.FRT.Gal4/+;

UAS.yki-V5/

UAS.GFP
Figure 3.9 (G-I)

yw hsflp/+; Actin.FRT.CD2.FRT.Gal4/+; UAS.yki-V5S168A/
UAS.GFP

Figure 3.10 (A,C)

yw

hsflp/+;

Actin.FRT.CD2.FRT.Gal4/+;

UAS.CD8GFP/

UAS.GFP
Figure 3.10 (B,D)

yw hsflp/+; Actin.FRT.CD2.FRT.Gal4/+; UAS.ena/ UAS.GFP

Figure 3.11 (A-C)

c306.Gal4/+;UAS.zyx-V5/+

Figure 3.11 (D-F)

w

Figure 3.11 (G-I)

c306.Gal4/+;UAS.cpα-HA/+
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Figure 3.13 (A-C)

w; UAS.CD8GFP/+; GR1.Gal4/+

Figure 3.13 (D-F)

w; UAS.ena/+; GR1.Gal4/+

Figure 3.13 (G-I)

w; UAS.enaS187A/+; GR1.Gal4/+

Figure 3.13 (J-L)

w; UAS.enaS187D/+; GR1.Gal4/+

Figure 3.14 (A)

yw hsflp tub.Gal4 UAS.nucGFP-myc/+;; FRT42D Gal80/
FRT42D

Figure 3.15 (B)

yw hsflp tub.Gal4 UAS.nucGFP-myc/+; FRT42D Gal80/
FRT42D hpo42-47, ena210

Figure 3.16 (A,B.H) yw hsflp tub.Gal4 UAS.nucGFP-myc/+;; FRT82B Gal80/
FRT82B
Figure 3.16 (C,I)

yw hsflp tub.Gal4 UAS.nucGFP-myc/+;; FRT82B Gal80/
FRT82B wtsx1

Figure 3.16 (D)

yw hsflp tub.Gal4 UAS.nucGFP-myc/+; FRT40A Gal80/
FRT40A cpβM143

Figure 3.16 (E,F,J)

yw hsflp tub.Gal4 UAS.nucGFP-myc/+; UAS.cpβ/+; FRT82B
Gal80/ FRT82B wtsx1

Figure 4.1 (A,B)

w;; kst-YFP

Figure 4.2 (A-C)

w;; kst-YFP

Figure 4.3 (A)

w

Figure 4.3 (B,C)

yw FRT19A β-specG113/ FRT19A ubi.RFP; hsflp/+

Figure 4.4 (A)

w; myo1A.Gal4; tubGal80ts UAS.GFP /+

Figure 4.4 (B)

w; myo1A.Gal4/ UAS.kst-IR; tubGal80ts UAS.GFP/+

Figure 4.4 (C)

w; myo1A.Gal4/+; UAS.β-spec-IR/ tubGal80ts UAS.GFP

Figure 4.4 (D)

w; myo1A.Gal4/ UAS.α-spec-IR; tubGal80ts UAS.GFP/+

Figure 4.4 (E)

w; myo1A.Gal4/ UAS.yki; tubGal80ts UAS.GFP/+

Figure 4.6 (A)

w; myo1A.Gal4/+; DIAP1-HRE-GFP4.3/+

Figure 4.6 (B)

w; myo1A.Gal4/ UAS.kst-IR; DIAP1-HRE-GFP4.3/+

Figure 4.6 (C)

w; myo1A.Gal4/ UAS.α-spec-IR; DIAP1-HRE-GFP4.3/+

Figure 4.6 (D)

w; myo1A.Gal4/+; UAS.β-spec-IR/ DIAP1-HRE-GFP4.3

Figure 4.6 (E)

w; myo1A.Gal4/ UAS.yki; DIAP1-HRE-GFP4.3/+

Figure 4.7 (A)

w; myo1A.Gal4/+; UAS.kib-IR/ tubGal80ts UAS.GFP

Figure 4.7 (B)

w; myo1A.Gal4/ UAS.α-spec-IR; tubGal80ts UAS.GFP/+
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Figure 4.7 (C)

w;

myo1A.Gal4/

UAS.α-spec-IR;

UAS.kib-IR/

tubGal80ts

UAS.GFP
Figure 4.8 (B)

w; ex.lacZ

Figure 4.8 (C)

w

Figure 4.8 (D-F)

w;; kst-YFP

Figure 4.9 (A)

w; nub.Gal4/+

Figure 4.9 (B)

w; nub.Gal4 /+; UAS.CrbExTM-GFP/+

Figure 4.9 (C)

w; nub.Gal4/UAS.α-spec-IR

Figure 4.9 (D)

w; nub.Gal4/UAS.α-spec-IR; UAS.CrbExTM-GFP/+

Figure 4.9 (E)

w; nub.Gal4/UAS.kst-IR

Figure 4.9 (F)

w; nub.Gal4/UAS.kst-IR; UAS.CrbExTM-GFP/+

Figure 4.9 (G)

w; nub.Gal4/UAS.wts-IR

Figure 4.9 (H)

w; nub.Gal4/UAS.wts-IR; UAS.CrbExTM-GFP/+

Figure 5.1 (B-M)

w

Figure 5.2 (A)

yw hsflp FRT19A Gal80/ FRT19A;; tub.Gal4 UAS.GFP/+

Figure 5.2 (B)

yw

hsflp

FRT19A

Gal80/

FRT19A

cdc423;;

tub.Gal4

UAS.GFP/+
Figure 5.2 (C)

yw hsflp tub.Gal4 UAS.nucGFP-myc/+;; FRT40A Gal80/
FRT40A lgl4

Figure 5.3 (A-D)

w

Figure 5.3 (E-F)

yw

hsflp/+;

Actin.FRT.CD2.FRT.Gal4/+;

UAS.rab11-IR/

UAS.GFP
Figure 5.4 (A-C)

w

Figure 5.4 (D)

yw hsflp tub.Gal4 UAS.nucGFP-myc/+;; FRT80B Gal80/
FRT80B

Figure 5.4 (E)

yw hsflp tub.Gal4 UAS.nucGFP-myc/+;; FRT80B Gal80/
FRT80B nuf

Figure 5.4 (F)

w; UAS.CD8GFP/+; GR1.Gal4/+

Figure 5.4 (G)

w;; UAS.dynein-IR/ GR1.Gal4

Figure 5.5 (A)

w;; nod.lacZ

Figure 5.5 (B)

w;; kin.lacZ

Figure 5.5 (C,D)

w

Figure 5.5 (E)

w; UAS.CD8GFP/+; GR1.Gal4/+
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Figure 5.5 (F)

w;; UAS.katanin60/ GR1.Gal4

Figure 5.6 (A)

w;; UAS.patronin-GFP/ trafficjam.Gal4

Figure 5.6 (B)

w;; UAS.shot-GFP/ trafficjam.Gal4

Figure 5.6 (C)

w; UAS.CD8GFP/+; GR1.Gal4/+

Figure 5.6 (D)

w; UAS.patronin-IR/+; GR1.Gal4/+

Figure 5.6 (E-F)

yw hsflp tub.Gal4 UAS.nucGFP-myc/+; FRT42B Gal80/
FRT42B shot3

Figure 5.7 (A)

yw hsflp tub.Gal4 UAS.nucGFP-myc/+; FRT42B Gal80/
FRT42B

Figure 5.7 (B-D)

yw hsflp tub.Gal4 UAS.nucGFP-myc/+; FRT42B Gal80/
FRT42B shot3,UAS.patronin-IR

Figure 5.9 (A)

yw hsflp tub.Gal4 UAS.nucGFP-myc/+;; FRT80B Gal80/
FRT80B

Figure 5.9 (B)

yw hsflp tub.Gal4 UAS.nucGFP-myc/+;; FRT80B Gal80/
FRT80B α-spece226

Figure 5.9 (C-D)

yw hsflp tub.Gal4 UAS.nucGFP-myc/+;; FRT80B Gal80/
FRT80B kstd11183

Figure 5.9 (E)

yw hsflp tub.Gal4 UAS.nucGFP-myc/+;; FRT80B Gal80/
FRT80B α-spece226

Figure 5.9 (F,G)

yw hsflp/+;; FRT80B ubi.GFP/ FRT80B α-spece226

Figure 5.10 (A,D)

yw hsflp/+; FRT40A Gal80/ FRT40A; UAS.patronin-GFP/
tub.Gal4

Figure 5.10 (B,E)

yw hsflp FRT19A Gal80/ FRT19A cdc423; UAS.patroninGFP/+; tub.Gal4 /+

Figure 5.10 (C,F)

yw hsflp/+; FRT40A Gal80/ FRT40A lgl4; UAS.patronin-GFP/
tub.Gal4

Figure 5.11 (B-E)

w

Figure 5.12 (A)

w; UAS.CD8GFP/+; trafficjam.Gal4/+

Figure 5.12 (B)

w;; UAS.dRip11-CT-GFP/ trafficjam.Gal4

Figure 5.12 (C)

w;; UAS.myoV-CT-GFP/ trafficjam.Gal4

Figure 5.13 (A,C)

w; UAS.CD8GFP/+; trafficjam.Gal4/+

Figure 5.13 (B,D)

w;; UAS.myoV-CT-GFP/ trafficjam.Gal4

57

	
  

Chapter 2 Materials and Methods

Figure 7.1 (A)

yw hsflp tub.Gal4 UAS.nucGFP-myc/+; FRT40A Gal80/
FRT40A cpβM143

Figure 7.1 (B)

yw hsflp tub.Gal4 UAS.nucGFP-myc/+;; FRT82B Gal80/
FRT82B wtsx1

Figure 7.1 (C)

yw hsflp tub.Gal4 UAS.nucGFP-myc/+; FRT42D Gal80/
FRT42D hpo42-47

Figure 7.2 (A-C,L)

yw

hsflp/+;

Actin.FRT.CD2.FRT.Gal4/+;

UAS.CD8GFP/

UAS.GFP
Figure 7.2 (D-F)

yw

hsflp/+;

Actin.FRT.CD2.FRT.Gal4/+;

UAS.dia-IR/

UAS.GFP
Figure 7.2 (G-I)

yw hsflp tub.Gal4 UAS.nucGFP-myc/+;; FRT80B Gal80/
FRT80B arp66B

Figure 7.2 (J,K,M)

yw

hsflp/+;

Actin.FRT.CD2.FRT.Gal4/+;

UAS.chic-IR/

UAS.GFP
Figure 7.3 (A)

w; myo1A.Gal4/+; UAS.kib-IR/ tubGal80ts UAS.GFP

Figure 7.3 (B)

w; myo1A.Gal4/ UAS.kst-IR; tubGal80ts UAS.GFP/+

Figure 7.3 (C)

w; myo1A.Gal4/ UAS.kst-IR; UAS.kib-IR/ tubGal80ts UAS.GFP

Figure 7.4 (A)

yw

hsflp/+;

Actin.FRT.CD2.FRT.Gal4/+;

UAS.rab11-IR/

UAS.GFP
Figure 7.4 (B)

yw hsflp tub.Gal4 UAS.nucGFP-myc/+;; FRT80B Gal80/
FRT80B

Figure 7.4 (C)

yw hsflp tub.Gal4 UAS.nucGFP-myc/+;; FRT80B Gal80/
FRT80B nuf

Figure 7.4 (D)

w; UAS.CD8GFP/+; GR1.Gal4/+

Figure 7.4 (E)

w;; UAS.dynein-IR/ GR1.Gal4

Figure 7.5 (A,B)

yw hsflp tub.Gal4 UAS.nucGFP-myc/+; FRT42B Gal80/
FRT42B shot3

Genotypes in movies:
Movie M1

w; sqh-mCherry; sqh-GFP-Utrophin ABD

Movie M2

(Control) yw hsflp tub.Gal4 UAS.nucGFP-myc/+;; FRT82B Gal80/
FRT82B
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(wts) yw hsflp tub.Gal4 UAS.nucGFP-myc/+;; FRT82B Gal80/
FRT82B wtsx1
(Control) c306.gal4/c306.gal4; UAS.CD8GFP/+
(mats-IR) c306.gal4/c306.gal4; UAS.mats-IR/+
Movie M3

(Control) yw hsflp tub.Gal4 UAS.nucGFP-myc/+;; FRT82B Gal80/
FRT82B and
(wts) yw hsflp tub.Gal4 UAS.nucGFP-myc/+;; FRT82B Gal80/
FRT82B wtsx1
(Control) c306.gal4/c306.gal4; UAS.CD8GFP/+
(mats-IR) c306.gal4/c306.gal4; UAS.mats-IR/+

Movie M4

(Control) yw hsflp tub.Gal4 UAS.nucGFP-myc/+;; FRT82B Gal80/
FRT82B and
(wts) yw hsflp tub.Gal4 UAS.nucGFP-myc/+;; FRT82B Gal80/
FRT82B wtsx1
(Control) c306.gal4/c306.gal4; UAS.CD8GFP/+
(mats-IR) c306.gal4/c306.gal4; UAS.mats-IR/+

Movie M5

(Control) yw hsflp/+; Actin.FRT.CD2.FRT.Gal4/+; UAS.CD8GFP/
UAS.GFP
(UAS.ena)

yw

hsflp/+;

Actin.FRT.CD2.FRT.Gal4/+;

UAS.ena/

UAS.GFP
Movie M6

(Control) yw hsflp tub.Gal4 UAS.nucGFP-myc/+; FRT40A Gal80/
FRT40A
(cpβ) yw hsflp tub.Gal4 UAS.nucGFP-myc/+; FRT40A Gal80/
FRT40A cpβM143

Movie M7

(Control) yw hsflp tub.Gal4 UAS.nucGFP-myc/+;; FRT82B Gal80/
FRT82B
(wts) yw hsflp tub.Gal4 UAS.nucGFP-myc/+;; FRT82B Gal80/
FRT82B wtsx1
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(cpβ;wts)

yw

hsflp

tub.Gal4

FRT82B Gal80/ FRT82B wtsx1
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2.2 Histology
2.2.1 Immunostaining of Drosophila tissues
Wing imaginal discs
Wing imaginal discs were dissected from third instar larvae and processed as
follows:
1.

Dissect wing discs in cold PBS, removing most of the fat body and larval gut
tissue.

2.

Fix for 30 minutes in PBS containing 4% paraformaldehyde (PFA).

3.

Rinse 1x in PBT then wash and permeabilise 2x 10 minutes in PBT.

4.

Block 45 minutes in BBT.

5.

Incubate in BBT and primary antibody for 2 hours at room temperature or
overnight at 4°C.

6.

Wash 4x 30 minutes in BBT.

7.

Incubate in BBT and secondary antibody for 2 hours at room temperature.

8.

Wash 4x 15 minutes in PBT; in the first wash add 1µg/ml DAPI (Molecular
Probes) to stain DNA.

9.

Remove PBT and mount in Fluoromount-G (Southern Biotechnology) with
plasticine in the corners of the coverslip to avoid squashing the discs.

Ovaries
Ovaries were dissected from adult females that were put on wet yeast overnight
with some males. Samples were processed as follows:
1.

Dissect ovaries in cold PBS and gently open ovaries to allow infiltration of
solutions.

2.

Fix for 20 minutes in PBS containing 4% PFA.

3.

Rinse 1x in PBT then wash and permeabilise 2x 15 minutes in PBT.

4.

Block 30 minutes in PTN.

5.

Incubate in PTN and primary antibody for 2 hours at room temperature or
overnight at 4°C.

6.

Wash 4x 30 minutes in BBT.
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7.

Incubate in PTN and secondary antibody for 2 hours at room temperature.
Add 1µg/ml DAPI (Molecular Probes) to stain DNA, and (1:200) PhalloidinTRITC (Sigma) to stain F-actin, if necessary.

8.

Wash 4x 30 minutes in PBT.

9.

Remove PBT and add 2 drops of Vectashield. Mount in Vectashield.

Adult gut
Guts were dissected from adult females and processed as follows:
1.

Dissect guts in cold PBS, taking care not to stretch the tissue. Remove
Malpighian tubules from the gut to prevent tangling.

2.

Fix for 30 minutes in 0.5x PBS containing 4% PFA.

3.

Wash 4x 5 minutes in PBT

3.

Permeabilise samples for 30 minutes in 0.3% PBT.

4.

Block 45 minutes in PBT containing 10% Normal Goat Serum (NGS).

5.

Incubate in PTN and primary antibody overnight at 4°C.

6.

Wash 4x 5 minutes in PBT.

6.

Block 45 minutes in PBT containing 10% NGS.

7.

Incubate in PTN and secondary antibody for 3-4 hours at room temperature.

7.

Wash 1x 5minutes in PBT containing 1µg/ml DAPI (Molecular Probes) to
stain DNA.

8.

Wash 4x 5 minutes in PBT, then rinse 1x in PBS.

9.

Remove PBS and add 2 drops of Vectashield. Mount in Vectashield with
plasticine in the corners of the coverslip to avoid squashing the guts.

Solutions
•

PBS (Phosphate Buffered Saline): NaCL 8g/L, KCl 0.25g/L, Na2HPO4 1.43g/L,
KH2HPO4 0.25g/L in distilled water (dilute in distilled water to make 0.5x PBS for
use on gut samples)

•

PBT: PBS + 0.1% Triton X-100 (modify percentage of Triton X-100 to 0.3% for
use on gut samples)

•

BBT: PBT + 0.2% Bovine Serum Albumin (Sigma)

•

PTN: PBT + 5% Normal Goat Serum (NGS)
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Samples were imaged either on a Leica SP5 confocal or a Zeiss LSM710 confocal
microscope and images were processed using Adobe Photoshop software.

2.2.2 Wing mounting
Samples were prepared and imaged by G. Fletcher. Flies were placed in 100%
ethanol overnight. Wings were dissected from the body in 70% ethanol, rinsed in
distilled water and mounted on a slide in a drop of Hoyer’s solution (Gum Arabic
(acacia) – 30g, Glycerol – 16ml, Chloral hydrate – 200g, distilled water – 50ml).
Samples were imaged on an ‘Axioplan 2 imaging’ Zeiss upright microscope and
images were processed using Adobe Photoshop software.

2.2.3 Transmission electron microscopy of Drosophila egg chambers
Samples were processed (steps 3-8) and imaged by A. Weston from the London
Research Institute Electron Microscopy Unit.
Day 1
1.

Dissect ovaries from wild type flies down to individual egg chambers in live
imaging dissecting media (see section 2.4). Separate egg chambers
according to the relevant stages (stages 6/7, 8, 9 and 10) and put in
eppendorfs containing fixative (see below).

2.

Fix in 0.1M phosphate buffer (pH 7.4) containing 2.5% glutaraldehyde and
4% PFA for 2 hours at room temperature.

3.

Wash 5x 3 minutes in cold 0.1M phosphate buffer (pH 7.4).

4.

Incubate samples in 3% Potassium ferrocyanide/ 0.2 M phosphate buffer/
4mM Calcium Chloride and 4% aqueous Osmium tetroxide for 60 minutes
on ice.

5.

Wash 5x 3 minutes in distilled water.

6.

Incubate in filtered thiocarbohydrazide solution for 20 minutes at room
temperature.

7.

Wash 5x 3 minutes in distilled water.

63

	
  

Chapter 2 Materials and Methods

8.

Incubate in 2% Osmium tetroxide in distilled water for 30 minutes at room
temperature.

9.

Wash 5x 3 minutes in distilled water.

10.

Incubate in 1% Uranyl acetate (aqueous) overnight at 4°C.

Day 2
11.

Wash 5x 3 minutes in distilled water.

12.

Incubate in Lead aspartate solution (0.066 g Lead nitrate in 10ml of 0.03M
Aspartic acid, pH 5.5) for 30 minutes at 60°C.

13.

Wash 5x 3 minutes in distilled water.

14.

Dehydrate using cold stock solutions of 20%, 50%, 70%, 90%, 100%, and
100% ethanol (anhydrous) for 5 minutes each, then place in cold 100%
ethanol (anhydrous) and leave at room temperature for 10 minutes.

15.

Incubate in Propylene oxide for 10 minutes at room temperature.

16.

Incubate in 25% Durcupan:PO for 2 hours

17.

Incubate in 50% Durcupan:PO for 2 hours

18.

Incubate in 75% Durcupan:PO for 2 hours.

19.

Incubate in 100% Durcupan overnight.

Day 3
20.

Change to fresh 100% Durcupan and incubate for 2 hours.

21.

Change to fresh 100% Durcupan and place in 60°C oven for 48-72 hours.

22.

Cut samples into 70nm ultrathin sections using a UCT ultramicrotome (Leica
Microsystems) and collect on formvar coated slot grids.

Images were acquired using a 120kV Tecnai G2 Spirit Biotwin transmission
electron microscope (FEI Company) with an SC1000 Orius CCD camera (Gatan
Inc).

2.3 Inhibitor treatments
Colchicine treatment
Wild type egg chambers were cultured in live imaging media (see section 2.4)
containing 0.2mg/ml of Colchicine or DMSO for control for 1 hour at room
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temperature. After treatment, samples were fixed and processed normally for
imaging.
Cytochalasin D treatment
Wild type egg chambers were cultured in live imaging media (see section 2.4)
containing 0.05mM Cytochalasin D or DMSO for control for 1 hour at room
temperature. After treatment, samples were fixed and processed normally for
imaging.

2.4 Live imaging
Live imaging of ex vivo egg chambers was performed as described in Prasad et al.,
2007. Ovaries were dissected in GIBCO Schneider’s Drosophila media with insulin
and Fetal Calf Serum (FCS). Individual egg chambers were carefully removed and
transferred to Poly-D-Lysine coated imaging chambers containing Schneider’s
Media (Invitrogen), Insulin (Sigma), heat-inactivated Fetal Calf Serum (GE
Healthcare), Trehalose (Sigma), Adenosine Deaminase (Roche), Methoprene
(Sigma) and Ecdysone (Sigma) (Prasad et al., 2007). Movies were acquired on a
Zeiss LSM780 inverted confocal microscope using a 40x water immersion
objectives, ~15 sections were taken 1.6µm apart with a 3 minute interval period
between stacks. 3-5 egg chambers were simultaneously imaged using multiposition imaging. Sections covering the migrating cluster were projected for each
time point using the Zeiss LSM software and movies were processed into a
montage using the Metamorph software.
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2.5 Quantification and image analysis
Border cell migration quantification
Migration of the border cell clusters was quantified by scoring the position of the
cluster in relation to the anterior end of the egg chamber and the oocyte at stage 10
of oogenesis. Indicated ‘n’ number of clusters were scored under four categories:
0-25%, 26-50%, 51-75% and 76-100%, where 0-25% represents proximity to
anterior end and therefore no migration or severe migration delay, and 76-100%
represents proximity to oocyte and therefore normal migration. The percentage was
calculated for each category per genotype.
Cell tracking
Using the cell-tracking feature of the Metamorph software, the movement of an
individual cell was tracked frame by frame to generate the migration path shown.
Cell tracking was performed for the control, wtsx1 and UAS.cpβ;wtsx1 movies for
comparison.
PH3 and Diap1-HRE-GFP4.3 quantification
PH3 or Diap1-HRE-GFP4.3-positive cells were counted by hand in each image.
Quantification of YAP localisation
YAP localisation was scored under three categories: N = where YAP is exclusively
Nuclear; N/C = where the protein is both Nuclear and Cytoplasmic and C = where
the protein is exclusively Cytoplasmic. Cells were quantified over three
independent experiments, each time counting 350–500 cells per control and siRNA
treated condition. The percentage was calculated for each category per condition
and presented as a colour coded graph.
Intensity profile
Using the Leica SP5 software, lines were manually drawn (as shown) and line
intensity profiles were calculated for different fluorescent channels. Intensities
along lines in different regions were compared.
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2.6 Cell culture
2.6.1 Human cell culture
Mammalian cell culture experiments were performed by A. Elbediwy.
Cell maintenance
Human Caco-2 adenocarcinoma colon cells were grown in Dubeccos Modified
Eagles Medium (DMEM) (Gibco: 41966) containing L-glutamine and Sodium
pyruvate supplemented with 10% heat-inactivated Fetal Calf Serum and 100μg/ml
Streptomycin and 100μg/ml Penicillin. Cells were maintained at 37°C with 5% CO2.
siRNA transfection
All siRNA transfections were performed with either interferin transfection reagent
(Polyplus) or Lipofectamine RNAiMax transfection reagent (Invitrogen) using
antibiotic-free media.
1.

Plate cells in 6-well plates (initially seeding 5.0 x 105 cells).

2.

Two hours after seeding, treat samples with siRNA/transfection mix
overnight. Use a final concentration of 100nM siRNA.

3.

Next day, change media and perform another round of siRNA transfection in
the morning.

4.

Trypsinise cells and reseed on 10mm coverslips coated with 20µg/ml
Fibronectin (Invitrogen) in a 48-well plate.

For YAP cell density experiments, cells were reseeded at either low or high density.
Cells were left for a total of 72 hours before being fixed for immunostaining or lysed
for Western blot analysis (see section 2.8). The siRNA oligonucleotides used for
knockdown of SPTAN1 and SPTBN1 were in the form of a siGENOME SMARTpool,
comprising 4 individual oligonucleotides pooled together (Thermo scientific).
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Immunostaining
Cells were fixed and processed as follows:
1.

Wash samples twice with PBS and fix in PBS containing 4% PFA for 15
minutes.

2.

Permeabilise with 0.1% Triton X-100 in blocking buffer (PBS containing
0.5% BSA, 10 mM Glycine, and 0.1% Sodium azide) for 15 minutes.

3.

Wash and incubate in blocking buffer for 1 hour before staining.

4.

Incubate in blocking buffer and primary antibody overnight at 4°C.

5.

Wash 2x in blocking buffer.

6.

Incubate in blocking buffer and secondary antibody for 2 hours at room
temperature with 1µg/ml DAPI (Molecular Probes) to stain DNA.

7.

Wash 3x in blocking buffer.

8.

Mount coverslips using prolong anti-fade reagent (Invitrogen).

Samples were imaged on a Zeiss LSM710 confocal microscope and images were
processed using Adobe Photoshop software.
Immunoblotting
4x NuPage LDS sample buffer (diluted to 2x; Invitrogen) and 10x NuPage reducing
agent (diluted to 1x; Invitrogen) were added to samples. Samples were then boiled
for 10 minutes at 95°C. Samples were then homogenised with a syringe needle.
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2.7 Co-immunoprecipitation
Extracts from Drosophila embryos were used for the co-immunoprecipitation
experiments.
Drosophila Kst-YFP embryos, Wiso embryos or embryos expressing UAS.patroninGFP or UAS.shot-GFP were collected over 24 hours at 22°C. Embryo samples
were lysed in buffer containing 10 mM Tris pH 7.5, 150 mM NaCl, 0.5% NP-40 and
0.5 mM EDTA, plus Complete protease inhibitor cocktail (Roche): 1 tablet per 50ml
of buffer, phosphatase inhibitor cocktail 2 (Sigma): 10µl/ml of buffer, phosphatase
inhibitor cocktail 3 (Sigma): 10µl/ml of buffer, 0.1M NaF (Sigma) and 1mM PMSF.
1ml of supplemented lysis buffer was used per 500µl of embryos. Samples were
homogenised and left on ice to lyse for 30 minutes. After lysis, samples were
centrifuged at 14,000rpm for 30 minutes at 4°C and the supernatants were
collected. 100µl of supernatant was aliquoted from each sample to use for inputs.
Immunoprecipitation
Immunoprecipitation (IP) experiments were performed in the cold room (4°C).
Before IP, samples were pre-cleared with BMP20 beads to remove non-specific
binding and then processed using magnetic GFP Trap-M beads (Chromotek) as
follows:
1.

Wash 45µl of beads 4x in supplemented lysis buffer (500µl per wash) prior
to IP. Use magnet to trap GFP beads in between washes.

2.

Add the remainder of the supernatant to beads.

3.

Incubate for 2 hours on a rotating wheel at 4°C.

4.

Wash 6x 2 minutes on a rotating wheel in 500µl of washing buffer. Either
centrifuge beads (for Flag beads) for 1 minute at 2000rpm or use magnet to
trap beads (for GFP beads) in between washes.

5.

After washes, prepare samples for Western blot analysis by adding 4x
NuPage LDS sample buffer (diluted to 2x; Invitrogen) and 10x NuPage
reducing agent (diluted to 1x; Invitrogen), followed by boiling the samples for
10 minutes at 95°C. Alternatively, only add the sample buffer and store the
samples at -20°C, adding the reducing agent prior to Western blot analysis.
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2.8 Western blot analysis
Samples pre-treated in sample buffer and reducing agent were resolved on a
NuPage 4-12% Bis-Tris precast polyacrylamide gradient gel (Invitrogen) and
transferred to a nitro-cellulose membrane (GE healthcare) using a wet transfer tank
(Biorad). Transfer was performed at 100V, 400mA for 3 hours at 4°C. Protein sizes
were marked using the Rainbow molecular weight marker (Amersham).
Membranes were then processed as follows:
1.

Incubate membrane for 1 hour in blocking solution.

2.

Incubate in block solution with primary antibody for 2 hours at room
temperature or overnight at 4°C.

3.

Rinse 3x with TBST, then wash 3x 5 minutes in TBST.

4.

Incubate in blocking solution with secondary antibodies for 2 hours at room
temperature.

5.

Rinse 3x with TBST, then wash 3x 5 minutes in TBST.

6.

Wash 3x 5 minutes in TBS.

7.

Develop

membranes

using

ECL

reagent

(Pierce)

according

to

manufacturer’s instructions.
Where required, membranes were stripped for 15 minutes using 10x Re-blot Plus
Mild (dilute to 1x; Millipore), washed with TBS for 5 minutes, then incubated with
5% milk for 20 minutes before being probed again.
Solutions
•

TBS (Tris-buffered saline): NaCl 8g, KCl 0.2g, Tris base 3g, in 800ml distilled
water – adjust pH to 8.0 with 1M HCl and volume to 1000ml

•

TBST: TBS + 0.1% Tween

•

Blocking solution: TBST + 5% dried milk powder
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2.9 Antibodies
For Drosophila immunostainings:
Mouse anti-α-Spectrin (3A9, DSHB) 1:10
Mouse anti-α-Tubulin (Sigma) 1:1000
Rabbit anti-aPKC (C20, Santa Cruz) 1:250
Mouse anti-Armadillo (N27A1, DSHB) 1:500
Mouse anti-βgal (Promega) 1:500
Rabbit anti-β-gal (Cappel) 1:200
Rabbit anti-β-Spectrin (gift from R. Dubreuil) 1:100
Rabbit anti-βH-Spectrin (gift from G. Thomas) 1:300
Guinea pig anti-Cad99C (gift from D. Godt) 1:3000
Rabbit anti-Cad99C (gift from C. Dahmann) 1:10,000
Mouse anti-Crumbs (CQ4, DSHB) 1:10
Mouse anti-Dlg (4F3, DSHB) 1:250
Rabbit anti-Expanded (gift from A. Laughon) 1:200
Rat anti-HA (Roche) 1:100
Rabbit anti-Kibra (Genevet et al., 2010) 1:200
Rabbit anti-Patronin (gift from R. Vale) 1:500
Rabbit anti-phospho-Histone-H3 (Millipore) 1:1000
Rabbit anti-phospho-Myosin (Cell Signalling) 1:50
Rabbit anti-Nuf (gift from S. Hayashi) 1:500
Rabbit anti-Rab11 (Tanaka and Nakamura, 2008) 1:7000
Guinea pig anti-Shot (gift from K. Roper) 1:1000
Mouse anti-V5 (Abcam) 1:100
For Human cells immunostainings:
Mouse anti-SPTAN1 (Santa Cruz) 1:100
Rabbit anti-SPTAN1 (CST) 1:200
Rabbit anti-YAP (Santa Cruz) 1:200
Secondary antibodies (Alexa-fluor) were all from Molecular Probes, Invitrogen
(1:500).
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For Western blotting
Mouse anti-α-Spectrin (3A9, DSHB) 1:1000
Mouse anti-α-Tubulin (Sigma) 1:1000
Rabbit anti-βH-Spectrin (gift from G. Thomas) 1:1000
Mouse anti-GFP (Roche) 1:1000
Rabbit anti-LATS1 (CST) 1:500
Rabbit anti-Patronin (gift from R. Vale) 1:3000
Rabbit anti-phospho-LATS1 (CST) 1:500
Rabbit anti-phospho-YAP (CST) 1:1000
Guinea pig anti-Shot (gift from K. Roper) 1:2000
Mouse anti-SPTAN1 (Santa Cruz) 1:300
Rabbit anti-SPTAN1 (CST) 1:500
Mouse anti-SPTBN1 (Santa Cruz) 1:500
Rabbit anti-YAP (Santa Cruz) 1:1000
Secondary

antibodies

(peroxidase

conjugated) were

either from

Jackson

immunoresearch or from Invitrogen (1:10,000).

2.10 In vitro kinase assay
In vitro kinase assays were performed using short peptides of potential substrates
that contained the kinase consensus sequence and putative phosphorylation sites.
Yki was used as a positive control for LATS1 kinase.
Kinase assays were performed as follows:
1.

Make substrate solution by diluting HPLC purified peptides in deionised
water (1mg/ml, can be stored at -20°C).

2.

Add 350ng of LATS1 recombinant protein (Signal Chem) diluted in kinase
dilution buffer III (Signal Chem) to the substrate solution (8µg of peptide in
total).

3.

Add 10µM cold ATP and 3µCi of [γ-P32] ATP (Perkin Elmer) to each sample,
and incubate for 30 minutes at 30°C.
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4.

Pipette solution onto squares of P81 phosphocellulose paper (Millipore) and
air dry for 2 seconds.

5.

Wash squares 3x 10 minutes in 1% phosphoric acid, then 1x in acetone.

7.

When dry, transfer squares to scintillation vials for counting by liquid
scintillation (Beckman LS 6500).

The following peptides were generated by the London Research Institute Peptide
Synthesis lab:
Yki S168

HSRLAIHHSRARSSPASLQQNY (molecular weight 2516.8 Da)

Yki S168A

HSRLAIHHSRARASPASLQQNY (molecular weight 2500.8 Da)

Ena S187

SPPTPQGHHRTSSAPPAPQPQQQ (molecular weight 2431.6 Da)

Ena S187A

SPPTPQGHHRTSAAPPAPQPQQQ (molecular weight 2415.6 Da)
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Chapter 3.

Results I

The Hippo pathway is required for collective cell
migration of Drosophila border cells
Drosophila border cell migration is an excellent model to study collective migration
of cells in vivo. Border cells are derived from the follicular cell epithelium and are
required for the formation of the micropyle, which facilitates sperm entry for
fertilisation (Beccari et al., 2002). At the anterior pole of the egg chamber, a pair of
polar cells specifies a group of 4-8 neighbouring follicle cells to become the border
cell cluster by secreting the Unpaired (Upd) ligand during stage 8 of oogenesis
(Figure 3.1A). This activates JAK/STAT signalling in neighbouring cells, which is
important for inducing the switch to border cell fate (Beccari et al., 2002). At stage 9
of oogenesis, the cluster undergoes partial epithelial-to-mesenchymal transition
and delaminates from the epithelium (Figure 3.1B). The cluster then invades the
underlying germ-line and extends actin-based protrusions at the front and back to
migrate across the egg chamber, between the nurse cells, reaching the oocyte at
the posterior pole by stage 10 of oogenesis (Figure 3.1 C,D).
In recent years, numerous studies have revealed key mechanisms that co-ordinate
the process of border cell migration, including how the cells become specified,
begin their invasive movement, detach, maintain adhesion and organise their
polarity (Abdelilah-Seyfried et al., 2003, Beccari et al., 2002, Borghese et al., 2006,
Fulga and Rorth, 2002, Jang et al., 2009, McDonald et al., 2008, Niewiadomska et
al., 1999, Pinheiro and Montell, 2004, Silver and Montell, 2001). While these
important discoveries have aided our understanding of collective cell migration, the
regulation of the actin cytoskeleton during this process is not yet well understood.
Although the actin cytoskeleton is known to be essential for cell migration and is
highly polarised in migrating border cell clusters (Figure 3.1 B-E), how the dynamic
organisation of the actomyosin cytoskeleton is controlled in border cells to drive
locomotion is unclear. In this chapter, I will present my findings on the role of the
Hippo pathway in polarising the border cell cytoskeleton to organise cluster
architecture and promote migration (Lucas et al., 2013). This work was done in
collaboration with Eliana Lucas, who made the initial observations linking the Hippo
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pathway to border cell migration and characterised the Hippo pathway mutants.
The main aims of my project were to analyse the migration of mutants through live
imaging and to dissect the mechanism through which the Hippo pathway regulates
polarisation of the actin cytoskeleton.

Follicle cells
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Nurse cells

Border cell cluster Oocyte

A
Germanium Stage 7

Stage 9

B

Stage 10

Early St. 9

F-actin DAPI

B’

Early St. 9

F-actin DAPI

C

Mid St. 9

C’

Mid St. 9

F-actin DAPI

F-actin DAPI
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St. 10
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St. 10

F-actin DAPI
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Protrusions

Figure 3.1 The actin cytoskeleton is polarised during border cell migration in
Drosophila egg chambers
(A) Schematic diagram of a Drosophila ovariole showing egg chambers during different stages
of oogenesis. A: anterior, P: posterior. (B-D’) Border cell migration in wild type egg chambers.
During stage 9 of oogenesis, the cluster detaches from the anterior follicle cell epithelium (B)
and migrates through the egg chamber (C) to reach the oocyte by stage 10 (D). (B’,C’,D’) High
magnification views of border cell clusters at the indicated stages. (E,F) Migrating clusters
exhibit a polarised actin cytoskeleton with F-actin accumulating to the outer rim of the cluster. Factin marked with Phalloidin and nuclei marked with DAPI. Scale bars: (B-D) 50µm; (B’-D’) 5µm.
Experiments performed by E. Lucas.
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3.1 Polarity determinants and upstream components of the
Hippo pathway are polarised in Drosophila border cell
clusters
An intriguing feature of the border cells is that they retain their epithelial polarity,
despite being a ‘freely’ migrating group where the cells are highly dynamic and able
to exchange positions within the cluster (Pinheiro and Montell, 2004). The polarity
determinants are necessary for collective migration, as they promote cohesion
between border cells and polarisation of the actin cytoskeleton. Loss of polarity
determinants results in migration defects and cluster disintegration (Pinheiro and
Montell, 2004, McDonald et al., 2008). Before detachment, border cells have the
same apico-basal polarity as follicle cells, where the apical membrane faces
towards the inside of the egg chamber. After detachment, the cells in the cluster
rearrange so that polarity determinants such as Par-3, Par-6 and aPKC localise to
the apico-lateral membranes, where border cells form contacts with each other
(Niewiadomska et al., 1999, Pinheiro and Montell, 2004). These determinants
remain asymmetrically distributed throughout migration, and are not localised to
regions of the cell where the membrane is actively forming protrusions, namely on
the outer rim of the cluster.
Since polarity determinants are required for proper border cell migration, we began
by examining the apical determinant aPKC in relation to the actin cytoskeleton
(Figure 3.2 A-C). Our observations suggested that the border cell clusters exhibited
apico-basal polarity, with the ‘apical’ domain being the membranes inside the
cluster where border cell membranes contact each other. Interestingly, the actin
cytoskeleton of a migrating cluster exhibited the opposite localisation to the polarity
determinants, with the outer rim of the cluster displaying strong accumulation of Factin compared to the inside membranes (Figure 3.1 B-H). I also confirmed this by
live imaging of migrating border cell clusters expressing utrophin-GFP, which binds
to F-actin via its Calponin Homology domain and labels the actin cytoskeleton
without affecting its dynamics (Burkel et al., 2007, Rauzi et al., 2010). Live imaging
showed that the actin filaments were more concentrated and dynamic around the
outer rim of the cluster (Movie M1). The fact that the polarity determinants and the
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actin cytoskeleton were polarised oppositely in border cells led us to investigate
whether there was a link between the two that could possibly explain the
establishment of an ‘inside-outside’ polarity that we observed in the cluster.
We examined proteins that could act as potential effectors of apical polarity
determinants to regulate F-actin. Upstream components of the Hippo pathway were
excellent candidates for this role, for two reasons. Firstly, recent work has shown
that Hippo signalling can be regulated by the cell polarity determinants Crumbs
(Crb) and aPKC (Chen et al., 2010, Grzeschik et al., 2010, Ling et al., 2010).
Secondly, the Hippo pathway has been reported to influence the level of F-actin in
epithelial cells, where activation of the pathway prevents accumulation of F-actin at
apical sites (Fernandez et al., 2011, Sansores-Garcia et al., 2011). Despite these
advances, the mechanisms by which the Hippo pathway can respond to cell
polarity or regulate F-actin are still unknown. Therefore, we decided to examine the
role of the Hippo pathway in border cell migration.
Analysis of the key upstream components of the Hippo pathway Kibra (Kib),
Expanded (Ex) and Merlin (Mer) in border cell clusters revealed that the three
proteins all localised with aPKC to the inside ‘apical’ membranes, at sites of border
cell-border cell contact (Figure 3.2 D-L). I examined the localisation of other Hippo
pathway components in border cell clusters, which included the core kinases Hippo
(Hpo) and Warts (Wts), and the Hpo cofactor Salvador (Sav), either by staining for
the endogenous protein or by expressing tagged UAS transgenes under the control
of the border cell specific driver c306.Gal4. I found that the bulk of these proteins
are not localised specifically to any region of the cell (Figure 3.3 A-L). However,
these proteins are well known to be active only in the presence of the upstream
components, with which they physically interact (Baumgartner et al., 2010, Genevet
et al., 2010, Hamaratoglu et al., 2006, Yu et al., 2010); thus, Hpo and Wts are likely
to be most highly active at the ‘apical’ inner membranes of the border cell cluster.
Our results suggested that Hippo pathway components were ideally positioned to
act as effectors of cell polarity determinants to polarise the actin cytoskeleton in
migrating border cell clusters.
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Figure 3.2 Polarisation of apical determinants and upstream Hippo pathway
components during border cell migration
Localisation of aPKC (A-C), Kib (D-F), Ex (G-I) and Mer (J-L) during different stages of border
cell migration in wild type egg chambers. The proteins all localise to sites of border cell-border
cell contact in migrating clusters (mid st. 9, middle row). (M-O) Schematic diagram of apicalbasal polarity in border cell clusters: apical polarity determinants and upstream Hippo pathway
components – the active forms of Hpo and Wts kinase are thought to be localised apically –
marked in green, F-actin marked in red. Nuclei marked with DAPI. Scale bar: 5µm. Experiments
performed by E. Lucas.
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Figure 3.3 Localisation of the core Hippo pathway kinases Wts, Hpo and the Hpo
cofactor Sav
Localisation of Sav (A-F), Wts (G-I) and Hpo (J-L) during different stages of border cell
migration. The proteins all localise in the cytoplasm. UAS transgenes driven by c306.Gal4. (AC) stained for HA, (G-I) stained for Myc. Nuclei marked with DAPI. Scale bar: 5µm.
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3.2 The Hippo pathway is required to polarise the actin
cytoskeleton of border cell clusters to promote migration
3.2.1 Hippo pathway mutants cause border cell migration delay
To test the requirement of Hippo signalling in border cells, we analysed mutants of
the pathway in Drosophila egg chambers using the MARCM technique. In a wild
type context, border cell clusters normally reach the oocyte by stage 10 of
oogenesis (Figure 3.4 A), while mutants for the upstream components kib and ex
revealed border cell migration delay (Figure 3.4 A-C,E). In imaginal disc epithelia,
Kib, Ex and Mer are partially redundant, as they each display weaker loss-offunction phenotypes than hpo or wts mutants, while ex, kib or ex, mer double
mutants cause very strong phenotypes (Baumgartner et al., 2010, Genevet et al.,
2010, Hamaratoglu et al., 2006). We found the same was true in border cells;
double mutants for exAP50 and kib32 displayed a more severe phenotype than
individually, with almost all of the double mutant clusters failing to initiate migration
(Figure 3.4 D,E). Additionally, we found that mutants of the core kinases hpo42-47
and wtsx1 exhibited a stronger migration delay than individual upstream
components of the pathway; 60% of hpo42-47 and wtsx1 mutant clusters failed to
reach the oocyte by stage 10 compared to the control (Figure 3.5 A-G). During the
clonal analysis, we found that it was important to make full-cluster clones for hpo4247

and wtsx1 mutants when examining for border cell migration defects, as mixed

clones (mutant and wild type cells) did not exhibit a phenotype since the wild type
cells were sufficient to rescue the migration completely (data not shown). Our
results indicate that the upstream components and the core kinases of the Hippo
pathway are essential for border cell migration.
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Figure 3.4 Upstream components of the Hippo pathway are required for border
cell migration
AP50

(A,B) Border cell migration in control egg chambers at different stages. (C) ex
mutant clones
AP50
32
(GFP+) cause border cell migration delay. (D) ex
,kib double mutant clones (GFP+) fail to
form clusters. F-actin marked with Phalloidin and nuclei marked with DAPI. Insets show zoom of
clusters. (E) Quantification of border cell migration at stage 10 in (n > 50 for each genotype).
Dashed line indicates migrating centripetal follicle cells, which normally align with the migrating
border cell cluster in control egg chambers. Scale bars: 50µm; inset 5µm. Experiments
performed by E. Lucas.
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(A,B) Border cell migration in control egg chambers. hpo
(C,D) and wts (E,F) mutant
clones (GFP+) cause border cell migration delay. F-actin marked with Phalloidin and nuclei
marked with DAPI. Insets show zoom of clusters. (G) Quantification of border cell migration at
stage 10 (n > 50 for each genotype) Images (A,B) reused from Figure 3.4. Dashed lines indicate
migrating centripetal follicle cells, which normally align with the migrating border cell cluster in
control egg chambers. Scale bars: 50µm; inset 5µm. Experiments (A-D) performed by E. Lucas.
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3.2.2 wts mutant clusters exhibit abnormal migration and a defective
actomyosin cytoskeleton
In order to better understand the dynamics of delayed migration in wts mutants, I
performed live imaging of border cell migration. I generated GFP-labelled fullcluster clones for wtsx1 mutants, or clusters expressing RNAi against the Wts cofactor Mats driven by c306.Gal4, which also expressed the microtubule-binding
protein mCherry-Jupiter to label the cells. Mats RNAi was also sufficient to cause
delayed migration that was similar to wtsx1 mutants (Movie M2). Live imaging of
wtsx1 mutant clusters revealed three distinct phenotypes, which was confirmed by
the Mats RNAi clusters. Most of the wtsx1 clusters displayed an abnormal tumbling
motion rather than directional migration (67%), however some clusters also
displayed problems with detachment (20%), as well as cluster disintegration (13%)
(n = 15) (Movie M2-4; Figure 3.6). These movies revealed that while the majority of
the clusters were still able to migrate, the cells in the cluster were moving
individually rather than as a cohesive group; this caused the cluster to tumble and
prevented it from migrating in a directional manner.

Control

Control

Control

Control

wtsx1

wtsx1

wtsx1

wtsx1

Figure 3.6 Live imaging of wts

x1

!
mutant reveals tumbling migration defect
x1

x1

Movie stills showing border cell migration in control and wts mutant clusters (GFP+). wts
cluster fails to migrate directionally and exhibits abnormal tumbling over time (elapsed time
x1
shown in minutes). The migration path of individual cells in control and wts clusters can be
visualised by the red lines in the last panel, which were generated using a cell-tracking feature
of the Metamorph software. Scale bar: 50µm.
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To understand the role of Hippo signalling in border cell migration, we analysed the
clusters of wtsx1 mutants in more detail. In normal migrating border cell clusters, the
actin cytoskeleton is polarised so that most of the F-actin is localised around the
outer edges of the cluster, with strong, dynamic protrusions at the front and the
back (Figure 3.7A; Movie M1). The inside of the cluster contains a lower
concentration of F-actin that is less dynamic (Movie M1). Unlike control clusters, Factin failed to polarise in wtsx1 mutants. Instead, these clusters tended to
accumulate F-actin throughout and formed short protrusions that were disorganised
and randomly orientated (Figure 3.7B). Furthermore, phosphorylated myosin-II (PMyoII), which is usually localised to the front and back of the cluster in wild type to
provide contractility and aid migration, was also mislocalised in wtsx1 mutants
(Figure 3.7 C,D). These results showed that signalling through Wts was essential to
polarise the actomyosin cytoskeleton and promote collective migration in border
cells.
To ensure that Wts was not having an indirect effect on border cell migration via
mis-regulation of border cell specification, we tested the effect of wtsx1 mutants on
the border cell fate marker Slbo and the polar cell marker Upd (Beccari et al., 2002).
The expression of Slbo.lacZ and Upd.lacZ was not affected in these mutants
(Figure 3.8 A-D). Likewise, to exclude the possibility that Wts might regulate the
polarisation of apical polarity determinants or AJs, we also examined aPKC and
Armadillo (Arm; β-Catenin in humans) localisation in wtsx1 mutant clones and found
that they were not mislocalised when Hippo signalling was inactivated (Figure 3.8
E-H). These results confirmed that border cell specification and polarisation of
apical polarity determinants were not affected when Hippo signalling was disrupted,
thus supporting the notion that Hippo signalling was acting directly at the cell cortex
to control the cluster architecture and motility.
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Figure 3.7 wtsx1 mutant clusters exhibit defective actomyosin cytoskeleton
x1

Polarisation of F-actin in migrating control (A) and wts (B) clusters, visualised by Phalloidin.
x1
Polarisation of myosin in migrating control (C) and wts (D), clusters, visualised by P-MyoII
staining. Scale bar: 5µm. Experiments performed by E. Lucas.
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Figure 3.8 Wts is not required for border cell specification or membrane polarity
x1

Slbo.lacZ localisation in control (A) and wts mutants (B). Upd.lacZ localisation in control (C)
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and wts mutants (D). aPKC localisation in control (E) and wts mutants (F). Arm localisation in
x1
control (G) and wts mutants (H). Scale bars: (A-D) 50µm; (E-H) 5µm. Experiments performed
by E. Lucas.
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3.3 Polarisation of the actin cytoskeleton through Hippo
signalling is not mediated by Yorkie phosphorylation
In the canonical Hippo signalling cascade, Wts kinase phosphorylates and inhibits
the transcriptional co-activator Yorkie (Yki) from switching on transcription of proproliferation and anti-apoptotic genes (Huang et al., 2005, Dong et al., 2007). In
Drosophila, most known phenotypes of hpo and wts mutants can be phenocopied
by ectopic expression of wild type Yki (Huang et al., 2005, Shaw et al., 2010,
Staley and Irvine, 2010). Therefore, ectopic expression of Yki was expected to
inhibit border cell migration. In contrast, I found that expressing wild type Yki or
constitutively active forms of Yki lacking either the main Wts phosphorylation site at
Ser168 (YkiS168A), or all three Wts phosphorylation sites at Ser111, Ser168,
Ser250 (Yki3SA) (Oh and Irvine, 2009) using the Actin flipout system did not cause
a border cell migration delay (Figure 3.9 A-J; data not shown for Yki3SA).
Surprisingly, cluster migration actually appeared faster, with over 50% reaching the
oocyte by stage 9 of oogenesis (Figure 3.9 B,E,H,J).
To test whether faster migration in Yki or YkiS168A expressing egg chambers was
caused by early specification of border cells, I examined stage 8 egg chambers for
premature clusters, as cluster specification in wild type only occurs at early stage 9.
Neither expression of Yki nor YkiS168A showed any signs of premature clusters at
stage 8 (Figure 3.9 A,D,G); therefore ectopic expression of Yki did not affect border
cell specification. These results indicate that Hippo signalling acts independently of
Yki nuclear signalling to polarise the cytoskeleton.
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Figure 3.9 Ectopic activation of Yki does not inhibit border cell migration
Control (A-C), Yki-expressing (D-F) and YkiS168A phosphomutant-expressing (G-I) clusters
(GFP+ flipout clones) during different stages of border cell migration. Expression of Yki (E) or
YkiS168A (H) causes premature border cell migration of clusters. F-actin marked with Phalloidin
and nuclei marked with DAPI. Insets show zoom of clusters. (J) Quantification of clusters
reaching the oocyte at stage 9 (n > 50 for each genotype). Scale bars: 50µm; inset 5µm.
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3.4 Wts regulates the activity of the Ena/Capping protein
system to organise cluster architecture and motility
Since Yki seemed to be dispensable for border cell migration, we investigated if
Wts could directly interact with proteins that regulate actin dynamics to polarise the
actin cytoskeleton and promote border cell migration. We identified Enabled (Ena;
also known as Ena/VASP (Vasodilator-stimulated phosphoprotein)) as a potential
target. Ena/VASP proteins are a conserved family of actin regulators that are
known to drive actin polymerisation and cortical protrusions at the leading edge of
migrating cells in culture; they do this by binding to the barbed ends of actin
filaments and inhibiting the activity of F-actin Capping proteins (Cp) (Barzik et al.,
2014, Barzik et al., 2005, Bear et al., 2002, Bear and Gertler, 2009, Pasic et al.,
2008).

3.4.1 Ena is required for border cell migration
Several lines of evidence suggested a potential link between the Hippo pathway
and Ena. Firstly, both Ena and Cp have been implicated as regulators of border cell
migration (Gates et al., 2009). Secondly, Zyxin (Zyx), a protein that localises to
focal adhesions and adherens junctions in cultured cells, is known to bind to Ena at
focal adhesion sites and modulate their activity to produce a stable cortex (Hirata et
al., 2008, Holt et al., 1998). Interestingly, Zyx has also has been shown to interact
with Wts (Rauskolb et al., 2011), which suggests that Zyx might act as a potential
mediator to link Hippo signalling to Ena. Finally, and most importantly, Ena contains
the Wts consensus ‘HXRXXS’ phosphorylation motif that is highly similar to the
phosphorylation site in Yki (S168), whose phosphorylation inhibits Yki activity by
inducing binding to 14-3-3 proteins (Oh and Irvine, 2009).
Following the work from Gates et al., I found that overexpression of Ena in follicle
cells is sufficient to mimic a mild Hippo pathway loss of function phenotype.
Overexpressing Ena caused delayed migration during stage 9 of oogenesis in
100% of the egg chambers, although these clusters managed to recover and reach
the oocyte by stage 10 (Figure 3.10 A-D). Clusters expressing Ena also exhibited
accumulation of F-actin, with randomly orientated protrusions (Figure 3.10 B,D).
89

	
  

Chapter 3 Results

Live imaging of Ena-overexpressing clusters revealed lots of randomly oriented
protrusions and a tumbling motion that was highly reminiscent of wtsx1 mutant
clusters (Movie M5). These results show that Ena is important for border cell
migration and suggest that it might have a role in Hippo signalling.
Due to Zyx’s reported interactions with Ena and Wts, I examined the localisation of
Zyx in border cells. I found that V5-tagged Zyx was localised apically at sites of
border cell-border cell contact (Figure 3.11 A-C), where Hippo signalling is likely
active and Wts activity is switched on. I also checked Ena and Cp localisation in the
clusters and found that the bulk of the proteins localised in the cytoplasm (Figure
3.11 D-I). Zyx might act to stabilise the cluster cortex during border cell migration,
likely by interacting with Wts and regulating Ena activity. This is similar to its role at
focal adhesions in mammalian cells.
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Figure 3.10 Ectopic expression of Ena causes border cell migration delay
Control (A) and Ena-overexpressing (B) clusters (GFP+ flipout clones) showing border cell
migration delay at stage 9. Control (C) and Ena-overexpressing (D) clusters at stage 10. n > 50
for each genotype. F-actin marked with Phalloidin and nuclei marked with DAPI. Insets show
zoom of clusters. Dashed lines indicate migrating centripetal follicle cells, which normally align
with the migrating border cell cluster in control egg chambers. Scale bars: 50µm and 5µm.
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Figure 3.11 Zyx, Ena and Capping protein localisation in border cell clusters at
different stages of migration
Localisation of Zyx (A-C), Ena (D-F) and Cp (α-subunit) (G-I). Zyx localises to sites of border
cell-border cell contact in migrating clusters (B), whereas Ena (E) and Cpa (H) are largely
cytoplasmic. UAS transgenes driven by c306.Gal4. (A-C) stained for V5, (G-I) stained for HA.
Nuclei marked with DAPI. Scale bar: 5µm.
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3.4.2 Wts directy phosphorylates Ena and represses its activity
To address if Wts could phosphorylate Ena on the consensus ‘HXRXXS’
phosphorylation motif (Figure 3.12A), I carried out an in vitro kinase assay with
recombinant LATS (human Wts) kinase and wild type or phosphomutant Ena
peptides, which had the final Serine in the motif (S187) replaced with Alanine
(S187A). Yki wild type and phosphomutant peptides for the consensus site at
Serine 168 (S168A) were used as a positive control for the assay. Results from the
kinase assay demonstrated that Wts could directly phosphorylate the wild type
peptides with the consensus site in Ena and Yki but not the phosphomutant
peptides (Figure 3.12B). This suggested that Wts might act to polarise the actin
cytoskeleton by phosphorylating Ena and inhibiting its activity.
Next, I tested whether Wts also phosphorylated Ena in vivo. I used UAS.ena
phosphomutant and phosphomimic flies, where Serine 187 had been replaced with
either an Alanine (EnaS187A) or an Aspartate (EnaS187D), respectively, to alter
the protein’s phosphorylation state. I drove expression of wild type Ena, EnaS187A
and EnaS187D using the follicle cell specific driver GR1.Gal4. Expression of wild
type Ena resulted in delayed migration at stage 9 but recovery by stage 10 as
described earlier. However expression of the phosphomutant EnaS187A had a
strong effect where 40% of the clusters failed to reach the oocyte by stage 10
(Figure 3.13 A-I,M). As expected, expression of the phosphomimic EnaS187D had
no effect on border cell migration since the phosphomimic modification should
technically render the protein inactive (Figure 3.13 J-M). Control and phosphomimic
clusters showed normal F-actin polarisation whereas expression of wild type Ena or
EnaS187A resulted in accumulation of F-actin throughout the cluster and randomly
oriented protrusions, with the latter showing a much stronger phenotype
comparable to wtsx1 mutants (Figure 3.13 A-L; Figure 3.7B). These results indicate
that Ena is a key target of Hippo pathway in polarising the actin cytoskeleton during
border cell migration.
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Figure 3.12 Wts can phosphorylate Ena on a conserved consensus site in vitro
(A) Conservation of the ‘HXRXXS’ motif in different species – (*) indicates the Serine that is
phosphorylated. (B) Wts in vitro kinase assay with Yki and Ena peptides (results pooled from 2
experiments). Error bars show standard deviation of the mean.
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Figure 3.13 Wts can phosphorylate Ena in vivo
Control (A-C), expression of Ena (D-F), EnaS187A phosphomutant (G-I) and EnaS187D
phosphomimic (J-L) driven by GR1.Gal4 during different stages of border cell migration. (I)
Expression of EnaS187A phosphomutant causes border cell migration delay at stage 10. Factin marked with Phalloidin and nuclei marked with DAPI. Insets show zoom of clusters. (M)
Quantification of border cell migration at stage 10 (n > 50 for each genotype). Dashed lines
indicate migrating centripetal follicle cells, which normally align with the migrating border cell
cluster in control egg chambers. Scale bars: 50µm; inset 5µm.
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3.4.3 Inactivating Ena can rescue hpo mutants
To confirm if Hippo signalling was acting by inhibiting Ena, I performed epistasis
experiments examining hpo42-47 and ena210 double mutant clones in border cell
clusters. If the phenotype of hpo42-47 mutant clusters was caused by excessive actin
polymerisation due to increased Ena activity, then this should be rescued in hpo4247

, ena210 double mutants. Accordingly, I found that hpo42-47, ena210 double mutant

clusters migrated normally and exhibited a normally polarised actin cytoskeleton,
with over 80% of the clusters reaching the oocyte by stage 10 (Figure 3.14 A-C).
This supports the notion that Ena is the downstream target of Hippo signalling to
regulate polarisation of the actin cytoskeleton during border cell migration.
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Figure 3.14 hpo, ena double mutant clusters migrate normally
42-47

210

Control cluster (A) (GFP+). hpo
, ena
double mutant (B) clusters (GFP+) show rescued
border cell migration. F-actin marked with Phalloidin and nuclei marked with DAPI. Inset shows
zoom of cluster. (C) Quantification of border cell migration at stage 10 (n > 50 for each
genotype). Scale bars: 50µm; inset 5µm.
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3.4.4 Capping protein is required for border cell migration
Another line of evidence linking the Hippo pathway to actin regulating proteins
came from studies in wing imaginal discs, where loss of Capping protein α (Cpα)
and β (Cpβ) subunits have been shown to repress Hippo signalling (Fernandez et
al., 2011, Sansores-Garcia et al., 2011). Cp works as a heterodimer composed of
Cpa and Cpβ subunits, which inhibits actin polymerisation by capping the barbed
ends of F-actin filaments and preventing further addition of actin monomers
(Cooper and Sept, 2008). Ena is thought to antagonise the action of Cp, since they
both compete with each other for binding to F-actin barbed ends (Bear and Gertler,
2009). Cp is required for border cell migration. Overexpression of cpβ has
previously been shown to cause premature migration, with almost all the clusters
reaching the oocyte by stage 9 of oogenesis (Gates et al., 2009). Analysis of
cpβM143 mutant clones revealed severe F-actin accumulation in the clusters and a
strong migration delay at stage 10 that was reminiscent of wtsx1 mutants (Figure
3.15 A-D, G; Figure 3.5 E,F; Movie M6). In addition to defects in migration, 10% of
cpβM143 mutant clusters also exhibited cluster disintegration, which is highly similar
to wtsx1 or hpo42-47 mutants (Figure 7.1). Given the antagonistic roles of Ena and Cp
in regulating actin dynamics, these results strongly suggested that Wts might
polarise the actin cytoskeleton by regulating both Ena and Cp.

3.4.5 Capping protein expression can rescue wtsx1 mutants
Since Ena and Cp act antagonistically, I tested whether Cpβ expression could
rescue the migration delay of wtsx1 mutants. Accordingly, expression of Cpβ in a
wtsx1 mutant background, driven by the MARCM system, was able to rescue the
migration delay and actin polarisation defects in 90% of the clusters (Figure 3.15 EG). Live imaging of these clusters revealed that border cell migration was restored
to normal levels, with no signs of tumbling and the cluster taking a controlled,
directed path (Figure 3.15 H-J; Movie M7). Furthermore, preliminary observations
showed that the P-MyoII mislocalisation observed in wtsx1 mutants was rescued
with Cpβ expression. These results indicate that Hippo signalling promotes border
cell migration by inhibiting Ena, which in turn promotes Cpβ activity inside the
cluster to help restrict F-actin to the outer rim of migrating clusters.
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Figure 3.15 Capping protein expression can rescue wtsx1 mutants
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M143

Control clusters (A,B) (GFP+). wts (C) and cpβ
(D) mutant clusters (GFP+) show a delay in
x1
border cell migration. (E,F) wts mutants (GFP+) expressing Cpβ show rescued border cell
migration. F-actin marked with Phalloidin and nuclei marked with DAPI. Insets show zoom of
clusters. (G) Quantification of border cell migration at stage 10 (n > 50 for each genotype).
x1
x1
Movie stills showing border cell migration in control (H), wts mutant (I) and wts ; UAS.cpβ (J)
clusters (GFP+). The migration path of individual cells can be visualised by the red lines, which
were generated using a cell-tracking feature of the Metamorph software. Images (A,B) reused
from Figure 3.4, (C) reused from Figure 3.5 and (H-I) reused from Figure 3.6. Dashed lines
indicate migrating centripetal follicle cells, which normally align with the migrating border cell
cluster in control egg chambers. Scale bars: 50µm; inset 5µm.
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3.5 Discussion
Our findings establish a novel role for Hippo signalling in collective cell migration.
Based on our results, we present a model (Figure 3.16A) where the Hippo pathway
provides a mechanism linking determinants of cell polarity with polarisation of the
actin cytoskeleton, which is important for organising the architecture and motility of
collectively migrating border cell clusters.
We show that the core apical polarity determinants, such as aPKC and Crb,
localise to sites of border cell-border cell contact to establish an apical identity at
the inner membranes; this occurs when the cells first re-arrange to form a cluster.
Previous studies have revealed that Crb can interact with Ex – the upstream
component of the Hippo pathway (Robinson et al., 2010, Ling et al., 2010, Chen et
al., 2010). Our results show that Ex, Kib and Mer all localise apically in border cell
clusters, suggesting that these proteins might be recruited to the apical membrane
via interactions with the apical determinants. The upstream components of the
pathway are essential for pathway activation and can recruit the other components
to form a complex, likely switching Hippo signalling on at the apical membranes
inside the cluster. Inactivation of the Hippo pathway in border cell clusters causes
migration delay and depolarisation of the actin cytoskeleton. Our results show that
wtsx1 mutants accumulate F-actin throughout the cluster and make short, randomly
oriented protrusions in comparison to the directed protrusions in wild type clusters.
wtsx1 mutants also have mislocalised P-MyoII. The actin protrusions coupled with
P-MyoII contractility at the basal membrane allows traction forces required for
migration, as well as retraction of the trailing edges in wild type border cell clusters
(Friedl and Gilmour, 2009, Majumder et al., 2012). Excess actin and mis-oriented
protrusions in wtsx1 mutants could cause cells to move against each other rather
than as a cohesive group, therefore causing tumbling and failed migration (Figure
3.16 B,C).
We find that the focal adhesion protein Zyx is also recruited to the apical
membrane, possibly through interactions with Wts, as the two proteins have been
shown to bind to each other (Rauskolb et al., 2011). Zyxin might then act to
stabilise the cortex by modulating Ena activity, as well as bringing Ena into close
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proximity of Wts so that they can interact. We show that Wts can phosphorylate
Ena on a conserved phosphorylation consensus site to inhibit Ena’s activity inside
the cluster. This might promote Cp activity locally and help to restrict F-actin
polymerisation to the outside of the cluster. The phosphorylation site in Ena is
located at the start of the Proline-rich region (PRR) domain, which mediates
binding to Profilin (Chickadee, Chic in Drosophila) and promotes actin monomer
addition at the barbed ends. Since the inhibitory signalling proteins are present only
on the inner ‘apical’ membranes of the cluster, Ena is active at the outer ‘basal’
membranes. Consequently, Ena can antagonise Cp activity and is free to promote
F-actin polymerisation by recruiting Chic. This promotes protrusion formation and
accumulation of F-actin on the outside of the cluster. We hypothesise that
phosphorylation of Ena by Wts might inhibit actin polymerisation by modifying the
PRR domain and preventing interaction between Ena and Chic.
Ena levels reportedly increase in border cells during migration (Baum and Perrimon,
2001). However, we did not find Ena, or Cp, localised to a certain domain in the
border cells during migration. It is possible that the activity of the two proteins may
be localised in migrating border cell clusters. We see a similar cytoplasmic
distribution for Hpo and Wts, which we expect to be active at the ‘apical’
membranes since the upstream components required for their activation are
localised at this site.
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Figure 3.16 Model: Apico-basal polarity during Drosophila border cell migration
(A) Polarity determinants help activate Hippo signalling at the apical membrane of border cells
to inhibit actin polymerisation inside the cluster, thereby restricting F-actin polymerisation to the
basal membranes, which results in a polarised actin cytoskeleton. A polarised acto-myosin
cytoskeleton (B) promotes forward migration, whereas a disorganised acto-myosin cytoskeleton
(C) leads to tumbling of the cluster and failed migration.
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3.5.1 Hippo signalling acts independently of Yki phosphorylation during
border cell migration
We show that the role of the Hippo pathway in polarising the cytoskeleton during
border cell migration is not mediated by Yki nuclear signalling. Surprisingly, we did
however find that Yki-overexpression causes premature migration of border cell
clusters, with clusters reaching the oocyte by stage 9. While we do not fully
understand Yki’s role in border cell migration, our data suggests that Yki might play
a role in limiting the speed of migration. One possibility is that Yki inhibition by Wts
could be a way to provide negative feedback to the system in order to limit
migration speed. Previous work in wing imaginal discs has shown that excessive
levels of F-actin can cause a loss of Hippo pathway activity, leading to activation of
Yki target genes, which includes expression of upstream components of the Hippo
pathway such as Ex (Fernandez et al., 2011, Sansores-Garcia et al., 2011). This is
thought to strengthen the pathway activity at the cell cortex. In the context of border
cell migration, a negative feedback mechanism could be important for homeostatic
control of actin polymerisation. For instance, if the actin levels become excessive,
the feedback mechanism would activate Yki, leading to expression of upstream
Hippo components and resulting in reinforced Hippo signalling to restrain F-actin
polymerisation inside the cluster. This may explain why clusters overexpressing
Ena – although they exhibit higher F-actin levels and migration delay at stage 9 –
are always able to recover and reach the oocyte by stage 10.

3.5.2 Redundancy between Ena and other actin regulators
Our results indicate that Wts can phosphorylate Ena directly to regulate the Ena/Cp
system

and

polarise

actin

in

border

cell

clusters.

Clusters

expressing

phosphomutant EnaS187A exhibit severe migration delay and a disorganised actin
cytoskeleton, which is reminiscent of wtsx1 mutants. Furthermore, ena210 mutants
can rescue the migration delay in hpo42-47 mutants, thus supporting the notion that
Ena acts downstream of the Hippo pathway, where Hippo signalling acts to inhibit
its activity. Remarkably, we noted that the ena210 mutant clusters and the hpo42-47,
ena210 double mutants both show completely normal migration and polarisation of
F-actin, suggesting that there must be another mechanism in place, which is
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redundant with Ena, to help polarise the actin cytoskeleton in ena210 mutants. This
is somewhat expected as there are many regulators of F-actin polymerisation in
Drosophila (Siripala and Welch, 2007a, Siripala and Welch, 2007b). In addition to
Ena and Chic, other key actin nucleators include formins (Diaphanous - Dia, in
Drosophila), which associate with barbed ends and promote actin polymerisation,
and the Arp2/3 complex, which polymerises branched actin filaments. The actin
cytoskeleton is highly dynamic and undergoes constant turnover, therefore its
regulation also requires proteins that depolymerise F-actin. These proteins, such as
Cofilin (Twinstar in Drosophila) are also important for border cell migration (Chen et
al., 2001, Zhang et al., 2011), however the full range of interactions is beyond the
scope of this thesis.
Ena and the Arp2/3 complex are required to control the speed and stability of
lamellipodial protrusions at the leading edge in migrating cells (reviewed in (Krause
and Gautreau, 2014). Given the role of Ena in border cell migration, it is expected
that Arp2/3 might also play an important role. The Arp2/3 complex requires
activation by the Scar/WAVE complex, and accordingly, Scar has been shown to
be required for protrusion formation during border cell migration (Law et al., 2013).
Rac signalling is also required for regulation of F-actin by the Arp2/3 complex, and
it has been shown to be important for directing the leading edge of the cluster
during border cell migration (Wang et al., 2010).
I examined the roles of Dia, Arp2/3 and Chic in border cells; the preliminary results
indicate that these proteins are required for border cell migration (Figure 7.2). RNAi
of Dia resulted in a migration delay at stage 9, but most clusters seemed to recover
later, as only 20% failed to reach the oocyte by stage 10 (Figure 7.2 A-F,N).
Mutants for the arp66B subunit of the Arp2/3 complex displayed a stronger delayed
phenotype with 30% of the clusters failing to reach the oocyte at stage 10 (Figure
7.2 G-I,N). In both conditions, the clusters exhibited accumulation of F-actin
throughout. Notably, RNAi of Chic resulted in severe defects in cluster formation
and no migration at all (Figure 7.2 J,N). This is similar to ex, kib double mutants,
which also fail to form clusters and migrate – a phenotype much stronger than loss
of Hpo or Wts alone. Despite the similarity, the phenotypes of Chic RNAi and ex,
kib double mutants are probably due to very different reasons. In the case of ex, kib,
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the upstream components may have an additional role aside from activating Hippo
signalling, which is likely to involve directly assisting polarisation of polarity
determinants (Fletcher et al., 2012). In the case of Chic, the result suggests that
Profilin-based actin polymerisation might be essential to initiate the actin dynamics
that allow invasion into the germline during the initial stages of border cell migration
(Fulga and Rorth, 2002). At present, not much is known about the mechanisms that
regulate actin dynamics when the cells first start to invade into the germline. Chic
RNAi also had a dramatic effect on egg chamber morphology and apical actin in
follicle cells (Figure 7.2 K-M), resulting in a more rounded egg shape, with the
follicle cells showing accumulation and disorganisation of apical F-actin. Our data
indicates that Chic also plays a crucial role in cortical actin polymerisation in follicle
cells.
The redundancy between the different actin regulators during border cell migration
highlights a robust mechanism to polarise the actin cytoskeleton. Still, Hippo
signalling is clearly one important mechanism of F-actin polarisation for border cells
because its disruption leads to defective border cell migration, with clusters
migrating slowly in a tumbling fashion or even disintegrating. In the future, it will be
important to determine the extent of redundancy between the different actin
regulators and understand the mechanisms of how they might be regulated.

3.6 Concluding remarks
In conclusion, we demonstrate that the Hippo pathway is required to polarise the
actomyosin cytoskeleton to organise the cluster architecture and motility during
border cell migration. We propose that upstream Hippo pathway components
interact with apical polarity determinants to switch on Hippo signalling specifically
inside the cluster. Our results support the notion that Ena is inactivated upon Wts
phosphorylation inside the cluster. Modulating Ena activity has antagonistic effects
on Cp, which becomes activated upon Ena inhibition. Together the Ena/Cp system
restricts F-actin polymerisation to the outer membranes of the migrating cluster,
allowing it to make stable protrusions that enable directional migration. Hence, in
hpo or wts mutants, ectopic Ena activation inhibits Cp activity and leads to ectopic
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F-actin polymerisation inside the cluster, which in turn causes migration defects. In
support of this view, hpo or wts mutants can be rescued by loss of Ena or
overexpression of Cp, respectively. Our work establishes a novel role for the Hippo
pathway in collective migration and provides a novel mechanism for polarising the
actin cytoskeleton. As collective migration is important in metastasis, more studies
like ours may help to discover potential new targets for cancer therapeutics.
Consistent with our results, a recent study also reported the requirement of Hippo
signalling in polarising the actin cytoskeleton during border cell migration (Lin et al.,
2014). Adding to our findings, the study identified two distinct mechanisms to
regulate border cell migration via Hippo signalling, firstly through polarisation of the
cytoskeleton of border cell clusters and secondly through induction of Upd
expression in polar cells, which activates JAK/STAT signalling to promote border
cell induction and migration (Lin et al., 2014). Lin et al. also showed that Yki was
not required downstream of Hippo signalling to regulate actin polymerisation,
consistent with our results. However, they found that Yki inhibition via the canonical
pathway was required to promote Upd expression, thus building on their previous
work that identified a role for the Hippo pathway in promoting polar cell fate, where
Yki was shown to repress polar cell specification by repressing Notch signalling
(Chen et al., 2011).
Together, the paper from Lin et al. and our work reveal that the Hippo pathway is
required at all stages of border cell migration. In addition, Hippo signalling is also
known to play an important role during different stages of follicle cell development,
which include regulating follicle stem cell proliferation and posterior follicle cell
differentiation (Polesello and Tapon, 2007, Meignin et al., 2007). With more and
more functions being associated with the pathway, it is now apparent that the
Hippo pathway is not just limited to regulating cell proliferation and growth.
Emerging evidence suggests that the signalling cascade often integrates with other
pathways to control a wide range of cellular processes. The genes involved in
polarising the cytoskeleton during border cell migration in Drosophila are all
conserved in humans, therefore our study has relevance to collective migration of
human cancer cells during metastasis. Our results suggest that examination of the
role of the Hippo pathway in human cancer should consider not only its potential to
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regulate cell proliferation and survival, but also its potential to regulate cell polarity,
the actomyosin cytoskeleton and collective cell invasion.
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Chapter 4.

Results II

Spectrins are upstream regulators of the Hippo
pathway
The Hippo pathway has been shown to respond to mechanical forces and cell
contact by acting downstream of cytoskeletal rearrangements (Aragona et al., 2013,
Dupont et al., 2011, Sansores-Garcia et al., 2011). However, the molecular
mechanisms that govern these responses are not yet understood. In this chapter, I
will present our findings on the role of Spectrins as novel upstream regulators of
Hippo signalling in response to mechanical forces in various tissues (Fletcher et al.,
2015). This work was done in collaboration with Georgina Fletcher – who
performed the experiments in the wing, eye and follicle cell epithelia, Ahmed
Elbediwy – who performed cell culture experiments and some of the biochemistry
experiments, and Paulo Ribeiro – who performed the rest of the biochemistry
experiments; their contributions will be acknowledged where relevant. The main
aim of my project was to investigate the requirement of the Spectrin cytoskeleton
for Hippo signalling in the Drosophila adult midgut.
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4.1 The apical Spectrin cytoskeleton is required to restrict
tissue growth in the Drosophila wing and eye
Spectrins are cytoskeletal proteins that crosslink the plasma membrane to the actin
cytoskeleton by interacting with membrane bound proteins such as Ankyrin and
FERM proteins (Thomas, 2001, Machnicka et al., 2014, Medina et al., 2002). They
are thought to exist as heterotetramers made up of α-Spectrin (α-Spec) and βSpectrin (β-Spec) subunits or α-Spec and βHEAVY-Spectrin (βH-Spec; also known as
Karst (Kst)) subunits (Thomas, 2001). α-Spec/Kst heterotetramers localise to the
apical membrane and make up the apical spectrin cytoskeleton whereas the α/βSpec heterotetramers localise to the lateral membrane and make up the lateral
spectrin cytoskeleton (see section 4.1.2; (Lee et al., 1997, Medina et al., 2002,
Thomas and Kiehart, 1994, Thomas and Williams, 1999, Zarnescu and Thomas,
1999, Thomas et al., 1998). Cytoskeletal proteins are typically involved in tissue
morphogenesis and Spectrins are no exception. Spectrins have been shown to be
required during development of various tissues in Drosophila, such as the eye,
follicle cell epithelium and the larval midgut (reviewed in (Thomas, 2001).
We identified spectrins as positive hits during an in vivo RNAi screen in the
Drosophila wing to find novel regulators of Hippo signalling. Knockdown of α-Spec
or Kst in the whole wing or the eye, driven by nub.Gal4 and ey.Gal4 GMR.Gal4,
respectively, produced an overgrowth phenotype (Fletcher et al., 2015). Notably,
RNAi of β-Spec did not have any effect on wing or eye size (Fletcher et al., 2015).
The apical Spectrin (α-Spec or Kst) RNAi phenotypes were very similar to those
observed for RNAi of Crb and other Hippo pathway genes, which affect wing
growth but not patterning. As mentioned in the previous chapter, Crb is known to
regulate Hippo signalling via interactions with the upstream Hippo pathway
component Ex (Chen et al., 2010, Ling et al., 2010, Robinson et al., 2010). We
tested for genetic interactions between the apical spectrins and Kib and found that
the overgrowth caused by Kib RNAi was enhanced when combined with α-Spec or
Kst RNAi in wing or eye (Fletcher et al., 2015). This was confirmed using a null
mutant of kib, which also interacts with α-Spec RNAi (Fletcher et al., 2015). These
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results therefore suggested that the apical Spectrins interacted with a component
of the Hippo pathway.
We found that apical Spectrins repress Hippo target gene expression in the wing.
Knockdown of α-Spec in wing imaginal discs, driven by the posterior compartmentspecific driver hh.Gal4, caused increase in expression levels of the key Hippo
reporter gene expanded.lacZ (ex.lacZ). The level of Ex.lacZ expression was even
stronger upon α-Spec and Kib double RNAi in wing imaginal discs. The synergistic
effect of α-Spec or Kst with Kib suggested that these proteins could be acting on
separate branches, in parallel, to activate Hippo signalling, in a similar manner as
that reported for Ex and Kib (Baumgartner et al., 2010).

4.1.1 Apical Spectrins bind to Ex, Kib and Mer
Apical Spectrins seemed to act in parallel with Kib, which is similar to the
interaction reported between Ex and Kib (Baumgartner et al., 2010); additionally,
Kst has been shown to interact with Crb in Drosophila embryos and photoreceptor
cells (Medina et al., 2002, Pellikka et al., 2002), which is also similar to the
behaviour of Ex (Chen et al., 2010, Ling et al., 2010, Robinson et al., 2010). Based
on the similar behaviours of the apical Spectrins and Ex, we examined whether
these proteins might interact and act in the same branch to activate the Hippo
pathway.
Co-immunoprecipitation experiments using Drosophila S2 cells expressing V5tagged Ex and a series of constructs expressing portions of the very large Kst
protein revealed that both Ex and α-Spec interacted strongly with the N-terminal
region of Kst (Fletcher et al., 2015); the interaction with α-Spec was expected since
α-Spec and Kst form heterotetramers in vivo. In addition, co-immunoprecipitation
experiments from embryos expressing endogenous Kst tagged with YFP (Kst-YFP)
revealed an interaction with Kib and Merlin (Mer), suggesting the presence of a
multiprotein/molecular complex (Fletcher et al., 2015). Further investigation into
these interactions revealed that Kib and Mer also interacted with the N-terminal
regions of Kst (Fletcher et al., 2015).
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4.1.2 Spectrins are polarised in Drosophila and human epithelia
The Spectrin cytoskeleton is known to be polarised in Drosophila epithelia (Lee et
al., 1997, Medina et al., 2002, Thomas and Kiehart, 1994, Thomas et al., 1998,
Thomas and Williams, 1999, Zarnescu and Thomas, 1999). In cells of the wing
imaginal disc, follicle cell epithelium and intestinal epithelium, the α-Spec/Kst
heterotetramers localise to the apical membrane, whereas the α/β-Spec
heterotetramers localise to the lateral membrane (Figure 4.1 A-C). Spectrins are
also conserved and polarised in human epithelial cells (SPTAN1 is an isoform of αSpec and SPTBN1 is an isoform of β-Spec) (Figure 4.1D).
In vivo, examination of Kst-YFP in wing imaginal discs revealed that the protein colocalised with Ex at the apical domain (Figure 4.2 A-B’). Since Kst can bind Ex, and
has also been reported to bind Crb (Medina et al., 2002, Pellikka et al., 2002), we
wondered whether the apical Spectrins (α-Spec and Kst) played a role localising Ex
and Crb, thus facilitating pathway activation. Mutants of α-spec or kst displayed no
change in Crb or Ex localisation, suggesting that the apical Spectrins were not
required for localising Crb or Ex apically (Fletcher et al., 2015). Our results indicate
that the apical Spectrins bind to and co-localise with Ex.
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Figure 4.1 Polarisation of Spectrins in Drosophila and human epithelia
(A-C) Polarisation of Spectrins in Drosophila tissues: Kst/βH-Spec is localised to the apical
membrane, α-Spec is localised to the apical and lateral membranes and β-Spec is localised to
the lateral membranes in epithelial cells. (D) Polarisation of α-Spec and β-Spec in human Caco2 cells. Scale bars: 20µm. Experiments (A,B) performed by G. Fletcher and (D) performed by A.
Elbediwy.
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Figure 4.2 Kst co-localises with Ex
(A-B’) Kst co-localises with Ex at the apical membrane of wing imaginal disc; (A,A’) apical view,
(B,B’) cross-section view. Scale bars: 10µm. Experiment performed by G. Fletcher.

4.1.3 Apical spectrins act upstream or at the level of Ex
We performed epistasis experiments to determine the level at which the apical
Spectrins were acting in the Hippo pathway. Overexpression of Ex in the wing is
known to cause overactivation of the pathway and produce an undergrowth
phenotype (Badouel et al., 2009, Boedigheimer et al., 1997). We found that
expression of Ex in a α-Spec or Kst RNAi background was sufficient to suppress
the overgrowth phenotype caused by the loss of apical Spectrins (Fletcher et al.,
2015), which suggested that α-Spec and Kst act genetically upstream or at the
level of Ex to regulate Yki activity.
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4.2 The lateral Spectrin cytoskeleton is required for Hippo
signalling in the Drosophila follicle cell epithelium
We next investigated the role of Spectrins in the Drosophila follicle cell epithelium.
Similar to wing imaginal discs, we observed that Kst also co-localised with Ex at the
apical domain in follicle cells. In these cells, α-Spec is localised at the apical and
lateral membranes, while β-Spec is localised laterally (Figure 4.1B). We tested the
requirement of Spectrins for regulation of Yki activity in follicle cells. Overactivation
of Yki in follicle cells results in overproliferation and multilayering of follicle cells.
We found that 95% of α-spec and β-spec mutant clones produced an
overproliferation and multilayering phenotype that was comparable to Yki
overactivation (Fletcher et al., 2015). Surprisingly, mutation of kst was not sufficient
to drive overproliferation (Fletcher et al., 2015). We also found that Crb was not
required for Yki repression in this tissue, as mutants for crb showed no phenotype
(Fletcher et al., 2015).

4.2.1 Lateral Spectrins repress Hippo target gene expression in follicle
cells
We examined expression of the Hippo reporter gene cut, which is a transcription
factor whose expression in wild type follicle cells is restricted to egg chambers until
stage 6, when Yki is active (Huang and Kalderon, 2014). After stage 6, Cut
expression is silenced and cells cease proliferation and switch to an endocycle.
When Hippo signalling is disrupted after stage 6, Cut is known to be re-expressed
in a group of posterior follicle cells that start to proliferate again (Genevet et al.,
2010, Meignin et al., 2007, Polesello and Tapon, 2007, Yu et al., 2010). We found
that expression of Cut was misregulated in α-spec and β-spec mutants but not in
kst mutants; mutant clones for α-spec and β-spec still expressed Cut protein in the
posterior follicle cells in egg chambers beyond stage 6 (Fletcher et al., 2015). The
expression of another Hippo target gene, ex.lacZ, which is normally expressed in a
gradient at stage 10 (strongest at the anterior follicle cells and undetectable at the
posterior cells) was also misregulated, with Ex.lacZ becoming re-expressed in the
posterior follicle cells of α-spec and β-spec mutants, but again not in kst mutants
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(Fletcher et al., 2015). These results indicate that the lateral Spectrin cytoskeleton
(α/β-Spec) is required for Hippo signalling in the follicle cell epithelium, while the
apical Spectrin cytoskeleton (α-Spec/Kst) seems to be dispensable for Hippo
signalling in this tissue.
Similar to the wing and the eye, α-Spec RNAi in kib mutant clones in follicle cells
revealed a synergistic effect, causing severe overproliferation and multilayering of
follicle cells (Fletcher et al., 2015). Again, this additive phenotype suggested that
the Spectrins and Kib might act in parallel to activate Hippo signalling in follicle
cells too.
Loss of Kst or α-Spec did not affect Crb localisation, which suggested that
Spectrins did not directly mediate Crb polarisation in the follicle cell epithelium
(Fletcher et al., 2015). Strikingly, we noticed that mutation of lateral spectrins (αspec or β-spec) caused a disruption in cell shape, where the normally regular
hexagonal shape of follicle cells becomes rounded (Figure 4.3 A-C). This result
suggested that the lateral Spectrin cytoskeleton might control membrane tension in
follicle cells and hinted towards a possible mechanosensory role of the Spectrin
cytoskeleton in activating Hippo signalling; the rationale behind this hypothesis will
be discussed in detail later in the chapter.
In addition to the cell shape phenomenon, we noticed a delay in border cell
migration whilst performing α-Spec RNAi in the follicle epithelium (Fletcher et al.,
2015); this phenotype was reminiscent of Hippo pathway mutants, which also
exhibit migration delays (Chapter 3; (Lucas et al., 2013). Quantification of border
cell migration in α-Spec RNAi clusters revealed that 30% were delayed in reaching
the oocyte by stage 10 (Fletcher et al., 2015). Remarkably, Kst RNAi had no effect
on border cell migration, indicating that the apical Spectrin cytoskeleton was
dispensable for border cell migration. Accordingly, we found that Kst was not
expressed in border cells, while α-Spec and β-Spec co-localised around the entire
plasma membrane of the cells (Fletcher et al., 2015). These results suggested that
the lateral (α/β) Spectrin cytoskeleton might be involved in regulating Hippo
signalling during border cell migration.
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Figure 4.3 Lateral Spectrins are required for normal cell shape in the Drosophila
follicle cell epithelium
(A) Wild type egg chamber showing normal hexagonal shaped cell membrane marked by Lgl.
G113
G113
(B) β-spec
mutant showing abnormally shaped cell membrane. (C) β-spec
mutant clones
(GFP-) showing rounded cell membranes instead of a hexagonal arrangement. Images show an
apical view. Scale bars: (A,B) 25µm, (C) 10µm. Experiments performed by G. Fletcher.
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4.3 Lateral Spectrin cytoskeleton is required to restrict cell
proliferation in the Drosophila adult intestinal epithelium
The Hippo pathway has been shown to play a key role in regulating stem cell
proliferation in the Drosophila intestinal epithelium (Karpowicz et al., 2010, Shaw et
al., 2010, Staley and Irvine, 2010). RNAi of Wts or overexpression of Yki in the
intestinal epithelial cells, called enterocytes, using the gut brush border-specific
myo1A.Gal4 driver leads to induction of stem cell proliferation in a non-cell
autonomous fashion (Karpowicz et al., 2010, Shaw et al., 2010, Staley and Irvine,
2010). The details of Hippo regulation in the Drosophila gut are not fully understood
and the upstream regulators that control Hippo signalling in the gut have not yet
been identified.
In light of the functions of Spectrins in the eye, wing and follicle cells, we were
interested to investigate if Spectrins also played a role in Hippo signalling in the
Drosophila adult midgut. Similar to other tissues, I found that Spectrins were
polarised in the adult intestinal epithelium - α-Spec/Kst heterotetramers are
localised apically and α/β-Spec heterotetramers are localised laterally (Figure 4.1C).
Since inactivation of Hippo signalling is known to increase intestinal stem cell (ISC)
proliferation in the midgut, I started by testing the effect of loss of Spectrins on ISC
proliferation. I used phospho-histone 3 (PH3) as a marker for stem cell proliferation
both because it marks mitotic cells, and because previous studies in the midgut
have shown that PH3 positive cells were always positive for Delta – a wellcharacterised ISC-specific marker – therefore indicating that PH3 positive cells are
stem cells (Ohlstein and Spradling, 2007, Shaw et al., 2010). RNAi lines were
expressed in the enterocytes using the inducible myo1A.Gal4, tubGal80ts system
combined with UAS.GFP, which allowed visualisation of the RNAi expression
pattern, and transgenes were expressed using temperature shift experiments to
avoid lethality in larval stages (Jiang et al., 2009).
Control midguts exhibited a low, basal level of proliferation (Figure 4.4A). Midguts
expressing RNAi of Kst did not show an effect on stem cell proliferation (Figure
4.4B; Figure 4.5). However, RNAi of α-Spec or β-Spec produced a very strong ISC
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proliferation response that was similar to Yki overexpression (Figure 4.4C-E); these
results were highly significant as measured by the student’s t-test (Figure 4.5). The
requirement of lateral spectrins in the intestinal epithelium seems to be similar to
the follicle cells and border cells, as opposed to the wing and eye epithelia.
The number of PH3 positive cells in different samples for each given condition was
quite variable, giving large margins of error (Figure 4.5). The Drosophila adult
midgut is a very sensitive system and so variation in samples is widely observed in
this tissue, despite carefully controlled conditions. I tried to overcome this issue in
my experiments by repeating the experiments multiple times and by examining a
large number of guts for each condition, where possible.
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Figure 4.4 Lateral Spectrins are required to restrict stem cell proliferation in the
Drosophila intestinal epithelium
Control (A,A’), Kst RNAi (B,B’), β-Spec RNAi (C,C’), α-Spec RNAi (D,D’) and Yki
overexpression (E,E’) in the midgut driven by myo1.Gal4, which also expresses UAS.GFP to
mark driver expression. Nuclei marked with DAPI. Proliferating stem cells are marked by PH3.
Scale bar: 100µm.
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Figure 4.5 Quantification of stem cell proliferation in the intestinal epithelium
Quantification of PH3-positive cells in the midgut (n > 13 for all genotypes). Error bars show
standard deviation of the mean. **** = p value < 0.0001.
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4.3.1 Lateral Spectrins repress Hippo target gene expression in intestinal
stem cells
To assess Hippo pathway activity, I next examined the Hippo reporter gene DIAP1HRE-GFP4.3 in control, Spectrin RNAi and Yki overexpressing guts. DIAP1-HREGFP4.3 is a reporter gene where the GFP has been inserted in the first intron of
diap1 (Zhang et al., 2008). DIAP1-HRE-GFP4.3 is activated by Yki and drives GFP
expression in an identical pattern to the endogenous diap1 gene (Zhang et al.,
2008). I found that midguts expressing Kst RNAi did not show any change in
DIAP1-HRE-GFP4.3 expression. However, the reporter gene was highly activated in
the proliferating stem cells of midguts expressing α-Spec or β-Spec RNAi, which
was comparable to midguts expressing a high level of Yki (Figure 4.6 A-F). These
results indicate that the lateral (α/β) Spectrin cytoskeleton, rather than the apical
(α/Kst) Spectrin cytoskeleton, is important to promote Yki activity in the Drosophila
adult midgut.
I attempted to make MARCM clones of the Spectrin mutants in the midgut to
analyse the loss of Spectrins in specific cells, instead of knocking it down across
the whole tissue. However, the recovery of Spectrin mutant clones proved to be
very difficult, often producing clones that were too small to analyse (data not
shown). The Drosophila adult midgut is a much trickier tissue to work with and
requires a big ‘n’ number, which was difficult to obtain for these experiments;
therefore, I was unable to repeat some of the experiments performed in the
imaginal discs and follicle cells in this tissue.
Nevertheless, since the RNAi lines worked efficiently, I went on to examine whether
the lateral Spectrins acted in parallel with Kib in the midgut, like in the other tissues,
by performing α-Spec and Kib double knockdown. The combination of α-Spec with
Kib RNAi gave a twofold increase in ISC proliferation (Figure 4.7 A-D), whereas
double knockdown of Kst and Kib did not cause a change in the number of PH3positive cells compared to Kib RNAi alone (Figure 4.7D; Figure 7.3). These results
suggested that the lateral Spectrin cytoskeleton acts in parallel with Kib in intestinal
epithelial cells, similar to the follicle cell epithelium.
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Figure 4.6 Lateral Spectrins repress Hippo target gene expression in the
intestinal epithelium
4.3

Expression of DIAP1-HRE-GFP in control (A,A’), Kst RNAi (B,B’), β-Spec RNAi (C,C’), α-Spec
RNAi (D,D’) and Yki overexpression (E,E’) midguts. UAS transgenes driven by myo1.Gal4. (F)
4.3
Quantification of DIAP1-HRE-GFP -postive cells in the midgut (n = 2 for each genotype). Error
bars show standard deviation of the mean. *** = p value < 0.001, * = p value < 0.05. Scale bar:
100µm.
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Figure 4.7 Lateral Spectrin cytoskeleton acts in parallel with Kib to restrict stem
cell proliferation in the intestinal epithelium
Kib (A,A’) or α-Spec (B,B’) RNAi enhances stem cell proliferation. (C,C’) Combining Kib RNAi
and α-Spec RNAi has an additive effect on stem cell proliferation. RNAi lines driven by
myo1.Gal4. Nuclei marked with DAPI. (D) Quantification of PH3-postive cells in the midgut (n >
8). Error bars show standard deviation of the mean. **** = p value < 0.0001, *** = p value <
0.001. Scale bar: 100µm. Image (B) reused from Figure 4.4.
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4.4 Spectrins are conserved in mammals and required for
activation of the Hippo pathway
The Spectrin cytoskeleton is conserved between Drosophila and mammals.
Mammals posses several genes for α and β Spectrins; two genes (SPTA1 and
SPTAN1) encode the α-Spec subunits, four genes (SPTB, SPTBN1, SPTBN2,
SPTBN4) encode the β-Spec subunits and one gene (SPTBN5) encodes the large
βH-Spec/Kst subunit (reviewed in (Machnicka et al., 2012). Given the presence of
many more variants of α/β-Spec in the mammalian Spectrin cytoskeleton compared
to Drosophila, we decided to test only the main α/β-Spec variants – SPTAN1, the
sole non-erythrocyte α-Spec protein, and SPTBN1, a major non-erythrocyte β-Spec
that is expressed in all nucleated cells – to determine their roles in Hippo signalling.
As previously shown in Figure 4.1, Spectrins are also polarised in human intestinal
epithelial cells, although to a less obvious extent than in Drosophila tissues;
SPTAN1 and SPTBN1 are polarised to both the apical and lateral membranes in
human Caco-2 cells (a colon adenocarcinoma cell line; Figure 4.1D).
We silenced expression of SPTAN1 and SPTBN1 by siRNA transfection of Caco-2
cells and checked for YAP (Yki homologue in mammals) localisation. YAP is
normally nuclear in sparsely plated cells, but becomes cytoplasmic in densely
confluent epithelial monolayer; this phenomenon is associated with cell contact
inhibition, which activates Hippo signalling (Zhao et al., 2007). The nuclear-tocytoplasmic translocation of YAP in response to cell density has also been reported
to be regulated by mechanical cues from the extracellular matrix, primarily through
the F-actin cytoskeleton (Dupont et al., 2011). siRNA knockdown of SPTAN1 or
SPTBN1 in densely confluent epithelia was sufficient to send YAP to the nucleus,
which suggested that Hippo signalling was inactive (Fletcher et al., 2015).
Quantification of YAP localisation revealed a three-fold increase in nuclearcytoplasmic localisation in siRNA knockdown cells compared to control conditions
(Fletcher et al., 2015). siRNA knockdown of SPTAN1 or SPTBN1 also reduced the
amount of phosphorylated YAP and LATS1 in these cells (Fletcher et al., 2015).
These results indicate that the Spectrin cytoskeleton is necessary for Hippo
pathway activation and regulation of YAP in response to cell density in human cell
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culture. The effect of disrupting the Spectrin cytoskeleton was similar to that seen
when cells are plated at low density and undergo mechanical stretching, which
results in YAP translocation to the nucleus. This observation, in addition to the
result from follicle cells showing loss of membrane tension in β-spec mutants
(Figure 4.3) prompted us to consider the role of Spectrins as possible
mechanosensory regulators of the Hippo pathway.
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4.5 How

does

the

Spectrin

cytoskeleton

induce

Hippo

signalling in response to mechanical force? – Proposed
Model
The Hippo signalling effector YAP has been proposed to act as a sensor and
mediator of mechanical cues in mammalian cells (Aragona et al., 2013, Dupont et
al., 2011), however this role is not understood in vivo. Previous studies have
described a pattern of stretching and compression at the apical surfaces of cells in
the Drosophila wing imaginal discs caused by a differential rate in proliferation,
where cells in the centre of the wing pouch proliferate more and therefore become
compressed, while cells in the periphery of the pouch proliferate slightly less and
therefore end up becoming stretched as the tissue grows (Figure 4.8A) (AegerterWilmsen et al., 2007, LeGoff et al., 2013, Mao et al., 2013, Schluck et al., 2013).
The Wingless (Wg) and Decapentaplegic (Dpp) signalling proteins are expressed
at the wing dorso-ventral and antero-posterior boundaries, respectively, and are
known to regulate cell proliferation in the centre of the pouch (Burke and Basler,
1996, Giraldez and Cohen, 2003). However, the signals required to regulate
proliferation in the peripheral cells of the pouch are unclear.
Given YAP’s reported role as a tension sensor and its well-established role in cell
proliferation, we investigated if the Hippo pathway had a mechanosensory function
to regulate cell proliferation in the periphery cells of the pouch. Examination of the
expression of Yki target gene ex.lacZ revealed that the pattern of mechanical
tension in the developing wing correlated with the pattern of Yki activity (Figure
4.8B). We observed that Ex.lacZ was highly expressed in the periphery of the wing
pouch compared to the centre; this was confirmed using the fluorescence intensity
profiling feature of the confocal software (Figure 4.8B). We found that the Ex.lacZ
pattern inversely correlated with the intensity of Crb and the apical Spectrin Kst
(Figure 4.8 C,D), which were concentrated at the junctions of the compressed cells
(Figure 4.8 E,F). These results indicate that the Hippo pathway was active in the
centre of the pouch but inactive in the periphery. Our findings led us to consider
that stretching of the peripheral cells might promote Yki activity and cause them to
proliferate, thus allowing them to catch up with the cells in the centre of the pouch
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so that the overall pattern of proliferation is almost uniform. Given the elastic
properties of Spectrins, their expression pattern in the wing imaginal discs, and
their requirement for both membrane tension in follicle cells and YAP localisation in
response to cell density, we considered a potential role for Spectrins in promoting
pathway activation in response to mechanical forces in the tissue. Furthermore, the
fact that Spectrins can bind both Crb and Ex, as well as Kib and Mer, led us to
reason that Spectrins might help to activate the Hippo pathway by clustering the
signalling complexes together. We hypothesised that in compressed cells in the
centre of the wing pouch, the Crb-Ex-Kib-Mer-apical Spectrins complex could drive
recruitment of more of the same complex at the apical membrane of the cells to
promote inhibition of Yki activity; we know from previous work in the lab that Crb
can dimerise with itself and drive recruitment of more Crb molecules (Fletcher et al.,
2012, Thompson, 2013). Conversely, in the stretched peripheral cells of the wing
pouch, we hypothesised that stretching the cell membrane might extend the
Spectrins and disperse the Crb molecules, reducing the clustering of the apical
complex, and reducing Hippo pathway activity. This could then lead to Yki
activation and cell proliferation in the periphery of the pouch to relieve tension in
the tissue. Our model could explain why both the Kst and Crb intensities are lower
at the junctions of stretched peripheral cells and Ex.lacZ expression was higher in
the periphery of the pouch (Figure 4.8).
To test this model, we induced clustering of Crb complexes by overexpressing a
form of Crb whose intracellular domain was replaced with GFP (CrbExTM-GFP;
(Pellikka et al., 2002). This allows dimerisation of Crb molecules via interactions
with the extracellular domain but does not give the overexpression effects that full
length Crb does, since the main binding motifs of the intracellular domain are
missing. Overexpression of CrbExTM-GFP with the nub.Gal4 driver resulted in small
wings that were highly similar to overexpression of Wts (Figure 4.9 A,B),
suggesting that Hippo signalling was activated. We found that the overgrowth
phenotype caused by RNAi of α-Spec and Kst was completely suppressed by coexpression of CrbExTM-GFP (Figure 4.9 C-F). In support of our hypothesis, CrbExTMGFP seemed to act upstream of Wts, as RNAi of Wts partially rescued the
undergrowth phenotype induced by CrbExTM-GFP overexpression (Figure 4.9 G,H).
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These results indicate that clustering of Crb complexes promotes Hippo pathway
activation to inhibit tissue growth (Figure 4.10, Figure 4.11).
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Figure 4.8 The apical Spectrin cytoskeleton may be mechanosensory in the wing
imaginal disc
(A) Schematic diagram of central compression and circumferential stretching in wing imaginal
disc. Wing imaginal discs showing Ex.lacZ (B), Crb (C) and Kst-YFP (D) expression. (E-F)
Zoomed regions showing Kst-YFP intensity in the compressed region (E) vs. the stretched
region (F). Scale bars: (B-D) 50µm; (E,F) 10µm. Experiments performed by G. Fletcher.
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Figure 4.9 CrbEXTM-GFP restricts tissue growth and acts upstream of Wts
ExTM

(A) Control wing. (B) Crb
overexpression causes undergrowth in the wing. RNAi of α-Spec
ExTM
(C) or Kst (E) causes overgrowth in wing. Crb
overexpression in a α-Spec RNAi (D) or Kst
RNAi (F) background blocks the overgrowth phenotype. (G) Wts RNAi also causes overgrowth
ExTM
in the wing. (H) Crb
overexpression in a Wts RNAi background partially rescues the
ExTM
undergrowth caused by Crb
overexpression, indicating that Wts acts downstream ofCrb.
Transgenes expressed using nub.Gal4. Scale bar: 250µm. Experiments performed by G.
Fletcher.
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4.6 Discussion
Our work identifies the Spectrin proteins as important upstream regulators of the
Hippo pathway, required to restrict tissue growth. Our results show that the apical
(α-Spec/Kst) and lateral (α/β-Spec) Spectrin cytoskeleton can regulate Hippo
signalling in a tissue dependent context. We find that the apical Spectrins are
required to restrict Yki activity in the Drosophila wing and eye epithelia. We show
that Ex and Kst co-localise in wing imaginal discs, and that Ex can bind to Kst via
its N-terminal region. We also show that both Kibra and Mer are able to coimmunoprecipitate with α-Spec and Kst. Previous studies have revealed that Crb
binds to Ex (Chen et al., 2010, Ling et al., 2010, Robinson et al., 2010), Ex can
bind to Kibra (Genevet et al., 2010), and Kib in turn can bind to Mer at the apical
domain (Genevet et al., 2010, Yu et al., 2010). Crb has also been reported to
interact with Spectrins (Medina et al., 2002, Pellikka et al., 2002). Therefore, based
on these interactions, Crb, Ex, α-Spec/Kst, Kib and Mer are likely to form a
complex at the apical domain of Drosophila wing and eye epithelial cells. The
apical Spectrins may act to promote Hippo activity and restrict tissue growth by
forming a meshwork that helps to cluster the Crb-Ex-Kib-Mer complexes. In support
of this view, we find that promoting the clustering of Crb by overexpressing the Crb
extracellular domain (CrbEXTM-GFP) is sufficient to block the overgrowth caused by
loss of apical Spectrins, suggesting that clustering of Crb may be required to
induce activation of Hippo signalling.
Surprisingly, we find that the apical Spectrin cytoskeleton is dispensable for Hippo
signalling in the Drosophila intestinal and follicle cell epithelia. Instead, we find that
lateral Spectrins are required for repression of Yki activity in the intestine and
follicle cells. In the case of the follicle cell epithelium, we show that mutants for
lateral Spectrins cause overproliferation and multilayering due to disrupted Hippo
signalling, as indicated by misregulation of Yki target genes. We also find that
mutants of β-spec show abnormal cell shape with rounded membranes, suggesting
that the Spectrins may play a role in regulating or maintaining membrane tension.
In addition to regulation of cell proliferation in follicle cells, we show that the lateral
Spectrins are required for border cell migration. Previous work in the lab has
130

	
  

Chapter 4 Results

identified a role for the Hippo pathway in polarising the actin cytoskeleton to
promote border cell migration (Chapter 3). The fact that Spectrins can affect Hippo
signalling and that we observe a similar border cell migration delay when we
knockdown Spectrins in border cell clusters, as we see in mutants for Hippo
pathway components, strongly suggests that Spectrins may be regulating border
cell migration via the Hippo pathway. This strengthens our argument for Spectrins
being core upstream regulators of the Hippo pathway, as they seem to be involved
in multiple Hippo-related functions.
How might the lateral Spectrins regulate border cell migration? Both α-Spec and βSpec are localised all over the plasma membrane in border cells. The elasticity of
Spectrins and their ability to sense force might be important for border cell
migration; the Spectrins may play a role in sensing cluster cohesion, which might
be relayed back to the Hippo pathway, so that if the cluster starts moving too much,
Hippo signalling can be switched on to regulate the level of actin polymerisation
and restore normal migration.
In the case of the intestinal epithelium, we show that knockdown of lateral
Spectrins in the enterocytes has a marked affect on ISC proliferation and
expression of the Hippo reporter gene diap1, with similar results observed for Yki
overexpression. This non-cell autonomous response of Hippo inactivation in
enterocytes causing an effect on ISC proliferation is a characterised Hippo
phenotype, which has been shown in previous studies that link the Hippo pathway
to regenerative response in the Drosophila adult midgut (Shaw et al., 2010, Staley
and Irvine, 2010). Inactivation of Hippo signalling in enterocytes induces Unpaired
(Upd) expression, which is known to play a role in intestinal stress response; this
activates JAK/STAT signalling to promote ISC proliferation (Shaw et al., 2010,
Staley and Irvine, 2010). It is possible that the Spectrin cytoskeleton might play a
role in sensing epithelial integrity in the intestinal epithelium, where upon damage,
the Spectrin meshwork that helps to cluster the upstream Hippo signalling
complexes is disrupted, thus leading to Yki de-repression and activation of the
regenerative response.
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Since the apical Spectrin cytoskeleton is not required for Hippo signalling in the
intestine and follicle cells, the same mechanism of Hippo activation in the wing and
eye epithelia is unlikely to mediate signalling in these tissues, especially as the
lateral Spectrins and Ex are localised to different cellular domains. This might
explain why Crb is not essential for repression of Yki activity in follicle cells, as crb
mutants in this tissue do not exhibit overproliferation or misregulation of Hippo
reporter genes (data not shown; (Fletcher et al., 2015). The lateral Spectrins must
therefore employ other lateral effectors to induce Hippo signalling in these tissues,
the molecular mechanism of which remains to be explored in future. A possible
candidate to consider for the role of a lateral effector is the Tao-1 kinase, which
localises laterally in follicle cells and has also been shown to regulate Hippo
signalling (G. Fletcher – unpublished data; (Boggiano et al., 2011, Poon et al.,
2011). Further work is required to determine whether the lateral Spectrins can
interact with Tao-1 to mediate Hippo signalling.
We find that in all tissue contexts analysed, the Spectrins act in parallel with Kib to
activate Hippo signalling. Epistasis experiments in the wing indicate that the apical
Spectrins act upstream or at the level of Ex. Together, these results suggest that
Spectrins might act in the same branch as Ex, especially as Ex and Kib have
already been shown to act in parallel to activate the signalling cascade
(Baumgartner et al., 2010). We also find that the Spectrin cytoskeleton is not
directly required for polarisation of Crb or Ex, as we still observe an undergrowth
phenotype when expressing CrbEXTM-GFP in the α-Spec or Kst RNAi background.
This therefore supports the notion that Spectrins may help to cluster complexes at
the membranes rather than recruiting them directly.
In human epithelial cells, our data show that the main non-erythrocyte α (SPTAN1)
and β (SPTBN1) Spectrins are essential for regulating YAP localisation in response
to cell density in culture. Previous studies have shown that homologues of Crb
(CRB3), Ex (AMOT) and Mer (NF2) can also regulate YAP localisation (Varelas et
al., 2010, Zhao et al., 2011a, Zhang et al., 2010); thus putting the Spectrins in a
similar context as the other components of Hippo signalling. YAP’s response to cell
density has been shown to be induced by mechanical cues, which requires an
intact F-actin cytoskeleton (Dupont et al., 2011, Aragona et al., 2013), however, the
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identity of the mechanosensory molecule(s) that mediate this response is not clear.
Our findings suggest that the Spectrin cytoskeleton might be a good candidate for
the role of a Hippo pathway mechanosensor.

4.6.1 Spectrins act as mechanosensors to induce Hippo signalling
The molecular nature of Spectrins makes them an excellent candidate to function
as mechanosensors, and several lines of evidence from the literature and our work
support this notion. Firstly, erythrocyte Spectrins are known to form a dense
meshwork at the plasma membrane that can stretch out under force, which gives
these cells their elasticity (Byers and Branton, 1985, Hirokawa et al., 1983b, Ursitti
et al., 1991). Secondly, individual Spectrin molecules have been shown to undergo
mechanical deformation under force; their ability to deform is facilitated by the
presence of Spectrin repeats and helical linker regions that are able to extend
(Johnson et al., 2007, Stabach et al., 2009). Thirdly, recent studies using a FRETbased Spectrin sensor have revealed that Spectrins are held under constitutive
tension in C.elegans neurons and mammalians cells, which allows them to respond
to mechanical stimuli or sense stress during cell migration (Krieg et al., 2014, Meng
and Sachs, 2012). Finally, loss of Spectrins has been shown to cause a loss of
membrane tension in C.elegans neurons and erythrocytes (Krieg et al., 2014,
Stokke et al., 1986). This is consistent with our findings in Drosophila follicle cells,
where loss of β-Spec also affects membrane tension, as observed by the change in
cell shape (Figure 4.3). Given all the links between Spectrins and tension, it seems
likely that the Spectrin cytoskeleton could regulate Hippo signalling via
mechanosensation. One possibility is that force may cause conformational changes
in the Spectrins, allowing it to unfold and extend upon mechanical stress, which
could cause the N-terminal regions of the Spectrins that bind to FERM domain
proteins to become spatially separated, thus inducing de-clustering of upstream
pathway components and signal inhibition (Figure 4.11). Our results indicate that
clustering of Crb is sufficient to drive Hippo signalling in the wing and block the
overgrowth caused by α-Spec or Kst knockdown. This supports our model in which
the Spectrin cytoskeleton helps to cluster Crb-Ex-Kib-Mer complexes together and
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activate Hippo signalling to inhibit Yki activity in cells that are under constitutive
tension.

4.6.2 Alternatives to our model
One alternative model of mechanosensation involves the actin cytoskeleton.
Recent studies have shown that F-actin can regulate YAP activity independently of
MST1/2 (mammalian homologue for Hpo) and LATS1/2 (mammalian homologue
for Wts) activation in mammalian cells in culture (Aragona et al., 2013, Dupont et
al., 2011). As an actin crosslinker, Spectrin can bind to F-actin directly, so there is a
possibility that the force-induced conformational change in Spectrin may influence
the actin cytoskeleton and potentially affect Yki/YAP activation independently of the
canonical signalling cascade. It is currently unclear whether F-actin can directly
regulate Yki activity in Drosophila (Gaspar and Tapon, 2014), as it does in
mammalian cells; further work is required to test this possibility. Even if the actin
cytoskeleton did contribute to Yki/YAP activity, it is unlikely that the effect caused
by loss of Spectrins is entirely due to actin mediated signalling, as we observe a
decrease in LATS1 phosphorylation upon siRNA knockdown of Spectrins in human
Caco-2 cells, which indicates that Spectrins are required for activation of Wts and
the canonical signalling cascade.
A second alternative model of mechanosensation involves activation of c-Jun Nterminal kinase (JNK). Mechanical strain on cultured mammalian mammary
epithelial cells has been shown to promote YAP activity via JNK mediated inhibition
of Hippo signalling (Codelia et al., 2014). JNK is a stress-activated kinase that
promotes binding of LATS1 to the Ajuba family protein LIMD1, which inhibits
LATS1 activity and disrupts the signalling cascade (Codelia et al., 2014). Therefore,
one possibility is that mechanical strain on tissues might cause a deformation in
Spectrins, which could lead to JNK activation, leading to Yki/YAP activity. This is
unlikely to be true however, because blocking JNK signalling in Drosophila does
not affect normal tissue growth, although JNK is required for cell death induced
regeneration in imaginal discs (Bergantinos et al., 2010). Currently, there is no
evidence for physiological regulation of JNK activation by forces in the wing
imaginal disc. Nevertheless, our data cannot exclude the possibility of JNK
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dependent mechanism for Yki activity. Given the possible alternatives, our
characterisation of Spectrin function is more consistent with the view that apical
Spectrins act with Crb-Ex-Kib-Mer complexes to help sense forces by activating
Hippo signalling in the Drosophila wing and eye epithelia.

4.7 Concluding remarks
In conclusion, our work suggests that Spectrins are negative regulators of growth
and act upstream of the Hippo pathway. Moreover, we identify Spectrins as
potential mechanosensors in the pathway in both Drosophila and mammalian cells.
There is good evidence that mechanical forces can contribute to promoting cell
proliferation in Drosophila wing epithelia (Aegerter-Wilmsen et al., 2007, LeGoff et
al., 2013, Mao et al., 2013, Schluck et al., 2013). Additionally, forces have also
been proposed to drive proliferation in the follicle cell epithelium (Wang and
Riechmann, 2007). Based on the molecular characteristics of Spectrins and the
data presented in this chapter, it seems plausible that the Spectrin cytoskeleton
could sense forces to regulate Hippo signalling as part of the physiological control
of tissue growth during development.
Consistent with our work, two recent studies have also reported a role for Spectrins
in regulating the Hippo pathway in Drosophila and mammalian cells (Deng et al.,
2015, Wong et al., 2015). The findings from Deng et al. establish a link between
Spectrin function and the acto-myosin cytoskeleton, although the molecular
mechanisms behind these links remain to be elucidated (Deng et al., 2015). We
show that the apical (α-Spec/Kst) and lateral (α/β) Spectrin cytoskeletons regulate
Hippo signalling in a tissue dependent context, and we suggest a mechanism for
this regulation in the wing and eye epithelia, which involves the apical Spectrin
cytoskeleton. Although we also show a role for the lateral Spectrins in regulation of
Yki activity in the follicle and intestinal epithelia, we still don’t fully understand how
these proteins activate Hippo signalling laterally. In future, it will be important to
address the lateral mechanism in order to fully understand how Spectrins regulate
tissue growth via the Hippo pathway. Given that Spectrins are highly conserved, we
expect that the physiological role for Spectrins as sensors of tension that regulate
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Hippo signalling may well be conserved across metazoans, and may be a critical
control mechanism in both normal development and cancer.
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Chapter 5.

Results III

The Spectrin cytoskeleton, microtubule cytoskeleton
and actin microvilli are sequentially organised by cell
polarity determinants in polarised epithelial cells
Apical microvilli are a common feature of polarised epithelial cells, and are
important for many functions ranging from absorption in the brush border of the
intestine to mechanotransduction in the stereocilia of the inner ear. How epithelial
cells direct the polarisation of features such as the microvilli is an important
question that remains unanswered. In addition to the polarised apical and
basolateral domains, epithelial cells also exhibit polarisation of other cellular
components such as the cytoskeleton. The cell cytoskeleton plays a key role during
cell morphogenesis to orient cellular functions, but how it is organised at the
molecular level is not yet understood. In this chapter, I will present my findings on
the mechanism that links polarity determinants with the sequential polarisation of
the Spectrin cytoskeleton and microtubule cytoskeleton to organise apical
trafficking of Cadherin99C (Cad99C) during microvilli biogenesis. Cad99C is a
transmembrane protein that is essential for the regulation of microvilli in Drosophila
(D'Alterio et al., 2005, Schlichting et al., 2006). The protein becomes apically
localised during mid-oogenesis (stage 6-10) but how it is targeted and delivered to
the apical membrane is not known. The aim of my project was to understand how
cellular functions are oriented in epithelial cells, more specifically, how Cad99C is
trafficked to the apical membrane to promote microvilli biogenesis.
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5.1 Cadherin99C is localised to the apical membrane in follicle
cells
Microvilli biogenesis in the Drosophila follicle cell epithelium is restricted to the
follicle cells surrounding the oocyte – see schematic diagram (Figure 5.1A). The
oocyte also forms its own microvilli, which are thought to promote crosstalk with the
follicle cell microvilli to allow molecular exchanges via specialised intercellular
connections known as gap junctions (Bohrmann and Haasassenbaum, 1993). For
the purpose of this study, I focussed on the microvilli in polarised follicle cells.
I started by examining the apical microvilli in follicle cells at different stages of
oogenesis. Microvilli biogenesis starts at stage 6/7 of oogenesis, after which the
microvilli keep growing until they reach their maximum length at stage 10 (D'Alterio
et al., 2005, Schlichting et al., 2006); these microvilli are composed of F-actin
bundles that are visible by Phalloidin staining. I observed that the F-actin staining at
the apical surfaces of the follicle cells increased as the egg chamber progressed
through oogenesis, which was indicative of microvilli growth. At stage 10, a double
F-actin layer was clearly defined, distinguishing the follicle cell microvilli from the
oocyte actin cytoskeleton (Figure 5.1 B-E). This process was visualised in more
detail with transmission electron microscopy (TEM). The TEM images revealed that
the follicle cell and oocyte membranes start off in close proximity to each other
during initial stages of microvilli biogenesis, but become separated by the
production and accumulation of the vitelline bodies by stage 10 (Figure 5.1 F-I).
The vitelline bodies are secreted by the follicle cell microvilli and later fuse together
to give rise to the embryonic eggshell (reviewed in (Waring, 2000); therefore
defects in microvilli can result in a defective eggshell and lead to embryonic
lethality (D'Alterio et al., 2005, Schlichting et al., 2006).
Cadherin99C (Cad99C; known as Protocadherin 15 (PCDH15) in mammals) is
necessary for normal biogenesis of microvilli in Drosophila, and is also sufficient to
expand microvilli length when overexpressed (Chung and Andrew, 2014, D'Alterio
et al., 2005, Schlichting et al., 2006). In mammals, PCDH15 interacts with another
cadherin, Cadherin23, to form extracellular links that connect the tips of adjacent
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stereocilia, which are specialised derivatives of microvilli; these links are thought to
be important for mechanotransduction to allow hearing (Elledge et al., 2010, Geng
et al., 2013, Kazmierczak et al., 2007, Sollner et al., 2004, Brown et al., 2008, Petit
and Richardson, 2009). As previously reported by D’Alterio et al. and Schlichting et
al., we observed that Cad99C localised specifically to the apical domain of follicle
cells that were initiating biogenesis of apical microvilli (D'Alterio et al., 2005,
Schlichting et al., 2006). Cad99C expression started at the posterior pole at stages
6/7 and spread to all the follicle cells surrounding the oocyte by stage 10 (Figure
5.1 J-M). In line with previous microvilli-related publications in Drosophila
(Schlichting et al., 2006, D'Alterio et al., 2005), Cad99C has been used as a marker
for apical microvilli throughout this study.
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Figure 5.1 Cad99C is localised to the apical membrane during microvilli
morphogenesis in the follicle cell epithelium
(A) Schematic diagram of a stage 10 Drosophila egg chamber, highlighting cells that make
microvilli. F-actin staining (B-E’), transmission electron microscopy (F-I) and Cad99C
localisation (J-M) in wild type egg chambers during different stages of microvilli biogenesis. Factin marked with Phalloidin and nuclei marked with DAPI. Arrows in (E’) point to the apical
actin-rich microvilli. Yellow arrows in (F-I) point to the microvilli in follicle cells. Oc: oocyte, FC:
follicle cells, V.B.: vitelline bodies. (D) during stages of in wild type egg chambers. Scale bars:
(E,M) 50µm; (E’) 5µm; (F-I) 1µm.
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5.2 Polarity determinants are required for apical localisation of
Cad99C
In epithelial cells, apical and basal polarity determinants such as Cdc42 and Lgl,
respectively, play a crucial role in polarising other proteins within the cell. In view of
this, I tested the requirement of these polarity proteins for the polarisation of
Cad99C in the follicle cells. I found that Cad99C was lost from the apical
membrane of both cdc423 and lgl4 mutants (Figure 5.2 A-C). In lgl4 mutants, aPKC
is known to spread along the membrane so that the apical domain is present
everywhere. This spread of apical identity however, was not sufficient to promote
apical localisation of Cad99C, indicating that the establishment of proper cell
polarity was required for the apical polarisation of Cad99C.
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Figure 5.2 Polarity determinants are required for apical localisation of Cad99C
3

4

Cad99C localisation in control (A,A’), cdc42 (B,B’) and lgl (C,C’) mutant clones (GFP+). Nuclei
marked with DAPI. Scale bar: 50µm.
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5.3 Rab11 is required for Cad99C trafficking
Cad99C is a transmembrane protein and therefore must require vesicle trafficking
for transport to the apical membrane. Rab11-positive vesicles play a key role in
intracellular trafficking and are known to be involved in endocytic recycling to the
apical membrane, as well as in trans-Golgi to plasma membrane transport via the
biosynthetic pathway (reviewed in (Folsch et al., 2009, Rodriguez-Boulan and
Macara, 2014, Rodriguez-Boulan et al., 2005). This prompted me to investigate the
requirement of Rab11-positive vesicles (referred to as Rab11 from hereafter) in the
trafficking of Cad99C to the apical membrane.
I examined the localisation of Rab11 in the follicle cell epithelium and found that
they co-localised with Cad99C at the apical plasma membrane in the follicle cells
surrounding the oocyte that are undergoing microvilli biogenesis (Figure 5.3 A-D’’).
However, unlike Cad99C, Rab11 polarisation was not limited to the cells exhibiting
apical microvilli; apical localisation of Rab11 was also observed in all the other
follicle cells during early-mid oogenesis, where Rab11 is known to be required for
maintenance of epithelial polarity (Fletcher et al., 2012, Roeth et al., 2009, Jing and
Prekeris, 2009). Rab11 is also polarised in the oocyte membrane, as visualised by
the presence of two lines of Rab11 staining in the stage 10 egg chamber staining –
the inner line represents Rab11 from the oocyte while the outer line represents
Rab11 in the follicle cells (Figure 5.3 D,D’’).
Generation of Rab11 RNAi clones in the follicle cells using the Actin flipout system
resulted in the loss of Cad99C from the apical membrane and its accumulation in
the cytoplasm (Figure 5.3 E,F). To rule out an indirect effect of Rab11 on Cad99C
trafficking via misregulation of epithelial polarity, I tested the effect of Rab11 RNAi
on markers of cell polarity. I found that localisation of the apical and basolateral
polarity markers, aPKC and Dlg, respectively, were not affected by Rab11 RNAi
(Figure 7.4A). These results indicate that Rab11 is required to traffic Cad99C to the
apical membrane in follicle cells, and that this function is separate from its role in
the maintenance of polarity in the follicle cell epithelium. It is not clear from these
results whether Rab11-based vesicle trafficking of Cad99C occurs via the
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endocytosis route or the biosynthetic route, further analysis is required to
distinguish between these possibilities.
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Figure 5.3 Rab11 co-localises with Cad99C and is required for its trafficking to
the apical membrane
Cad99C (A-D) and Rab11 (A’-D’) localisation in wild type egg chambers during different stages
of microvilli biogenesis. (D’’) Co-localisation of Cad99C and Rab11 at stage 10, zoom of image
(D,D’). (E-F’’) Rab11 RNAi flipout clones (GFP+) cause mislocalisation of Cad99C from the
apical membrane of follicle cells. Nuclei marked with DAPI. Images (A-D) reused from Figure
5.1. Scale bars: (A,E,F) 50µm; (D’’,E’’,F’’) 10µm.
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5.4 The Nuclear fallout-Dynein motor complex is required for
apical localisation of Rab11
I next explored the mechanism by which Rab11 might traffic Cad99C to the apical
membrane. Rab11 uses adaptor proteins to bind to different motors for intracellular
transport (Horgan and McCaffrey, 2009, Junutula et al., 2004, Meyers and Prekeris,
2002, Prekeris, 2003). Nuclear fallout (Nuf; Rab11FIP3 in mammals) is an adaptor
protein that interacts with Rab11 and is required for their localisation to the
cleavage furrow during cytokinesis (Cao et al., 2008, Riggs et al., 2003). Nuf is also
known to form a complex with the microtubule minus-end motor Dynein (Riggs et
al., 2007), which has been shown to be involved in apical transport of proteins and
mRNA (Harris and Peifer, 2005, Wilkie and Davis, 2001).
I found that Nuf localised to the apical membrane of follicle cells in a similar pattern
to Rab11 (Figure 5.4 A-C). Based on the localisation and reported interactions, I
tested the requirement for Nuf and Dynein in trafficking of Rab11 and Cad99C. I
found that nuf mutant clones were sufficient to cause loss of apical Rab11
polarisation, with vesicles accumulating the cytoplasm (Figure 5.4 D,E). Although
Rab11 exhibited a dramatic depolarisation, Cad99C was considerably less affected.
The overall level of Cad99C protein appeared to be reduced in nuf mutant clones
compared to the neighbouring control cells, however Cad99C localisation to the
apical membrane was not affected. Notably, nuf mutant clones displayed apical
membrane ruffling, possibly caused by defective microvilli (Figure 5.4E’’). One
possibility for Cad99C still localising to the apical membrane in nuf mutant cells
might be due to slow protein turnover, which would mean that previously delivered
proteins to the membrane would still be present and functional for a while, even
when further delivery of new protein is prevented.
RNAi of Dynein with the follicle cell-specific driver GR1.Gal4 also resulted in the
loss of Rab11 from the apical region of follicle cells – the Rab11 signal that can still
be observed in the staining is from the oocyte and not the follicle cells (Figure 5.4
F,G). Loss of Dynein caused Rab11 to accumulate basally in these follicle cells
(red arrow in Figure 5.4G’ zoom). Dynein RNAi also affected Cad99C localisation,
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as very little protein was detected at the apical membrane (white arrows in Figure
5.4G’’). I found that Cad99C became cytoplasmic and also accumulated basally in
cells expressing Dynein RNAi. Notably, these basal Cad99C punctae co-localised
with those of Rab11 (Figure 5.4 G’’’, also red arrows in G’,G’’). These results
indicate that Nuf and Dynein are important for the apical localisation of Rab11 in
the follicle cell epithelium.
Despite the GR1.Gal4 driver being expressed in all follicle cells from early
oogenesis, occasionally some cells showed normal polarisation of Rab11 and
maintenance of Cad99C protein levels (yellow arrows in Figure 5.4 G’,G’’). This
effect could be either due to low penetrance to Dynein RNAi or UAS position, which
can sometimes cause a variegation effect.
Since Nuf and Dynein were involved in Rab11 localisation, I wanted to ensure that
disrupting either of the two proteins did not affect Rab11’s role in polarity
maintenance. I found that the polarity determinants aPKC and Dlg were both
localised normally in nuf mutant clones and Dynein RNAi cells, therefore cell
polarity was not affected in these conditions (Figure 7.4 B-E).
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Figure 5.4 The Nuf-Dynein motor complex is required for apical localisation of
Rab11
(A-C) Nuf localisation in wild type egg chambers during different stages of microvilli biogenesis.
Rab11 and Cad99C localisation in control (D-D’’) and nuf mutant clones (E-E’’). Arrows highlight
areas where Rab11 and Cad99C localisations are mislocalised. Rab11 and Cad99C localisation
in control (F-F’’) and Dynein RNAi (G-G’’) follicle cells driven by GR1.Gal4. Arrows in (G’,G’’)
white: highlights regions where Rab11 and Cad99C are mislocalised (remaining Rab11 signal is
from the oocyte); yellow: highlights region with low Dynein RNAi penetrance and red: point to
basal punctae. (G’’’) Zoom of (G’,G’’) showing co-localisation of Rab11 and Cad99C in basal
punctae (arrows). Nuclei marked with DAPI. Scale bars: (A-G) 50µm; Zoom (D’-G’,G’’’) 25µm.
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5.5 Microtubules are required for the trafficking of Rab11 to the
apical membrane
The results so far suggested that apical localisation of Rab11 depends on the NufDynein complex. Given that Dynein is a well-characterised microtubule-associated
motor, I examined the requirement of microtubules for Rab11 trafficking during
microvilli biogenesis. Microtubules in follicle cells are known to be polarised along
the apical-basal axis, as indicated by the localisation of the minus-end and plusend motors, Nod and Kinesin, respectively (Clark et al., 1997). Nod.lacZ is
localised apically, whereas Kinesin.lacZ is localised basally, therefore indicating
that the microtubule minus-ends are oriented apically in follicle cells (Figure 5.5
A,B). To test the involvement of microtubules, I treated egg chambers with
Colchicine for one hour to depolymerise the microtubules and checked for effects
on Rab11 and Cad99C localisation. Colchicine treatment caused loss of Rab11
from the apical region of follicle cells (and the oocyte) and resulted in their basal
accumulation (Figure 5.5 C,D), which was similar to the effect observed with
Dynein RNAi (Figure 5.4G’). Cad99C localisation was not affected by Colchicine
treatment (data not shown), which could be due to the short treatment time and
protein perdurance.
I also tested for the requirement of microtubules genetically by overexpressing the
microtubule-severing protein Katanin-60 in follicle cells using the GR1.Gal4 driver.
In wild type follicle cells, microtubules are highly polarised along the apical-basal
axis, which can be visualised with Tubulin (Tub) staining (Figure 5.5 E-E’’’).
Katanin-60 expression led to a marked reduction in Tub staining, indicating
disruption of most microtubules. It also caused mislocalisation of Rab11, resulting
in its accumulation in the cytoplasm, and depletion of apical Cad99C from the
follicle cells (Figure 5.5 F-F’’’). These results therefore indicate that the apical
trafficking of Rab11 and Cad99C is a microtubule-dependent process.
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Figure 5.5 Microtubules are polarised in follicle cells and required for apical
trafficking of Rab11
Localisation of microtubule motors Nod-lacZ (A) and Kinesin-lacZ (B) in follicle cells. Rab11
localisation in control (C,C’) and Colchicine treated (D.D’) egg chambers. Localisation of
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Katanin60 (F’’’). Scale bars: (A-F) 50µm; (C’,D’,E’’’,F’’’) 25µm.
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5.6 Patronin

and

Shortstop

are

required

to

polarise

microtubules in the follicle cell epithelium
I next investigated how microtubules were polarised in follicle cells to allow apical
trafficking of Rab11. Cells in the follicle cell epithelium stop dividing and switch to
an endocycle after stage 6 of oogenesis, therefore it is likely that the microtubules
in these cells are not polarised by the mitotic centrosome, and instead may be
polarised acentrosomally by other microtubule-binding proteins. I considered two
microtubule-binding proteins Patronin (CAMSAP1/2/3 in mammals) and Shortstop
(Shot; MACF1/DST/Plec in mammals) for the role of polarising microtubules in the
follicle cells.
Patronin has been reported to bind minus-ends of microtubules in vitro via its Cterminal CKK domain; this binding to minus-ends is thought to protect the
microtubules from Kinesin-13 mediated degradation (Baines et al., 2009, Goodwin
and Vale, 2010, Hendershott and Vale, 2014). Furthermore, in mammalian cells the
Patronin homologues, CAMSAP3 and CAMSAP2, have been shown to cooperate
to control epithelial-specific organisation of acentrosomal microtubules (Tanaka et
al., 2012).
Shot is a spectraplakin cytoskeletal protein that is known to crosslink microtubules
to the actin cytoskeleton (Applewhite et al., 2010, Lee and Kolodziej, 2002). Shot
can bind F-actin via its N-terminal actin-binding domain and can also bind
microtubules via its C-terminal GAS2 domain (Applewhite et al., 2010, Lee et al.,
2000, Sun et al., 2001, Lee and Kolodziej, 2002).
Expression of GFP-tagged versions of Patronin and Shot (Patronin-GFP and ShotGFP) using the GR1.Gal4 driver showed that the two proteins localised to the
apical membrane in follicle cells, suggesting that they were ideally positioned for
the role of polarising microtubules (Figure 5.6 A,B). I tested whether Patronin and
Shot were required to polarise the microtubules and thus facilitate trafficking of
Rab11 during microvilli biogenesis. RNAi of Patronin in follicle cells using the
GR1.Gal4 driver resulted in a disordered microtubule network, as observed by Tub
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staining (Figure 5.6 D-D’’’). Patronin RNAi also caused partial disruption of Rab11
localisation but was not sufficient to disrupt Cad99C localisation (Figure 5.6 D-D’’’).
This might be due to either inefficient knockdown, as some of the Rab11-positive
vesicles were still apically enriched in Patronin RNAi cells, or redundancy with
another protein. shot3 mutant clones have previously been reported to cause
multilayering in the follicle cell epithelium due to disruption in cell adhesion
(Gregory and Brown, 1998, Roper and Brown, 2003). I found that mutants of shot3
also exhibited defects in microtubule organisation (as indicated by the Tub staining)
and Rab11 localisation (Figure 5.6 E-F’’’). Similar to Patronin RNAi, shot3 mutant
clones were not sufficient to disrupt Cad99C localisation, which suggested that the
two proteins might act in parallel (Figure 5.6 E-F’’’). Even in multi-layered shot3
mutant clones, Cad99C was still localised apically (Figure 5.6 F-F’’’), suggesting
that the mutants might retain their polarity. Accordingly, Crumbs (Crb) was
localised normally in shot3 mutant clones, indicating that the cells retained their
polarity (Figure 7.5 A,B).
To identify if Patronin and Shot were acting in parallel to polarise the microtubules,
I expressed Patronin RNAi in a shot3 mutant background using the MARCM system.
Perturbing both Patronin and Shot had a stronger effect on microtubule
organisation than loss of each protein alone (Figure 5.7 A-D’’’; Figure 5.6 D-F’’’).
Notably, localisation of Cad99C at the apical membrane was significantly reduced,
and in some cases was completely lost (Figure 5.7 C-D’’’). These results indicate
that microtubule polarisation is essential for apical trafficking of Cad99C in follicle
cells, and that Patronin and Shot work in parallel to polarise the microtubules.
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Figure 5.6 Patronin and Shot are required to polarise the microtubules in the
follicle cell epithelium
Expression of Patronin-GFP (A,A’) and Shot-GFP (B,B’) in follicle cells. Localisation of Cad99C,
3
Rab11 and Tubulin in control (C-C’’’), Patronin RNAi (D-D’’’) and shot mutant clones (E-F’’’)
(GFP+). UAS transgenes driven by GR1.Gal4. Nuclei marked with DAPI. Images (C-C’’’) reused
from Figure 5.5. Scale bars: (A-F) 50µm; (A’,B’,C’’’-F’’’) 25µm.
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Figure 5.7 Patronin and Shot act in parallel to polarise the microtubules in the
follicle cell epithelium
3

Cad99C and Tub localisation in control (A) and Patronin RNAi, shot mutant clones (B-D’’’)
(GFP+). Perturbing both Patronin and Shot causes severe microtubule defects and loss of
Cad99C from the apical membrane. Nuclei marked with DAPI. Scale bars: (A-C,D’’’) 25µm; (D)
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5.7 The apical Spectrin cytoskeleton is required to polarise
Patronin and Shot in response to apical-basal polarity
determinants
To investigate the mechanism by which Patronin and Shot become polarised to the
apical membrane, I examined the role of the Spectrin cytoskeleton. As described in
the previous chapter, Spectrins are large cytoskeletal proteins that crosslink F-actin
to the cell membrane via interactions with integral membrane-bound proteins (see
1.3.2). The three isoforms of Spectrins, α, β and βHEAVY (βH; also known as Karst
(Kst)) exist as α/Kst and α/β heterotetramers that localise to the apical and lateral
domains, respectively (Lee et al., 1997, Thomas and Williams, 1999, Thomas et al.,
1998, Thomas and Kiehart, 1994, Zarnescu and Thomas, 1999). Several lines of
evidence suggested that the apical Spectrins might interact with Patronin and Shot.
Firstly, a conserved region in mammalian CAMSAP1 (Patronin homologue), known
as the CC1 region, has been reported to bind the linker region adjacent to the PH
domain of the long C-terminal variant of βII-Spectrin (β-Spec in flies) in vitro (Figure
5.8A) (King et al., 2014). Secondly, Shot contains multiple Spectrin repeat domains,
suggesting that it might directly bind to Spectrins (Figure 5.8A) (Leung et al., 1999,
Roper and Brown, 2003, Sun et al., 2001).

5.7.1 The apical Spectrin cytoskeleton can bind to Patronin and Shot
I performed co-immunoprecipitation (Co-IP) experiments from Drosophila embryos
expressing endogenous Kst tagged with YFP to test for interactions of apical
Spectrins with Patronin and Shot. I found that Kst interacted strongly with two
isoforms of Shot (Figure 5.8B). Pulling down Kst also co-immunoprecipitated
endogenous α-Spec (Figure 5.8B). I also tested for an interaction between Kst and
Patronin, however the results were inconclusive as both the experimental and
control samples produced a strong interaction, indicative of non-specific binding
(data not shown). To confirm the observed interactions, reciprocal Co-IPs were
also performed with embryos expressing GFP-tagged Patronin and Shot driven by
the embryonic driver arm.Gal4. The Co-IPs revealed that both Patronin and Shot
interacted with Kst and α-Spec, although the interaction of Patronin with Kst was
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very weak (Figure 5.8 C,D). Interestingly, Patronin also interacted with Shot (Figure
5.8D). Furthermore, mass spectrometry analysis of Patronin-GFP and Shot-GFPassociated proteins from Drosophila embryos identified both Kst and α-Spec as
candidates (data not shown). Together, these results indicate that apical Spectrins
bind to Patronin and Shot, and might act to recruit the two proteins to the apical
membrane. Since Patronin and Shot were found to bind to each other, it is possible
that the proteins could exist in a multiprotein complex with the apical Spectrins.

5.7.2 The apical Spectrin cytoskeleton is required for the apical
localisation of Patronin and Shot
I tested the requirement of Spectrins for the localisation of Patronin and Shot by
making mutant clones for α-spec and kst in follicle cells. Importantly, α-spec mutant
clones displayed mislocalisation of Patronin and Shot from the apical domain
(Figure 5.9 A,B’’). kst mutant clones on the other hand, revealed varying
phenotypes (Figure 5.9 C,D’’). Most of the kst mutant clones exhibited normal
localisation of Patronin and Shot, however, a few rare kst mutant clones showed
mislocalisation of Patronin and downregulation of Shot protein levels (Figure 5.9
C,D’’); the reason for this variability is unclear and needs to be explored further.
Loss of α-Spec also caused mislocalisation of Rab11 and Cad99C, and mutant
cells appeared to have ‘fused’ membranes between the oocyte and follicle cells
(Figure 5.9 E-G), indicative of defective microvilli – wild type egg chambers
normally have the two membranes separated by the vitelline bodies that are
secreted by the follicle cell microvilli. These results were not caused by an indirect
effect of loss of polarity, as aPKC localisation was normal in α-spec mutants
(Figure 5.9 G). Surprisingly, kst mutant clones did not show significant
mislocalisation of Rab11 or Cad99C (data not shown). The results suggest that αSpec, and possibly Kst, are required to polarise Patronin and Shot to the apical
domain. Since kst mutants often do not show a strong phenotype, it is possible that
loss of Kst may be compensated by another protein.
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Figure 5.8 Patronin and Shot bind to apical Spectrins
(A) Protein domain structures of Patronin, Karst and Shot. (B) Co-IP of Shot and α-Spec with
endogenously expressed Kst-YFP. (C) Co-IP of Kst and α-Spec with Shot-GFP. (D) Co-IP of
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performed by G. Fletcher.

156

	
  

Chapter 5. Results

5.8 Polarity determinants are required to polarise the Spectrin
cytoskeleton
Polarity determinants are known to play an integral role in polarising other proteins
and cellular functions in epithelial cells (reviewed in (St Johnston and Ahringer,
2010). As previously described, I found that polarity determinants were required for
apical polarisation of Cad99C (Figure 5.2), but exactly how they were disrupting the
trafficking of Rab11 was unclear. Both because α-Spec was required for
polarisation of Cad99C, and because apical Spectrins have been reported to
interact with the apical polarity determinant Crb, I wondered whether the polarity
determinants might play a role in polarising the apical Spectrin cytoskeleton in the
follicle cell epithelium.
Mutant clones of cdc423 and lgl4 resulted in the loss of α-Spec and Kst from the
apical membrane (Figure 5.10 A-C); the effect was more pronounced in the Kst
staining, as the apical α-Spec staining was very weak. This suggested that the
polarisation of apical Spectrins might be dependent on the core polarity proteins. I
also checked the localisation of Patronin and Shot in these mutants by using the
MARCM system to express UAS.patroninGFP in cdc423 and lgl4 mutant
backgrounds. I found that Patronin-GFP and Shot were both lost from the apical
domain in cdc423 and lgl4 mutants (Figure 5.10 D-F). Collectively, these results
support the notion that apical-basal polarity determinants are required to polarise
the apical Spectrin cytoskeleton to direct the polarisation of the downstream
machinery involved in trafficking of Cad99C.
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Figure 5.10 Polarity determinants are required to polarise the Spectrin
cytoskeleton to direct polarisation of downstream effectors
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α-Spec and Kst localisation in control (A-A’’), cdc42 (B-B’’) and lgl (C-C’’) mutant clones.
3
Clones marked by the dotted-box. Patronin and Shot localisation in control (D-D’’), cdc42 (E4
E’’) and lgl (F-F’’) mutant clones. Nuclei marked with DAPI. Scale bars: 50µm.
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5.9 F-actin turnover is required for apical delivery of Rab11
In addition to the transport of proteins through the cytoplasm, trafficking of proteins
to the apical microvilli plasma membrane also requires transport through the actinrich terminal web, where the microvilli F-actin bundles are rooted. The proteins also
need to be transported along the F-actin bundles that make the length of the
microvilli in order to reach the tip of the membrane. The actin filaments in the
microvillus core undergo constant turnover through treadmilling (Rzadzinska et al.,
2004), therefore I wondered whether the constant renewal of F-actin in the terminal
web and microvilli was required for the apical trafficking of Rab11. I disrupted Factin polymerisation using the F-actin inhibitor Cytochalasin D (Cyto D), which
inhibits F-actin polymerisation by capping barbed ends and preventing G-actin
monomer addition (Figure 5.11A). The Cyto D treatment and subsequent disruption
of the actin cytoskeleton resulted in the loss of apical Rab11 and Cad99C
polarisation (Figure 5.11 B-E). These results suggested that F-actin turnover is
important for the apical delivery of Rab11.
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Figure 5.11 F-actin turnover is required for Rab11 trafficking to the microvilli
(A) Schematic diagram showing how Cyto D affects actin polymerisation. Rab11 and Cad99C
localisation in control (B-C) and Cyto D treated (D-E) egg chambers. F-actin marked with
Phalloidin and nuclei marked with DAPI. Scale bar: 50µm
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5.10 The dRip11-Myosin V motor complex is required for apical
delivery of Rab11
Given the importance of F-actin turnover for Rab11 and Cad99C localisation, I
wondered whether an actin-associated motor might be required to traverse the
actin-rich terminal web and microvilli bundles to deliver Rab11 and Cad99C to the
plasma membrane, once the Nuf-Dynein motor complex has transported them
apically along the microtubules. To explore this possibility, I examined the roles of
the well-characterised actin-based motor Myosin V (MyoV or MyoVa/b/c in
mammals) and the Drosophila Rab11-interacting protein (dRip11 or Rab11FIP1 in
mammals) in apical delivery of Rab11. dRip11 is an adaptor protein that has been
reported to bind Rab11 and interact in a complex with MyoV during Rhodopsin
transport in developing photoreceptors of Drosophila (Li et al., 2007, Prekeris et al.,
2000). Furthermore, MyoV has been shown to be involved in polarised membrane
transport of Rab11 in both Drosophila and mammals (Lapierre et al., 2001, Li et al.,
2007). Intriguingly, mutations in the myoVb gene have been linked to microvillus
inclusion disease in humans, which is a severe, genetic intestinal disease
characterised by malabsorption due to defective microvilli (Szperl et al., 2011).
Using dominant negative lines of dRip11 (dRip11-CT-GFP) and MyoV (MyoV-CTGFP), driven by the follicle cell-specific driver trafficjam.Gal4, I tested the effect of
loss of function of the two proteins on Rab11 localisation. The dominant negative
lines encode GFP-tagged C-terminal fragments of either dRip11 or MyoV, which
allow the proteins to bind to their respective cargoes, but do not allow the proteins
to undergo normal function, as they lack their the N-terminal regions (Li et al.,
2007). Expression of dRip11-CT-GFP caused a mild accumulation of Rab11 and
Cad99C near the apical region of the follicle cells (Figure 5.12 A,B). MyoV-CT-GFP
expression caused a more severe phenotype with substantial accumulation of
Rab11 and Cad99C in the region just below the apical membrane, resulting in the
complete loss of Cad99C from the apical membrane of follicle cells (Figure 5.12C).
These results suggest that dRip11 and MyoV are dispensable for the apical
transport of Rab11 to the F-actin cortex, but are required for their apical delivery to
the plasma membrane.
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I was interested to know if this apical delivery mechanism also applied to other
transmembrane proteins such as Crb, which is thought to be trafficked to the apical
membrane via Rab11 endosomes and the Exocyst complex (Blankenship et al.,
2007, Roeth et al., 2009, Fletcher et al., 2012). I examined the localisation of Crb in
follicle cells expressing MyoV-CT-GFP and found that Crb also accumulated just
below the apical region in these cells (Figure 5.13 A,B). Moreover, the accumulated
Crb co-localised with the accumulated Cad99C (Figure 5.13 A,B), suggesting that
the MyoV-dependent apical delivery mechanism might not be limited to Cad99C
and could possibly be a general mechanism for delivery of transmembrane proteins
to the plasma membrane. This mechanism seemed specific for proteins that were
trafficked by Rab11, as the localisation of other apical proteins such as aPKC and
α-Spec were largely unaffected (Figure 5.13 C,D).
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Figure 5.12 The dRip11-MyoV complex is dispensable for apical transport of
Rab11 but is required for their apical delivery
Cad99C and Rab11 localisation in control (A-A’’), dRip11-CT-GFP-expressing (B-B’’) and
MyoV-CT-GFP-expressing (C-C’’) follicle cells. Expression of MyoV-CT-GFP causes severe
accumulation of Rab11 and Cad99C (arrows) below the apical region (zoom C’,C’’). UAS
transgenes driven by trafficjam.Gal4. Nuclei marked with DAPI. Scale bars: (A-C) 50µm; zooms
25µm.
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Figure 5.13 MyoV is required for Crb apical delivery
Cad99C and Crb localisation in control (A-A’’) and MyoV-CT-GFP-expressing (B-B’’) follicle
cells, driven by tafficjam.Gal4. Expression of MyoV-CT-GFP causes accumulation of Crb
(arrow) below the apical region (zoom B’’). Localisation of other apical proteins aPKC and αSpec in control (C-C’) and MyoV-CT-GFP-expressing (D-D’) follicle cells; these proteins do not
show accumulation. Nuclei marked with DAPI. Scale bars: (A,C) 50µm; zoom 25µm.
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5.11 The microtubule polarisation and apical transport/delivery
machinery is conserved in humans
The proteins involved in trafficking Rab11 and Cad99C to the apical membrane are
conserved between Drosophila and humans. As in Drosophila tissues, the human
homologues of Rab11 (Rab11a), Nuf (Rab11FIP3), dRip11 (Rab11FIP1), MyoV
(MyoVa/b), Patronin (CAMSAP 1/2/3) and Shot (MACF1/DST/Plec) all localise to
the apical domain in human intestinal epithelial cells (Figure 5.14). The human
intestinal brush border is composed of two key cadherins, Protocadherin24
(PCDH24) and Mucin-like cadherin, which form intermicrovillar adhesion links at
the microvilli tips to organise microvilli brush border assembly (Crawley et al., 2014).
The roles of these Cadherins in forming intermicrovillar links is similar to the roles
described for PCDH15 (mammalian Cad99C homologue) and Cadherin23 in the
stereocilia (Geng et al., 2013, Kazmierczak et al., 2007), suggesting that there may
be tissue specific Cadherins that perform similar functions.
Given the localisation of the proteins in the intestinal epithelial cells, it was
important to examine whether the human homologues of Patronin (CAMSAP 1/2/3)
and Shot (MACF1/DST/Plec) were required to regulate trafficking of brush border
determining Cadherins. Preliminary experiments silencing the expression of
CAMSAP

1/2/3

and

MACF1/DST/Plec

genes

individually

through

siRNA

transfection in densely confluent Caco-2 cells (a human colon adenocarcinoma cell
line) showed loss of PCDH24 from the apical membrane in cells that were depleted
of the protein. Preliminary results from siRNA knockdown of the genes also showed
that the microtubules in the Caco-2 cells became disorganised and the cells
became more spread. These preliminary results suggested that the human
homologues of Patronin and Shot are required for microtubule organisation and
promoting apical trafficking of PCDH24 in human intestinal epithelial cells. This
therefore implies that although the intestinal microvilli brush border is composed of
different cadherins, the underlying mechanism for trafficking these transmembrane
proteins might be the same in both Drosophila and humans. However, more
experiments, particularly in 3D cell cultures, are required to confirm these initial
observations.
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Figure 5.14 The microtubule polarisation and apical transport/delivery machinery
is conserved in humans
Apical staining of Rab11 and all the transport machinery in human intestinal epithelial cells.
Data obtained from the Human Protein Atlas project (http://www.proteinatlas.org).
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5.12 Discussion
Our findings reveal a mechanism that links determinants of cell polarity with
sequential polarisation of the Spectrin and microtubule cytoskeletons to drive apical
delivery of the key microvillar component, Cad99C. The results show that apicalbasal polarity is required for the apical localisation of the Spectrins, α-Spec and Kst.
There is evidence that Kst can bind to Crb and to the apical FERM domain proteins
Ex and Mer (see Chapter 4; (Fletcher et al., 2015, Medina et al., 2002), therefore it
is possible that α-Spec and Kst may become polarised apically by interacting with
Crb, Ex and Mer at the apical domain. Moreover, phosphorylation of Ezrin (another
FERM protein) has also been reported to play a role in microvilli biogenesis in
mammalian cells (Gloerich et al., 2012, ten Klooster et al., 2009, Viswanatha et al.,
2014). Therefore, it is possible that α-Spec and Kst may also interact with other
FERM proteins such as Ezrin (or Moesin in Drosophila) to become apically
polarised.
We show that α-Spec interacts with the microtubule minus-end binding protein
Patronin and the spectraplakin protein Shot. We find that Patronin and Shot
normally localise to the apical domain in follicle cells but become mislocalised in αspec mutants, which leads to disruption of Cad99C transport to the apical
membrane. These results indicate that α-Spec might act to polarise the two
proteins by recruiting them to the apical domain. We show that Kst interacts with
Shot and Patronin, although the latter interaction is much weaker. Interestingly, we
find that Patronin also interacts with Shot. Kst and Shot link microtubules in a
similar way. Kst can bind to microtubules indirectly by interacting with Patronin at
the C-terminal, while Shot can bind to microtubules directly via its C-terminal.
Consequently, redundancy is anticipated between Kst and Shot, in which case
losing Kst would not be expected to affect Patronin localisation and function, as it
could potentially still become polarised apically by binding to Shot. Accordingly, our
results show that the localisation of Patronin and Shot is not affected in most kst
mutants. Double mutants for kst and shot would enable us to determine if the two
proteins are redundant with each other; this is an important experiment that
remains to be tested in future work. Intriguingly, we do sometimes observe rare kst
mutant clones that exhibit loss of Patronin from the apical domain as well as
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downregulation of Shot. The reason for this variable phenotype is unclear, since
the kstd11183 allele is supposed to be a null mutant. It is necessary to analyse more
samples to get a clearer idea of the frequency of this phenotype in order to validate
it, until then, care should be taken when interpreting the kst mutant results.
Downstream of the Spectrin cytoskeleton, we show that Patronin and Shot are
required in parallel to drive apical-basal polarisation of microtubules in follicle cells.
We show that polarised microtubules are important for orienting the transport of
Cad99C apically, as the combined loss of Patronin and Shot leads to severely
disorganised microtubules and loss of Cad99C from the apical membrane. We
further show that the polarised transport of Cad99C is dependent on Rab11 and
the Nuf-Dynein complex. This study has not focused on the analysis of the specific
route used by Rab11-positive vesicles for trafficking Cad99C to the apical
membrane; further work is required to determine whether the trafficking is occurring
via the biosynthetic or recycling routes.
Our results show that eliminating microtubules from cells by overexpressing
Katanin-60 leads to the loss of the Nuf-Dynein-based apical transport of Rab11 and
results in failure to deliver Cad99C to the apical membrane. We find that even
under conditions with severe depletion of microtubules, the follicle cells still look
relatively normal, suggesting that polarised microtubules might be specifically
required for long-range apical trafficking of proteins to influence processes such as
microvilli biogenesis, rather than for other functions such as maintaining cell shape
integrity.
Previous studies have reported the requirement of microtubules for establishing
cell-cell contacts and regulating adherens junctions (AJs) by means of vesicular
trafficking (Chen et al., 2003, Le Droguen et al., 2015, Stehbens et al., 2006). In
mammalian epithelial cells, the Patronin homologue (CAMSAP 3) has been shown
to bind to microtubule minus-ends and tether them to the AJs via interactions with
the AJ component PLEKHA7 (Pleckstrin homology domain-containing, family A
member 7) to maintain junction integrity (Meng et al., 2008). Furthermore, Shot has
also been linked to maintenance of AJs in Drosophila (Roper and Brown, 2003).
However, we do not see strong effects on cell shape upon loss of either Patronin or
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Shot (or both) in follicle cells. In addition, we found that Patronin and Shot localised
to the apical domain as well as at the junctions with E-Cad (data not shown);
therefore indicating that there might be two different subcellular-pools of Patronin
and Shot that are involved in distinct processes.
We find that delivery of Cad99C to the apical membrane also requires actin-based
transport through the terminal web via the action of the dRip11-MyoV complex.
Compromising normal MyoV (MyoVa/b in humans) function in Drosophila follicle
cells by expressing a dominant negative version of the protein results in loss of
apical Rab11 polarisation and leads to the abnormal accumulation of Rab11 and
Cad99C in the sub-apical region of the cell. This phenotype in Drosophila shows
similarities with the human microvillus inclusion disease, where mutations in MyoVb
gene also cause loss of apical Rab11 (Knowles et al., 2014, Lapierre et al., 2001).
We show that MyoV is also required for the delivery of Crb to the apical membrane
of follicle cells, indicating that the MyoV machinery might serve as a general
mechanism for delivering transmembrane proteins to the apical domain. The
mammalian homologue of Crb (Crb3) has been implicated in microvilli
morphogenesis in mice intestines (Whiteman et al., 2014). The brush borders of
crb3 knockout mice display villus fusion and shortened microvilli (Whiteman et al.,
2014). Given its role in apical domain formation and its known interactions with
cytoskeletal FERM proteins such as Moesin (Ezrin in mammals), it is likely that
Drosophila Crb may also play a role in microvilli morphogenesis in epithelial cells.
This might explain why the follicle cell phenotype for loss of MyoV function is so
severe, as it disrupts the apical delivery of two important proteins involved in
microvilli morphogenesis, Cad99C and Crb.
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Figure 5.15 Model: Polarity determinants polarise the spectrin and microtubule
cytoskeletons to orchestrate apical trafficking of Cad99C
(A) Stepwise representation of events leading to the polarisation of Cad99C at the apical
membrane to make microvilli. (B) Model for normal trafficking and delivery of Cad99C to
promote apical microvilli biogenesis. (C-E) Loss of Cad99C function can result in diseases such
as Usher syndrome Type 1 and microvillus inclusion disease.
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The mechanism involved in apical trafficking of Cad99C is likely to be conserved
between Drosophila and mammals, as all the components involved are localised to
the apical domain in human epithelia, similar to Drosophila epithelia. We show that
siRNA knockdown of the mammalian homologues of Patronin and Shot in human
Caco-2 cells affects microtubule organisation. Intriguingly, siRNA knockdown also
causes the cells to become more spread. As mentioned before, we do not observe
any obvious changes in cell shape in Drosophila follicle cells when Patronin and
Shot proteins are disrupted, which suggests that the mammalian homologues of
Patronin and Shot might also influence other processes in the cells such as actin
cytoskeleton dynamics to modulate cell shape. It is important to note that cells in
culture are often very flat, making it difficult to visualise the apical-basal orientation
of microtubules. In future experiments, a better system for testing the functions of
the conserved components in mammalian cells would be to use a 3D-cell culture
system such as mouse intestinal organoids that contain columnar cells, which
would make the analysis of microtubule organisation clearer.
Our work identifies key players that are required to polarise the microtubules from
the apical domain of follicle cells in order to drive Rab11-mediated apical transport
of Cad99C. We cannot rule out the possibility that there may also be basolateral
proteins that regulate microtubule polarisation and dynamics in these cells. For
instance, work from Drosophila has shown a role for the basolateral protein Par-1
in stabilisation of microtubules (Doerflinger et al., 2003). Preliminary experiments
with par-1 mutants however, revealed no effects on microtubule organisation or
Cad99C localisation (data not shown). Another good candidate protein that remains
to be explored is the Tao-1 kinase, which localises laterally in follicle cells and acts
as an actin-microtubule crosslinking protein (G. Fletcher – unpublished data; (Liu et
al., 2010) – similar to the roles of Kst and Shot in the apical domain. Further work is
required to investigate the role of Tao-1 and other basolateral proteins for
regulation of microtubule dynamics during apical trafficking of Cad99C.
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5.13 Concluding remarks
In conclusion, our results indicate that the Spectrin cytoskeleton may act to polarise
microtubules in epithelial cells by localising the microtubule-associated proteins
Patronin and Shot apically. These polarised microtubules then direct trafficking of
Rab11-positive vesicles carrying Cad99C to the apical membrane. This process
relies on a hierarchy of events, and disruption at any stage leads to abrogation of
Cad99C delivery to the apical membrane. Further work is required to determine
whether this mechanism of apical protein transport is a general mechanism that
also applies to other apically localising proteins in epithelial cells. Our findings
could be relevant for human diseases such as Usher syndrome and microvillus
inclusion disease, and might help to outline the molecular and cellular basis for
these conditions.
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Chapter 6.

Final Discussion

The work presented in this thesis explores how the cellular cytoskeleton consisting
of actin filaments, microtubules and Spectrins become polarised in Drosophila
epithelial cells during different cellular processes in development.
Our findings demonstrate a novel role for the Hippo pathway in polarising the Factin cytoskeleton during Drosophila border cell migration. This involves direct
phosphorylation of the actin polymerising protein Ena by the Wts kinase.
Importantly, we find that this role is independent of Yki nuclear signalling, although
Yki does seem to be involved in regulating the migration speed via negative
feedback. We note that a role for Wts in inhibiting polymerisation of actin has
previously been reported in imaginal disc epithelia (Fernandez et al., 2011) and in
vitro (Visser-Grieve et al., 2011), suggesting that this may be a general function of
Wts and indicating that the Hippo pathway plays a dual role in regulating F-actin
polarisation and Yki.
Since the core kinases of the Hippo pathway, Hpo and Wts, are evolutionarily
conserved across eukaryotes, it is possible that their homologues may also serve
similar functions. Hpo belongs to the mammalian Ste20-like (MST) family, while
Wts belongs to the nuclear Dbf2-related/Large Tumour Suppressor (NDR/LATS)
family. Yeast, C.elegans, Drosophila and mammals all have several MST and
NDR/LATS kinases that all play important roles in cellular morphogenesis
(reviewed in (Thompson and Sahai, 2015, Hergovich et al., 2006). Interestingly, the
Drosophila Wts paralogue Tricornered (Trc) also functions in polarising the actin
cytoskeleton during wing hair morphogenesis and in dendritic tiling (Figure 6.1)
(Emoto et al., 2004, Geng et al., 2000, Fang and Adler, 2010). Furthermore, yeast
homologues of Wts and Trc have been reported to polarise the acto-myosin
cytoskeleton.

MST

kinases

such

as

Kic1

in

Saccharomyces

cerevisiae

(S.cerevisiae) and Orb3 in Schizosaccharomyces pombe (S.pombe) (similar to
mammalian MST3/4), act upstream of the NDR/LATS kinases Cbk1 and Orb6,
respectively, to regulate F-actin polarisation and drive polarised growth in yeast
(Figure 6.1) (Bidlingmaier et al., 2001, Weiss et al., 2002, Verde et al., 1998, Das et
al., 2009, Leonhard and Nurse, 2005, Hou et al., 2003, Sullivan et al., 1998).
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Additional MST kinases Cdc15 in S.cerevisiae and Sid1, Cdc7 in S.pombe (similar
to mammalian MST1/2) phosphorylate the NDR/LATS-like kinases Dbf2 and Sid2,
respectively, to regulate cell cycle progression (Lee et al., 2001, Nurse et al., 1976,
Mah et al., 2001, Sparks et al., 1999). Collectively, this suggests that regulation of
the cytoskeleton and the cell cycle may be the ancestral and evolutionarily
conserved functions of the MST and NDR/LATS family of kinases, which might
have eventually adapted to regulate tissue growth with the arrival of the metazoans.

Figure 6.1 Comparison of the functions of the NDR/LATS kinases Wts, Trc, Orb6
and Cbk1 in polarising filamentous actin and/or myosin contractility
Four related NDR/LATS kinases function in an analogous manner to polarise the acto-myosin
cytoskeleton. Wts polarises actin and Myosin in Drosophila border cell clusters. Trc polarises
actin in Drosophila wing hair morphogenesis. Orb6 polarises actin and myosin in S. pombe.
Cbk1 polarises actin in S. cerevisiae.
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We show that the Spectrin cytoskeleton regulates Hippo signalling during tissue
growth. We find that Kst, an apical Spectrin, can bind and co-localise with the
upstream Hippo pathway components Ex, Mer and Kib. Our results also indicate
that the apical spectrins (α-Spec and Kst) act upstream or at the level of Ex to
activate Hippo signalling and regulate Yki in the wing and eye epithelia. We also
show that the lateral Spectrins are important for activating Hippo signalling in the
follicle cell and intestinal epithelia, however further work is required to identify the
lateral effectors that induce Hippo signalling in these tissues.
The Spectrin cytoskeleton in metazoans may have arisen from the need to
maintain cell integrity and sense forces at the plasma membrane (Bennett and
Baines, 2001). Spectrins are flexible proteins that crosslink actin filaments to the
membrane via interactions with membrane proteins, making them ideal candidates
to act as mechanosensors to induce cell signalling. During tissue growth, cells
often encounter stretch or compression forces, therefore they need to be able to
sense tension at the membranes and respond accordingly for instance by
increasing active MyoII at the stretched membrane (Deng et al., 2015) or by
inducing compensatory cell proliferation to relieve the tension. Spectrins likely help
to cluster the Hippo pathway components together by binding to Crb and Ex, and
thereby promote the formation of a multi-protein scaffold at the membrane to
activate Hippo signalling. Stretching of the membrane might then lead to the
dissociation of proteins and disruption of the interactions at the membrane, thereby
inhibiting Hippo signalling and activating Yki to promote cell proliferation. Stretching
might also lead to the upregulation of membrane proteins, for example stretching of
the apical membrane in Drosophila probably reduces Hippo signalling so that Yki
drives transcription of apical proteins like Crb and Ex to increase their
concentration back to normal levels (Genevet et al., 2009, Hamaratoglu et al.,
2009).
We show that Spectrins are also required to polarise the microtubule cytoskeleton.
Our work suggests that microtubules may directly bind to Shot and Patronin, which
are polarised apically by the apical Spectrin cytoskeleton. This then helps direct
trafficking of apical proteins, such as the microvilli determinant Cad99C, via the
Nuf-Dynein motor complex and Rab11-positive vesicles along the polarised
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microtubules. In addition to microtubule transport, our findings suggest that apical
delivery of Cad99C requires actin-based transport via the MyoV-dRip11 complex.
Since Spectrins are known to crosslink F-actin filaments at the apical terminal web
where the microvilli are rooted, it is possible that Spectrins may also affect the
actin-based transport for delivery of apical proteins.
It is unclear from our data whether inhibition of Dynein or microtubule polarisation
only disrupts specific apical transmembrane proteins and not others such as Crb. It
would be interesting to test for Crb localisation during inhibition of Dynein or
disruption of microtubules, and even check for possible redundancy between the
microtubule-directed apical transport system and the apical Exocyst complex,
which is known to promote apical delivery of Crb. Intriguingly, our findings indicate
that MyoV delivery may be a general mechanism used by epithelial cells to deliver
apical transmembrane proteins.
Further work is required to investigate the function of Hpo and Wts kinase activity in
polarising microtubules for intracellular trafficking. The interactions between Hippo
pathway and microtubules are currently not well understood. However, a previous
study in mammalian cells has reported that microtubules are required to promote
YAP phosphorylation by the Hippo pathway during cell detachment (Zhao et al.,
2012). Moreover, this study shows that in cells cultured at high density where YAP
is largely cytoplasmic, disruption of the microtubule cytoskeleton with the
microtubule inhibiting drug Nocodazole is sufficient to induce de-phosphorylation of
YAP, leading to its nuclear translocation (Zhao et al., 2012). Therefore, it would be
interesting to test whether microtubule polarisation is sensed by the Hippo pathway,
making Hippo signalling responsive to all three types of cytoskeleton.
Our work indicates that the different components of the cytoskeleton rely on polarity
determinants to become polarised and perform their related functions. It is
becoming increasingly clear that there is often crosstalk between the components
of the cytoskeleton. The different sub-types of cytoskeleton often have coupled
functions. For example, both the actin and Spectrin cytoskeletons are involved in
the context of border cell migration and responding to mechanical cues during
regulation of tissue growth, and likewise all three Spectrin, microtubule and actin
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cytoskeletons are involved in intracellular trafficking. Therefore, in order to better
understand the regulation and functions of the cytoskeleton, it may be necessary to
consider the cytoskeletal components together rather than individually.
Since almost all of the Drosophila proteins described in this thesis for the regulation
of the actin, Spectrin or microtubule cytoskeletons are conserved in mammals, it
would be important to examine the work in an in vivo context in mammals to see
whether the same mechanisms apply.
Finally, the actin and microtubule cytoskeletons are key players in the cellular
processes that underpin cancer. Cancer is typically the result of uncontrolled
proliferation and inappropriate cell survival, accompanied by tissue disorganisation
and acquisition of migratory and invasive characteristics. The cytoskeleton plays an
important role in all these aspects (reviewed in (Hall, 2009). Therefore,
understanding the regulation and functions of the cytoskeleton could provide new
insight as to how these may go wrong in cancer and other cytoskeletal diseases.
Furthermore, our work has highlighted an intimate relationship between the
cytoskeleton and Hippo signalling. Considering the increasing evidence for roles of
mammalian Hippo pathway in cancer development, our work could be relevant for
understanding the molecular mechanisms behind cell proliferation and collective
cell invasion, which are two of the critical factors commonly associated with tumour
formation and progression.
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Figure 7.2 Other regulators of F-actin polymerisation are also required for border
cell migration
(A-C) Border cell migration at different stages in a control. F-actin marked by Phalloidin and
nuclei marked by DAPI. Insets show zoom of clusters. (D-F) Dia RNAi (GFP+ flipout clones)
clusters exhibit border cell migration delay at stage 9 of oogenesis but recover by stage 10. (GI) arp66B mutant (GFP+) clusters often exhibit border cell migration delay. (J) Chic RNAi (GFP+
flipout clones) border cells fail to form a cluster. Chic RNAi (GFP+ flipout clones) causes defects
in egg shape (K) and apical actin organisation (L,M) – apical view of follicle cells. (N)
Quantification of border cell migration at stage 10 (n > 25 for each genotype). Scale bars: (A-J)
50µm; inset 5µm; (K) 50µm; (L,M) 10µm.
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Figure 7.3 Kst does not genetically interact with Kib in the intestinal epithelium
Kib RNAi (A,A’), Kst RNAi (B,B’) and Kib,Kst double RNAi (C,C’) in the adult midgut, driven by
myo1.Gal4. Nuclei marked with DAPI and proliferating stem cells marked with PH3. Scale bar:
100µm. Image (A) and (B) reused from Figure 4.7 and Figure 4.4, respectively.
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Figure 7.4 Polarity is still maintained upon loss of Rab11, Nuf and Dynein
function
(A-A’’) Localisation of Cad99C and aPKC in Rab11 RNAi flipout clones (GFP+). Localisation of
aPKC and Dlg in control (B-B’’ and D-D’’), nuf mutant clones (C-C’’) (GFP+) and Dynein RNAi
(E-E’’) follicle cells, driven by GR1.Gal4. Nuclei marked with DAPI. Scale bar: 50µm.
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Figure 7.5 shot3 mutants have a mild effect on Rab11 localisation and exhibit
normal polarity
3

(A,B) Localisation of Cad99C (A’), Rab11 (A’’), Crb (B’) and Shot (B’’) in shot mutant clones
(GFP+). Nuclei marked with DAPI. Scale bar: 50µm.
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