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Abstract…….
The growth of multicellular organisms and their organs is a tightly regulated
process, ensuring that each animal of a given species grows to its characteristic
size and shape. A key regulator of organ size during development is Hippo
signalling, a highly conserved tumour-suppressor pathway, which controls the
activity of pro-growth transcriptional co-activator Yorkie (Yki). Multiple upstream
cues regulate the activity of the Hippo pathway, including cell-cell contacts and
mechanical strain. In this project I studied growth control in the Drosophila
histoblasts, the precursor cells that give rise to the adult abdominal epidermis
during pupal development. Histoblasts are specified during embryogenesis,
however they remain quiescent until pupariation. During the early pupal stages,
histoblasts undergo extensive proliferation, replacing the surrounding larval
epithelial cells (LECS), which extrude from the epithelial layer and undergo
apoptosis. Once histoblasts have covered the surface of the pupal abdomen, they
undergo tissue growth arrest. Histoblast nests provide a highly genetically tractable
model system that enables live imaging of cell proliferation and arrest of a
developing tissue in vivo. A bespoke image analysis pipeline was created to
segment and track histoblasts, with which I performed a detailed analysis of
temporal and spatial changes of morphogenesis over an extensive developmental
period. Furthermore, the histoblast model allows investigation of mechanical forces
on tissue growth in a live, developing tissue. This was done through alteration of
the mechanical environment of the histoblasts by genetically interfering with the
surrounding LECs. I found that proliferation rate was unaffected by stretching or
constraint, whereas changing the state of the basal extracellular matrix (ECM) has
an impact on Yki activity and proliferation rates. Finally, I looked at possible
biochemical mechanisms of Yki regulation by screening members of the Hippo
signalling network, and I identified several candidates for further investigation.
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Impact Statement…….
The goal of my project is to better understand the mechanisms that control tissue
growth. When tissue growth control malfunctions, this can result in many diseases
including cancer and developmental defects. Additionally, the mechanical
environment of a tissue affects tissue development and behaviour, for example by
promoting the malignancy of a tumour. My project analyses the effect of the
mechanical environment on tissue growth control by imaging cells in live
developing Drosophila pupae. Our hope is that this work will provide better
understanding of the way mechanical forces control tissue growth, paving the way
to a better understanding of how to treat disorders that arise due to changing
mechanical environments and a loss of tissue growth control. My work also
provides insights into other factors in tissue growth control. For example, further
experiments into nutritional input may provide insight into the relationship between
nutrients and tissue growth control, which also lends itself to understanding how
nutrients are used in the context of a tumour environment.
Furthermore, the tools that were developed throughout my PhD for image
processing and analysis provide a platform for future image segmentation and
tracking projects in other tissues. Our image-processing pipeline may have the
potential to be adapted for medical images. Most notably, we use a computer
network that employs artificial intelligence to create an outline of 3D structures.
Further development of this network requires continued use and optimisation.
Moreover, we have been working closely with physicists to create theoretical
models that recreate the biological system we are working with. A deeper
understanding of biological systems at a mathematical level is an essential
component to all future biological research, and the collaboration involved in this
project is making a significant contribution towards this goal.
The images and movies I create as part of my thesis have proven to be helpful in
engaging the general public in discussions about developmental biology, imaging
techniques and the use of model organisms in science. At multiple public
engagement events, the movies of the histoblast nests have encouraged people to
come and discuss the science behind the images. Encouraging a positive attitude
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towards science and the scientific method in the general public is essential to
ensure future public and government support of science, and to engage young
people to be involved in science.
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Chapter 1 Introduction

Chapter 1.

Introduction

In my introduction, I will provide an overview of the mechanisms that are involved in
tissue growth control via Hippo signalling, and subsequently describe how
mechanical forces are able to control morphogenesis. Then, I will describe my
model system, the Drosophila histoblasts; the precursor cells for the adult
abdominal epidermis, and how they serve as a unique model system to analyse
morphogenesis. For my thesis project, I have used a novel image analysis pipeline
to analyse histoblast cell parameters, in order to further understand the dynamics
of tissue growth and morphogenesis in a temporal and spatial manner.

1.1 Growth Control: The Hippo signalling network
How multicellular organisms grow to the correct reproducible size and shape is a
question at the heart of developmental biology (Bryant and Simpson, 1984,
Leevers, 1999, Conlon and Raff, 1999, Weinkove and Leevers, 2000, Nijhout,
2003, Huang and Ingber, 1999, Halder and Johnson, 2011, Pan, 2007, Eder et al.,
2017). Historically, researchers first tried to address this question by grafting
tissues between organisms of different sizes and observing whether their growth
was controlled intrinsically, or whether the new external environment imposes
growth limits. For example, Twitty and Schwind performed transplantation
experiments between two different salamander species of different sizes (Twitty
and Schwind, 1931). At the embryonic stages, they grafted the primordial leg
region of one species into the other and observed leg size during development.
They found that final leg size matched that of the donor, indicating tissue-intrinsic
control over tissue growth (Twitty and Schwind, 1931). Donald Metcalf performed
further experiments in 1963, transplanting multiple murine thymus grafts into single
host mice, and found that these grafts grow to a normal adult size (Metcalf, 1963).
However, transplanting multiple spleen grafts in a similar manner resulted in a
significant size reduction during growth, indicating that, for these tissues, signals
from the host environment dictate growth control (Metcalf, 1964). Liver transplants
between different sized dogs, humans, and even baboon to human liver
transplants, have shown that liver growth adapts to the size of the host (Kam et al.,
17
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1987, Van Thiel et al., 1987, Kawasaki et al., 1992, Starzl et al., 1993). Thus, it
seems that the signals controlling growth vary significantly between tissue types
and species. However, over the past two decades, the Hippo pathway has
emerged as a highly conserved tissue growth control network, which receives
inputs from multiple upstream signals.
1.1.1 Core Kinase Cascade
The Hippo pathway is a signalling network involved in controlling cell proliferation
and apoptosis. It was identified in Drosophila genetic mosaic screens for negative
regulators of tissue growth (Justice et al., 1995, Harvey et al., 2003, Woods and
Bryant, 1992, Xu et al., 1995, Xu and Rubin, 1993, Tapon et al., 2002). Work in
mice and in mammalian cell culture have shown that the growth regulatory role of
Hippo signalling is conserved in mammals (Gumbiner and Kim, 2014).
The first component of the Hippo core kinase cascade to be identified was the
nuclear Dbf-2-related (NDR) family Serine/Threonine protein kinase Warts (Wts,
also known as Large Tumour Suppressor, Lats). wts mutations resulted in
overgrowth of Drosophila tissues, with little change in cell differentiation and
specification (Justice et al., 1995, Xu et al., 1995). The mammalian homologues of
Wts are Large Tumour Suppressor 1 and 2 (Lats1/2). Mice deficient for Lats1
develop ovarian tumours and soft tissue sarcomas, and mice lacking Lats2 do not
survive the embryonic stage (St John et al., 1999, McPherson et al., 2004, Yabuta
et al., 2000). Next, the STE20 family protein kinase Hippo (Hpo) and scaffolding
protein Salvador (Sav) were shown to interact and repress tissue growth control in
Drosophila (Tapon et al., 2002, Kango-Singh et al., 2002, Harvey et al., 2003,
Pantalacci et al., 2003, Wu et al., 2003). Hippo phosphorylates Wts, thus activating
its kinase activity (Wu et al., 2003) (Figure 1). A second scaffold protein, Mob as a
tumour suppressor (Mats) is also phosphorylated by Hpo, promoting binding to and
activation of Wts (Lai et al., 2005, Wei et al., 2007, Shimizu et al., 2008). Mats
allosterically activates Wts, changing its conformational state to an active ‘open’
state (Vrabioiu and Struhl, 2015). Thus, the core kinase cascade elucidated in
Drosophila is composed of the kinases Hpo and Wts, which bind the scaffold
proteins Sav and Mats (Reddy and Irvine, 2008) (Figure 1).
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The mammalian homologues of Hpo are Mammalian Ste20-like kinases 1 and 2
(Mst1/2), and the mammalian homologue of Sav is Sav1 (Callus et al., 2006). The
phosphorylation cascade is conserved, as Mst1/2 phosphorylates Sav1 and
Lats1/2, inducing the activity of Lats1/2 (Callus et al., 2006) (Figure 2). The
mammalian homologue of Mats is Mob1. Like its Drosophila counterpart, Mst1/2
phosphorylates Mob1, promoting the interaction between Mob1 and Lats1/2,
thereby activating Lats1/2 (Praskova et al., 2008, Chow et al., 2010) (Figure 2).
Loss of Mst1/2 in the mouse liver results in an overgrowth phenotype, and
ultimately the formation of hepatocellular carcinomas (Lu et al., 2010). There are
also alternative kinases that can substitute for Hpo/MST1/2 such as Happyhour
(hppy) and Misshapen (Msn) in Drosophila and MAP4K4 in mammals, and
alternative kinases that can substitute for Wts/LATS1/2 under some conditions,
such as Tricornered in Drosophila and NDR1/2 in mammals (Fulford et al., 2018, Li
et al., 2015, He et al., 2005).
Loss of the Hippo pathway core components resulted in changes in transcriptional
levels of various pro-growth and anti-apoptotic genes, therefore it was clear a
downstream link between the core kinase cascade and transcription was yet to be
identified (Bandura and Edgar, 2008). The key downstream effector of the Hippo
pathway in Drosophila was identified as Yorkie (Yki), a pro-growth transcriptional
coactivator that is inactivated by Wts (Huang et al., 2005) (Figure 1). The activity of
the core kinase cascade results in Wts/LATS1/2 phosphorylating Yki, or its
mammalian homologues YAP and TAZ, preventing it from entering the nucleus
(Zhao et al., 2010a, Dong et al., 2007, Oh and Irvine, 2008) and increasing its rate
of nuclear export (Ege et al., 2018). Yki does not have a DNA-binding domain, and
therefore needs to associate with a transcription factor in order to regulate
transcription. The main Yki transcription factor partner is the TEAD family DNAbinding protein Scalloped (Sd) (Goulev et al., 2008, Wu et al., 2008, Zhao et al.,
2008) (Figure 1). When Yki enters the nucleus, it associates with Sd, inducing the
transcription of genes that promote cell proliferation (e.g. cyclin E) and inhibit
apoptosis (e.g. the caspase inhibitor diap1) (Goulev et al., 2008, Zhang et al.,
2008). Yki also associates with other transcription factors such as Homothorax
(Hth), which induces the expression of anti-apoptotic microRNA bantam (Peng et
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al., 2009, Brennecke et al., 2003, Nolo et al., 2006). Yki loss-of-function leads to a
strong undergrowth phenotype in most Drosophila tissues (Huang et al., 2005). The
homologues of Yki in mammals are Yes-associated Protein (YAP) and
Transcription Coactivator with PDZ binding motif (TAZ) (Huang et al., 2005). Loss
of YAP in mice is embryonic lethal, and the loss of TAZ results in viable mice that
exhibit kidney/pulmonary phenotypes (Morin-Kensicki et al., 2006, Hossain et al.,
2007, Tian et al., 2007, Makita et al., 2008). Mammalian YAP and TAZ associate
with TEAD family proteins TEAD1-4 (Zhao et al., 2008, Zhang et al., 2009) (Figure
2).
In both Drosophila and mice, phosphorylation of Yki/YAP at residues S168/S127
respectively creates a 14-3-3 binding site, promoting sequestration of Yki/YAP in
the cytoplasm, preventing translocation of Yki/YAP into the nucleus (Ren et al.,
2010, Zhao et al., 2007, Lei et al., 2008, Oh and Irvine, 2008) (Figure 1, Figure 2).
Yki has two more Wts phosphorylation sites at serine residues S111 and S250
(Ren et al., 2010, Oh and Irvine, 2008). Mutating Yki at any of its phosphorylation
sites results in an overgrowth phenotype, the strongest of which is a mutation at
S168 (Ren et al., 2010) (Oh and Irvine, 2008). However mutating residues S111
and S250 also has an inhibitory effect, independently of sequestration by 14-3-3
binding (Ren et al., 2010). YAP has a total of five LATS phosphorylation sites: S61,
S109, S127, S164, and S381 (Zhao et al., 2007). In mouse embryonic fibroblasts,
mutating all five phosphorylation sites has an oncogenic effect (Zhao et al., 2009).
However, this effect is rescued by phosphorylation at S127 and S381, suggesting
that these are the crucial sites for LATS1/2 phosphorylation to inhibit YAP/TAZ
(Zhao et al., 2010b). As mentioned previously, S127 phosphorylation creates a 143-3 binding site, however S381 phosphorylation triggers an alternative regulatory
mechanism. Phosphorylation of YAP at S381 induces the recruitment of b-TRcP
(Beta-Transducin Repeat Containing Protein), an E3 ubiquitin ligase, promoting
polyubiquitination and subsequent degradation of YAP (Zhao et al., 2010b).
The cancer-inducing phenotypes caused by loss of Hippo pathway components
has led to great interest in Hippo signalling as a tumour suppressor pathway in
humans (Ma et al., 2015). In normal adult tissues, YAP/TAZ are not typically
nuclear localised, however it is nuclear in human cancers such as hepatocellular
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carcinomas, ovarian cancer, breast cancer, colorectal carcinomas and lung
cancers, and often correlated with poor patient prognosis (Harvey et al., 2013)
(Zanconato et al., 2016). Furthermore, it has been observed that in various human
tumours there is an amplification and overexpression of YAP (Overholtzer et al.,
2006, Zender et al., 2006). Aside from this example, mutations of Hippo signalling
components are relatively rare in human cancers (Harvey et al., 2013). However, it
has instead been suggested that misregulation of upstream signalling in cancers
may be epigenetic. In human breast cancers, human brain cancer and soft tissue
carcinoma, MST1/2 and LATS1/2 have been found to be silenced epigenetically
(Takahashi et al., 2005, Jiang et al., 2006, Seidel et al., 2007).
A plethora of upstream signals that modulate the activity of Yki/YAP/TAZ have
been identified, either through or independently of the core kinase cascade. These
include local signals such as mechanical forces or cell-cell junctions as well as
systemic cues such nutrient availability or G-protein coupled receptors (Hansen et
al., 2015). In the following section I will focus local tissue integrity cues such as cell
junctions, cell-ECM, polarity and mechanical signals.
1.1.2 Hippo pathway regulation by polarity components
Fat (Ft) and Dachsous (Ds) are large atypical cadherins that form trans-heterodimers, and have been shown to function in planar cell polarity (PCP), the process
by which cells are polarised within the plane of the epithelium (Strutt, 2008, Strutt
and Strutt, 2009, Ambegaonkar et al., 2012, Cho and Irvine, 2004, Matakatsu and
Blair, 2004). Ft and Ds were originally identified as tumour suppressors (Mahoney
et al., 1991, Clark et al., 1995). This tumour suppressor role was shown to be due
to Yki regulation via Hippo signalling (Bennett and Harvey, 2006, Willecke et al.,
2006, Silva et al., 2006, Cho and Irvine, 2004). Ft-Ds signalling controls the Hippo
pathway via the stabilisation of atypical myosin Dachs (Cho et al., 2006). Signalling
triggered by Ft forming a trans-heterodimer with Ds inhibits Dachs, leaving Wts free
to repress Yki activity at the apical cortex. However, in the absence of Ft, Dachs is
localised all over the apical cortex, and inhibits Wts activity, releasing inhibition of
Wts on Yki (Cho et al., 2006) (Figure 1). Recently Wts activity has been shown to
be dependent on its conformational state. Dachs activity promotes the ‘closed’
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inactivated state, while Mats promotes the ‘open’ active conformational state
(Vrabioiu and Struhl, 2015). Another mechanism regulating Hippo signalling via
Dachs involves the LIM domain mechanosensor protein Zyxin (Zyx) (Rauskolb et
al., 2011). Dachs and Zyx promote Wts degradation in a tension dependent
manner as explained in Section 1.2.4 (Rauskolb et al., 2011) (Figure 1).
Components of the apico-basal polarity machinery have been shown to modulate
Yki activity (Genevet et al., 2010). In epithelia, it is essential to establish an apicalbasal polarity axis in order to maintain tissue integrity, as loss of apico-basal
polarity results in tissue disorganisation and tumorigenesis (Royer and Lu, 2011,
Macara and McCaffrey, 2013). In Drosophila, apical domain identity is established
by the apical Par (Partitioning defective) complex, which contains the key apical
determinant atypical protein kinase C (aPKC) complex, and the Crumbs (Crb)
complex (Bulgakova and Knust, 2009, St Johnston and Ahringer, 2010, Tepass,
2012). The basal side is maintained by the Scribble group, which comprises the
tumour suppressor proteins Scribble (Scrib), Lethal giant larvae (Lgl) and Discs
Large (Dlg) (Humbert et al., 2008) (Figure 1). The two complexes are mutually
antagonistic, ensuring the maintenance of apical-basal polarity and the positioning
of the adherens junctions (AJs) at the interface between the apical and basolateral
domains (St Johnston and Ahringer, 2010).
The apical polarity determinant Crumbs (Crb) is localised at the subapical region in
Drosophila, and is proposed to interact homotypically in trans to form a stable
polarity domain (Karaman and Halder, 2018). Crb recruits the tumour suppressor
FERM domain protein Expanded (Ex) (Ling et al., 2010). Upon loss of Crb in
mutant clones in wing imaginal discs, membrane localisation of Ex is lost, resulting
in Yki activation and overgrowth (Chen et al., 2010, Robinson et al., 2010, Ling et
al., 2010, Yin et al., 2013). Ex is thought to act as part of a core kinase cascade
stabilising complex along with FERM domain proteins Merlin (Mer) and Kibra,
inhibiting Yki activity (Hamaratoglu et al., 2006) (Figure 1). Mer and Ex interact
directly with the core kinase complex, and Kibra acts upstream of Mer and Ex by
binding directly to Mer (Baumgartner et al., 2010, Genevet et al., 2010, Yu et al.,
2010). However, it has also been suggested that Ex can attenuate Yki activity
independently of the core kinase cascade, by directly sequestering Yki at the
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membrane (Badouel et al., 2009, Oh et al., 2009) (Figure 1). The mammalian
homologue of Crb is Crb3, and is localised at tight junctions (Lemmers et al., 2004).
Loss of Crb3 in mouse epithelial kidney cells promotes tumorigenic behaviour, and
loss of Crb3 in EpH4 cells increases YAP/TAZ activity (Karp et al., 2008, Varelas et
al., 2010). The human homologue of Merlin, which also associates with mammalian
Crb3 and Kibra, is known as Neurofibromatosis 2 (NF2), as it is known to be a key
tumour suppressor that, when mutated, causes the familial cancer syndrome
Neurofibromatosis type II (Striedinger et al., 2008) (Figure 2).
Scribble (Scrib) is a baso-lateral determinant that plays a role in growth control
(Humbert et al., 2008). Drosophila eye disc cells mutant for Scrib overgrow and
lose polarity (Brumby and Richardson, 2003). Scrib control of Yki activity is thought
to be via Ex and Dachs. Scrib promotes Ex activity and therefore the activity of the
core kinase cascade. Scrib also prevents Dachs and Zyx from forming an inhibitory
complex with Wts, thereby allowing Wts to inhibit Yki (Verghese et al., 2012,
Skouloudaki et al., 2009, Doggett et al., 2011) (Figure 1). In mammals Scrib has
also been implicated in facilitating YAP/TAZ inhibitory phosphorylation by the core
kinase cascade (Mohseni et al., 2014, Cordenonsi et al., 2011) (Figure 2).
Localisation at the apical membrane has been proposed to promote Hippo pathway
activity by bringing components into close proximity (Yue et al., 2012, Sun and
Irvine, 2016). For example in Drosophila tissues, Crb and Fat recruit Ex and Wts to
the sub-apical domain (Silva et al., 2006, Tyler and Baker, 2007, Feng and Irvine,
2007, Ling et al., 2010, Sun et al., 2015) (Figure 1). Additionally, the AJ protein Ed
recruits Sav and Hpo apically, enabling the interaction between Hpo and Wts (Yue
et al., 2012). Furthermore, Mer recruits Wts to the apical membrane (Yin et al.,
2013). This theory is further supported by the fact that Hippo signalling is promoted
by forcing Hpo, Mats or Wts localisation to the plasma membrane (Deng et al.,
2013, Hergovich et al., 2006, Ho et al., 2010).
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1.1.3 Adherens junctions
Contact inhibition of proliferation (CIP) occurs when cells in culture stop
proliferating at high density. The Hippo pathway promotes CIP in cell culture and
has also been proposed to respond to cell crowding in vivo via several cell surface
molecules localised at cell-cell junctions (Gumbiner and Kim, 2014). In particular,
AJs are cell-cell junctions formed in epithelial layers. They are located apically in fly
epithelia and laterally in most mammalian epithelia, and serve to adhere epithelial
cells to one another (Baum and Georgiou, 2011). They are therefore essential to
maintain stable epithelial tissue architecture (Guo et al., 2003). AJs are also linked
to the actin cytoskeleton and consequently serve to transmit mechanical forces
(Ladoux et al., 2015). This will be addressed in further detail in Chapter 1.2.3.
AJs contain homotypic cell-adhesion transmembrane proteins known as cadherins
(Maitre and Heisenberg, 2013). There are different types of cadherins, depending
on the type of tissue. In Drosophila there are three classical cadherins, DEcad/shotgun, and two DN-cads (Oda et al., 1994, Haag et al., 1999, Zhu and Luo,
2004, Iwai et al., 1997, Lee et al., 2001). There are many more types of cadherins
in humans and mice, for the purposes of this chapter the focus will be on Ecadherin (E-cad) (van Roy and Berx, 2008). The extracellular domain of E-cad
interacts homotypically with other E-cad molecules from neighbouring epithelial
cells, promoting cell-cell adhesion (van Roy and Berx, 2008). Loss of E-cad in
mammalian and human tissues has been shown to contribute to tissue invasion,
metastasis and tumorigenesis (Hajra and Fearon, 2002, Gumbiner, 2005). The
intracellular domain binds to adaptor protein β-catenin (Armadillo in Drosophila),
which in turn binds α-catenin (Oda et al., 1994, Gumbiner, 2005, Cox et al., 1996)
(Figure 1, Figure 2). This cadherin-catenin complex is essential for controlling
Yki/YAP nuclear localisation and proliferation both in cell culture and in vivo.
Increased YAP nuclear localisation and YAP activity occurs in breast cancer cell
lines and cultured endothelial cells in vitro upon loss of functional E-cad, α-catenin
or β-catenin (Kim et al., 2011, Choi et al., 2015). This connection was confirmed in
vivo when increased YAP nuclear localisation and hyper proliferation was observed
in various mammalian tissues (basal skin cells, liver, progenitor cells) upon loss of
α-catenin (Schlegelmilch et al., 2011, Silvis et al., 2011, Herr et al., 2014). In
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human keratinocytes, the inhibitory effect of AJs on YAP activity has been
suggested to be as a result of direct sequestration of phosphorylated YAP in the
cytoplasm by α-catenin (Schlegelmilch et al., 2011) (Figure 2).
In contrast, a cell-autonomous decrease in Yki activity was observed when
knocking down E-cad, α-cat or β-cat in Drosophila wing imaginal discs (Yang et al.,
2015). In Drosophila, the immunoglobulin family protein Echinoid (Ed) is also a
component of adherens junctions (Wei et al., 2005). Ed has been proposed to
recruit and stabilise Sav at the cell cortex, thereby promoting Hippo pathway
activity (Yue et al., 2012) (Figure 1). This has been postulated to be the reason for
the opposite effects on Yki/YAP/TAZ in mammalian and Drosophila tissue. In the
absence of catenin-cadherin based components of the adherens junctions, Ed
activity can still promote Hippo pathway activity and inhibit Yki activity (Karaman
and Halder, 2018).
An alternative way of controlling Yki/YAP/TAZ activity in both Drosophila and
mammalian tissues is via mechanotransduction. Many studies are starting to shed
light on the mechanisms that link mechanical forces and tissue growth control
mediated by Yki/YAP/TAZ, as I will describe in the following section.
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Figure 1: Hippo signalling network in Drosophila epithelial cells

Schematic showing the signalling networks that affect Yki localisation and activity.
Light blue labels the subapical region. Light green labels the adherens junctions.
Dotted grey lines indicate exact mechanism is unknown. Red lines indicate
changes due to mechanical forces. SJ = septate junction
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Figure 2: Hippo signalling in mammalian epithelial cells

Schematic showing the signalling networks that affect YAP/TAZ localisation and
activity. Light blue labels the tight junctions. Light green labels the adherens
junctions. Pink labels basal focal adhesions. Dotted grey lines indicate exact
mechanism is unknown.
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1.2 Mechanotransduction
Mechanotransduction is the process by which mechanical forces are converted into
internal biochemical signals that can alter cell behaviour (DuFort et al., 2011,
Hoffman et al., 2011). In the 19th century, Oskar Hertwig observed that cells in
Xenopus embryos divide along their long axis, suggesting that cell shape plays a
role in spindle alignment and cell division orientation. Furthermore, he mechanically
manipulated the shape of Xenopus embryos to create an artificial long axis, and
found that spindle alignment and cell division always occurred along this artificial
long axis (Hertwig, 1893). In recent years, the relationship between mechanical
forces and internal mechanisms controlling cell behaviour has started to be
elucidated.
1.2.1 Actin cytoskeleton
The actin cytoskeleton, which imparts structure and rigidity to the cell, is highly
sensitive to mechanical stimuli and functions as a sensor of many
mechanosensitive responses (Harris et al., 2018). Actin networks have a strong
influence on cell shape, movement and behaviour, in particular in response to
externally and internally generated mechanical stimuli (Greene et al., 2009, Guolla
et al., 2012, Kubitschke et al., 2017). Changes in mechanical force experienced by
cells, and the subsequent actin remodelling, have been linked to osteogenic
differentiation of mesenchymal stem cells (Dupont et al., 2011), as well as
oncogenic transformation and tumour cell resistance (Kim et al., 2016, Hirata et al.,
2015).
Actin exists in two forms, monomeric (globular) G-actin and the filamentous F-actin,
and the dynamic nature of the actin cytoskeleton depends on the ability to rapidly
transition between these two states. F-actin polymerises at the ‘barbed’ end and
depolymerises at the ‘pointed’ end (Alberts et al., 2008). However, purified actin
treadmills very slowly, therefore in order to generate the essential contractile and
protrusive forces necessary for the survival and development of living organisms,
actin filaments need to be able to grow, shrink, form branches and create
contractile networks (Shekhar et al., 2016). There is an extensive list of actinbinding proteins that control these processes. For example, treadmilling is
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accelerated when individual G-actin monomers bind to profilin, catalysing ATP
hydrolysis (Didry et al., 1998). Capping protein (CP) caps the barbed ends of Factin, preventing addition of actin monomers. Cofilin is an actin-severing protein
that exposes new pointed and barbed ends, thereby triggering actin
depolymerisation and polymerisation (Kovar et al., 2006).
In order to create higher order actin structures, actin filaments side branch
formation can be catalysed by the ARP2/3 (actin-related protein) complex. The
ARP2/3 complex nucleates new actin filaments branching off existing filaments.
This creates a dynamic branched actin structure, which is necessary for many
cellular functions such as lamellar protrusions (Chesarone and Goode, 2009).
Another family of actin-binding proteins necessary for force generation are
Formins, a family of proteins with conserved formin homology domains. They are
responsible for nucleation of new actin filaments, promoting filament elongation by
working together with profilin (Kovar, 2006). Spatial localisation and anchoring of
Formins and ARP2/3 is necessary for the generation of contractile and motile
forces (Lecuit et al., 2011).
Contractile forces in cells are driven by interactions between actin filaments and
nonmuscle myosin II (MyoII) (Figure 3). The structure of MyoII consists of two
heavy chains, two myosin regulatory light chains (MRLCs), and two essential light
chains (ELCs) (Mahajan and Pardee, 1996, Niederman and Pollard, 1975,
Verkhovsky et al., 1995). Whereas single homodimer units of MyoII are unable to
generate force, they are able to self-assemble, creating highly processive MyoII
bipolar minifilaments (Shoffner and De Lozanne, 1996, Ricketson et al., 2010,
Bendix et al., 2008, Thoresen et al., 2013). Regulation occurs primarily via the
ability of MyoII to create these minifilaments (Egelhoff et al., 1993, Yumura et al.,
2005). Phosphorylation of residues in the MRLCs by myosin light chain kinase
(MLCK) or Rho kinase (Rok) induces conformational changes, promoting the active
(unfolded) conformation. When folded, MyoII is unable to bind F-actin, couple ATP
hydrolysis or assemble into minifilaments in vitro (Jung et al., 2008, Craig and
Pardo, 1983). Consequently, tight regulation of MyoII, actin regulators, and the
ability of actin to anchor at the plasma membrane creates higher order actin
structures that enable contractile behaviour (Lecuit et al., 2011). Formin is also
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required for the formation of other contractile structures such as stress fibres and
contractile rings (Watanabe et al., 2008, Watanabe et al., 1999, Homem and Peifer,
2008).
The state of the actin cytoskeleton strongly influences Yki/YAP/TAZ activity and
localisation, while YAP/TAZ activation on a rigid substrate is dependent on an
intact F-actin network (Gaspar and Tapon, 2014, Dupont et al., 2011). Proteins that
promote F-actin assembly such as Formins and Enabled (Ena) generally promote
Yki/YAP/TAZ activity, while inhibitors of actin polymerisation (such as Capping
proteins) have the opposite effect (Fernandez et al., 2011, Aragona et al., 2013). In
cultured mammalian cells it has been suggested that actin cytoskeleton regulators
such as Capping Protein Z play a role in limiting YAP/TAZ activity when cells are
under tension. When knocking down expression of actin cytoskeleton regulators
such as cofilin, gelsolin, capping protein Z, YAP/TAZ activity is upregulated
(Aragona et al., 2013) (Figure 1, Figure 2). Although the details of the
mechanotransduction mechanism(s) linking the actin cytoskeleton to Yki/YAP/TAZ
remain unclear, several interesting leads exist.
Actin itself has been suggested to be a regulator of YAP/TAZ activity, for example,
it has been suggested that the ratio of F-actin and G-actin could directly influence
YAP/TAZ activity via Angiomotin (Amot). Amot is thought to directly bind and inhibit
YAP/TAZ when levels of polymerised F-actin are low, but releasing YAP/TAZ from
this inhibition when F-actin levels are high due to sequestration of Amot by F-actin
(Mana-Capelli et al., 2014) (Figure 2). Another mechanism by which the state of the
actin cytoskeleton has been found to regulate Hippo signalling is via Zyx, which is
recruited to severed actin filaments upon mechanical strain (Yoshigi et al., 2005). In
the Drosophila eye and wing, Zyxin promotes Yki activity by antagonising
Expanded. This process was found to be independent of Wts, suggesting that the
role of Zyxin and Expanded in regulating Yki in this context is via their respective
antagonistic effects on the actin cytoskeleton (Gaspar et al., 2015) (Figure 1).
Although a number of studies suggest that actin structures can influence Yki/YAP
activity in parallel of the core kinase cascade, it is clear that these two modes of
regulation extensively cross-talk. For instance, Amot phosphorylation by LATS1/2,
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inhibits the binding between Amot and the actin cytoskeleton, thereby promoting
YAP inhibition (Dai et al., 2013) (Figure 2). Secondly, as described above, Zyx has
been proposed to promote Yki activity both by destabilising Wts in concert with
Dachs (Rauskolb et al., 2011). Finally, the tumour-suppressor Mer has also been
suggested to have a role in actin-dependent regulation of Yki, since Mer/Wts
interaction is promoted upon actin cytoskeleton destabilisation, leading to Yki
inhibition (Yin et al., 2013) (Figure 1).
Here, I have described all the ways in which the state of the actin cytoskeleton can
directly influence internal signalling pathways. However, the state of actin responds
to external mechanical stimuli from neighbouring cells via adherens junctions, or
from the extracellular matrix (ECM) via focal adhesions, which will be discussed in
the next sections.

1.2.2 Extracellular matrix and focal adhesions
The ECM provides structural support to tissues in vivo. The organisation of the
ECM is crucial for correct development and growth of multicellular organisms
(Frantz et al., 2010). The microenvironment of a tissue can be affected by the
stiffness or composition of the ECM, which in turn affects tissue behaviour,
consequently there has been great interest in the role of the ECM in tumour
progression and disease (Butcher et al., 2009, Ghajar and Bissell, 2008).
Signal transduction from the external mechanoenvironment to intracellular
signalling occurs via heterodimeric trans-membrane receptors called integrins
(Bershadsky et al., 2003). Basal integrins detect ECM stiffness levels and promote
different signalling pathways accordingly (Carvalho et al., 1998, Roskelley et al.,
1994). The extracellular integrin domain region of integrins binds to ECM
components, and the integrin intracellular domain recruits intracellular components
that promote interaction with the actin cytoskeleton, creating focal adhesions (FAs)
and inducing the formation of stress fibres (Hotulainen and Lappalainen, 2006,
Carisey and Ballestrem, 2011, Wolfenson et al., 2013, Martino et al., 2018) (Figure
3). Stress fibres are dense contractile bundles of actin and MyoII with various
cross-linking proteins (Pellegrin and Mellor, 2007). These stress fibres are typically
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linked to focal adhesions, generating the internal contractile force mediated at
these adhesive complexes and transducing information about the external
mechanical environment (Hu et al., 2007) (Figure 3).
Talin is a scaffolding protein that is recruited to FAs and binds to vinculin via
vinculin binding sites (VBS) in a force-sensitive manner (Ciobanasu et al., 2018,
Gingras et al., 2009, Fillingham et al., 2005, Roberts and Critchley, 2009, del Rio et
al., 2009).The amount of force exerted on talin is directly proportional to the
number of VBSs that become exposed (Haining et al., 2016). When the focal
adhesions are not under tension, talin is folded, burying the hydrophobic VBSs
making them inaccessible to vinculin (Gingras et al., 2005). When force is applied
to talin, the rod domain undergoes conformational change and unfolds to expose
the VBSs (Fillingham et al., 2005, del Rio et al., 2009, Hirata et al., 2014, Maki et
al., 2017, Rahikainen et al., 2017). This interaction is essential for further signal
propagation to the actin cytoskeleton, as vinculin associates with both actin and
paxillin (Haining et al., 2016, Dumbauld et al., 2013) (Figure 3). Furthermore, the
association of talin to integrin molecules induces conformational changes in
integrins, increasing the affinity of integrins to components of the ECM (Tadokoro
et al., 2003, Wegener et al., 2007).
When external mechanical stimuli such as the presence of a stiff ECM or physical
stretching are applied to a cell, focal adhesion kinase (FAK) molecules are
recruited to the intracellular domain of integrins. Auto-phosphorylation events begin
the downstream signalling cascade, triggering Src signalling and activation of
YAP/TAZ (Michael et al., 2009, Lachowski et al., 2018) (Figure 2). Under high
tension, phosphorylation by Src kinase or FAK activates paxillin, and enables
binding to vinculin as well protein actopaxin (also known as parvin), an actinbinding protein that stabilises the connection with the actin cytoskeleton. Under low
tension, paxillin recruitment to FAs is reduced, resulting in broken stress fibres
(Smith et al., 2013). Consequently, paxillin serves the point of integration for the
external mechanical cues, internal signalling cues and internal formation of
mechanical force via actin cytoskeleton.
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Control of signalling via FAs occurs at various levels. For example, a stiff ECM
composition results in higher levels of integrin clustering in mammary epithelial
cells (MECs) and fibroblasts, enhancing internal cell contractility and signalling
(Pelham and Wang, 1997, Paszek et al., 2005). Different combinations of α and β
isoforms of integrin result in different internal signalling pathways, and ECM
composition can dictate the specific combination of integrin isoforms that assemble
to form FAs. Therefore, the ECM composition is enough to trigger specific
signalling pathways and cell behaviours (Milloud et al., 2017, Seetharaman and
Etienne-Manneville, 2018). For example, in mammalian cells, deletion of integrin β1
decreases cell contractility, and deletion of integrin β3 increases cell traction
(Milloud et al., 2017).
The ECM has been shown to regulate tissue growth in cell culture. For example,
when culturing MECs in a 3D cell culture, it was found that a stiffer ECM promoted
tissue growth (Paszek et al., 2005). Seminal work in cultured mammalian cells has
shown that YAP/TAZ activity is high on a rigid microenvironment and low on softer
substrates (Dupont et al., 2011) (Figure 4). Furthermore, other mechanical inputs in
cell culture such as cell stretching, ECM remodelling, and a change in adhesive
area, can also influence YAP/TAZ activity (Dupont, 2015) (Figure 4). Focal
adhesions have been linked to YAP/TAZ and Hippo signalling via the FAK-Src
signalling pathway, and there is evidence to suggest that Integrin/FAK-Src
signalling is involved in inhibiting LATS1/2 activity, thereby promoting YAP/TAZ
activity (Kim and Gumbiner, 2015, Si et al., 2017). Src can also phosphorylate YAP
directly, promoting its transcriptional activity (Li et al., 2016) (Figure 2).
However, it has also been suggested that the YAP nuclear localisation induced by
cell spreading can be independent of integrin signalling (Zhao et al., 2012). This
study showed an increase in YAP activity both in cells plated cells on an FAinducing integrin ligand such as fibronectin, and cells plated on a substrate that
induced spreading but not FA formation such as polylysine (Zhao et al., 2012). This
has led to suggestions that the significance of cell adhesion is not necessarily
integrin-specific, but the induction of YAP activity is instead dependent on
downstream effects of a highly spread cell on the cytoskeleton (Dupont, 2015).
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In multicellular animals, the ECM is composed of the interstitial matrix and the
basement membrane (BM) (Frantz et al., 2010). The BM provides structural
support to epithelial and endothelial cells by forming a thin underlying layer.
Additionally, the specific composition and mechanical properties of the BM
regulates development by controlling tissue growth, cell proliferation and
differentiation, as well as cell migration in living tissues (Ramos-Lewis and PageMcCaw, 2018). In Drosophila extensive studies have looked at the role of the BM in
development in vivo. During oogenesis, the BM is originally deposited by
haemocytes and the fat body, however as the oocyte matures the BM components
are secreted by the epithelial follicle cells of the oocyte (Bilder and Haigo, 2012).
The BM is remodelled as the egg chamber develops and expands – which in turn
helps to drive development processes (Haigo and Bilder, 2011, Isabella and HorneBadovinac, 2016, Cetera et al., 2014).
Many studies have demonstrated the role of the BM in driving the correct
development elongation of the oocyte. Egg chambers with follicle cells mutant for
the Drosophila b-integrin myospheroid (mys) or Drosophila collagen IV (viking) fail
to elongate, whereas promoting cross-linking between BM components has the
opposite effect, increasing elongation of the egg chamber (Haigo and Bilder, 2011,
Isabella and Horne-Badovinac, 2015, McCall et al., 2014). Interestingly, recent
research has shown that the essential property of the oocyte/egg chamber BM that
promotes elongation is an anisotropic distribution of stiffness (Crest et al., 2017,
Chlasta et al., 2017). When egg chambers undergo manipulations that affect
stiffness anisotropy, for example by uniformly overexpressing ECM-softening
Perlecan, egg chamber elongation is perturbed (Crest et al., 2017, Chlasta et al.,
2017). Conversely, when the egg chambers lose Perlecan and consequently stiffen
the BM, the pressure exerted on the BM by egg chamber growth damages the BM
(Chlasta et al., 2017). The development of the Drosophila ventral nerve cord is also
affected by the composition of the BM. In this case, the stiffness of the BM was
increased by removing Perlecan and reduced by overexpressing matrix
metalloproteases (MMPs) (Pastor-Pareja and Xu, 2011). Stiffening the BM resulted
in a shorter ventral nerve cord and vice versa, reducing stiffness elongated the
ventral nerve cord (Pastor-Pareja and Xu, 2011). Furthermore, an increase in
matrix stiffness by mutating perlecan or upon reducing expression of a
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metalloprotease promotes migration of neural progenitor cells and invasion of these
cells into surrounding tissue (Skeath et al., 2017).
The BM also plays a role in tissue growth and development by affecting diffusion
and accumulation of signalling proteins. In the Drosophila wing imaginal disc, the
BM was found to be responsible for trapping Dpp signalling molecules in the vicinity
of the wing disc. Upon loss of the BM, Dpp signalling molecules diffuse away
affecting the growth of the wing disc (Ma et al., 2017). Thus, the ECM provides a
mechanically tunable scaffold that directs morphogenetic events.

1.2.3 Cell-cell contacts and adherens junctions
In epithelial tissue and in epithelial cell culture, cell-cell adhesion is mediated by
adherens junctions, made up of E-cad molecules associated with α and β catenins.
Cell-cell adhesion is essential for transmission of mechanical force throughout a
tissue. The actin cytoskeleton associates with α-catenin, however there is some
debate as to whether α-catenin can simultaneously bind F-actin and β-catenins
(Abe and Takeichi, 2008, Cavey et al., 2008). There is a VBS in α-catenin, which is
exposed upon undergoing a conformational change when adherens junctions are
under tension from acto-myosin fibres (Yonemura et al., 2010) (Figure 3).
Actin nucleators such as Arp2/3 and Formins are recruited to AJs upon the
formation of cell-cell junctions, enabling binding and anchoring of actin molecules
(Drees et al., 2005, Kobielak et al., 2004, Yao et al., 2014). This spatial regulation
of Arp2/3 activity, for example binding of Arp2/3 to E-cad, and activation of Arp2/3
at AJs, results in the generation of protrusive force when anchored to plasma
membrane (Kovacs et al., 2002). Furthermore, it has been shown that the
recruitment of formins to adherens junctions, enabling nucleation and anchoring of
F-actin, is essential for morphogenesis (Homem and Peifer, 2008, Kobielak et al.,
2004). Force application at cell-cell junctions triggers MyoII recruitment and
activation, enabling acto-myosin contractility (Pouille et al., 2009, FernandezGonzalez et al., 2009, Ueda et al., 2015) (Figure 3). These studies demonstrate
various mechanisms by which cells can adjust the internal state of the actin
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cytoskeleton and acto-myosin contractility in response to an external force
propagated via cell-cell adhesion.

Figure 3: Connecting adhesion and the actin cytoskeleton

A) Structure of an adherens junction interacting with the acto-myosin contractile
network. The contractile forces induce conformational changes in α-catenin and
vinculin. B) Structure of a focal adhesion. The contractile forces of the acto-myosin
cytoskeleton induce conformational change in talin and vinculin. Adapted from
(Lecuit et al., 2011) and (Martino et al., 2018)
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Figure 4: Hippo signalling and mechanotransduction

Manipulating cell shape or the external mechanical environment affects the nuclear
localisation of YAP. Left: A large adhesive area, a stiff ECM, or cell stretching
promotes nuclear localisation and activation of YAP (dark green nucleus). Right: A
small adhesive area, a soft ECM, or cell compression inhibits nuclear localisation of
YAP, thereby inhibiting its activity (light green nucleus). Adapted from (Dupont,
2015).
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1.2.4 Role of Hippo signalling in mechanotransduction
As detailed above, the Hippo pathway is intimately coupled with tissue architecture
through multiple modes of regulation by cell-cell junction, polarity proteins, and the
actin cytoskeleton. Indeed, the disruption of tissue architecture is a common
feature of mammalian cancers and might provide a means of promoting tumour
growth through YAP/TAZ de-repression (Harvey et al., 2013). However, the
importance of the core kinase cascade versus kinase-independent actin-dependent
mechanisms remains debated in the field.
Initial studies from the Piccolo lab, which first uncovered the link between YAP/TAZ
activity and mechanical stimuli, suggested that that this link was independent of
LATS1/2. For instance, knocking down LATS1/2 in human mammary epithelial cells
did not rescue the inactivation of YAP/TAZ that had been induced by mechanical
cues, for example by plating the cells on a small adhesive area, suggesting that the
mechanical regulation of YAP/TAZ occurs independently of the core kinase
cascade (Dupont et al., 2011). Moreover, in later work, Aragona et al suggested
that LATS1/2 are only capable of regulating YAP/TAZ activity in the presence of a
mechanically competent cytoskeleton (Aragona et al., 2013).
One possible core kinase cascade-independent YAP mechanotransduction
mechanism is via mechanical opening of nuclear pores (Elosegui-Artola et al.,
2017). Mechanical flattening of cultured cells using a glass bead attached to an
atomic force microscope probe caused nuclear deformation via actin stress fibres
connected to the nucleus by the Linker of Nucleoskeleton and Cytoskeleton (LINC)
complex, exerting a pulling force on nuclear pores. This allowed nuclear entry of
YAP/TAZ into the nucleus (Elosegui-Artola et al., 2017). Whether the mechanical
forces encountered by cells in vivo can have such an effect remains to be
demonstrated.
However, several lines of evidence have linked the core kinase cascade to YAP
mechanoregulation. For instance, a study in human mammary epithelial cells used
cyclic stretch on a deformable substrate as a way of exposing cells to increased
mechanical force. Cyclic stretch induced YAP activation in what appears to be a
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LATS1-dependent manner (Codelia et al., 2014). This work suggests that cyclic
stretch induces JNK signalling, which results in the inhibitory binding of the LIM
domain protein LIMD1 to LATS1, promoting YAP activity (Codelia et al., 2014).
Furthermore, in Drosophila, Ajuba (Jub) and Zyxin (Zyx) are LIM domain containing
proteins that have been implicated in Hippo pathway regulation. Upon increased
cytoskeletal tension, unfolding of α-catenin causes recruitment of Jub to the AJs,
where Jub sequesters Wts in an inhibitory complex and promotes Yki activity
(Rauskolb et al., 2014, Das Thakur et al., 2010). In mammalian epithelial cells, the
Ajuba family protein LIMD1 fulfils a similar role in controlling YAP/TAZ activity.
Under high cytoskeleton tension, LIMD1 is recruited to α-catenin at AJs,
sequestering and inhibiting LATS1/2. This mechanism promotes YAP/TAZ activity
under high cytoskeletal tension (Ibar et al., 2018).
Recently, a link has also been established between ECM-dependent mechanical
stimuli and the core kinase cascade. Integrin-dependent signalling in mammary
epithelial cells plated on stiff (50 kPa) hydrogels results in activation of
phospholipase C (PLC) and breakdown of Phosphatidylinositol 4,5-bisphosphate
(PIP2) to diacylglycerol and inositol 1,4,5-trisphosphate (Meng et al., 2018). On a
soft ECM (1 kPa), PIP2 levels rise, recruiting phospholipase D to the plasma
membrane, resulting in production of phosphatidic acid (PA) from
phosphatidylcholine. PA then promotes activation of the small GTPase Rap2 by
recruiting the Rap2 exchange factors PDZGEF/2. In turn, Rap2 promotes LATS1/2
activity through its downstream effector MAP4K4, which phosphorylates the LATS
activation loop, thereby inhibiting the activity of YAP/TAZ (Meng et al., 2018).
Thus, numerous mechanisms for Yki/YAP mechanotransduction have been
proposed. Which of these mechanisms operate under physiological or
developmental conditions remains an area of intense study. In vertebrates, YAP
mechanotransduction has been proposed to mediate cell fate decisions, such as
osteogenic differentiation of mesenchymal stem cells on a stiff microenvironment or
lineage commitment in murine skeletal stem cells (SSCs) (Dupont et al., 2011)
(Tang et al., 2013). In the mouse second heart field, YAP activation in response to
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tension has been proposed to drive proliferation and heart tube extension (Francou
et al., 2017).
In Drosophila, the mechanical regulation of Yki has been proposed to explain the
patterns of growth and proliferation during larval wing imaginal disc growth (Pan et
al., 2016) (Pan et al., 2018). Theoretical work had initially suggested a feedback
mechanism that explains how overall tissue growth is controlled throughout the
wing disc pouch (Shraiman, 2005, Aegerter-Wilmsen et al., 2007, AegerterWilmsen et al., 2012). In essence, faster growth in the centre of the wing pouch
was proposed to lead to a “mechanical gradient” whereby cells in the centre of the
pouch become compressed, while cells in the periphery become stretched, leading
to increased Yki activity in the stretched cells and eventually equilibration of growth
rates between the pouch periphery and centre. As development proceeds and
tissue crowding increases, tension in the wing pouch would then decrease, leading
to global reduction in Yki activity and the cessation of growth. This developmental
“mechanical clock” for growth control is an exciting hypothesis and several lines of
evidence supporting it have come to light. First, faster proliferation in the centre of
the pouch during the early stages of wing growth was shown to lead to a tension
gradient from the pouch centre to the periphery (Nienhaus et al., 2009, Legoff et
al., 2013, Mao et al., 2013). Second, Yki activity appears to be high in the pouch
periphery (due to the Jub mechanosensing mechanism described above) and low
in the centre, and declines globally as disc development proceeds (Rauskolb et al.,
2014) (Pan et al., 2016) (Pan et al., 2018). Thus, although much work remains to
prove this attractive model for mechanical control of wing growth termination, Yki
regulation by mechanical forces appears to be at the heart of epithelial
morphogenesis.

1.3 The role of tissue mechanics in morphogenesis
Historically, research into the control of morphogenesis has been focussed on
morphogen gradients and the biochemical signalling pathways that control tissue
growth and patterning (Wartlick et al., 2011). Recently, focus has shifted to the
effect of mechanical forces on morphogenesis. Living tissues in developing
multicellular organisms are subjected to external mechanical forces due to changes
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in shape and size of surrounding tissues, to internal mechanical forces generated
by the active contractility of the actomyosin cytoskeleton, as well as to the intrinsic
passive viscoelastic properties of a cell/tissue (Kasza et al., 2007, Lye et al., 2015,
Lye and Sanson, 2011). Biochemical signalling can trigger autonomous changes in
mechanical forces within a tissue, for example by changing ECM composition,
affecting Rho-ROCK signalling and MyoII activity, as well as the polarising effects
of PCP components (Butler et al., 2009, Blankenship et al., 2006, Nishimura and
Takeichi, 2008, Rauzi et al., 2010, Bardet et al., 2013, Bertet et al., 2004). As
previously described, mechanical forces affect internal biochemical signalling,
consequently there is continuous feedback between external and internal
mechanical forces in living tissues, contributing to morphogenetic changes (LeGoff
and Lecuit, 2015, Guirao and Bellaiche, 2017) (Figure 5a).
The effect of mechanical force on tissue growth and shape has been studied at
multiple different levels, from single cells to tissue-wide analysis, each level
contributing a new level of complexity to the field. At a single cell level, the effect of
physical forces on cell shape and interaction with the ECM (ECM) can be analysed
(Chen et al., 1997). Culturing a confluent monolayer of cells or a 3D cell culture,
cells are also mechanically affected by interaction with neighbouring cells via AJs,
as well as by the surrounding ECM. Finally, in recent years the latest developments
in tissue imaging and image analysis have made it possible to track individual cells
in vivo on a tissue-wide scale (Keller, 2013). When studying tissues in vivo, the
effect of the ECM and neighbouring cells, as well as those of neighbouring tissues
and organism-wide systemic effects such as hormonal inputs must be considered
(LeGoff and Lecuit, 2015). The type of stress cells and tissues generate and
experience in vivo can be intracellular, intercellular or intertissue. The combination
of these forces drives morphogenesis (Guillot and Lecuit, 2013, LeGoff and Lecuit,
2015, Guirao and Bellaiche, 2017, Eder et al., 2017).

1.3.1 Stress generation
Intracellular forces generated by the actomyosin cytoskeleton, triggered by
upstream biochemical signalling promoting activity of Rho/ROCK, drives many
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morphogenetic processes (Munjal and Lecuit, 2014). Drosophila development
provides several well-characterised examples of how different signalling pathways
can promote morphogenetic cell behaviours by controlling actomyosin contractility.
During gastrulation, the transcription factor Twist induces the expression of the
GPCR ligand Folded gastrulation (Fog), which promotes the activity of RhoGEF2, a
RhoGTPase activator via the GPCRs Smog and Mist and the heterotrimeric Galpha subunit Concertina (Manning and Rogers, 2014, Kerridge et al., 2016). This
results in Rho1 and MyoII activation, thereby triggering apical constriction of the
ventral blastoderm epithelium, resulting in the invagination of the mesoderm
(Dawes-Hoang et al., 2005, Kolsch et al., 2007, Nikolaidou and Barrett, 2004).
During Drosophila germ band extension (GBE), Bazooka is enriched along anteroposterior junctions, while MyoII is planar polarised along dorsal-ventral oriented
junctions, resulting in planar polarized actomyosin contractility (Kasza et al., 2014,
Simoes Sde et al., 2010, Rauzi et al., 2010). This polarisation is downstream of the
Toll-like receptors (Pare et al., 2014). Due to increased contractility, the dorsoventrally oriented junctions shrink in size, triggering neighbour exchange, which
promotes tissue elongation along the antero-posterior axis during germband
extension (Kasza et al., 2014, Simoes Sde et al., 2010, Rauzi et al., 2010).
In the wing imaginal disc, PCP signalling polarises the localisation of the atypical
myosin Dachs at junctions aligned perpendicular to the proximo-distal axis (Mao et
al., 2006). Enrichment of Dachs induces anisotropic tension along cell junctions,
triggering cell rearrangements in the Drosophila notum (Bosveld et al., 2016).
Dachs-induced anisotropic tension also induces cell shape changes. For example,
the elongation of appendages along the proximo-distal axis requires Dachs planar
polarisation (Baena-Lopez et al., 2005, Mao et al., 2011). In the wing, Dachs
localisation triggers constriction of junctions along the dorso-ventral axis, forcing
cell elongation and cell division orientation along the proximo-distal axis (Mao et al.,
2011). As Dachs does not appear to possess intrinsic motor activity in vitro, it is not
clear whether it functions via MyoII or other motor proteins (Cao et al., 2014).
However, cell rearrangements also require junction lengthening as well as junction
shortening. It has been shown that junction lengthening can be promoted by activity
of Phosphatase and Tensin homolog (PTEN), a phosphatase that is mutated in
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many human cancers (Chalhoub and Baker, 2009). PTEN promotes junction
lengthening by reducing the activity of Rho and MyoII (Bardet et al., 2013).
The disappearance of cells through apoptosis can also influence tissue mechanics.
Apoptosis in epithelia generally involves the generation of an intracellular
contractile acto-myosin ring in the dying cell and an outer ring in the surrounding
cells (Toyama et al., 2008, Ambrosini et al., 2017). Together, these trigger the
extrusion of the dying cell and stretching of the surrounding cells to maintain a
seamless epithelium. Furthermore, actin-dependent formation of cell protrusions
triggers collective active cell migration, resulting in pulling on or compression of
surrounding tissues (De Pascalis and Etienne-Manneville, 2017). These
intracellular active behaviours generate forces that affect surrounding cells or
tissues (Lye et al., 2015, Etournay et al., 2015).
Intertissue forces are applied on a wider scale, and are dependent on neighbouring
tissues undergoing large-scale shape and size changes, resulting in compression
and pulling forces. For example, Drosophila germ-band extension during
embryogenesis induces compression of stomodeal cells, which promotes the
mechanical induction of Twist expression (Desprat et al., 2008). Tensile forces in
the antero-posterior axis along the germ band are generated by endoderm
invagination (Butler et al., 2009, Lye et al., 2015). Furthermore, during Drosophila
dorsal closure, apical constriction and apoptosis of amnioserosa cells pulls on the
leading edge of epidermal cells (Toyama et al., 2008). Another example of tissue
pulling during morphogenesis is the process of Zebrafish epiboly, a stage during
gastrulation of the zebrafish embryo where a layer of epithelial cells known as the
Enveloping Cell Layer (EVL) spreads over the yolk syncytial layer (YSL). During
this process, anisotropic tension is exerted on the EVL by actomyosin activity in the
contractile YSL (Campinho et al., 2013, Behrndt et al., 2012). Finally, Drosophila
wing hinge retraction during pupal development generates anisotropic stress along
the proximo-distal axis in the wing pouch to drive axis extension (Aigouy et al.,
2010, Etournay et al., 2015).
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1.3.2 Mechanisms of stress dissipation
Mechanical forces control tissue morphogenesis both via mechanical force
generation and dissipation. Stress dissipation generally occurs by cell divisions
oriented in the direction of mechanical stress, or via cell rearrangements. The
concept of individual cell rearrangement to dissipate mechanical stress was first
investigated and modelled in dry foams. Dry foams consist of air bubbles separated
by a thin film of soapy water. The arrangement of bubbles within a foam with a
uniform surface tension follows basic rules of mechanics (Weaire and Hutzler,
2001). They tend towards the lowest energy state, where the arrangement of the
bubbles is the most stable. When two bubbles come into contact, they create a
junction that minimises the sum of the surface area, thereby creating a straight line.
However when three bubbles merge, creating an arrangement that minimises sum
of the surface area, mechanical equilibrium occurs when cell interfaces are
arranged at an angle of 120˚, forming tricellular junctions (Cantat et al., 2013).
Applying anisotropic external stress below a certain threshold will distort the shape
of these bubbles, when the external stress is removed the bubbles behave
elastically and return to their original shape. However, when anisotropic stress is
applied above a certain threshold, the bubbles are distorted enough to form
unstable quadricellular junctions. In order to return to a stable energy level the
bubbles undergo neighbour exchange, thereby dissipating the external anisotropic
force and returning to a state of mechanical equilibrium over a period of a few
seconds (Durand and Stone, 2006, Marmottant et al., 2008, Grassia et al., 2012)
(Figure 5b).
This model of reaching mechanical equilibrium in response to external anisotropic
force application can also be applied to live tissues in cell culture or in vivo, with
several caveats (Figure 5c). These include the differing intrinsic viscoelastic cell
properties between cells, differing levels of adhesion between cells and cell-ECM,
the role active acto-myosin contractility as well as the role of division forces (Guirao
and Bellaiche, 2017). Therefore, in cell culture or in vivo, the timescale for cell
rearrangements to dissipate stress is longer than in foams, for example in
Drosophila embryos, cells deform and relax within about 10 minutes (Lye et al.,
2015). In Drosophila wing hinge retraction, there is a delay of several hours after
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cell elongation before they begin to rearrange and dissipate stress (Etournay et al.,
2015). This behaviour is presumably due to opposing intracellular forces generated
by MyoII, PTEN or Dachs activity (Guirao and Bellaiche, 2017).
Many of the morphogenetic movements described in section 1.3.1 above also
involve stress dissipation through cell rearrangements or oriented cell divisions.
Apical constriction and invagination of the Drosophila embryonic endoderm
generates anisotropic stress, elongating cells in the germband. Active internal
mechanical behaviour results in cell rearrangements, relaxing the tissue (Butler et
al., 2009, Lye et al., 2015). Overgrowing clones in Drosophila wing imaginal disc
generate tangential mechanical stress in surrounding, resulting in oriented cell
divisions that dissipate this stress (Legoff et al., 2013, Mao et al., 2013). In the
central regions of the wing disc pouch, cells divide in a proximo-distally oriented
manner due to Dachs planar polarisation. Together with elevated proliferation of
the central pouch cells, this causes tangential stretching of the peripheral pouch
cells. This in turn promotes stress dissipation by oriented cell division along the
axis of stretch in the periphery of the pouch, perpendicular to the axis of Dachs
localisation (Mao et al., 2013). Thus, this is an example of the global tissue forces
overriding the effect of Dachs localisation on a local cellular level (Mao et al.,
2013).
Contraction of the hinge region during Drosophila pupal wing morphogenesis
creates anisotropic tension, elongating wing blade epithelial cells along the
proximal distal axis (Aigouy et al., 2010, Etournay et al., 2015). Anisotropic tension
requires anchoring of the distal tip of the wing via apical ECM components (Ray et
al., 2015) (Etournay et al., 2015). This results in cell divisions oriented along the
proximo-distal axis as well as passive cell rearrangements to dissipate the tension
(Aigouy et al., 2010, Etournay et al., 2015). Finally, during Zebrafish epiboly when
the EVL is exposed to anisotropic forces due to contraction of the YSL, tension in
the EVL is dissipated by cell rearrangements and cell divisions (Behrndt et al.,
2012, Campinho et al., 2013).
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Figure 5: Mechanisms of stress generation and dissipation

A) Interplay and feedback between mechanical forces, tissue change and
biochemical signalling. B) Energy state of a tissue during stress generation and
stress dissipation. Adapted from (Guirao and Bellaiche, 2017). C) Examples of
mechanisms of stress dissipation in response to stress generation within a
biological tissue
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1.3.3 Tissue mechanics analysis in vivo
Many tools have been developed to analyse tissue mechanics in Drosophila, most
notably in the embryo, wing imaginal disc/pupal wing and notum (Lye and Sanson,
2011, Lye et al., 2015, Etournay et al., 2015, Guirao et al., 2015, Heller et al., 2016,
Mao et al., 2013). Tissue scale analysis has also been undertaken in mouse wound
healing, and in zebrafish embryos (Keller et al., 2008, Park et al., 2017). In the
previous section I have described the general impact of tension on cell culture and
in vivo tissues, however in this section I will describe some of the methods that
have enabled such detailed analysis on a tissue-scale level.
In order to analyse tissue mechanics, it is necessary to distinguish changes in
tissue size (isotropic deformation) from changes in tissue shape (anisotropic
shear). Isotropic deformation of an epithelial tissue consists of changes in cell
growth and cell proliferation or extrusion that contribute to equal changes in all
orientations of a tissue. Anisotropic shear consists of changes in cell elongation,
direction of cell division and T1 transitions in a particular orientation (Etournay et
al., 2016) (Figure 6). Here I am going to focus on the morphogenetic analysis of the
Drosophila notum and the pupal wing, and on the methods that have enabled these
projects (Guirao et al., 2015, Etournay et al., 2015, Aigouy et al., 2010).
In the Drosophila pupal notum, proliferation, cell elongation and cell
rearrangements all contribute to morphogenetic changes (Bosveld et al., 2012)
(Guirao et al., 2015). In particular, Guirao et al developed a novel method of using
segmenting movies of nota expressing E-cad::GFP to analyse changes in
proliferation, apoptoses, cell size, cell rearrangements and cell shape (Guirao et
al., 2015). They used a standard watershed algorithm to segment the movies, then
used software created by Bosveld et al to track the cells, based on a combination
of the level of overlap between cells in between frames, as well as cell centroid
position. The tracking software also detected divisions and apoptoses (Bosveld et
al., 2012). The methodology for calculating relative effects of cell parameters on
tissue shear is based on identifying cell centroids, and linking centroids of
neighbouring cells. This triangulation method allows quantification of the amplitude
and orientation of cell rearrangements as well as cell size and shape changes.
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Using these methods, Guirao et al found that, during morphogenesis, the
Drosophila notum undergoes size and shape changes heterogeneously. They
specifically look at several distinct regions in a hemi-notum where divisions, cell
rearrangements and cell shape changes have very distinct contributions to tissue
shear. The role of cell proliferation in tissue morphogenesis in the Drosophila
notum was further elucidated when analysing pupal nota overexpressing the cell
cycle inhibitor Tribbles. They found reducing the cell division rate reduced overall
tissue elongation, indicating an essential role of proliferation in tissue elongation
(Guirao et al., 2015).
In the pupal wing blade, it is also possible to analyse how proliferation, cell
elongation and cell rearrangements all contribute to morphogenetic changes, by
live-imaging pupae expressing E-cad::GFP (Aigouy et al., 2010, Etournay et al.,
2015). In Etournay et al. 2016 the authors describe Tissue Miner, an analysis
toolkit used to extract this information from skeletons generated by the E-cad::GFP
outline (Etournay et al., 2016). The method of segmentation and tracking is similar
to that of Guirao et al, where the tracking calculates tissue displacement by
comparing between successive frames. The tracking software detects cell divisions
and extrusions, and thereby creates information about cell lineages as well as cell
size (Figure 6a) (Etournay et al., 2015). In order to measure changes in tissue
shear, they also use a triangulation method, but based on creating a triangle
around each tricellular junction, rather than connecting centroids. The deformation
of the tiled triangles provides quantitative information on shear and the source of
the shear, be it cell elongation, T1 transitions, oriented cell divisions or correlation
effects (Figure 6b). Correlation effects refer to the relative movement of a group of
cells (Figure 6b). If cells move together in the same direction, tissue shear is
unaffected, thus correlation effects only affect shear when rows of cells slide past
each other. The authors found that, during pupal wing morphogenesis, the total
wing blade size does not change, therefore there must be a balance between cell
size, cell proliferation and extrusion that enables morphogenesis to continue within
this constraint (Guirao et al., 2015, Etournay et al., 2015). Perturbations in wing
blade proximo-distal tension by using laser ablation to sever connections to the
apical ECM changes the balance between cell proliferation, cell area and T1
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transitions. This suggests that tension generated by the combination of wing hinge
contraction and distal anchoring is the driver for the correct morphogenetic
changes occurring during pupal wing blade elongation (Etournay et al., 2015).

Figure 6: Contributions to tissue growth and shape deformation

A) Contribution of cell parameters that affect total area of a tissue: changes in cell
area, cell proliferation, and cell extrusion. B) Contribution of cell parameters that
affect tissue shape: cell elongation, orientated cell divisions, T1 transitions, T2
transitions (cell extrusion/delamination) and correlation effects (collective
movements). Based on (Etournay et al., 2015)
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1.4 Histoblasts as a model system
My thesis work is focussed on the study of the Drosophila abdominal histoblasts,
which are the precursor cells of the Drosophila adult abdominal epidermis. They
proliferate extensively during pupal development, a developmental stage of
Drosophila during which pupae are immobile and undergoing significant
morphogenetic changes (Figure 7a). Consequently, it is possible to image the
development of histoblast nests live and in vivo, making them an excellent model
system to investigate developmental tissue growth. Using histoblasts, it is possible
to study the coordination of proliferation, growth arrest and apoptosis over a
significant developmental period (Ninov and Martin-Blanco, 2007) (Figure 7).

1.4.1 Embryogenesis and larval growth
The development from embryonic histoblasts to the formation of an adult
abdominal epidermis is unique compared to other imaginal tissues. Histoblasts are
specified at the embryonic stages, however, unlike other imaginal tissues, they
then remain quiescent throughout larval development. Within each abdominal
hemisegment there are four nests in total, two located dorso-laterally, one located
ventrally and one spiracular nest located laterally (Hayashi, 1996, Madhavan and
Madhavan, 1980, Ninov et al., 2007). After embryogenesis, the larval stages of the
Drosophila life cycle begin (Figure 7a). During larval development, the larval
epithelial cells (LECs) surrounding the histoblasts grow in size through
endoreplication, becoming polyploid. However, the expression of transcription
factor Escargot (Esg) blocks endoreplication in histoblasts during larval growth
(Hayashi, 1996, Hayashi et al., 1993, Fuse et al., 1994). Despite this, histoblasts
grow 60-fold in volume throughout larval development (Madhavan and Madhavan,
1980, Madhavan and Madhavan, 1984). Phosphoinositide 3-kinase (PI3K)
signalling promotes histoblast growth during the larval stages (Ninov et al., 2009).
When overexpressing a catalytic subunit of PI3K in histoblasts, histoblasts size is
increased, and vice versa when overexpressing the phosphatase PTEN, an
antagonist of PI3K signalling, histoblast size is reduced (Ninov et al., 2009). During
this developmental period histoblasts are gradually accumulating the G1/S Cyclin,
Cyclin E (Ninov et al., 2009).
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1.4.2 Prepupal stages
After four days of larval growth, a pulse of the steroid hormone ecdysone triggers
the larva to undergo pupariation and become a white prepupa (Bate and Arias,
1993). Timings from this point on are referred to as hours after pupa formation (h
APF). At the prepupal stage (0 h APF) the histoblasts are organised in nests
located in the abdominal segments, surrounded by larval epithelial cells (LECs)
(Madhavan and Madhavan, 1980) (Figure 7b). Within each abdominal
hemisegment, there are dorsal laterally positioned anterior and posterior histoblast
nests, as well as a ventral nest and a spiracular nest (Madhavan and Madhavan,
1980).
During the prepupal stage, histoblasts undergo three rapid synchronous cleavage
cell divisions with no cell growth due to a lack of the G1 phase (Madhavan and
Madhavan, 1980). This is enabled by the accumulation of Cyclin E during larval
development, therefore once Cyclin E runs out, rapid synchronous cell divisions
cease (Ninov et al., 2009). Re-entry into cell cycle is triggered by the Ecdysone
pulse at 0 h APF, which promotes the expression of String, the Drosophila Cdc25
phosphatase homologue, which is rate-limiting for entry into mitosis (Ninov et al.,
2009). This primary stage of rapid cell proliferation occurs between 0-8 h APF
(Ninov et al., 2009). In between 8-15 h APF, muscle twitching and thickening of the
pupal case means live imaging of the histoblasts becomes impossible (Ninov and
Martin-Blanco, 2007).
1.4.3 Pupal development
At approximately 12 h APF, there is a second ecdysone pulse triggering significant
pupal remodelling, including head eversion (Bate and Arias, 1993). This is the
stage during which now-redundant larval tissues undergo histolysis to be replaced
by adult tissues. The same pupal ecdysone pulse triggers tissue death and
differentiation of adult tissue (Yin and Thummel, 2004). The pupa does not feed or
take up nutrients, so metamorphosis is happening in a closed system where all
resources for adult tissue development are contained within the pupa (Nijhout,
2003).
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At approximately 15 h APF, the histoblasts begin a second division phase,
proliferating asynchronously with a longer doubling time due to an increase in
length of the G1 phase, calculated in Ninov et al to be approximately 9 hours
(Figure 7b) (Ninov et al., 2007). Subsequently the histoblasts are thought to
maintain cell size throughout cell generations, and histoblast nest is able to expand
into the surrounding larval tissue (Figure 7c) (Ninov et al., 2007). Simultaneously,
the LECs extrude basally from the epithelial layer, and undergo apoptosis. The
histoblasts are replacing the larval tissue with adult tissue. When histoblasts have
covered each abdominal segment, they fuse at the dorsal midline by 36 h APF
(Ninov et al., 2007). At this point they have covered the entire abdominal surface,
proliferation ceases and the tissue undergoes differentiation and patterning to form
the adult abdominal epidermis (Ninov et al., 2007). Ecdysone signalling is required
for both proliferation of the histoblasts and extrusion/apoptosis of LECs (Ninov et
al., 2007).
Ninov et al found that interfering with actin polymerisation in the histoblasts by
overexpressing capping proteins and profilin greatly diminished nest expansion
(Ninov et al., 2007). Actin-rich protrusions visibly intercalate with LECs, suggesting
that actin-dependent intercalation is required for expansion of the histoblast nests
and replacement of the LECs (Ninov et al., 2007). Expansion of the histoblast nest
is also dependent on EGFR signalling, PI3K signalling as well as Dpp signalling
(Ninov et al., 2009, Ninov et al., 2010). Dpp signalling at the periphery of the nest
and in the LECs promotes changes in adhesion to the basal ECM and to
neighbouring cells at the nest periphery, promoting invasiveness at the periphery
(Ninov et al., 2010). The Drosophila b-integrin Mys is localised at the basal side of
the histoblasts at the centre of the nest, however at the periphery of the nest Mys is
localised laterally, suggesting that links to the ECM are weaker at the periphery
(Ninov et al., 2010). Furthermore, there is a reduction in expression of AJ
components at the periphery, suggesting that reduced adhesion promotes junction
remodelling that helps the histoblast nest to invade the larval tissue (Ninov et al.,
2010). The basal ECM begins to degrade at approximately 16 h APF, resulting in a
complete loss of basal ECM by 20 h APF (Ninov et al., 2010). This, combined with
the loss of basal integrins at the leading edge, suggests that the basal ECM is not
supporting the migration of the leading edge.
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Bischoff et al has shown that it is the combined active migration of both the
histoblasts and LECs that contributes to the formation of the adult abdominal
epithelium (Bischoff and Cseresnyes, 2009, Bischoff, 2012). LECs migrate dorsally
as histoblasts invade, but towards the end of histoblast development they begin to
migrate posteriorly. As in histoblasts, LECs also require apical lamellipodia-like
protrusions in order to migrate and drive morphogenesis (Bischoff, 2012).
The mechanism of LEC extrusion has also been investigated. It is dependent on
acto-myosin contractility, and is accompanied by an upregulation of MRLC
expression. Expressing a form of MyoII II that cannot be phosphorylated by ROCK
resulted in fewer LECs extruding from the epithelial layer, leaving LECs remaining
within the epithelium into adulthood (Ninov et al., 2007). Ecdysone signalling is
required to trigger histoblast proliferation and LEC death, however blocking
histoblast proliferation alone significantly perturbs LEC extrusion (Ninov et al.,
2007). This suggests that mechanical force applied by the expanding histoblast
nests may participate in driving cell death and extrusion of the LECs. Interestingly,
the converse experiment (blocking LEC extrusion) had no obvious effect on
histoblast proliferation rates, but led to an increase in the rate of histoblast
extrusion resulting in reduced expansion of the histoblast nest. Consequently, it
appears that LEC death is dependent on histoblast proliferation, but histoblast
proliferation is not dependent on LEC death (Ninov et al., 2007). Based on these
findings, it was proposed that LEC extrusion and apoptosis is a non-autonomous
process driven by histoblast expansion as well as a hormonal input. Indeed, LEC
extrusion at the histoblast/LEC boundary is triggered non-autonomously by direct
contact with histoblasts. This LEC extrusion mechanism was also dependent on the
specific cell cycle stage of the neighbouring histoblasts (Nakajima et al., 2011).
Teng et al examined the process of LEC extrusion and apoptosis, and the
mechanical effect of this process on the surrounding histoblast and LECs. They
propose that caspase activity induces the early phase of intracellular actomyosin
contractility and downregulation of AJ components in the dying LEC, and conclude
that the tension generated by the contractility of the dying LECs drives expansion
of the neighbouring histoblast nest (Teng et al., 2017). Tension generated by LEC
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extrusion is transiently released by loss of AJ components at the junctions of dying
LECs. They then observed a second stage of extrusion in which a supracellular
actomyosin cable forms and contracts in surrounding non-dying LECs, generating
tension again and deforms the histoblasts into an elongated cell shape. The
formation of new AJs, as well as cell division or cell rearrangement of stretched
histoblasts, dissipates this second phase of tension generation (Teng et al., 2017).
Pupal development of the abdomen involves the coordination of cell proliferation,
migration, rearrangement and death between two distinct cell populations. It is
therefore an ideal model system to study tissue growth control in vivo. In my results
I am initially going to discuss how the histoblast system provides a novel challenge
to develop a skeletonisation and tracking pipeline on Ecad::GFP cell outlines. The
final pipeline involved the creation of customised in-house programmes for image
projection, segmentation and tracking. Following this, I was able to analyse spatial
and temporal changes in cell parameters during wild type histoblast development. I
was also able to explore the effects of changing the mechanical environment of the
histoblasts. Finally, I am going to discuss the screening for potential upstream
regulators of Yki and tissue growth in this system.
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Figure 7: Histoblast development

A) Drosophila life cycle, with histoblasts in green. Enlarged version of the embryo is
shown in orange box. The red dotted rectangle on the pupa indicates the field of
view imaged in (C). Adapted from (Hartenstein, 1993) B) Left panel: schematic
showing three prepupal cleavage cell cycles. Right panel: schematic showing the
pupal asynchronous cell cycles. Adapted from (Ninov et al., 2007) C) Histoblasts in
live pupa expressing Ecad::GFP at the time points indicated (stills from Movie 1).
Yellow dotted line surrounds the histoblast nest. Scale bar = 50 µm
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Chapter 2.

Materials & Methods

2.1 Experiments
2.1.1 Drosophila stocks
UAS-Yki was a gift from D. Pan (Huang et al., 2005). esg-GAL4 (NP5130), esgGAL4,UAS-GFP,tubGAL80ts and permanent esg-GAL4 stock esg-GAL4,UASGFP,act>Y>GAL4;UAS-Flp were gifts from E. Martín-Blanco as published in Ninov
et al (Ninov et al., 2007, Ninov et al., 2009, Ninov et al., 2010). UAS-p35 was gift
from I. Hariharan. UAS-DIAP1 was a gift from M. Milan. HRE diap1 GFP 4.3 was a
gift from J. Jiang (Zhang et al., 2008). UAS-dachs was a gift from K. Irvine (Mao et
al., 2006). Stocks DE-cad::GFP and DE-cad::Tom as published in Huang et al
(Huang et al., 2009). UAS-ed as published in Bai et al (Bai et al., 2001). UAS-kibRNAi as published in Genevet et al (Genevet et al., 2010). Null allele ykiB5 as
published in Huang et al (Huang et al., 2005). Loss of function allele hpo42-47 as
published in Wu et al (Wu et al., 2003). Loss of function allele wtsX1as published Xu
et al (Xu et al., 1995). Loss of function allele exe1 as published in Willecke et al
(Willecke et al., 2006). Loss of function allele fatGRV as published in Willecke et al
(Willecke et al., 2006). UAS-dia and myr::zyx were created in the lab by Pedro
Gaspar (Gaspar, 2013, Gaspar et al., 2015). ubi-4xnGreen, HRE-4xnGreen and
UAS-HA were created in the lab by Birgit Aerne. Stocks from NIG-FLY: UAS-WtsRNAi Stock ID: 12072R-1, UAS-scar-RNAi Stock ID: 4636 R-1, UAS-cpa-RNAi
Stock ID: 10540R-2, UAS-chic-RNAi Stock ID: 9553R-3. Stocks from VDRC: KK
lines: UAS-ena-RNAi Stock ID: 106484, UAS-tsr-RNAi Stock ID: 110599, UASROK-RNAi Stock ID: 107802, UAS-dia-RNAi Stock ID: 103914, coracle-RNAi Stock
ID: 108749, UAS-Yki-RNAi Stock ID 104523. GD lines: kst-RNAi Stock ID: 37074,
ex-RNAi Stock ID: 22994, jub-RNAi Stock ID: 38443, UAS-αspec-RNAi Stock ID:
25387, UAS-mer-RNAi Stock ID: 7161. Stocks from Bloomington: Eip71CD-GAL4
(BL 6871), UAS-MLCK.ct (BL 37527), UAS-MMP1.f1 (BL 58701), UAS-TIMP (BL
58708), Sqh-GFP (BL 57145), and Hpo-RNAi (BL33614), act>Y>gal4 (BL4413),
UAS-CD8Ch (BL27391), tubGAL80ts (BL 7017 and BL7018). General lab stocks:
yw,hsflp, FRT42D, FRT82B, FRT42DnlsRFP, FRT40AnlsRFP, FRT82BnlsRFP.
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2.1.2 Drosophila genotypes
Table 1 Genotypes in Chapter 4: Analysis of wild type histoblast development

Figure
12-27
28
29

Genotype
DE-cad::GFP
ubi-4xnGreen
HRE-4xnGreen
DE-cad::Tom ; sqh::GFP

Table 2 Genotypes in Chapter 5: Mechanical environment perturbations

Figure
30-32

33
34
35-37
38
39
41,41

Genotype
Eip71CDGAL4, DE-cad::GFP ; UAS-HA/+
Eip71CDGAL4, DE-cad::GFP/ UAS-DIAP1 ; UAS-p35/+
Eip71CDGAL4, DE-cad::GFP ; tubGAL80ts/UAS-HA
Eip71CDGAL4, DE-cad::GFP ; tubGAL80ts/UAS-MLCK.ct
Eip71CDGAL4, DE-cad::Tom/+ ; HRE-nG/UAS-HA
Eip71CDGAL4 ,DE-cad::Tom/UAS-DIAP1 ; HRE-nG/UAS-p35
Eip71CDGAL4, DE-cad::Tom/tubGAL80ts; HRE-nG/UAS-MLCK-ct
Eip71CDGAL4, DE-cad::Tom/+ ; sqh::GFP/UAS-HA
Eip71CDGAL4, DE-cad::Tom/UAS-DIAP1 ; sqh::GFP/UAS-p35
Eip71CDGAL4, DE-cad::Tom/tubGAL80ts ; sqh::GFP/UAS-MLCK-ct
Eip71CDGAL4, DE-cad::GFP ; tubGAL80ts/UAS-HA
Eip71CDGAL4, DE-cad::GFP ; tubGAL80ts/UAS-TIMP
Eip71CDGAL4, DE-cad::GFP ; tubGAL80ts/UAS-MMP1.f1
Eip71CDGAL4, DE-cad::Tom/+ ; HRE-nG/UAS-HA
Eip71CDGAL4, DE-cad::Tom/tubGAL80ts ; HRE-nG/UAS-TIMP
Eip71CDGAL4, DE-cad::Tom/tubGAL80ts; HRE-nG/UAS-MMP1.f1
Eip71CDGAL4, DE-cad::Tom/+ ; HRE-nG/UAS-HA
Eip71CDGAL4, DE-cad::Tom/tubGAL80ts ; sqh::GFP/UAS-TIMP
Eip71CDGAL4, DE-cad::Tom/tubGAL80ts; sqh::GFP /UAS-MMP1.f1
DE-cad::GFP

Table 3 Genotypes in Chapter 6: Regulation of Yki in histoblasts

Figure
42

43a,b
43c

Genotype
hsflp ; FRT42DnlsRFP/FRT42D
hsflp ; FRT42DnlsRFP/FRT42Dhpo42-47
hsflp ; DE-cad::GFP ; FRT82BnlsRFP/FRT82BwtsX1
hsflp ; FRT42DnlsRFP/FRT42DykiB5 ; ZCL2207
esgGAL4,UAS-GFP/UAS-Yki ; tubGAL80ts
esgGAL4 ,act>y>GAL4,UAS-GFP/+ ; UAS-FLP/+
esgGAL4 ,act>y>GAL4,UAS-GFP/UAS-Hpo-RNAi ; UAS-FLP/+
esgGAL4 ,act>y>GAL4,UAS-GFP/+ ; UAS-FLP/UAS-Wts-RNAi
esgGAL4 ,act>y>GAL4,UAS-GFP/UAS-Yki-RNAi ; UAS-FLP/+
esgGAL4 ,act>y>GAL4,UAS-GFP/+ ; UAS-FLP/UAS-Yki
esgGAL4 ,act>y>GAL4,UAS-GFP/UAS-ena-RNAi ; UAS-FLP/+
esgGAL4 ,act>y>GAL4,UAS-GFP/UAS-dia-RNAi ; UAS-FLP/+
esgGAL4 ,act>y>GAL4,UAS-GFP/UAS-ROK-RNAi ; UAS-FLP/+
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44a

44b

esgGAL4 ,act>y>GAL4,UAS-GFP/+ ; UAS-FLP/UAS-scar-RNAi
esgGAL4 ,act>y>GAL4,UAS-GFP/+ ; UAS-FLP/UAS-dia::HA
esgGAL4 ,act>y>GAL4,UAS-GFP/+ ; UAS-FLP/UAS-cpa-RNAi
esgGAL4 ,act>y>GAL4,UAS-GFP/UAS-tsr-RNAi ; UAS-FLP/+
esgGAL4 ,act>y>GAL4,UAS-GFP/UAS-kst-RNAi;UAS-FLP/UAS-ex-RNAi
esgGAL4 ,act>y>GAL4,UAS-GFP/UAS-αspecRNAi;UAS-FLP/UAS-exRNAi
esgGAL4 ,act>y>GAL4,UAS-GFP/UAS-jub-RNAi ; UAS-FLP/+
esgGAL4 ,act>y>GAL4,UAS-GFP/+ ; UAS-FLP/UAS-ed
esgGAL4 ,act>y>GAL4,UAS-GFP/UAS-dachs ; UAS-FLP/+
esgGAL4 ,act>y>GAL4,UAS-GFP/UAS-kib-RNAi;UAS-FLP/UAS-mer-RNAi
esgGAL4 ,act>y>GAL4,UAS-GFP/UAS-kib-RNAi ;UAS-FLP/UAS-ex-RNA
hsflp ; act>Y>GAL4, UAS-CD8Ch/+ ; DIAP1-GFP/+
hsflp ; act>Y>GAL4, UAS-CD8Ch/+ ; DIAP1-GFP/UAS-Yki
hsflp ; act>Y>GAL4, UAS-CD8Ch/UAS-dia-RNAi ; DIAP1-GFP/+
hsflp ; act>Y>GAL4, UAS-CD8Ch/+ ; DIAP1-GFP/UAS-scar-RNAi
hsflp ; act>Y>GAL4, UAS-CD8Ch/+ ; DIAP1-GFP/UAS-dia::HA
hsflp ; act>Y>GAL4, UAS-CD8Ch/+ ; DIAP1-GFP/UAS-cpa-RNAi
hsflp ; act>Y>GAL4, UAS-CD8Ch/UAS-tsr-RNAi ; DIAP1-GFP/+
hsflp ; act>Y>GAL4, UAS-CD8Ch/+ ; DIAP1-GFP/UAS-chic-RNAi
hsflp ; act>Y>GAL4, UAS-CD8Ch/UAS-tsr-RNAi ; DIAP1-GFP/+
hsflp ; act>Y>GAL4, UAS-CD8Ch/UAS-kst-RNAi;DIAP1-GFP/UAS-ex-RNAi
hsflp;act>Y>GAL4, UAS-CD8Ch/UAS-αspecRNAi;DIAP1-GFP/UAS-exRNAi
hsflp ; act>Y>GAL4, UAS-CD8Ch/UAS-myr::zyx ; DIAP1-GFP/+
hsflp ; act>Y>GAL4, UAS-CD8Ch/UAS-jub-RNAi ; DIAP1-GFP/+
hsflp ; act>Y>GAL4, UAS-CD8Ch/+ ; DIAP1-GFP/UAS-ed
hsflp ; act>Y>GAL4, UAS-CD8Ch/+ ; DIAP1-GFP/UAS-coracle-RNAi
hsflp;act>Y>GAL4, UAS-CD8Ch/UAS-kib-RNAi ; DIAP1-GFP/UAS-ex-RNAi
hsflp ; FRT40AnlsRFP/FRT40Aexe1 ; DIAP1-GFP
hsflp ; FRT40AnlsRFP/FRT40AfatGRVexe1 ; DIAP1-GFP

2.1.3 Drosophila genetics and experiment protocols
Wild type flies were raised at 25 ˚C. Pupae were collected at a pupal stage before
head eversion, kept at 25 ˚C and then monitored hourly for head eversion to calculate
pupal age as 12 h APF, four hours prior to imaging. Wild type pupae were imaged at
25 ˚C (Figure 15-Figure 29).
Experiments in Chapter 5 used the LEC-specific driver Eip71CD-GAL4 to drive UAS
lines in a temperature sensitive manner dependent on GAL80ts as described in Brand
and Perrimon and McGuire et al (Figure 8) (Brand and Perrimon, 1993, McGuire et
al., 2004, Sekyrova et al., 2010). When inducing accumulation of DIAP1 and p35 and
for the corresponding HA control, crosses were kept at 25 ˚C , larvae were
transferred to 29 ˚C at 3pm on Day 1, and then imaged at 5pm on Day 3, resulting in
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a total incubation time of 50 hours at 29 ˚C (Figure 30-Figure 34). Pupae were
collected at a pupal stage before head eversion, kept at 29 ˚C and then monitored
hourly for head eversion to calculate pupal age as 12 h APF three hours prior to
imaging. When inducing expression of constitutively active MLCK, MMP1, or TIMP
or the corresponding HA control in the LECs, crosses were kept at 25 ˚C. Larvae
were raised at 18 ˚C and placed at 29 ˚C for 5 hours prior to imaging (Figure 30Figure 39). Pupae were collected at a pupal stage before head eversion, kept at 29
˚C and then monitored hourly for head eversion to calculate pupal age as 12 h APF,
three hours prior to imaging to control.
For overexpressing Yki in the histoblasts, esg-GAL4 was used to drive UAS-Yki, in
a temperature sensitive manner dependent on GAL80ts as described in Brand and
Perrimon and McGuire et al (Figure 8) (Brand and Perrimon, 1993, McGuire et al.,
2004, Ninov et al., 2007). Larvae were raised at 18 ˚C and third instar larvae were
transferred to 29 ˚C (Figure 43a,b). For permanent expression of UAS lines in the
histoblasts, a permanent esg-GAL4 line was used as described in Ninov et al, using
a combination of the flipout cassette system and the UAS/GAL4 system, described
in Struhl and Basler (Struhl and Basler, 1993, Ninov et al., 2007). When using the
permanent histoblast driver to screen UAS lines, crosses and progeny were kept at
25 ˚C (Figure 43c).
FRT mutant clones were generated as described in Theodosiou et al (Figure 10)
(Theodosiou and Xu, 1998). To generate FRT mutant clones, third instar larvae
were incubated at 37 ˚C for 1 hour, the same protocol followed in Ninov et al (Ninov
et al., 2009) (Figure 42, Figure 44b,c). Experiments in Chapter 6 also used the
flipout cassette mechanism as described in Harrison and Perrimon (Figure 9)
(Harrison and Perrimon, 1993). To generate flipout clones, third instar larvae were
incubated at 37 ˚C for 20 minutes (Figure 44a).
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Figure 8: Schematic of the GAL4/UAS gene expression system

The transcription factor GAL4 is under the control of a tissue specific enhancer in
one parent fly. The gene of interest is under the control of the upstream activating
sequence (UAS) in the other parent fly. In the progeny, GAL4 is expressed in
certain tissues and binds to the UAS only under the restrictive temperature 29 ˚C.
The temperature sensitive GAL80 prevents GAL4 from binding to UAS under the
permissive temperature 18 ˚C. As described in Brand and Perrimon and McGuire et
al (Brand and Perrimon, 1993, McGuire et al., 2004).
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Figure 9: Mechanism of flipout cassette

Actin enhancer region is upstream of the GAL4 gene, with a STOP codon in
between flanked by FRT sites in one parent, with UAS upstream of the mCherry
(mCh) fluorophore. The heat shock (hs) promoter is upstream of the Flip
recombinase (Flp) gene in the other parent, with UAS upstream of the gene of
interest. In the progeny that have undergone heat shock, some cells express Flp,
flipping out the STOP codon, triggering GAL4 expression, which drives expression
of mCh and of the gene of interest. In other cells, Flp is not expressed and they
remain unlabelled, not expressing the gene of interest. As described in Harrison
and Perrimon (Harrison and Perrimon, 1993)
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Figure 10: Generation of mutant clones

In one parent you have the mutant adjacent to an FRT site, and in the other
parents you have the mutant adjacent to the Red Fluorescent Protein (RFP) gene,
with hs promoter upstream of the Flp gene. When the progeny undergo heatshock,
cells express Flp. When cells undergo mitosis, Flp triggers recombination between
sister chromosomes. Upon completion of mitosis, one daughter cell is homozygous
for the mutant gene with no RFP, and the other daughter cell is wild type and
homozygous for RFP. This creates a tissue mosaic for mutant and wild type cells.
As described in Theodosiou at al (Theodosiou and Xu, 1998).
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2.2 Microscopy
2.2.1 Time-lapse imaging
Pupae were dissected and mounted as described in Ninov et al (Ninov and MartinBlanco, 2007). The wild type movies of DE-cad::GFP were filmed on a Zeiss LSM
880 confocal microscope at 25 ˚C , with a 40x objective, two tiled 1024x1024 pixel
stacks, 20-30 slices 1μm apart, and one 1024x1024 pixel stack imaged every 2.5
minutes. The pupae were imaged between 16-31 h APF. Ablated wild type movies
of DE-cad::GFP were filmed on a Zeiss LSM 880, confocal microscope at 25 ˚C ,
with a 40x objective, six tiled 512x512 pixel stacks, 20-30 slices 1μm apart, and
one 1024x1024 pixel stack imaged every 5 minutes. The pupae were imaged
between 16-31 h APF. Wild type movies of ubi-nG and HRE-nG were filmed on a
Zeiss LSM 880 confocal microscope at 25 ˚C , with a 40x objective, two tiled
512x512 pixel stacks, 20-30 slices 1μm apart, and one 1024x1024 pixel stack
imaged every 5 minutes. The pupae were imaged at stages 16-31 h APF. Wild type
movies of sqh::GFP were filmed on a Zeiss LSM 880 confocal microscope at 25
˚C , with a 40x objective, one tile, 60-70 slices 1μm apart, and one 1024x1024 pixel
stack imaged every 5 minutes. The pupae were imaged at stages 16-31 h APF.
The constraint movies with DE-cad::GFP were filmed on a Zeiss LSM 880 confocal
microscope at 29 ˚C with a 40x objective, two tiled 1024x1024 pixel stacks, 20-30
slices 1μm apart, and one 1024x1024 pixel stack imaged every 5 minutes. The
pupae were imaged for 3 hours, starting at approximately 16 h APF. The constraint
movies with HRE-nG were filmed on a Zeiss LSM 880 confocal microscope at 29
˚C with a 40x objective, one tile, 20-30 slices 1μm apart, and one 1024x1024 pixel
stack imaged every 5 minutes. The pupae were imaged for 3 hours, starting at
approximately 16 h APF. The constraint movies with sqh::GFP were filmed on a
Zeiss LSM 880 confocal microscope at 29 ˚C with a 40x objective, one 1024x1024
pixel stack, 60-70 slices 1μm apart, and one 1024x1024 pixel stack imaged every 5
minutes. The pupae were imaged for 3 hours, starting at approximately 16 h APF.
The images for the screen were taken on Zeiss LSM 780 confocal microscope at
25 ˚C with a 40x objective, one 1024x1024 pixel stack, 20-30 slices 1 µm apart,
when the pupae were between 26-28 h APF.
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2.2.2 Laser ablation
Removal of whole histoblast nests was done using a two-photon Chameleon laser
(Coherent Inc.) mounted on a Zeiss LSM780 confocal at 30 % power. The region of
interest was drawn around the nest of a pupa expressing DE-cad::GFP. This
ablated the majority of apical junctions. In some cases, some cell junctions remain
unablated due to tissue folding. In order to fully ablate all apical junctions, it was
sometimes necessary to change the position in Z and select different ROIs. When
ablating multiple nests apart from one posterior nest, nests were ablated at 0 h
APF (Figure 40). When ablating nests two, three, four and five from one half of the
pupal abdomen, nests were ablated at 16 h APF (Figure 41).

2.3 Image processing
In order to carry out a precise quantitative analysis of our data, we will use GFPtagged transmembrane proteins to mark cell boundaries, and a segmentation
pipeline developed in the lab to segment our time-lapse videos (Figure 11a). We
have built a robust pipeline to allow fast data analysis, enabling us to derive
parameters such as cell growth, proliferation and death rates, as well as the timing
of proliferation arrest and final density of cells.
2.3.1 Projection
Movies of DE-cad::GFP were imaged using Z-stacks over multiple times points. In
order to skeletonise the DE-cad::GFP signal it was necessary to first project and
flatten the images at every time point. The projection software developed in Matlab
by Andreas Hoppe (Kingston University) is based on the projection component in
the EpiTools software created for tracking of the Drosophila wing imaginal disc
(Heller et al., 2016). In the original Epitools software, the projection was automated,
based on the curvature of the epithelial tissue. The curvature was detected
automatically by searching for voxels with the highest intensity within a 3D data set,
and then only projected these regions, based on the assumption that the voxels
with the highest intensity are within the desired epithelial layer (Figure 11b). This
projection tool is not useful in the Drosophila abdominal epithelial tissue, because
the epithelium is highly folded, so a maximum projection would be a challenge to
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segment due to significant apical auto-fluorescence from the cuticle, and from the
basally located haemocytes. However, the signal intensity generated by the cuticle
auto-fluorescence is much higher than that of E-cad::GFP, therefore it was not
possible to use the fully automated version of this programme on the histoblasts.
Thus, Andreas Hoppe created a bespoke graphical user interface (GUI) for the
abdominal epithelium. Due to the folds, often the E-cad::GFP signal and bright
auto-fluorescence from the cuticle are found within a single Z-slice. In the GUI it is
possible to manually adjust the voxels that are to be projected. This allows the
elimination of bright cuticle auto-fluorescence and haemocytes, which would
otherwise interfere with segmentation if included in the projection. As we had up to
400 frames within a single wild type movie, the projection programme selected
every 10th frame to manually project, and then interpolated the surface projection to
the frames in between.
2.3.2 Skeletonisation
Once image projection was complete, we moved onto segmentation of the cell
outline. John Robert Davis (Tapon lab, The Francis Crick Institute) developed a
novel in-house skeletonisation programme in Mathematica, called Skeletor.
Skeletor works by initially applying multiple filters are applied to the projected
image. The ‘Davis’ filter enhances contrast by eliminating pixels that are lower in
intensity than the surrounding pixels, and maintaining pixels that are higher in
intensity than their surrounding pixels. The ‘salt and pepper’ filter removes
speckles, and then the Shen-Castan and Curvature Flow filter both blur the image
while maintaining edges. Then the filtered image was segmented using the
Mathematica watershed algorithm. It is possible to adjust the threshold of
skeletonisation in Skeletor; when setting low values generally causes oversegmentation, however high values will create merged cells and undersegmentation. After the initial segmentation, there are multiple automated
correction steps that remove erroneous junctions due to over segmentation, as
these are typically more ‘wiggly’ than true junctions. Skeletor removes these,
therefore the most accurate segmentation process was to use a high threshold
value and then allow the corrections to adjust accordingly.
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The segmentation threshold can thus be changed depending on the signal intensity
of the movie to be segmented. For example, homozygous E-cad::GFP movies had
a higher signal-to-noise ratio that used a higher segmentation threshold, whereas
heterozygous E-cad::GFP movies had a lower signal-to-noise ratio that required a
lower segmentation threshold. Skeletor was used to segment all three wild type
movies, as well as the two HA control movies in Results Chapter 5 (Figure 30Figure 39).
Once we had completed the full correction of the Skeletor-produced skeletons
(using correction methods I will describe in the following sections), it was possible
to use an artificial intelligence Convolutional Neural Network to create more
accurate skeletons. Matthew Smith (Salbreux lab, The Francis Crick Institute) set
up the network based on published work by Çiçek et al (Çiçek et al., 2016).
Originally this network was designed to reconstruct 3D structures based on using
sparsely labelled 2D images in the Xenopus kidney as training sets. For our
purposes we had a fully corrected movie and the original projected microscopy
movie in 2D as training sets in order for the artificial intelligence to ‘learn’ the
optimal method of segmentation for this tissue type in 2D. The Neural Network was
used to segment the experimental movies in Results Chapter 5 (Figure 30-Figure
39). The Neural Network was also used to segment wild type movie 3 for
comparison with the original output from Skeletor in Results Chapter 3 (Figure
12c).
2.3.3 Skeleton Correction
The skeletons automatically generated by Skeletor are corrected in a programme
developed by Andreas Hoppe in Matlab. The programme uses a GUI that enables
manual correction of the binary skeleton. This first round of corrections consisted of
overlaying the original projected image and the original Skeletor output, and then
separating the field of view into 16 equal segments. Using a GraphPad, any
missing or extra junctions could be drawn or erased in the skeleton layer in the
GUI. This will be referred to as the ‘Manual Correction’ stage. Two post-docs in the
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lab, Ana Ferreira and John Robert Davis, and a Masters student Hui Gong,
contributed to the manual correction of wild type movies two and three.
Andreas Hoppe developed a second manual correction programme, referred to
here as the ‘Manual Tracking Correction’ stage. In the same GUI as the manual
correction programme, the manually corrected skeleton undergoes fast preliminary
tracking that enables the identification of missing or extra junctions. Once again,
using a GraphPad, any missing or extra junctions could be drawn or erased in the
skeleton layer in the GUI.
In order to quantify the changes at each stage of corrections in Figure 12b, a
thickened version of the original Skeletor output skeleton was created was
subtracted from the wild type movie post ‘Manual Correction’ and post ‘Manual
Tracking Correction’ in ImageJ. The ‘Analyse Particles’ function was used in
ImageJ to count the remaining pixels. In order to quantify the improvements by
using the Neural Network Figure 12c, a thickened version of the original Neural
Network output skeleton was created as well. Both the original Skeletor output and
Neural Network outputs were subtracted from the fully corrected skeleton. The
‘Analyse Particles’ function was used in ImageJ to count the remaining pixels.
Once correction of the skeleton has completed, it was then necessary to process
the skeleton using Tissue Analyser to make the skeleton compatible with Tissue
Miner (Aigouy et al., 2010, Etournay et al., 2016) (see Appendix 8.1).

2.4 Image Analysis
2.4.1 Cell tracking
Once the skeleton has undergone these initial stages of correction, the next step is
to track individual cells and lineages. Previous programmes developed for tracking
cell outline in Drosophila tissues were based on the movements of cells either in
the pupal notum, wing imaginal disc, embryo or pupal wing (Guirao et al., 2015,
Heller et al., 2016, Lye et al., 2015, Etournay et al., 2015). However, these tracking
methods were not suitable for histoblast tracking due to multiple factors. Histoblasts
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migrate rapidly and they also undergo many changes in size and shape throughout
development compared to the tissues previously mentioned. Therefore, Andreas
Hoppe created a bespoke tracking programme for the histoblast system known as
‘Tracker’. Tracker undergoes two iterations of tracking; first it calculates overall cell
flow, then in the second iteration it includes the estimation of flow in the tracking.
There are also multiple methods of determining the confidence that a track
between cells in consecutive frames is accurate, including cell proximity and
overlap from one frame to the next, cell shape from one frame to the next, as well
as deviation from the estimated flow field.
Andreas Hoppe designed ‘Tracker’ so the output of which could then be analysed
by Tissue Miner (Etournay et al., 2016). Tissue Miner requires two layers of data:
the cell I.D. layer, where each individual cell is assigned a unique colour, and the
division layer, where the two daughter cells of a single division are labelled in blue
(Figure 11c). Tracker created an output that matched the required input for Tissue
Miner.
In order to assist with further error correction, Tracker also outputted a third layer,
where any cells with a new cell I.D. that has not originated from a division event,
are labelled in red. These are errors that are subsequently labelled manually using
the ‘Analyse Particles’ function in ImageJ. This creates a list of red cells that are
manually checked and annotated according to the type of error, either ‘Tracking’
error due to the cell migrating quickly, or a ‘Division’ error where Tracker has failed
to pick up a division, or a ‘Skeleton’ error that remains despite the best efforts of
the manual skeleton correction stages (Figure 11a).
Using this information, each type of error was corrected in a different way. If the
number of remaining skeleton errors was significant (above 50), then only the input
skeleton would be corrected and the tracking process would start again. If the
number of remaining skeleton errors was below 50, then all the errors would be
corrected manually using the coordinates lifted from the error layer. First the
‘Division’ errors were corrected in the division layer using the ‘fill’ function in ImageJ
to fill daughter cells of missed divisions in the correct shade of blue. Then the
‘Skeleton’ errors were corrected in both the division layer and the unique cell I.D.
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layer using ImageJ. White lines were added or removed manually in the division
channel, taking care to ensure all lines were maintained at a 1-pixel thickness.
Then the affected area was copied and pasted into the unique cell I.D. channel to
ensure the white lines were the same. Using the fill function ensured the colours in
the unique cell I.D. channel were unaffected. Finally, the ‘Tracking’ errors were
corrected in Tissue Analyser (Aigouy et al., 2010, Etournay et al., 2016). Once the
affected coordinates were found, it was possible to swap tracks around, join
truncated tracks or create new cell I.D.s wherever necessary.
2.4.2 Tissue Miner
Once these correction steps have been completed using ImageJ and Tissue
Analyser, Tissue Miner is then used to extract data from the tracked skeletons such
as proliferation and extrusion, cell lineages, cell geometry and cell neighbour
topology (see Introduction 1.3.3) (Etournay et al., 2016, Etournay et al., 2015).
However, it can also be used to find any remaining errors by analysing each
individual apoptosis within the histoblast nest (Figure 14). Any errors that remain
can be corrected in the manner described above, and then the final data is reentered into Tissue Miner. I thank John Williamson for his work using Tissue Miner
to extract data from the skeletonised wild type and experiment movies.

2.4.3 Quantifying HRE-4xnG intensity
To quantify changes in ubi-4xnG and HRE-4xnG intensity in the wild type
histoblasts, internal cells were selected in the anterior nest using the freeform
selection tool in ImageJ, and the Measure tool in ImageJ was used to measure the
average pixel intensity. To calculate relative changes in intensity, intensity values at
each time point were divided by the intensity value at the start of the movie.
To quantify differences in HRE-4xnG between experiment and control movies in
the constraint experiments, the whole anterior or posterior nest was selected using
the freeform selection tool in ImageJ, and the Measure tool in ImageJ was used to
measure the average pixel intensity. Intensity values of experiment values were
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divided by the intensity values of the control movie (imaged at the same time with
the same settings) for each time point.
2.4.4 Quantifying cell depth
To quantify changes in sqh::GFP in wild type and experimental movies, an
orthogonal view was created in ImageJ through the middle of the anterior nest. The
line selection tool in ImageJ was used to measure the depth of the central region of
the orthogonal view for each time point.
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Figure 11: The segmentation and analysis pipeline

A) Overview of the pipeline including imaging, skeletonisation, correction steps,
tracking, quality control steps, and final output for analysis. B) Schematic
visualising the process of generating a Z-stack surface projection. C) Example of
Tracker Output required for Tissue Miner.
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Chapter 3.

Image analysis pipeline development

The aim of this project is to explore the spatial and temporal dynamics of tissue
growth control in the Drosophila abdomen using live imaging. To achieve this aim,
we created an image analysis pipeline that skeletonises DE-cad::GFP cell outlines
and tracks cells throughout pupal histoblast development. The histoblasts are a
challenging system for automated image analysis due to the heterogeneity of cell
shape and sizes, extensive proliferation and rapid migration. For these reasons a
number of tools were built specifically for this project: Skeletor for skeletonisation
by John Robert Davis, and Tracker for tracking by Andreas Hoppe (see Materials
and Methods 2.3 and 2.4). Once the skeletonisation and tracking was optimised,
we used the published tool Tissue Miner to extract cell parameters as outlined in
the Introduction Chapter 1.3.3. In the following section, I will outline the methods for
ensuring skeletons and cell tracking were optimised and fully corrected.

3.1 Skeleton correction
The skeletons produced by Skeletor contained many errors, largely consisting of
missing junctions but also erroneous extra junctions. The optimised skeletonisation
threshold of Skeletor slightly under segmented the movies, as it is less timeconsuming to spot and correct missing junctions than it is to spot and correct extra
junctions. Therefore, at the initial manual correction stage, most of the corrections
consisted of drawing in missing junctions (Figure 12a). This is illustrated in an
example of the extra junctions drawn in at the manual correction stage (in green)
and some extra junctions that were removed (in magenta) (Figure 12a). This
manual stage resulted in the bulk of skeleton corrections being done, during which
up to 5,000 pixels per frame were added and up to 1,000 pixels per frame were
removed (Figure 12b). These values were generated by subtracting the manually
corrected skeleton from the final, fully corrected version of the skeleton of wild type
movie 3 (see Materials and Methods 2.3.3).
After this initial manual correction stage, the skeletons were of a high enough
quality to perform some preliminary tracking to help identify any further missing or
surplus junctions. This helped to identify up to a further 1000 missing pixels and up
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to 500 erroneous extra pixels (Figure 12b). Some changes made at the manual
correction stage were reversed at the tracking correction stage (Figure 12a).
Examples of this are the sensory organ precursors (SOPs). For the purposes of the
final skeleton, the SOPs are treated as a single cell from the moment of
differentiation to simplify the segmentation and tracking process. SOP progeny
undergo several asymmetric divisions outside of the plane of the epithelium, thus it
is not possible to accurately track these divisions with a flattened apical image of
the cell outline. However, this moment of differentiation was only clear when using
the preliminary tracking to check the skeleton, therefore it is only during the
‘Tracking Correction’ stage that they are corrected as being a single cell (Figure
10a).
Once three wild type movies had been fully corrected using these steps, it was
possible to use these skeletons as a training dataset for an artificial intelligence
approach (Convolutional Neural Network) to segment new movies (see Materials
and Methods 2.3.2) (Çiçek et al., 2016). Using this network results in vastly
improved skeletons, significantly reducing the number of missing and extra
erroneous pixels generated in the skeleton (Figure 12c). This is a clear
improvement on the skeletonisation process, enabling much faster processing and
analysis of any future movies (see Discussion 7.1.1).
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Figure 12: Optimisation of cell segmentation A) Left panel, still from movie of live
pupal abdomen expressing DE-cad::GFP after undergoing contour projection.
Scale bar: 15 µm. Middle panel shows correct skeleton in white, junctions added by
manual correction in green and removed by manual correction in magenta. Right
panel shows correct skeleton in white, junctions added by ‘tracking manual’
correction in green and removed by ‘tracking manual’ correction in magenta. Yellow
arrows indicate SOPs that require correction of manually corrected skeleton. B)
The average number of junctions added or removed during the process of manual
corrections and tracking corrections in wild type movie #3. Values were generated
by subtracting the original skeleton from the corrected skeletons. Average pixel
number is calculated over 25 frames. C) Comparison of missing or extra pixels
generated when skeletonising using Skeletor or the Neural Network in wild type
movie 3. Values were generated by subtracting the Skeletor or neural network
skeleton output from the final, fully corrected skeleton.
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3.2 Improvement of Cell Tracking
The aim of any image segmentation project is to minimise the number of manual
corrections by optimising various steps in the pipeline. As criteria to assess
improvements in the pipeline, I compared the number of divisions and errors
identified by Tracker, looking exclusively at the period of time during which the cells
are migrating, between 23 h APF and 27 h APF. Errors were identified as a new
cell I.D. that is not due to a detected division. This is the most challenging period
for cell tracking, since the dorsal and posterior displacement of migrating cells often
results in cells moving by a distance larger than their own diameter between
frames, making the unambiguous assignment of cell identity from one frame to the
next difficult.
One of the parameters that required optimisation in this image analysis pipeline
was the frame rate during data acquisition. In order to perform an unbiased
comparison of the two frame rates, I used a movie imaged every 2.5 minutes, and
used the same movie with every other frame removed, thus effectively creating a
movie with a 5-minute frame rate. The 5-minute movie performed markedly worse
than the 2.5-minute movie, both in terms of cell division identification (Figure 13a,
left panel) and tracking errors (Figure 13a, right panel). Thus, given the labourintensive nature of the track correction step, I decided to use a 2.5-minute frame
rate in order to accurately track cells during the period of extensive migration.
During the process of setting up the imaging and analysis pipeline there were
incremental improvements in the Tracker code written by Andreas Hoppe as a
result of regular meetings where we discussed the nature of the most frequent
errors and possible measures to remedy them. For further explanation of Tracker,
see Materials and Methods 2.4.1. With each version, there was an increase in the
number of divisions detected by Tracker, but also an increase in the number of
errors detected (Figure 13b). This increase in errors is due to an increased
sensitivity of the Tracker programme in detecting cells that have not been correctly
tracked, rather than an increase in actual tracking errors. Despite the number of
divisions detected by Tracker increasing with each version, it is clear that many
divisions are still missed even in the final version of Tracker, and are therefore
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labelled as errors (Figure 13c). When summing all the annotated errors detected by
Tracker across three wild type movies, about half are actually divisions (Figure 13c,
d). Just under half of these annotated errors are tracking errors, where the track is
lost because the cells are moving too quickly from frame to frame (Figure 13c, d).
These require correction in Tissue Analyser, a programme designed by Etournay et
al where tracks can be adjusted prior to further analysis in Tissue Miner (Aigouy et
al., 2010, Etournay et al., 2016). A small proportion of these errors as mentioned
previously are skeleton errors, which can be corrected manually in the Cell Track
and Division channels (Figure 13c, d) (see Materials and Methods 2.4.1 for further
details on correction protocols).
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Figure 13: Optimisation of cell tracking

A) Comparing the number of divisions and the number of errors at different frame
rates in one wild type movie. Light blue and light red lines, frame rate every 2.5
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minutes. Dark blue and dark red lines, frame rate every 5 minutes. B) Comparing
the number of divisions and the number of errors in different versions of tracker in
one wild type movie. C) Annotated errors generated by Tracker. Left panel showing
the breakdown of each type of error across all three wild type movies. Right panel
shows the average number of each type of error per movie, across three wild type
movies. Error bars indicate the range. D) Examples of types of error detected by
Tracker. Frame rate is every 2.5 minutes. Top, stills from a movie of a live pupal
abdomen expressing Ecad::GFP after undergoing contour projection. Middle, the
error output generated by Tracker, with errors labelled in red. Bottom, lineage
output from Tracker with each cell labelled with a unique colour. Yellow and white
stars indicate the location of the same cell and daughter cells of the same lineage
between frames. Division Error: red cell occurs because division has not been
accurately detected by Tracker at 150 sec, so the new cell I.D. generated is
detected as an error. Skeleton Error: red cell occurs because of missing junction at
150 sec. When junction returns at 300 sec, the cell has a new I.D., which is labelled
as an error. Tracking error: red cell occurs due to rapid cell migration and cell
division occurring at the same time. New daughter cell from division is mistakenly
labelled as a pre-existing cell at 150 sec (white star, dark purple cell), and preexisting cell is mistakenly labelled with a new cell I.D. at 150 sec (yellow star, pink
cell). Since no division is detected, this is now labelled as an error.

3.3 Post Tissue Miner Tracking Quality Control
Once a high-quality skeleton had been generated and the errors highlighted by
Tracker have been corrected, it is possible to begin analysis and further quality
control using Tissue Miner (Aigouy et al., 2010, Etournay et al., 2016). As
described in the introduction, Tissue Miner uses a method involving triangulation
around tricellular junctions to determine changes in tissue size and shape during
development due to changes in cell size, shape, and rearrangements. Cell division
information is provided by the output from Tracker, and apoptosis/delamination is
detected by the loss of a cell I.D.
Despite all the aforementioned layers of corrections, there were still some errors
remaining, which were detected by analysing the skeleton using Tissue Miner. It is
possible to label any cell just before the cell I.D. is lost (excluding I.D. losses due to
cells moving out of the field of view). These are labelled as “apoptosis” in the
histoblast tissue. The cells are labelled in the final frame when the unique cell I.D.
is present. As actual apoptosis in histoblasts is rare in the wild type, it is feasible to
annotate all apoptotic events that Tissue Miner detects, and check whether the
disappearance of a cell I.D is due to genuine apoptosis or whether it is due to an
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error. Approximately 75 % of the errors detected in this way were due to errors in
tracking, however there were still some skeleton errors remaining, about a 25 % of
the total (Figure 14a). For example, when a junction is lost in a frame through a
skeleton error, the cell ID for one of the cells neighbouring the junction disappears,
therefore Tissue Miner interprets this as apoptosis (Figure 14b). Similarly, when
cells migrate too fast for Tracker to maintain tracking, often a cell I.D. is lost and
that cell instead acquires the I.D. of a neighbouring cell, and the loss of the cell I.D.
is interpreted as apoptosis (Figure 14b). The number of division errors found at this
stage is negligible (Figure 14b). These errors are corrected in the same way as
when errors are detected by Tracker. Further information can be found in Materials
and Methods 2.4.1.

3.4 Summary
In this chapter, together with collaborators, I have developed an image
skeletonisation and tracking pipeline aimed at analysing histoblast development
live and in vivo. Marked improvement in skeletonisation accuracy was observed
upon to the implementation of Neural Network approach using manually corrected
movies as a training set (Figure 12c). The tracking programme and subsequent
analyses allowed me to perform further quality control steps that ensure the final
data set is of high quality (Figure 13, Figure 14).
Once processed, the fully corrected and tracked movie can now be imported into
Tissue Miner for detailed analysis of spatial and temporal changes in cell
parameters and behaviours. This will be described in Results Chapters 4 and 5.
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Figure 14: Quality control by Tissue Miner

A) Left panel, remaining errors detected by Tissue Miner, totalled across three wild
type movies. Right panel, average number of errors detected by Tissue Miner per
movie. Error bars indicate range B) Examples of supposed “apoptoses” detected by
Tissue Miner which are actually skeleton and tracking errors. Top, skeleton
analysed by Tissue Miner. Middle, stills from a movie of a live pupal abdomen
expressing Ecad::GFP after undergoing contour projection, with the apoptosis
labelled in red by Tissue Miner. Bottom, lineage output from Tracker with each cell
labelled with a unique colour. Yellow arrows point towards the missing junction.
White stars and yellow stars indicate the same cell between frames. Skeleton
Error: Missing junction labelled with yellow arrow at 300 sec means that the final
frame for the brown cell is at 150 sec, thus it is labelled as an apoptotic event at
this time. Tracking Error: Cells are migrating rapidly and Tracker thinks the green
cell is the purple cell at 150 sec. The green cell is labelled as an imminent
apoptosis at the final frame where it is visible at 0 sec.
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Chapter 4.

Analysis of wild type histoblast

development
4.1 Isotropic tissue growth
Using the fully tracked and corrected data created by the pipeline described in
chapter 3, it is possible to separate histoblast nests into regions of interest (ROIs).
For initial analyses, the histoblasts were separated into anterior and posterior ROIs,
as well as a ‘no border’ ROI, which consists of cell lineages that never leave the
field of view, and therefore can be tracked throughout the movie (Figure 15a).
Therefore, it should be noted that for anterior and posterior populations, cells are
lost from the field of view during the process of histoblast development. For the
anterior nest, some cells leave the field of view at 21 h APF, however it is not until
28 h APF that a significant proportion of cells begin to leave (Figure 15a). For the
posterior nest, this occurs at approximately 26 h APF, with most of the posterior
nest missing by 31 h APF (Figure 15a, b). However, this varies according to the
precise alignment of the histoblast nest within the field of view. This is
demonstrated by the variation of cell number within the ‘no border’ ROI between
different movies (Figure 15b). Thus, for some downstream analyses, I will focus on
the ‘no-border’ ROI when it is necessary for the full lineage of each cell to be
recorded.
4.1.1 Cell number and cell area
Data from three wild type movies were pooled and analysed in Tissue Miner.
Isotropic changes in nest size are comprised of two components, changes in cell
number and apical cell area. As expected, cell number increases in the anterior
and posterior nest, as well as the ‘no border’ ROI (Figure 15b). In the anterior nest
as cells leave the field of view, visible cell number plateaus despite cell proliferation
continuing. In the posterior nest, cell number drops at 26 h APF as the posterior
nest leaves the field of view (Figure 15b). Apical cell area does not change
drastically in the anterior nest, aside from a small increase at the start of
development. In the posterior nest there is a larger cell area increase, followed by a
drastic cell area decrease. This is likely an underestimation of apical cell size due
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to the tilt of the tissue as the tissue matures and begins to undergo the
characteristic epithelial folding in between abdominal segments at the segmental
boundary (Figure 15b) (Bischoff, 2012).
4.1.2 Cell proliferation
A prominent feature of the wild type movies was the oscillatory nature of the
proliferation rate (Figure 13c). This was unexpected, since the divisions from 15 h
APF were thought to be asynchronous (see Introduction 1.4.3). We believe these
oscillations in proliferation rates are due to the histoblasts retaining a level of
synchrony from the early cleavage cycles occurring from 0-8 h APF (see
Discussion 7.2.1 for further details). One of the challenges of this project was
correct temporal alignment of histoblast movies in order to pool data from different
animals. Despite the care taken in staging the animals for imaging (see Materials
and Methods 2.2.1), alignment of the movies based on staging is prone to errors,
likely based on natural fluctuations in developmental timing or sexual dimorphism.
To achieve this temporal alignment, we tried two different methods: 1) aligning
proliferation peaks in the anterior nest, and 2) aligning initial cell number.
I will first describe the outcome when the anterior nest proliferation peaks are used
to temporally align the wild type movies. When averaging proliferation rates across
the three movies, there are proliferation peaks at 16 h APF, 20 h APF and 24 h
APF in both the anterior and posterior nests (Figure 15c). By 31 h APF
proliferation rate has dropped off in all three movies, although interestingly WT
movie 3 appears to cease proliferation earlier than the others (Figure 15d,e,f).
Aligning temporally based on the anterior proliferation peaks does not result in a
matching alignment in the posterior nest or the ‘no border’ ROI (Figure 15d,f).
However, the differences in the ‘no border’ ROI could be due to the fact that across
the three movies, a slightly different population of cells is maintained within the ‘no
border’ ROI depending on the exact position of the viewing area (Figure 15d).
It is also possible to align the data according to the cell number in the anterior nest
(Figure 16). This is based on the assumption that the histoblasts start with the
same number of cells at the prepupal stage, and undergo a stereotypical number of
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divisions until the moment of imaging. As expected, this resulted in reduced
variation in cell number in the anterior and posterior nests, however not in the ‘no
border’ ROI (Figure 16a). Variations in cell area were largely unaffected (Figure
16a). When aligning according to cell number the first proliferation peak in WT3
anterior nest occurs much later than in WT1 and WT2 (Figure 16c). When looking
at proliferation rate in the posterior nest, it is WT1 that has a delayed proliferation
peak compared to WT (Figure 16d). Interestingly, when proliferation peaks are
aligned by cell number, the timing of proliferation arrest occurs more consistently at
a similar time across the three movies in the anterior, posterior and ‘no border’ ROI
(Figure 16b,c,d).
We have not yet concluded what the best method of temporal alignment is in
histoblast movies. The assumption that histoblast nests will begin with a consistent
cell number due to stereotypical divisions is debateable, as we do not yet have
detailed information about what occurs in between the prepupal synchronous
divisions and the pupal divisions occurring from 15 h APF. Equally, the assumption
that it is possible to align movies based on proliferation peaks assumes that the
proliferation peak timing is stereotypical between pupae. Furthermore, we are still
missing a temporal anchor: a cell parameter that can be measured and defined in a
specific point in time, around which it is possible to align movies. A third possible
way of aligning movies which may be able to tackle this issue is the timing of SOP
differentiation, which could serve both as a temporal anchor and a method of
temporal alignment (see Discussion 7.2.9).
4.1.3 Relative contributions to tissue growth
Using proliferation data and cell lineage data derived by Tracker, Tissue Miner
uses a method involving triangulation around tricellular junctions to calculate the
relative cumulative contributions of proliferation, cell extrusion and cell area to total
tissue growth (Etournay et al., 2015, Etournay et al., 2016) (Figure 17). Once
again, data from three wild type movies were pooled and analysed in Tissue Miner.
No temporal alignment was performed on these data sets, as this would result in a
negligible difference in the overall cumulative values extracted from the wild type
movies.
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From this data it is clear that proliferation is the main contributor to isotropic
deformation across pupal development in both the anterior and the posterior nests
(Figure 17a). Furthermore, the contribution of apoptosis to isotropic deformation is
negligible in all ROIs (Figure 17a,b). Between approximately 16-18 h APF, average
cell area increase contributes to isotropic growth of the histoblast nest in both the
anterior and posterior nests, coinciding with the period during which anterior and
posterior histoblasts nests are separate (Figure 17a, b). From 18 h APF cell area
does not appear to contribute to isotropic deformation in the anterior nest, however
in the posterior nest, cell area contributes negatively to isotropic growth towards the
end of development (Figure 17a, b). However, this is likely due to the folding of the
tissue and the tilting of the cells as mentioned previously, which will result in an
underestimation of cell area. As expected, the ‘no border’ ROI data is similar to the
anterior nest data as the ‘no border’ ROI only consists of cells in the anterior nest.
The ‘no border’ ROI is the only cumulative contribution data that is accurate for the
entirety of histoblast development, due to anterior and posterior cells leaving the
field of view as previously described at 26 h APF and 28 h APF respectively (Figure
15b).
Overall, it appears that proliferation is primarily responsible for histoblast nest
growth, apart from the increase in apical cell area that occurs at the start (16-18 h
APF). According to estimations in cell volume described in Results 4.7, this is an
increase in true cell size, as it is estimated that total cell volume increases during
this period (Figure 29c). Thus, according to isotropic deformations, two phases of
development have emerged, one with contribution from cell volume and
proliferation, and one where only proliferation is involved in tissue expansion. Next,
I will explore the contributions to anisotropic shear in the histoblasts.
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Figure 15: Analysis of wild type development, aligned by proliferation peaks

A) Tissue Miner output indicating the regions labelled as anterior (green), posterior
(red) and the ‘no border’ ROI (magenta). The anterior region analysed includes the
magenta no border ROI (stills from Movie 2). Scale bar: 50 µm B) Cell number and
average cell area in three wild type movies. Red dotted line indicates when
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posterior nest cells begin to leave the field of view. Green dotted line indicates
when anterior cells begin to leave the field of view. Error bars indicate the range. CF) Cell division (CD) rate per hour per cell in wild type movies. C) Average CD rate
in anterior, posterior and ‘no border’ ROI across three wild type movies. Error bars
indicate the range of average CD rates across three wild type movies. D) CD rate
over time in the ‘no border’ ROI. Error bars indicate the S.D. per hour within a
single movie. E) CD rate over time in anterior nests separately in individual wild
type movies. Error bars indicate the S.D. per hour within a single movie. F) CD
rate over time in posterior nests separately in individual wild type movies. Error
bars indicate the S.D. per hour within a single movie.

Figure 16: Analysis of wild type development, aligned by cell number

A) Cell number and average cell area in three wild type movies. Red dotted line
indicates when posterior nest cells begin to leave the field of view. Green dotted
line indicates when anterior cells begin to leave the field of view. Error bars indicate
the range. B-E) Cell division (CD) rate per hour per cell in wild type movies. B)
Average CD rate in anterior, posterior and ‘no border’ ROI across three wild type
movies. Error bars indicate the range of average CD rates across three wild type
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movies. C) CD rate over time in the ‘no border’ ROI. Error bars indicate the S.D.
per hour within a single movie. D) CD rate over time in anterior nests separately in
individual wild type movies. Error bars indicate the S.D. per hour within a single
movie. E) CD rate over time in posterior nests separately in individual wild type
movies. Error bars indicate the S.D. per hour within a single movie.

Figure 17: Isotropic deformation in wild type tissue

A) Cumulative contribution of indicated cell parameters to isotropic tissue growth in
the anterior nests of wild type tissue. Error bars indicate the range across three wild
type movies. Red dotted line shows when anterior cells leave the field of view. B)
Cumulative contribution of indicated cell parameters to isotropic tissue growth in
the posterior nests of wild type tissue. Error bars indicate the range across three
wild type movies. Red dotted line shows when posterior cells leave the field of
view. C) Cumulative contribution of indicated cell parameters to isotropic tissue
growth in the ‘no border’ ROI wild type tissue. Error bars indicate the range across
three wild type movies.
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4.2 Anisotropic tissue deformation
Anisotropic shear comprises of changes in cell shape, cell rearrangements, and
oriented cell divisions. I am focussing on shear in the dorsal-ventral (DV) axis, as
the histoblast nest migrates dorsally during this phase of pupal development. Once
again, the ‘no border’ ROI data is similar to the anterior nest data as the ‘no border’
ROI only consists of cells in the anterior nest. As with the contribution to isotropic
growth, the ‘no border’ ROI is the only cumulative contribution data set that is
accurate for the entirety of histoblast development (Figure 18c). Despite this, the
anterior and posterior nests, as well as the ‘no border’ ROI behave in a similar
fashion when looking at the various contributions to DV shear (Figure 17a, b, c).
Oriented cell divisions in the anterior, posterior and ‘no border’ ROIs initially
contribute positively to DV shear, however from 21 h APF this contribution plateaus
until 26 h APF (Figure 18a,b,c). Initially, during the 16-18 h APF period, the
contribution of cell elongation to DV shear is negative, demonstrating that cell
elongation is contributing more to tissue elongation in the anterior-posterior (AP)
direction (Figure 18a, b, c). This is consistent with the phase during which the
anterior and posterior nests are still separate from each other. After the point when
the anterior and posterior nests fuse together, cell elongation contributes to DV
anisotropic shear positively (Figure 18a,b,c). Correlation effects (CE) contribute
positively to DV shear until 26 h APF, when CE begins to contribute negatively to
DV shear (Figure 18a,b,c). T1 transitions consistently positively contribute to DV
shear in the histoblast nests (Figure 18a,b,c).
Overall, total DV shear is largely driven by cell elongation and T1 transitions. Total
DV shear is initially negative between 16-18 h APF due to cell elongation driving
shear in the AP direction as the anterior and posterior nests fuse together. Once
the nests have fused, cell elongation begins to contribute positively to DV shear.
Together with positive contribution from T1 transitions results in an increase in total
DV shear from 18 h APF until 28 h APF (Figure 18a,b,c). Total DV shear from 28 h
APF is only reliable in the ‘no border’ ROI. From 28 h APF anterior nest cells have
filled the field of view and are completing coverage of the anterior side of the
hemisegment, resulting in a plateau in DV shear (Figure 18c). Analysing
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anisotropic tension has provided insight into multiple phases of development that
are undergone by the histoblasts (see Discussion 7.2.6). Interestingly, correlation
effects have a negative effect on DV shear, suggesting cells are collectively moving
dorsally during the migration phase.
Now that some global parameters describing the temporal changes that occur
during histoblast development have been described, using Tissue Miner it is also
possible to analyse spatial differences within the histoblasts during development.

Figure 18: DV shear in wild type tissue

A) Cumulative contribution of indicated cell parameters to DV shear in the anterior
nests of wild type tissue. Error bars indicate the range across three wild type
movies. Red dotted line shows when anterior cells leave the field of view.
B)Cumulative contribution of indicated cell parameters to DV shear in the posterior
nests of wild type tissue. Error bars indicate the range across three wild type
movies. Red dotted line shows when posterior cells leave the field of view.
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C) Cumulative contribution of indicated cell parameters to DV shear in the ‘no
border’ ROI of wild type tissue. Error bars indicate the range across three wild type
movies.
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4.3 Spatial changes
In order to fully characterise wild type development of the histoblasts, it is
necessary to also analyse spatial differences within the nest. To analyse basic
spatial cell parameters of the histoblasts, only the cell outline is required, without
cell lineage information. Tissue Miner is able to extract this information. We first
looked at spatial differences of various physical characteristics such as cell area
and cell elongation. It is clear that, throughout histoblast development, the cells at
the periphery of the nest have a larger apical area compared to the cells inside the
nest, which is particularly evident at 21 h APF (Figure 19). At 28 h APF, the
anterior-most part of the anterior nest, as well as the dorsal-anterior cells, continue
to have a larger apical area than the rest of the population (Figure 19). This
difference is largely lost at 31 h APF, with the exception of a population of cells at
the anterior-most part of the anterior nest (Figure 19). This will be relevant later on
when I discuss spatial differences in Yki activity across the histoblasts (see
Discussion 7.2.8). The regularly distributed cells that appear to be very large at 31
h APF are actually SOPs and their progeny, where individual cells have not been
segmented from the point of differentiation (Figure 19).
Furthermore, cell elongation in the ‘no border’ ROI begins randomly distributed at
16 h APF and 21 h APF (Figure 20). However, by 28 h APF there is a clear
tendency of the most dorsal cells to be more elongated in the DV orientation than
the ventral cells (Figure 20). By 31 h APF the cells are all aligned in a DV
orientation in both dorsally and ventrally located histoblasts (Figure 20). This is
consistent with what was found when analysing the contribution of cell elongation
to DV shear.
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Figure 19: Spatial changes in cell area

Heat map showing spatial changes in cell area at the indicated time intervals. Dark
and cool colours indicate smaller cells; light and warm colours indicate larger cells.
Scale bar: 50 µm
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Figure 20: Spatial changes in cell elongation

Changes in cell elongation at the indicated time intervals. Direction of the red line
indicates direction of cell elongation. White boxes indicate the location of zoomed
in regions shown in panels below. Box 1 is located dorsally and Box 2 is located
ventrally at 28 h APF and 31 h APF. Scale bar: 50 µm
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4.4 Cell lineage analysis
It is possible to perform more advanced analysis of spatial differences by
incorporating lineage information. To give an idea of how this works, it is possible
to visualise individual cell lineages by assigning each cell a unique cell colour at a
given stage of a movie (e.g. the first frame), and then assign the same colour to all
daughter cells, creating a virtual map of clonal relationships (Figure 21). Thus, it is
possible to see that the final clone size and shape deriving from individual cells
varies considerably (Figure 21). The clones at the periphery of the nest appear
more elongated in a DV direction compared to the clones of lineages located
internally. Interestingly, most clones have remained connected throughout
development, suggesting that cells undergo limited cell mixing between cell
lineages (Figure 21).
Given the ability to extract information from individual cell linages, it is possible to
visualise if there was any relationship between cell lifetime and number of divisions
within each lineage. There are 175 cell lineages that can be tracked from the
moment of the first division to the end of the movie, within the ‘no border’ ROI
(Figure 22a,b). With this information, it possible to plot a heat map of cell lifetime
(the amount of time between cell divisions) of every daughter cell within each cell
lineage (Figure 22b). Interestingly, there is little consistency in the number of
divisions undergone by each daughter cell within each lineage (Figure 22c). An
example of this is lineage 138, which is schematised in Figure 22a, where one
daughter cell undergoes one more division, whereas the other undergoes several
more divisions. This is typical of many of the cell lineages visible in the array plot,
suggesting that there is no stereotypical number of divisions within each lineage
(see Discussion 7.2.7) (Figure 22b). As expected, there is an inverse relationship
between cell lifetime and number of generations (Figure 22c). In some cases,
“lineage founder” cells divide once and no longer divide again in the course of the
whole movie, shown in the array plot as grey across a whole column, suggesting
they have already exited the cell cycle (Figure 22b).
This led us to analyse the moment at which cells cease proliferating, which starts to
happen at approximately 21 h APF. The number of cells that exit the cell cycle in
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the ‘no border’ ROI is quantified in Figure 23a. This is a quantification of cells that
are not going to divide again throughout the course of the movie, thus by definition
by the end of the movie all the cells in the ROI fulfil this definition. However, since
we do not image past the point of tissue growth arrest, there is a chance that some
cells may be about to divide after the movie ends. Therefore, in order to isolate a
cell population in which we can confidently assume that the last division seen in the
movie is the last actual division in the lineage, we analysed the cumulative
probability distribution of cell lifetime in the ‘no border’ ROI, and identified a cell
lifetime threshold at 90 %, meaning that 90 % of the population have a cell lifetime
below this value (Figure 23b). In the case of cell lifetimes within the ROI, that
boundary is approximately 5.5 hours. The red cells labelled in Figure 23b is
labelled according to two cell parameters: their cell lifetime is above 5.5 hours, and
they do not divide again until the end of the movie. Thus, we are confident they will
not divide again because they have been observed for a period of time within the
range of the expected cell lifetime for most of the population. The cells that divide in
the final 5 hours of the movie are thus excluded from this population, as they could
potentially be about to divide again after the end of the movie. The optimal way of
calculating final dropout from the cell lineage would be to image for 5 hours after
tissue growth arrest has occurred, however for these movies that was not possible
due to the tissue folding that occurs at approximately 31 h APF (see Discussion
7.2.1).
There appears to be a large population of cells in the ventral anterior-most part of
the anterior nest that collectively leave the cell cycle. Further spatial analyses show
other unique characteristics of this area (see Results 4.5 and Discussion 7.2.7).
Furthermore, comparing post-division apical cell area over time in the ‘red cell’
population, to the post-division apical cell area over time in the ‘non-red cells’ (i.e.
cells that will divide again), there is a clear increase in apical area in the ‘non-red’
cells, and not in the ‘red cells’. This is an indication that, as expected, cells require
an increase in cell size to undergo division, although whether this equates to an
increase in cell volume in all cases is still to be determined (see Discussion 7.2.3).
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Figure 21: Visualisation of individual cell lineages

Virtual clone generation in Tissue Miner at indicated time intervals. Each cell
present at the start of imaging has a unique colour that is also assigned to daughter
cells (stills from Movie 3).
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Figure 22: Array plot of cell lineages

A) Schematic showing method of arranging array plot, using Lineage 138 as an
example. White circle indicates founder cell not included in array plot. B) Array plot
of cell lineages with mother cell lifetime highlighted with colour scale. Grey means
no further divisions. Lifetime of founder cell for each lineage is not included. Plot
created by J. Davis C) Cell lifetimes sorted by generation number. Grey dots are
individual values, error bars are S.D. D) Variation of generation number within each
lineage. Grey dots are individual values. Numbers at the top indicate n numbers for
each variation in generation number.
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Figure 23: Analysis of cells undergoing cell cycle exit

A) Left: Quantification of number of cells that stop dividing within the ‘no border’
ROI region of wild type 1. Right: Cumulative probability distribution of cell lifetime
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based on cells lifetimes between divisions in the ‘no border’ ROI region of wild type
1. The dotted line indicates the cell lifetime threshold within which 90th percentile of
the cell population falls. B) Visualisation of the cells with a cell lifetime above the
threshold determined by the 90th percentile calculation, that do not divide again
until the end of the movie. C) Scatter plot of relative changes in apical cell area in
the time after the last observed division in the ‘red’ cells, and after division in the
‘non-red cells’; population of cells that is likely to divide again. Each dot is the cell
area of an individual cell at a specific time point post-division. The scale bar
indicates the time of the first occupancy of the cell I.D. Error bars are the standard
error of the mean.
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4.5 Spatial analysis
Using this lineage information, further spatial analyses can be performed. For
example, cell generation number can be visually represented (Figure 24a). From
20-22 h APF it is possible to see how cell generation number appears to be higher
at the periphery of the nest and at the line where the anterior and posterior nests
have fused, however this trend is lost by 25 h APF (Figure 24a). The cells with
particularly low generation numbers at 31 h APF, between zero and one, are
mostly SOPs arranged in a regular pattern in the anterior nest at 31 h APF.
However, there is a cluster of cells at the anterior-ventral part of the anterior nest
that range between one and two generations at 31 h APF (Figure 24a).
Furthermore, is it also possible to generate a heat map of cell age, meaning the
number of frames in between divisions. This is largely uniform throughout the
histoblasts, although perhaps there is a slight increase in cell age in the posterior
nest at 25 h APF (Figure 24b). By 31 h APF however there is a cluster of cells at
the anterior-most part of the anterior-nest that have a longer lifetime than the
surrounding cells, partly coinciding with the region with a low generation number
(Figure 24a,b).
Visualising average cell lifetime per lineage highlights once again highlights the
same region of interest at the ventral anterior part of the anterior nest. This area
has a higher average cell lifetime than the rest of the population (Figure 25). One
possibility is that this area is the site of adult muscle attachment (see Discussion
7.2.7). Interestingly, cells at the dorsal side of the ‘no border’ ROI, which are cells
at the interior of the anterior nest, have a shorter lifetime per cell lineage (Figure
25) (see Discussion 7.2.7).
In order to further explore spatial variations in the histoblasts, we divided the ‘no
border’ ROI into four equal quadrants in three wild type movies, where quadrant
one is anterior dorsal, quadrant two is posterior dorsal, quadrant three is anterior
ventral and quadrant four is posterior ventral (Figure 26a). It was then possible to
track and compare proliferation rate, as well as contributions to isotropic
deformation and contribution to DV shear, across the quadrants. Proliferation rate
and cell number values were aligned according to the anterior proliferation peaks.
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There was some variation in cell number in the quadrants across the different
movies, however this is due to the aforementioned issue with the variation of cells
within the ‘no border’ ROI (Figure 26b). The anterior-most quadrants have a higher
cell area, consistent with what was observed in the cell area heat maps (Figure
26b). There was little difference in proliferation rate in each quadrant (Figure 26c).
There was also no difference in contribution of division, cell area or extrusion to
isotropic deformation in the four quadrants, suggesting that spatially, there is little
difference in the rate of tissue growth or the cell parameters contributing to tissue
growth (Figure 27a).
However, when looking at DV shear there were some differences between the
quadrants. Quadrants three and four, the ventral-most quadrants, had higher total
DV shear, although all quadrants have an overall increase in DV deformation over
time. It is only in quadrants one and four, the anterior most part of the anterior nest,
that oriented cell divisions contribute to DV shear. In quadrants two and three the
orientation of cell divisions contributes negatively to DV shear, meaning they must
be oriented in an AP direction. Instead, there is a greater contribution to DV shear
from cell elongation in quadrants two and three. Interestingly, quadrant three also
has higher positive contribution of correlation effects to DV shear compared to the
rest of the quadrants. Contribution of T1 transitions to DV shear is similar across all
quadrants (Figure 27b). This indicates that cells do change their behaviour
according to their position within the histoblast nest (see 6.27 in Discussion).
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Figure 24: Lineage-related spatial changes in cell parameters

A) Heat map indicating the number of cell divisions undergone by each cell at the
indicated time intervals (stills from Movie 4). Dark and cool colours indicate fewer
divisions; light and warm colours indicate more divisions. B) Heat map indicating
cell age per cell at the indicated time intervals, measured as the amount of time in
between divisions (stills from Movie 5). Dark and cool colours indicate ‘young’ cells;
light and warm colours indicate ‘older’ cells.
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Figure 25: Average cell lifetime per lineage

Heat map of the average cell lifetime per lineage in the ‘no border’ ROI. Dark and
cool colours indicate cell lineages with cells with a short lifetime, light and warm
colours indicate cell lineages with cells with a long lifetime.
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Figure 26: Analysis of wild type development in quadrants

A) Tissue Miner output demonstrating the arrangement of the quadrants to be
analysed within the ‘no border’ ROI. Quadrant 1 is anterior dorsal, Quadrant 2 is
posterior dorsal, Quadrant 3 is anterior ventral and Quadrant 4 is posterior ventral.
B) Cell number and average cell area per quadrant. Error bars indicate the range
across three wild type movies. C) Proliferation rate per quadrant, per hour per cell.
Error bars indicate the range across three wild type movies.
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Figure 27: Isotropic tissue growth and DV shear per quadrant

A) Cumulative contribution of indicated cell parameters to isotropic tissue growth of
wild type tissue quadrants within the ‘no border’ ROI. Error bars indicate the range
across three wild type movies. B) Cumulative contribution of indicated cell
parameters to DV shear in the wild type tissue quadrants within the ‘no border’
ROI. Error bars indicate the range across three wild type movies.
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4.6 Yki activity reporter characterisation
Through the control of its effector transcriptional coactivator Yki (or YAP in
mammals), the Hippo pathway functions as a key regulator of tissue growth in a
number of tissues during development and adult homeostasis (see Introduction
1.1). Recent work in the wing imaginal disc has suggested two interesting aspects
of Hippo signalling during development. Firstly, Yki activity (as measured using a
LacZ enhancer trap in the Yki target expanded) throughout the disc declines as
development proceeds, correlating with decreasing proliferation rates (Pan et al.,
2018). Secondly, during the late stages of wing disc growth, the cells at the
periphery of the wing disc become stretched (Mao et al., 2013, Pan et al., 2016) ,
which has been suggested to lead to mechanical activation of Yki and an elevation
of proliferation relative to the centre of the disc (Pan et al., 2018).
I therefore wished to examine the activity of Hippo signalling during histoblast
development to test two hypotheses. Firstly, does Yki activity decline during
abdominal development and does this correlate with decreased histoblast
proliferation? Secondly, is Yki activity spatially regulated by differences in cell
geometry or mechanical environment? A pitfall of the Yki activity measurements
performed thus far is their reliance on enhancer trap lines inserted at the loci of Yki
target genes such as expanded, which presents two major drawbacks. Firstly, the
reporter proteins (b-galactosidase or GFP) are stable; therefore their accumulation
prevents a dynamic assessment of Yki activity. Secondly, these target genes are
known to be regulated by multiple signalling pathways, making their use as “pure”
Yki/Sd activity reporters problematic. To circumvent these issues, Birgit Aerne in
our lab has developed tools aimed at obtaining a dynamic readout of Yki activity. In
particular, she generated a construct containing a synthetic Hippo Response
Element (HRE) consisting of 4 tandem repeats of a Sd/TEAD binding site driving
the expression of tetrameric neonGreen (nG) (Figure 28a), which she showed to be
less stable than GFP in cell culture. Furthermore, in S2 cells, this construct
responds to Yki/Sd levels, as well as to negative regulation by the upstream kinase
Wts (B. Aerne, personal communication). As a control, B. Aerne also created a
construct with a ubiquitous promoter (ubiquitin 63E) driving a tetrameric nG at the
same insertion site (Figure 28a).
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When imaging the construct, known henceforth as HRE-nG, several interesting
changes in signal intensity were observed both spatially and temporally. Initially, at
16 h APF, HRE-nG signal is high within the nest, however the signal is patchy, with
some regions of the periphery in the anterior and posterior nests showing higher
levels of expression. However, this increased expression at the periphery becomes
more pronounced as development continues, whereas inside the nest there is a
drastic reduction in signal from 21 h APF to 26 h APF, which is maintained
throughout until the end of histoblast development (Figure 28b). I calculated the
average signal intensity of the internal cells over time in histoblasts nests
expressing HRE-nG, and in histoblast nests expressing the ubiquitously expressing
construct ubi-nG. These movies were aligned based on the merging of the anterior
and posterior nests in the fourth histoblast nest at approximately 17 h APF. When
comparing the decrease in signal between HRE-nG and ubi-nG, it is evident that
the decrease in the HRE construct is greater and therefore not due to issues such
as photo-bleaching, dilution of nG molecules during cell proliferation or a decrease
in overall transcriptional rates (Figure 28c). Thus, the reduction in signal intensity
from the HRE-nG construct coincides with a reduction in proliferation rate, and as I
will show later, a loss of cell volume (see Results 4.7.1 and Discussion 7.2.3)
(Figure 29).
In order to test whether this construct was sensitive to Yki in the histoblasts, I
created clones of cells mutant for yki (using the null allele ykiB5). Within these
clones, HRE-nG levels are reduced (Figure 28d). In order to test whether Yki
overexpression induced higher levels of HRE-nG, I overexpressed Yki in flipout
clones. Within these clones, levels of HRE-nG are much higher than in the
surrounding wild type tissue (Figure 28e). Therefore HRE-nG appears to be a
faithful reporter of Yki activity in vivo.
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Figure 28: Characterisation of a novel reporter of Yki activity

A) Schematic showing the Yki activity reporter construct (right) and the control
construct using a ubiquitous promoter (left) B) Top: Live pupal abdomen expressing
ubi-4nG at the indicated time points. Middle: Live pupal abdomen expressing HRE4nG at the indicated time points (stills from Movie 6). Scale bar: 50 µm. Red boxes
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indicated zoomed in region shown in the bottom panel. C) Comparison of relative
signal intensity between ubi-4nG and HRE-4nG. Values are based on the average
grey value of internal cells in the anterior nest. Relative signal intensity was
calculated by dividing at each time point by the initial average grey value at the
start of each movie. Error bars indicate value range (ubi-4nG n=2, HRE-4nG n=4).
D) Expression of HRE-4nG in ykiB5 mutant clones. Yellow dotted line labels the
presence of mutant clones, detected by the absence of nlsRFP. Scale bar: 15 µm
E) Expression of HRE-4nG in flipout clones overexpressing Yki. Clone presence
detected by positive labelling of mCherry (magenta). Scale bar: 15 µm
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4.7 Volume
4.7.1 Individual cell volume
All the data described so far has been based on analysing the apical cell outline.
However, in order to get a true measure of cell growth in the histoblast system, it is
important to measure cell volume. Thus, cell and tissue volume calculations are an
essential component of tissue growth analysis. Although the apical cell area is on
average stable throughout development, my analysis revealed that cell volume
undergoes drastic changes in the histoblasts throughout development (Figure 29a).
In order to calculate cell volume, I visualised cell depth by imaging pupae
expressing DE-cad::dTom and sqh::GFP. I created an orthogonal view through the
centre of the anterior nest in a DV orientation (Figure 29a). These movies were
aligned based on the merging of the anterior and posterior nests in the fourth
histoblast nest at approximately 17 h APF. Visually, it is possible to see the drastic
reduction in cell depth that occurs along this ROI (Figure 29a). I quantified average
cell depth at each time point, demonstrating that the drastic loss of cell depth
begins at approximately 21 h APF, plateauing at approximately 29 h APF (Figure
29b).
Although these pupae were also expressing Ecad::dTom, it was not possible to
skeletonise due to the poor quality of the dTomato fluorophore signal. Despite not
being able to calculate apical cell area for the same movies, I calculated an
estimate for the average cell volume by multiplying by the apical cell area in the ‘no
border ROI’ in the skeletonised movies (Figure 13a). The result of this calculation is
seen in Figure 26b. This calculation estimated that the histoblasts undergo a
drastic loss of volume starting at 21 h APF and plateauing at 29 h APF (Figure
29b). This could indicate that cells are running out of nutrients to continue gaining
enough volume to divide. This is consistent with the finding that the drop in cell
volume occurs at the same time as the drop in cell proliferation and Yki activity
reporter signal (Figure 29c) (see Discussion 7.2.3).
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4.7.2 Whole nest volume estimate
Once again, as I was unable to calculate cell parameters based on DE-cad::dTom,
in order to estimate changes in nest volume, I used apical cell number data from
the skeletonised movies ‘no border’ ROI region as a proxy for whole nest volume.
When multiplying the estimated average cell volume by cell number in the no
border ROI region, estimated nest volume increases steadily until approximately 23
h APF (Figure 29b). At this point, estimated volume begins to steadily decrease
until reaching a final volume at 31 h APF that is close to the estimated starting
volume at 16 h APF, suggesting that nest volume increases only transiently during
histoblast development (Figure 29c).

4.8 Summary
To summarise, tissue size changes of the histoblast nests are driven by cell
proliferation, with little contribution from cell extrusion (Figure 17). Histoblast
proliferation rate oscillates with a periodicity of approximately 4 hours, which is
consistent with the average cell lifetime (Figure 22c). Therefore, we believe these
oscillations are a remnant of the synchronicity observed during the prepupal stages
(Ninov et al., 2007). Nevertheless, oscillations occur around a relatively stable
proliferation rate, until proliferation rate decays from approximately 26 h APF,
coinciding with a moment of drastic overall tissue volume loss (Figure 29d). We
hypothesize that this volume loss could trigger tissue growth arrest, as described
for pupal Neuroblasts in Homem et al (Homem et al., 2014) (see Discussion 7.2.3).
Tissue shape change is driven largely by T1 transitions and cell elongation. The
direction of cell elongation changes, whereas T1 transitions are consistently DV
oriented. The implication of these changes in relation to anisotropy of tissue strain
will be examined further in the Discussion (7.2.6).
Finally, we also observed interesting spatial differences in the histoblast nest. For
example, there are clear differences in orientation of cell division in anterior vs
posterior cells (Figure 27b). Further hypotheses and plans for future experiments
are outlined in further detail in the Discussion (7.2.7).
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Figure 29: Analysis of volume over time

A) Planar view of histoblast expressing Ecad::dTom (magenta) and sqh::GFP
(green) at 17 h APF. White dotted line indicates position of orthogonal view. Scale
bar: 50 µm. B) Orthogonal view of a bissection of an anterior nest in a live pupal
abdomen expressing sqh::GFP at the indicated time points. Left: Ventral, right,
dorsal. Top apical, bottom basal. Dotted line indicates the outline of the histoblasts.
Scale bar: 30 µm C) Left, quantification of cell depth over time. Error bars indicate
range, n=3. Middle, estimation of cell volume over time, based on multiplying cell
depth by average cell area in the ‘no border’ ROI of skeletonised wild type movie 1.
Error bars indicate range based on variation in cell depth. Right, estimation of nest
volume in the ‘no border’ ROI of skeletonised wild type movie 1, based on
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multiplying estimated cell volume by cell number in the ‘no border’ ROI. Error bars
indicate range based on variation in cell depth. D) Overlay of drop in proliferation
rate and estimated cell volume. Proliferation rate is data from Figure 13, averaged
over four hours. Error bars indicate S.D.
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Chapter 5.

Mechanical environment perturbations

5.1 Changing the planar mechanical environment of the
histoblasts
Many lines of evidence indicate that the mechanical environment can influence
tissue growth parameters (see Introduction 1.2). For instance, in the pupal notum,
increased cell compression at the dorsal midline triggers cell death (Marinari et al.,
2012, Levayer et al., 2016), while in the larval wing imaginal disc, stretching of
peripheral wing pouch cells has been proposed to accelerate proliferation (Pan et
al., 2018). I therefore wanted to test the effect of mechanical forces on abdominal
growth and morphogenesis. In order to change the mechanical environment of the
histoblasts, I overexpressed a constitutively active form of MLCK in the LECs
(thereafter referred to as histoblast stretching), inducing contractility on the LECs,
which I predicted would stretch the histoblasts. In a second set of experiments, I
induced planar constraint of the histoblast nests by overexpressing caspase
inhibitors p35 and DIAP1 in the LECs in order to block LEC death (thereafter
referred to as histoblast constraint) (Figure 30a).
For the p35/DIAP1 experiments, the pupae were raised at 25 ˚C , then incubated at
29 ˚C for 50 hours prior to imaging, in order to boost GAL4/UAS-driven caspase
inhibitor overexpression. For the MLCK experiments, the pupae were raised at 18
˚C and then incubated at 29 ˚C for 5 hours prior to imaging in order to induce acute
cell contractility in the LECs, thereby inducing histoblast stretching. Each
experimental condition therefore required a control expressing a neutral protein
(triple-HA tag) using the GAL4/UAS system under these two temperature shift
conditions. Unfortunately, due to lack of time, only two movies for each of the
experimental conditions could be analysed, and only one movie of each of the
control conditions could be analysed. I imaged for approximately 3 hours at 29 ˚C
as I wanted to focus my analysis on the early stages of histoblast development.
This early imaging window also precluded confounding effects due to perturbation
of tissue architecture, which are frequently observed at later stages upon
manipulation of LEC death.
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5.1.1 Effects on cell area and proliferation
Following imaging, the movies were segmented and analysed in Tissue Miner as
discussed above. Cell area in the anterior histoblast nest in the MLCK animals
(stretching) appears to start in a similar range to the control and gradually increase
over time, resulting in a higher cell area compared to the control (Figure 30b). The
difference was even more pronounced in the posterior nest, where the cell areas in
the stretched samples were already elevated compared to controls at the beginning
of the imaging window. For the p35/DIAP1 animals (constrained histoblasts), I
observed a decrease in cell area compared to the corresponding control in the
anterior and posterior nest (Figure 30b). Thus, as predicted, I could increase or
decrease cell density in histoblasts by manipulating the LECs, making this
approach appropriate to probe the relationship between the mechanical
environment and growth.
Next, I again used Tissue Miner to examine the effect of changing the planar
mechanical environment on proliferation rate. In both the stretched and constrained
nest scenarios, I did not observe a dramatic change in proliferation rates compared
to controls (both anterior and posterior nests) (Figure 30c). As expected from the
analysis of the wild type histoblast nests (see Results 4.1.2), proliferation rates in
all cases change consistently with oscillations. However, the short time window
analysed precludes precise temporal registration based on proliferation rate
oscillations or SOP differentiation, making comparisons difficult. Thus, it will be
important in future to analyse these constraint movies over a longer time period
with precise temporal registration to determine if constraint and stretching can alter
proliferation rates (see Discussion 7.3.4).
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Figure 30: Cell parameters when changing the planar mechanical environment

A) Stills from a movie of a live pupal abdomen expressing Ecad::GFP,
overexpressing HA, constitutively active MLCK, and p35,DIAP1 under the control of
LEC-specific Eip71CD-GAL4. B) Average cell area in anterior and posterior nests.
Error bars indicate range of values. MLCK-ct n = 2, p35 DIAP1, n=2, HA (5 hours),
n=1, HA (50 hours), n=1. C) Top, proliferation rate per cell per hour in individual
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movies in anterior and posterior nests where of HA (5 hours) and MLCK-ct are
overexpressed in the LECs. Top, proliferation rate per cell per hour in individual
movies in anterior and posterior nests where of HA (50 hours) and p35, DIAP1 are
overexpressed in the LECs. Error bars indicate the S.D. per hour within a single
movie.
5.1.2 Contributions to isotropic tissue growth
In the anterior nest, in both the stretched and the constrained nests, the main
contributor to isotropic growth is proliferation, with little difference between
experiments and controls (Figure 31a,c). In the anterior nest, cell size contributes
to isotropic growth under stretched conditions, resulting in an increase in the
stretched cells’ total isotropic deformation compared to the control (Figure 31a).
However, in the constrained cells, cell size contribution to isotropic growth is similar
to the control (Figure 31c).
In the posterior nest of the stretched cells, overall tissue growth is greater than in
the control due to an increased positive contribution of cell size (Figure 31b). This
positive contribution from cell size is sufficient to counteract the reduced
contribution from proliferation to tissue growth in the stretched posterior cells
compared to the control (Figure 31b). However, in the constrained posterior nest
there is little difference in proliferation rate compared to the control, although it is
clear that again it is the main driving force for isotropic growth (Figure 31d).
Nevertheless, the sum of the isotropic deformation of the constrained posterior nest
is lower due to the reduced contribution of cell size to tissue growth (Figure 31d).
In both manipulations, the effects observed were more pronounced in the posterior
nests. This could be due to the smaller size of these nests, which makes them
more sensitive to external influences from the LECs. Although these results are
potentially interesting (for instance the counter-intuitive decrease in cell division
contribution in the stretched nests), as outlined above, they will have to be further
explored with higher n numbers, longer time course and careful temporal
registration (see Discussion 7.3.4).
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Figure 31: Tissue growth when changing the planar mechanical environment

A) Cumulative contribution of indicated cell parameters to isotropic tissue growth in
the anterior nests of histoblasts where LECs are overexpressing HA or MLCK-ct.
Scale bars indicate the range. HA (5 hours) n=1, MLCK-ct n =2. B) Cumulative
contribution of indicated cell parameters to isotropic tissue growth in the posterior
nests of histoblasts where LECs are overexpressing HA or MLCK-ct. Scale bars
indicate the range. HA (5 hours) n=1, p35 MLCK-ct n =2. C) Cumulative
contribution of indicated cell parameters to isotropic tissue growth in the anterior
nests of histoblasts where LECs are overexpressing HA or p35 DIAP1. Scale bars
indicate the range. HA (50 hours) n=1, p35 DIAP1 n =2. D) Cumulative contribution
of indicated cell parameters to isotropic tissue growth in the posterior nests of
histoblasts where LECs are overexpressing HA or p35 DIAP1. Scale bars indicate
the range. HA (50 hours) n=1, p35 DIAP1 n =2.
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5.1.3 Anisotropic tissue deformation
As discussed for the wild type movies, anisotropic changes in tissue shape can be
measured in Tissue Miner. Total anisotropic shear in the DV orientation was much
higher for the stretched anterior nest (Figure 32a). This increase is due to a
combination of an increase in DV-oriented T1 transitions and DV-oriented cell
elongation compared to the control movie (Figure 32a). The contribution from
oriented cell divisions appears to be on average similar to the control movie (Figure
32a). Furthermore, total anisotropic shear in the DV orientation was also higher for
the stretched posterior nest, however towards the end of the time period analysed
there was high variation between movies (Figure 32b). However, there is an
increase in the contribution of DV oriented cell divisions in the stretched posterior
cells compared to the control (Figure 32b). CE contributed negatively to DV shear
in both the anterior and posterior stretched histoblast nests (Figure 32a,b).
The constrained anterior nest sum DV shear is similar to the control movie (Figure
32c). There is a slight reduction in contribution of DV oriented cell divisions and
correlation effects to overall DV shear in the anterior nest (Figure 32c). Conversely,
the sum of the total DV shear in the constrained posterior nest is actually higher
than that of the control movie (Figure 32d). This is due to a greater contribution
from oriented cell divisions and cell elongation (Figure 32d). The contribution of T1
transitions remains in the same range as the control movie (Figure 32d). CE had a
negligible contribution to DV shear in both the anterior and posterior constrained
histoblast nests (Figure 32c,d).
The main issue with this data set is the range in the stretched posterior nest
between replicate movies. Further replicates are required to be able to conclude
anything from the stretched posterior nest (see Discussion 7.3). However,
consistent with isotropic changes, the effect of DV shear on the compressed
posterior nest is stronger than on the anterior nest, but counter intuitively, planar
constraints actually results in an increase in DV shear in the posterior nest (see
Discussion 7.3.2).

119

Chapter 5. Results

Figure 32: DV shear when changing the planar mechanical environment

A) Cumulative contribution of indicated cell parameters to DV shear in the anterior
nests of histoblasts where LECs are overexpressing HA or MLCK-ct. Scale bars
indicate the range. HA (5 hours) n=1, MLCK-ct n =2. B) Cumulative contribution of
indicated cell parameters to DV shear in the posterior nests of histoblasts where
LECs are overexpressing HA or MLCK-ct. Scale bars indicate the range. HA (5
hours) n=1, MLCK-ct n =2 C) Cumulative contribution of indicated cell parameters
to DV shear in the anterior nests of histoblasts where LECs are overexpressing HA
or p35 DIAP1. Scale bars indicate the range. HA (50 hours) n=1, p35 DIAP1 n =2
D) Cumulative contribution of indicated cell parameters to DV shear in the posterior
nests of histoblasts where LECs are overexpressing HA or p35 DIAP1. Scale bars
indicate the range. HA (50 hours) n=1, p35 DIAP1 n =2
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5.1.4 Yki activity
In order to analyse the effect of planar constraints on Yki activity, I compared the
relative expression levels of HRE-nG in stretched and constrained histoblast nests,
with control movies. For these calculations I measured the average signal intensity
in the whole anterior or posterior nest. Overall, there is a negligible difference in
HRE-nG expression levels in stretched and constrained histoblasts (Figure 33). On
average, constrained anterior cells have lower expression levels and stretched
anterior cells have higher expression levels, however these differences are very
small, and there is large variation between experiments. In the posterior nest there
is a negligible difference in HRE-nG levels in stretched and constrained cells, with
large variation between experiments (Figure 33). Thus, it appears that changing the
planar mechanical environment does not affect Yki activity at this early stage in
histoblast development.

Figure 33: Yki activity when changing the planar mechanical environment

Measuring relative signal intensity of HRE-4nG over time in the anterior and
posterior nests of histoblasts where LECs are overexpressing MLCK-ct or p35
DIAP1. Values are based on mean grey value of the anterior or posterior nest.
Relative signal intensity calculated by the ratio of experiment mean grey value: HA
control mean grey value. MLCK-ct n=4, p35 DIAP1 n=4
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5.1.5 Volume
In the wild type analysis, there were drastic changes in cell volume, showing
changes in overall cell size that cannot be inferred just by looking at apical cell
area. Therefore, it is necessary to measure cell depth and estimate cell volume to
know the true effect on cell size when altering the planar mechanical environment.
In order to analyse cell volume, I stretched and compressed the histoblast cells in
the same manner described earlier, in pupae that are expressing DE-cad::dTom
and sqh::GFP. I created an orthogonal view using ImageJ to visualise and measure
cell depth using the sqh::GFP signal, and found that there is very little difference in
cell depth between the constrained and stretched nests, and the control nests.
However, on average the cell depth in the stretched movies is less than the control
movies at approximately 21 h APF (Figure 34a,b).
I estimated average cell volume for the first few hours of development in the
stretched and constrained nests using the average cell area in the anterior nests
calculated in the skeletonised movies (Figure 34c). As apical cell area was higher
in the stretched movies but cell depth was the same, that estimated cell volume is
higher in the stretched cells than in the control over this period of time (Figure 34c).
Likewise, apical cell area was lower in the constrained movies but cell depth was
the same, thus estimated cell volume is lower (Figure 34c). Therefore, changing
the planar mechanical environment affects cell volume, but not cell proliferation. In
order to confirm these findings, it will be necessary to repeat these experiments, as
well as measure apical cell area and cell depth in the same movie (see Discussion
7.2.3).
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Figure 34: Cell volume when changing the planar mechanical environment

A) Orthogonal view of a bissection of an anterior nest in a live pupal abdomen
expressing sqh::GFP, overexpressing HA, constitutively active MLCK, and
p35,DIAP1 under the control of LEC-specific Eip71CD-GAL4. Left: Ventral, right,
dorsal. Top apical, bottom basal. Dotted line indicates the outline of the histoblasts.
Scale bar 20 µm. B) Quantification of cell depth over time. Error bars indicate
range, HA n=3, p35 DIAP1 n=3, MLCK-ct n=3. C) Estimation of cell volume for the
first three hours of development. Values calculated by multiplying cell depth by
average cell area in the anterior nest of skeletonised movies. Error bars indicate
range. HA n = 6, p35 DIAP1 n = 6, MLCK-ct n = 6.
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5.2 Changing the basal mechanical environment of the
histoblasts
It has previously been published that the basal ECM in the pupal abdomen starts to
degrade around 16 h APF, and is fully degraded by approximately 20 h APF (Ninov
et al., 2010). ECM manipulation can be achieved by changing levels of matrix
metalloprotease 1 (MMP1) which promotes ECM degradation, and tissue inhibitor
of matrix metalloprotease (TIMP), which inhibits MMP activity (Page-McCaw et al.,
2003). Therefore, in order to change the basal mechanical environment of the
histoblasts, I overexpressed MMP1 or TIMP in the LECs 5h prior to imaging, from
approximately 10 h APF, thereby either inducing early degradation of the basal
ECM, or delaying the degradation of the basal ECM in the epithelial tissue. As it
has been previous published that TIMP and MMP1 are secreted, I have made the
assumption that expression of TIMP has maintained basal ECM levels under the
histoblasts and that MMP1 degrades basal ECM levels under the histoblast,
however this will be discussed further in the discussion (Stevens and PageMcCaw, 2012, Dear et al., 2016, Shilts and Broadie, 2017) (see Discussion 7.3).
Therefore, I will refer to histoblasts surrounded by LECs overexpressing TIMP or
MMP1, as conditions where the basal ECM is maintained or degraded.
5.2.1 Cell area and proliferation
Cell area in the anterior nest of histoblasts with a degraded basal ECM is higher
compared to the control (Figure 35b). On average, there is a negligible difference in
the cell area of the anterior histoblasts with a maintained ECM and the control
(Figure 35b). In the posterior nest of both experiments there was negligible
difference in cell area compared to the control (Figure 35b).
In the anterior nest with a maintained ECM, the proliferation rate is lower initially,
and over time proliferation rate begins to match the control movie (Figure 35c).
However, in the posterior nest, the difference in proliferation rate compared to the
control movie is negligible. In the anterior nest with a degraded ECM, proliferation
rate is initially higher than in the control in one anterior movie, but in the other
proliferation rate is within the range of the control (Figure 35c). In the posterior
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nests, proliferation rate begins higher than the control in both movies. However,
over time, proliferation rate matches and even reaches below the level of the
control movie (Figure 35c). Thus, it appears that, at least at 16 h APF, there is an
effect on proliferation rate at the start of development of the posterior nest when
triggering the early degradation of the basal ECM. The rest of the proliferation rates
are harder to analyse due to short time window analysed, which as mentioned
earlier also prevents precise temporal registration. Like for the planar constraint
movies, it will be necessary to image over longer time periods to enable more
precise analysis (see Discussion 7.3.4).
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Figure 35: Cell parameters when changing the basal mechanical environment

A) Stills from a movie of a live pupal abdomen expressing Ecad::GFP,
overexpressing HA, MMP1, and TIMP under the control of LEC-specific Eip71CDGAL4. B) Average cell area in anterior and posterior nests. Error bars indicate
range of values. MMP1 n = 2, TIMP, n=2, HA (5 hours), n=1. C) Proliferation rate
per cell per hour in individual movies in anterior and posterior nests where of HA (5
hours), MMP and TIMP are overexpressed in the LECs. Error bars indicate the
S.D. per hour within a single movie.
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5.2.2 Contributions to isotropic tissue deformation
In the anterior and posterior nests of both ECM manipulations, the main contributor
to isotropic growth is proliferation (Figure 34a, b). When inducing maintenance of
the basal ECM, total isotropic growth in the anterior nest is less in the than the
control movie, due to a reduction in the contribution from cell proliferation. Counterintuitively, inducing degradation of the ECM also appears to promote a lower total
isotropic growth in the anterior nest, despite an increase in the contribution from
proliferation rate (Figure 36a). This is due to the negative contribution of cell area in
histoblasts with a degraded ECM. In the anterior nest with a maintained basal
ECM, there is little difference in cell area or cell extrusion compared to the control
(Figure 36a). Notably, there is high variation in the contribution of cell area to tissue
growth in the anterior nest with a maintained basal ECM (Figure 36a) (see
Discussion 7.3.1).
In the posterior nest, on average, total tissue growth is similar between the control
and histoblasts with a degraded basal ECM, as is the contribution cell area and
extrusion (Figure 36b). However, there is an increase in the contribution of
divisions to tissue growth in the posterior nests of this tissue (Figure 36b).
Conversely, on average total tissue growth is reduced compared to the control
when the histoblasts have a maintained basal ECM. This is seemingly due to a
negative contribution of cell area; however, there is high variation in total isotropic
deformation in tissue with a basal ECM (Figure 36b). Unlike what was observed in
the planar constraint experiments, there appears to be no difference between
anterior or posterior nests in the relative contribution of different cell parameters to
tissue growth. This would suggest that the effects of the basal ECM affect
histoblast growth independently of the total size of the nest (see Discussion 7.3.1).
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Figure 31
A Anterior Isotropic Deformation

B Posterior Isotropic Deformation

Figure 36: Tissue growth when changing the basal mechanical environment

A)
of indicated cell parameters to isotropic tissue growth in
C Cumulative
Anterior DVcontribution
Shear
the anterior nests of histoblasts where LECs are overexpressing HA, MMP1 or
TIMP. Scale bars indicate the range. HA n=1, MMP1 and TIMP n =2. B)
Cumulative contribution of indicated cell parameters to isotropic tissue growth in
the posterior nests of histoblasts where LECs are overexpressing HA, MMP1 or
TIMP. Scale bars indicate the range. HA n=1, MMP1 and TIMP n =2

5.2.3 Anisotropic tissue deformation
D Posterior
When
lookingDV
at Shear
changes in histoblast nest shape after affecting the basal ECM

however, there are visible differences between anterior and posterior nests, once
again with a more pronounced effect of changing the basal ECM on the posterior
nest (Figure 37).
In the anterior histoblasts with a degraded ECM, oriented cell division and cell
elongation contribute more to DV shear, and in the anterior histoblasts with a
maintained ECM, an increase in DV cell elongation contributes to DV shear (Figure
37a). However, total DV shear in the anterior nests, as well as the contributing cell
parameters, in both of these experimental conditions have a large variation
between replicates, therefore nothing can be concluded from this data until more
replicates and longer movies have been analysed (see Discussion 7.3).
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Nevertheless, the differences in total DV shear are clearer in the posterior nest.
Total anisotropic shear in the DV orientation was higher for the posterior nest with a
maintained basal ECM, due to a larger contribution from DV oriented cell
elongation and T1 transitions (Figure 37b). Whereas in posterior nests with a
degraded ECM, there is a decrease in total anisotropic shear in the DV orientation,
due to the reduced contribution of cell elongation T1 transitions, counteracting the
positive contribution of DV oriented cell divisions in these posterior nests (Figure
37b). Correlation effects had a negligible effect on DV shear in the anterior and
posterior nests in both experimental conditions (Figure 37a, b). Thus, it appears
that the posterior nest is also more sensitive to changes in the state of the basal
ECM with regards to changes in tissue shape and the contributing cell parameters
(see Discussion 7.3.2).
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Figure 37: DV shear when changing the basal mechanical environment

A) Cumulative contribution of indicated cell parameters to DV shear in the anterior
nests of histoblasts where LECs are overexpressing HA, MMP1 or TIMP. Scale
bars indicate the range. HA n=1, MMP1 and TIMP n =2. B) Cumulative contribution
of indicated cell parameters to DV shear in the posterior nests of histoblasts where
LECs are overexpressing HA, MMP1 or TIMP. Scale bars indicate the range. HA
n=1, MMP1 and TIMP n =2
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5.2.4 Yki activity
In order to analyse the effect of basal ECM manipulations on Yki activity, I analysed
the relative expression levels of HRE-nG in stretched and constrained histoblast
nests, compared to control movies. For these calculations I measured the average
intensity in the whole anterior or posterior nest, I analysed the relative expression
levels of HRE-nG in each experimental condition, compared to control movies
(Figure 38). In both anterior and posterior nests with a maintained basal ECM,
there was a decrease in HRE-nG levels compared to the control throughout the
early stages of histoblast development examined (Figure 38). In the anterior nest of
histoblasts with a degraded ECM, there was initially an increase of HRE-nG levels
compared to the control, however by 20 h APF the levels of HRE-nG had reached
the same as the control. In the posterior nest of histoblasts with a degraded ECM,
levels did not vary from the control level (Figure 38). The level of HRE-nG did
decrease on average over time, however with high variation between the replicates
(Figure 38). Thus, it appears that the maintenance or degradation of the basal ECM
at these early developmental time points has an effect on Yki activity.

Figure 38: Yki activity when changing the basal mechanical environment

Measuring relative signal intensity of HRE-4nG over time in the anterior and
posterior nests of histoblasts where LECs are overexpressing MMP1 or TIMP.
Values are based on mean grey value of the anterior or posterior nest. Relative
signal intensity calculated by the ratio of experiment mean grey value: HA control
mean grey value. MMP1, TIMP n=2
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5.2.5 Volume
As mentioned earlier, it is necessary to measure cell depth and estimate cell
volume to know the true effect on cell size when altering the basal mechanical
environment. In order to analyse cell volume, I degraded and maintained the basal
ECM as described earlier, in pupae that are expressing E-cad::dTom and
sqh::GFP. I created an orthogonal view using ImageJ to visualise and measure cell
depth using the sqh::GFP signal. In order to analyse cell volume, I altered basal
ECM levels of the histoblast cells in the same manner described earlier, while also
expressing sqh::GFP to visualise cell depth (Figure 39a). On average cell depth is
higher in histoblast nests with maintained ECM, and reduced in cells in histoblasts
nests where the ECM is degraded (Figure 39b).
I estimated individual cell volume using the average cell area in the anterior nests
calculated in the skeletonised movies. Interestingly, the differences in cell depth
between experiments are counteracted by changes in apical cell area, thus cell
volume is similar across the two mechanical environments and the control (Figure
39c). Thus, it appears that altering the basal mechanical environment of the
histoblasts affects proliferation and cell shape, but cell size is maintained. As
mentioned earlier, this cannot be known for sure until apical cell area and cell depth
measurements are taken in the same movie (see Discussion 7.3).
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Figure 39: Cell volume when changing the basal mechanical environment

A) Orthogonal view of a bissection of an anterior nest in a live pupal abdomen
expressing sqh::GFP, overexpressing HA, MMP1, and TIMP under the control of
LEC-specific Eip71CD-GAL4. Left: Ventral, right, dorsal. Top apical, bottom basal.
Dotted line indicates the outline of the histoblasts. Scale bar 20 µm. B)
Quantification of cell depth over time. Error bars indicate range, HA n = 2, TIMP n =
2, MMP1 n = 1.. C) Estimation of cell volume for the first three hours of
development. Values calculated on multiplying cell depth by average cell area in
the anterior nest of skeletonised movies. Error bars indicate range. HA n = 6, TIMP
n = 6, MMP1 n = 3.
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5.3 Whole nest laser ablation
As discussed in the introduction, growth arrest of normal cells in culture is achieved
by confluency, which triggers contact inhibition of proliferation (Gumbiner and Kim,
2014, Pavel et al., 2018). The histoblasts are a unique system as they can be
modelled as a 2D epithelial layer that undergoes proliferation and migration in a
similar way to a cultured cell monolayer. Thus, it is possible that tissue growth is
controlled in the histoblasts by coming into contact with neighbouring cells, or by
achieving full coverage of the histoblast surface. In order to address this possibility,
I used laser ablations to remove nests from the abdominal epithelium, and
observed the response of the remaining nests at the start and the end of pupal
histoblast development.
5.3.1 Ablating all nests except for one posterior nest
In order to analyse the effect of surrounding nests on growth, I ablated multiple
nests surrounding the posterior nest in the fourth abdominal segment (Figure 40a).
In this section I will refer to the remaining posterior nest as the ‘remaining’ nest.
Cell number in the ablated movie is the same as the wild type posterior nests, and
proliferation rate is comparable to the wild type until approximately 24 h APF, when
the proliferation rate of the remaining nest is higher than the average wild type
(Figure 40b). It was only possible to compare proliferation rate until this point as in
the wild type movies, the posterior nest leaves the field of view at this point (Figure
40b).
The contributions to isotropic tissue growth were also very similar between the
remaining and the wild type posterior nests, with the exception of contribution of
cell area (Figure 40c). Initially cell area contributes a negligible amount to posterior
nest tissue growth in the remaining nest compared to the wild type posterior nests.
However, the contribution of proliferation to isotropic deformation was the same as
wild type posterior nest, and this was the main contributor to tissue growth in both
ablated and wild type tissues (Figure 40c). Interestingly, DV shear values were also
similar between wild type and ablated tissue, with the exception of the correlation
effects. The ablated tissue had a reduced contribution towards DV shear from
correlation effects, suggesting a loss of collective cell migration upon ablating the
134

Chapter 5. Results

surrounding nests (Figure 40d). Other than this, it appears that at these early
stages, loss of surrounding cells does not affect the remaining tissue significantly.
However, this time window does not cover the window of tissue growth arrest, thus
further investigation is needed to know the true effect of contact inhibition on
histoblast growth arrest (see Discussion 7.3).
5.3.2 Ablating multiple anterior and posterior nests
Further to this, I also wanted to address whether there were any other factors
controlling tissue growth in the histoblasts independent of contact inhibition of
proliferation. For this, I ablated histoblasts nests from hemisegments two, three,
four and five, only leaving histoblast nests from the first and sixth segments, and
observed when tissue growth arrest occurred (Figure 41a, b). Histoblasts nests one
and six initially invade the tissue laterally, as do the ventral spiracular nests (Figure
41b). However, they are unable to cover the entire abdominal surface as cell
proliferation ceases at 33 h APF, at the same time as in the wild type nests (Figure
41b).
By 36 h APF, well after the histoblasts have usually covered the whole abdominal
surface in the wild type, in the ablated tissue the histoblasts have only been able to
cover approximately 20 % of the abdominal surface (Figure 41c). Although it
appears as though coverage is steadily increasing over time, this is due to cell
rearrangements and movement of the remaining histoblasts rather than due to any
continuation of proliferation (Figure 41c). Thus, there is another mechanism
inducing tissue growth arrest that is independent of contact inhibition of proliferation
(see Discussion 7.3.3).
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5.4 Summary
From the work in this chapter, it is clear that planar mechanical stress does not
affect proliferation rate (Figure 30). However, stretching does promote an increase
in T1 transitions in order to dissipate the stress exerted on the tissue (Figure 32).
On the other hand, early degradation of the basal ECM increases proliferation rates
(Figure 35). Therefore, it is possible that the lack of changes in proliferation rate
when stretching or compressing in a planar manner is due to a restriction imposed
by the presence of the ECM at the start of development. Thus, future work will
involve combining the early degradation of the basal ECM and cell stretching, to
observe whether it is possible to trigger an even greater initial increase in
proliferation rate in the absence of the basal ECM (see Discussion 7.3.1).
However, the proliferation burst triggered by the early loss of basal ECM is
counterintuitive when considering that the loss of the basal ECM during wild type
development does not trigger an increase in average proliferation rate at 21 h APF
(Figure 15c). Furthermore, ablation experiments show that histoblasts have limited
proliferative potential. Indeed, even with a greater surface area to cover, the
remaining cells do not cover the entire abdominal surface (Figure 41). This
suggests the decay in proliferation rate observed at 26 h APF is a response in lack
of space to expand (“cell crowding”).Other cues such as hormonal inputs may
therefore be involved in histoblast proliferation arrest (see Discussion 7.3).
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Figure 40: Cell parameters when ablating surrounding cells

A) Stills from a movie of a live pupal abdomen expressing Ecad::GFP. Top,
example of histoblast nests in hemisegments 3,4 and 5 in a wild type pupa. Bottom,
137

Chapter 5. Results

anterior and posterior nests in hemisegments 3 and 5, and anterior nest in
hemisegment 4 have been ablated, leaving only the posterior nest from
hemisegment 4, the remaining posterior nest will be referred to as an ‘ablated’ nest.
Scale bar: 50 µm B) Cell number in wild type and ‘ablated’ posterior nests. Error
bars indicate range of values. Red = ablated n=1, Grey = wild type n = 3
Average proliferation rate in wild type and ‘ablated’ posterior nests. Error bars
indicate the range of average proliferation rates. Red = ablated n=1, Grey = wild
type n = 3 C) Cumulative contribution of indicated cell parameters to isotropic
tissue growth in wild type and ‘ablated’ posterior nests. Scale bars indicate the
range. Red = ablated n=1, Grey = wild type n = 3 D) Cumulative contribution of
indicated cell parameters to DV shear in wild type and ‘ablated’ posterior nests.
Scale bars indicate the range. Red = ablated n=1, Grey = wild type n = 3
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Figure 41: Ablating nests in four hemisegments

A) Wild type pupa expressing Ecad::GFP before ablation at 16 h APF. Nests in
hemisegments one and six are labelled with a yellow dotted line. Scale bar 100
µm. B) Pupa expressing Ecad::GFP post-ablation. Top panel: Ablated pupa at 16 h
APF, missing nests in hemisegments two, three, four and five are labelled with a
cyan dotted line. Middle panel, Ablated pupa at 26 h APF, nests in hemisegments
one and six are labelled with a yellow dotted line. Spiracular nests entering field of
view are labelled with ‘sp’ and a magenta dotted line. Bottom panel, ablated pupa
at 36 h APF, nests in hemisegments one and six are labelled with a yellow dotted
line. Scale bar 100 µm. C) Quantification of histoblast coverage in wild type and
pupa with histoblast nests ablated in four hemisegments. Error bars indicated
range of values. Wild type and ablated n=2
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Chapter 6.

Regulation of Yki in histoblasts

6.1 Core Kinase Cascade
As described in the Introduction section 1.1, there are many Yki upstream
regulatory mechanisms in Drosophila, both core kinase-dependent and
independent. To further elucidate the regulation of Yki in the histoblasts, I have
examined the effects of knocking out or knocking down components of the Hippo
signalling network.
6.1.1 Clone size
In order to analyse whether components of the core kinase cascade affect tissue
growth in the histoblasts, I generated mitotic clones of cells mutant for hpo, wts and
yki, as well as wild type clones (Figure 42a) (see Materials and Methods 2.1.3).
The cells negative for nlsRFP are mutant, whereas the cells homozygous for
nlsRFP are a wild type sister clone born from the same recombination event as the
mutant clone. It is possible to assess the role of the core kinase cascade in tissue
growth by comparing the area of the mutant clone and the wild type sister clone.
Interestingly, the areas of hpo42-47 and wtsX1 clones are approximately equal to their
wild type sister clones, and comparable to the wild type clones (Figure 42b).
Consequently, it seems that Hpo and Wts have a limited effect on tissue growth in
histoblasts (see Discussion 7.4.1). As expected, clones of mutant ykiB5 are
significantly smaller than their wild type sister clones (Figure 42a, b).
6.1.2 Yki activity
In order to analyse whether components of the core kinase cascade affect Yki
activity in the histoblasts, I generated clones of cells mutant for hpo and wts in the
background of Yki activity markers ex::lacZ and diap1-GFP. There was no
difference between diap1-GFP expression in hpo42-47 clones and the surrounding
wild type tissue (Figure 42c). Interestingly, wtsX1 clones have a higher level of
ex::lacZ compared to the surrounding wild type tissue, suggesting an increase in
Yki activity in these cells despite a having no visible effect on tissue growth within
clones (Figure 42d) (see Discussion 7.4.1).
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Figure 42: Role of the core kinase cascade in histoblast tissue

A) Clone size of wtsX1, hpo42-47 and ykiB5 mutant clones. Yellow dotted line labels
mutant clones, detected by the absence of nlsRFP. Red dotted line labels the wild
type sister clones, detected by a stronger nlsRFP signal. Scale bar: 20 µm B)
Quantification of wtsX1, hpo42-47 and ykiB5 mutant clone size, calculated as a ratio of
the wild type sister clone size. WT, wtsX1, hpo42-47 and ykiB5 n = 5, error bars
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indicate S.D. C) Expression of diap1-GFP in hpo42-47 mutant clones. Yellow dotted
line labels the presence of mutant clones, detected by the absence of nlsRFP.
Scale bar: 20 µm D) Expression of ex::lacZ in wtsX1 mutant clones. Yellow dotted
line labels the presence of mutant clones, detected by the absence of nlsRFP.
Scale bar: 20 µm

6.2 Screening for upstream regulators
Aside from the core kinase cascade, I checked the potential role of other upstream
regulators of Yki such as actin cytoskeleton regulators, components of the spectrin
cytoskeleton, cell adhesion molecules and polarity determinants. I initially used a
permanent version of the esg-GAL4 driver and checking final bristle count to
screen for components affecting tissue growth in the abdomen. This was
demonstrated to be an accurate reflection of Yki activity as bristle number
increases when Yki is overexpressed in the histoblast nest using the nonpermanent version of esg-GAL4 (Figure 43a, b). Consistent with the mutant clones,
overexpression of hpo-RNAi and wts-RNAi resulted in similar bristle numbers
compared to the wild type. As there was no temperature control element to gene
expression, there was high lethality in this screen. For example, as expected,
expression of yki-RNAi and UAS-yki using the permanent version of esg-GAL4 was
lethal (Figure 43b).
As discussed in the introduction, there are multiple upstream signalling
components that affect Yki activity, including actin-associated proteins, polarity
complexes and components of the adherens junctions. Therefore, I screened
numerous UAS lines that either knocked down or overexpressed various key
proteins that could be involved in affecting Yki activity. Firstly I looked at actinassociated proteins, including proteins that are involved in actin polymerisation and
nucleation such as Profilin (Chickadee in Drosophila), Diaphanous (Dia), Enabled
(Ena) and Scar, proteins that promote actin severing such as cofilin (Tsr), or actin
capping such as Capping protein a (Cpa) (Garelli et al., 2012). There was little
variation from the control when knocking down enabled or scar. However, there
was a reduction in number of bristles when knocking down dia and ROK.
Overexpression of dia, cpa, tsr and chic were lethal.
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Actin-associated components of the Hippo signalling network Zyx and Jub were
also examined. Overexpression of actin-binding protein Zyx with a myristoylation
signal attached, myr::zyx, promotes localisation and therefore activation of Zyx at
the plasma membrane (Gaspar et al., 2015). This resulted an increase in the
number of bristles in the abdomen. Knockdown of Jub resulted in a decrease in the
number of bristles in the abdomen (Figure 43b). This is consistent with Zyxin and
Jub activity promoting tissue growth by inhibiting Wts as described in Rauskolb et
al (Rauskolb et al., 2011, Rauskolb et al., 2014).
There was little change when knocking down elements of the spectrin cytoskeleton
such as by expression of kst-RNAi or α-spec-RNAi. Furthermore, knocking down
components of polarity complexes such as via expression of kib-RNAi, mer-RNAi
and ex-RNAi resulted in little change in bristle number in the abdomen.
Additionally, overexpression of adhesion component Ed was lethal, as was
knockdown of septate junction component coracle, and integrin myoespheroid
(Figure 43b). Thus, it is difficult to conclude anything from this screen due to the
high level of lethality, and many of the genotypes that do survive have little to no
effect on bristle number (see Discussion 7.4.1).
Nevertheless, I tried an alternative approach to this screen, by creating clones of
cells expressing these constructs and observing Yki activity. In order to assess Yki
activity I created flipout clones of upstream signalling in the presence of DIAP1GFP (see Materials and Methods 2.1.3). I tested whether the system was working
accurately to reflect changes in Yki activity by using the flipout/GAL4 system to
overexpress Yki, and observed a drastic increase in DIAP1-GFP levels compared
to the surrounding wild type cells (Figure 44a). However, I did not get any clear
change in DIAP1-GFP in any of the gene knockdowns or expressions tested
(Figure 44a). The only construct that showed an increase above control is myr::zyx,
supporting what was observed when overexpressing this construct permanently in
the histoblasts (Figure 44a) (see Discussion 7.4.2).
Consequently, I also began to look at DIAP1-GFP levels in mutant clones for
members of the Hippo signalling network. When I checked mutant clones of ex
(exe1) and fat (fatGRV), I found an increase in DIAP1-GFP levels (Figure 44b). In
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exe1/fatGRV double mutant clones, the clones were also larger than the wild type
sister clones (Figure 44c). Therefore, Ex and Fat may have a role in regulating Yki
activity and tissue growth in the histoblasts (see Discussion 7.4.2).

6.3 Summary
Overall, I have found that Wts and Hpo are not required for tissue growth control in
the histoblasts (Figure 42). This will need to be further quantified using the tracking
pipeline, as well as the novel Yki activity reporter (see Discussion 7.4.1).
The two screens for upstream regulators of Yki have identified Ex and Zyx as
potential hits (Figure 43, Figure 44). This is interesting as both Ex and Zyx have
been suggested to function, at least in part, independently of Hpo and Wts
(Badouel et al., 2009, Oh et al., 2009, Gaspar et al., 2015). Future experiments will
be detailed in the Discussion (7.3.2).
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Figure 43: Screening upstream regulators of Yki in the Drosophila abdomen

A) Pharate adults expressing esgGAL4,tubGAL80ts and UAS-Yki. Left: Pharate
raised at 18 ˚C , right: Pharate raised at 29 ˚C. B) Quantification of number of
bristles per segment in the central region of the pharate adult abdomen when
overexpressing Yki in the histoblasts, 18 ˚C control n=2 pupae, 29 ˚C experiment
n=2 pupae, error bars indicate range. C) Quantification of number of bristles in the
central region of the pharate adult abdomen when overexpressing the indicated
construct in the histoblasts. Red dotted line indicates 2 S.D. from the control
average, for each construct, n=4 pupae, error bars indicate S.D.
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Figure 44: Screening upstream regulators of Yki in clones

A) Quantification of diap1-GFP levels in flipout clones overexpressing the indicated
construct in the histoblasts, as a ratio with diap1-GFP levels in surrounding wild
type tissue. Red dotted line indicates 2 S.D. from the control average. n=3, error
bars indicate S.D. B) Expression of diap1-GFP in exe1 and exe1/fatGRV mutant
clones. Yellow dotted line labels the presence of mutant clones, detected by the
absence of nlsRFP. Scale bar: 20 µm C) Quantification of exe1 and exe1/fatGRV
mutant clone size, calculated as a ratio of the wild type sister clone size. WT n=5,
ex and ex/fat n=3, error bars indicate S.D.
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Discussion

During the course of my thesis, I have helped to develop a novel segmentation and
tracking pipeline that enables analysis of the wild type development of the
histoblasts. Thus far, I have extracted the basic information concerning histoblast
development (e.g. cell divisions, cell lineages, cell rearrangements, cell size and
shape). With the new method of skeletonisation it will be possible to extract more
detailed information concerning spatial differences in cell parameters, Yki activity
and cell volume in wild type animals. Manipulating the mechanical environment of
the histoblasts has provided some suggestion that the presence of the basal ECM
may control cell proliferation at early stages of histoblast development, whereas
changes in mechanical environment in the plane of the epithelium affect cell size. I
also looked at the role of the Hippo core kinase cascade and other upstream
signalling components in the histoblasts, and identified candidates to investigate
further. Here, I am going to describe the possible interpretations of my results, as
well as the limitations of these studies and proposed future work.

7.1 Image analysis pipeline development
7.1.1 Improvement of skeletonisation and future work
The process of skeletonisation has undergone a vast improvement throughout this
project due to the implementation of an artificial intelligence approach (Neural
Network, see Materials and Methods 2.3.3), which was trained using the manually
corrected first wild type movie (Figure 12c). At the time of writing, Dr Matt Smith
from the Salbreux lab has re-trained the network using two more wild type movies
and this improved network awaits further testing. So far, we have used only movies
with a high signal to noise ratio to train the network (homozygous for the Ecad::GFP allele), but it will be important to re-train and challenge the network with
lower quality movies (heterozygous for E-cad::GFP) in order to allow more flexibility
in terms of the fly stock used for these analyses.
Using Skeletor to segment, it took approximately nine months for a single wild type
movie to correct the skeletons through an iterative process of manual corrections
and quality control steps (see Appendix 8.1). We have not yet tested how long it
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takes to correct a full wild type movie skeletonised with the Neural Network,
however preliminary work suggests it will be a fraction of the time previously spent.
Therefore, using these fully corrected skeletons to train the Neural Network to
segment instead, it will become possible to analyse longer movies in a more
practical amount of time.
7.1.2 Future improvement of cell tracking
The Matlab projection programme and the Matlab tracking programme developed
by Andreas Hoppe (see Materials and Methods 2.3.1 and 2.4.1) was based on
Epitools created by Heller, Hoppe et al to track cells in the wing imaginal disc
(Heller et al., 2016). However, it required changes in order to accommodate for the
folded abdominal tissue and the rapid migration that occurs during histoblast
development (see Materials and Methods 2.4.1).
Once the skeletonisation process has been optimised further using the Neural
Network, the Tracker programme can be improved. Currently, a large proportion of
‘errors’ are actually division events that have not been labelled as one (Figure 13c).
This is due to the code excluding divisions that do not come with a large change in
cell shape and area, in order to avoid labelling any skeleton errors with an
erroneous extra junction as a division. This is not a problem in the centre of the
nests, where the close packing of cells means cell area markedly increases during
mitotic rounding. However, in the nest periphery, the increase in area is much less
obvious, leading to errors. Since the skeletonisation process has improved
significantly, we anticipate the mitotic shape/area rule can be relaxed and we will
be working with Hoppe to improve the division detection algorithm.
Thus, during the course of this thesis, I have collaborated with others to create a
streamlined pipeline for image segmentation and tracking, in order to extract highly
detailed description of histoblast nest morphogenesis during development (Figure
11a).
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7.2 Wild type histoblast analysis
7.2.1 Timing of proliferation peaks correlates with average cell lifetime
After completing segmentation and tracking, the first cell parameter of interest to
analyse was cell proliferation. Tissue growth is largely driven by cell proliferation
throughout pupal development, with cell area and cell extrusion playing a relatively
minor role (Figure 17). Although the average proliferation rate is consistent across
the three movies, we were initially surprised to observe oscillations in proliferation
rates, since the cell cycle from 15 h APF show no obvious cell cycle
synchronisation upon visual observation (Figure 15c, Figure 16b) (Ninov et al.,
2007). We hypothesize that the cycle rate oscillations are remnants of the three
synchronous cell divisions that take place during prepupal stages (0-8 h APF).
Indeed, using simple numerical simulations based on data derived from our movies
(particularly the observed variability in cell cycle times), our collaborator Guillaume
Salbreux was able to reproduce the observed oscillations following a period of
three synchronous cycles (G. Salbreux, personal communication). Interestingly, the
proliferation peaks we observed have an approximate periodicity of 4 hours, and
according to the cell lifetime data in the ‘no border’ ROI, average cell lifetime is
approximately 4 hours (Figure 22c). This means that cell cycle time during the
asynchronous proliferation stage is considerably faster than the previously
published estimate of 9h (Ninov et al., 2007).
Following the oscillations of proliferation rate, there is a rapid drop off in
proliferation coincident with tissue growth arrest (Figure 15c, Figure 16b and Figure
29d). Tissue growth arrest has been suggested to take place at approximately 36 h
APF (Ninov et al., 2007). My movies stop at 31 h APF, as it becomes challenging to
segment any further due to tissue folding in the posterior nest (Bischoff, 2012). I will
discuss in section 7.2.3 the best way of segmenting movies beyond 31 h APF.
However, a clear downward trend in proliferation rate occurs from 26 h APF until 31
h APF, consistent with published work (Figure 29). In the following section I will
discuss the various mechanisms by which this tissue growth arrest could come
about, and further experiments that are required to elucidate this.
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7.2.2 Ecdysone signalling and tissue growth arrest
One possible trigger for tissue growth arrest is ecdysone signalling. As mentioned
in the introduction, there are two small peaks of the steroid hormone ecdysone at
the moment of pupariation and pupation, however there is also a large broad peak
that starts at 16 h APF and reaches its maximum at approximately 33 h APF
(Riddiford, 1993, Truman et al., 1994, Kraft et al., 1998). The moment that
histoblast proliferation ceases coincides with the peak in ecdysone signalling,
therefore it is plausible that there is a relationship between ecdysone and tissue
growth arrest in abdomen epithelial development. This temporal proliferation arrest
would be consistent with the finding that cells cease to proliferate at the same time
as the wild type even when various neighbouring nests have been ablated, and the
remaining cells have failed to cover the abdominal surface (Figure 41).
As well as controlling the major developmental transitions such as the larval
moults, ecdysone signalling influences tissue growth and proliferation in many
different contexts (Boulan et al., 2015). For instance, low levels of ecdysone are
required throughout larval development for growth and proliferation of the wing
imaginal discs (Colombani et al., 2005). At the larval to puparium transition, the
ecdysone peak triggers the transcriptional repression of the phosphatase
Stg/Cdc25, causing arrest of the wing disc cells at the G2 phase of the cell cycle
(Guo et al., 2016). It is therefore clear that different levels of ecdysone can have
dramatically different effects on cell proliferation. In addition, since in the abdomen
ecdysone signalling is required to release the histoblasts from larval cell cycle
arrest (Ninov et al., 2007), any experimental manipulations will have to be precisely
temporally controlled in order to address the role of ecdysone in terminal
proliferation arrest at 25-33 h APF. This temporal control can be achieved using the
UAS/GAL4 system with a temperature-sensitive form of the GAL4 inhibitor GAL80
(GAL80ts) (McGuire et al., 2004). Using this system, we can block ecdysone
synthesis and release from the prothoracic glands (PGs), using a specific GAL4
line such as phantom-GAL4 to silence processing enzymes such as Shade, which
converts ecdysone to its active form 20-hydroxyecdysone (Petryk et al., 2003).
Alternatively, we can prevent ecdysone signal transduction in histoblasts by
expressing a dominant-negative version of its nuclear receptor (UAS-EcRDN) using
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esg-GAL4. By imaging the histoblast nests as I have done during this thesis, this
will allow us to test if ecdysone signalling is required for proliferation arrest.
Furthermore, we can test whether increased ecdysone signalling before 33 h APF
leads to premature exit.
7.2.3 Linking tissue growth arrest to nutrients and cell volume
Another cell parameter that could determine the timing of tissue growth arrest is
cell volume. My data show that, at approximately 22 h APF, there is a switch where
cells rapidly begin to lose cell volume at a rate that is not compensated by
increasing cell numbers, thus leading to a significant loss of total nest volume
(Figure 29). There is a clear correlation between the drop off in cell proliferation
rate and reduction in estimated cell volume (Figure 29). Thus, cell cycle arrest
might come about when cells reach a volume that can no longer sustain cell
division. This switch could be due to the limiting nutrients present in the pupa in the
closed pupal system or to ecdysone signalling.
As insect pupae do not feed, metamorphosis is entirely dependent on the
breakdown of redundant larval tissues to mobilise stored nutrients (Nicolson et al.,
2015). To prevent this mobilisation, Ana Ferreira, a postdoc in the lab, blocked
autophagy globally in the pupa by depleting the E3 ligase Atg5 (A. Ferreira,
personal communication). Interestingly, this resulted in a strong block of histoblast
proliferation. This suggests that pupal autophagy does have a role in histoblast
growth, however whether autophagy blockage triggers a starvation response in
histoblasts, and which tissue is being degraded to ‘feed’ the histoblasts, is still
unknown. This will be further investigated using tissue specific GAL4 drivers in
order to block autophagy in different organs, to test the effects on histoblast
proliferation and volume.
Interestingly, previous work from the Knoblich lab showed that ecdysone signalling
triggers a metabolic change in neuroblasts (neural stem cells) in the Drosophila
CNS during pupal morphogenesis (Homem et al., 2014). Specifically, ecdysone
signals via the Mediator transcriptional regulatory complex to switch neuroblast
metabolism from anaerobic glycolysis to oxidative phosphorylation (OxPhos)
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(Homem et al., 2014). Glycolysis is known to enable growth as evident from its
upregulation in cancer cells (Warburg effect) and proliferative compartments during
development (Shyh-Chang et al., 2013). Indeed, Homem et al showed that the
switch from glycolysis to OxPhos results in a slowdown of neuroblast growth and a
gradual loss of volume through successive divisions, ultimately leading to terminal
differentiation (Homem et al., 2014). Thus, it would be interesting to explore if a
similar metabolic switch operates in histoblasts. For instance, we can examine the
effect of ecdysone signaling blockage or Mediator depletion on the rate of
histoblast volume loss. We can also use biochemical assays to measure the levels
of metabolites such as lactate and ATP as was done by Homem et al (Homem et
al., 2014).
In order to further explore the link between ecdysone and nutrient availability in the
mechanism of tissue growth arrest, I also propose to trigger overproliferation of the
histoblasts, and analyse the rate of expansion of the nest and the timing of tissue
growth arrest. One way of doing this would be to overexpress Yki using the
permanent version esg-GAL4. If cells reach confluency upon Yki overexpression
earlier than in the wild type, and then continue proliferating until reaching tissue
growth arrest at the same point as wild type, it would support a mechanism
dependent on ecdysone timing triggering tissue growth arrest. Alternatively, if cells
reach confluency and cease to proliferate early, this would suggest that nutrient
supplies may be limiting in maintaining proliferation rates. A further possible
experiment is to ablate multiple histoblast nests in the background of histoblast
permanently overexpressing Yki. If histoblasts cease proliferation at the same time
as unablated wild type tissue, it would add further weight to the idea that
developmental timing (through ecdysone signalling) is the dominant trigger for
tissue growth arrest. The power of the histoblast system is that we can alter
genetically alter cellular responses to developmental timing (ecdysone), confluence
or mechanics (Hippo signalling) or nutrients (TOR signalling) alone or in
combination and test the effects on the timing of growth arrest and cell volume.
This should enable us to unravel whether different cues act combinatorially to yield
a robust growth arrest.
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7.2.4 Mechanical tension is unlikely to be the main trigger for tissue growth
arrest
As discussed in section 1.4.2, in the wing disc, a global drop in mechanical tension
in late larval development has been proposed to trigger a reduction in Yki activity
and growth arrest (Rauskolb et al., 2014, Pan et al., 2016, Pan et al., 2018). Given
the fact that histoblasts grow until they replace the LECs, it would be tempting to
suggest that upon elimination of the last LECs, histoblast density increases,
causing a drop in tension and a subsequent decrease in Yki pro-growth activity.
Indeed, my results indicate that Yki activity decreases (at least in the centre of the
nests) as development proceeds (Figure 28). However, a post-doc in the lab, John
Robert Davis, has undertaken annular laser ablation analysis in the histoblasts to
map tension through space and time (as described in Bonnet et al) (Bonnet et al.,
2012). This analysis shows tension in both the DV and AP direction increases over
time between 16 h APF and 31 h APF, even more so in the DV direction (J. Davis,
personal communication). Thus, it seems unlikely that global tension patterns
account for Yki activity downregulation in histoblasts. This is consistent with what is
observed when constraining or stretching the histoblasts (see Results 6.3.1).
Thus, how Yki downregulation occurs remains an open question, but since nutrient
availability has been linked to Yki regulation via Insulin signalling and AMPK (5’
adenosine monophosphate-activated protein kinase) family kinases (Koo and
Guan, 2018), this might constitute an interesting lead to follow using gain and lossof-function analysis and the HRE-4nG reporter.

7.2.5 Limitations of the studies of the wild type movies
One of the limitations of the analysis of the current skeletonised wild type movies is
that I only imaged until 31 h APF. In order to capture the full process of tissue
growth arrest we need to image beyond 31 h APF. However, this presents a
challenge due to the folding of the posterior nest underneath the anterior nest that
occurs at the later stages of development (Bischoff, 2012). This means it is
impossible to have a fully skeletonised and corrected movie beyond 31 h APF, as
the visible apical area of the posterior cells severely diminishes in size, making it
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difficult to accurately segment their junctions. However, it is possible to see the
cells from the anterior nest until this stage. The caveat is then that it is only
possible to create an ROI for the anterior nest once the movies have been fully
skeletonised. One possible way around this is to simply segment and correct
everything that is possible to segment, and then create the ‘no border’ ROI which
will not include the region that becomes folded as this will be from a neighbouring
nest that enters the field of view during imaging. Imaging between 16 h APF and 40
h APF is also a lot more feasible now using the Neural Network method of
skeletonisation.
Nevertheless, a Masters student in the lab, Hui Hong, performed a rough analysis
of the number of divisions that occur after 31 h APF. Pupae expressing DEcad::GFP movies were imaged between 31-36 h APF, and the projected images
were separated into 16 sections. These sections were manually checked frame by
frame, and any visible divisions were annotated. She found that the number of
divisions that occurs post-31 h APF is negligible, therefore the wild type data
presented in my thesis up until 31 h APF is assumed to be accurate.
The limitation of the volume analysis is that the apical cell area values I have used
to calculate cell area are not from the same movie. In the future it will be interesting
to perform a full cell depth analysis coupled with actual apical cell area values from
the same movies. With the advances in skeletonisation that have been made
throughout this project, it may be possible to segment the lower quality signal from
E-cad::Tom, and image this in combination with sqh::GFP.
Despite these limitations, we have been able to show how histoblast development
occurs in several distinct phases.
7.2.6 Wild type histoblast development occurs in phases
From the isotropic growth and DV shear data, it is clear that there are distinct
phases occurring during wild type histoblast development (Figure 17, Figure 18).
Initially, at 16 h APF, anterior and posterior nests are expanding in an AP direction,
overcoming the DV oriented cell divisions and T1 transitions. Interestingly, this is
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also the phase during which apical cell area is increasing, suggesting that this
increase in AP-oriented nest elongation is due to AP oriented strain (Lye et al.,
2015) (Figure 17). This is consistent with laser ablation data from John Robert
Davis who showed that strain was higher in the AP axis at 16 h APF. Interestingly,
from 21 h APF cells become elongated in the DV orientation, which coincides with
laser ablation data from John Robert Davis that shows from 21 h APF, strain
becomes DV oriented (J. Davis, personal communication). These correlations
suggest that cell elongation changes are due to tissue strain.
From 26 h APF onwards, DV strain increases more than the AP strain, which is
consistent with the increase in cumulative DV shear, largely driven by cell
elongation and T1 transitions in the anterior nest (Figure 18). Orientation of cell
divisions in the anterior nest during this time does not contribute to shear,
consistent with the previous publication that orientation of cell division is random
during the migration phase (Bischoff, 2012). However, the cells in the posterior nest
behave differently, as DV oriented cell divisions do contribute to DV shear. This
suggests that the posterior nest reacts differently to the anterior nest in response to
strain. The negative contribution from correlation effects is indicative of the dorsalward collective active migration of the histoblasts.
At the end of migration phase, cumulative DV shear plateaus due to the negative
contribution of cell elongation and correlation effects outweighing DV oriented cell
division and T1 transitions (Figure 18). Conversely, at this stage (31 h APF), DV
strain is still much higher than AP strain in the histoblast nest, suggesting that
strain is no longer having an effect on DV shear at this stage (J. Davis, personal
communication). A reason for this could be the effect of the PCP pathway in
directing cell rearrangements in an AP direction after the onset of tissue growth
arrest (Mangione and Martin-Blanco, 2016).
Overall, although changes in planar mechanical tension do not seem to affect cell
proliferation, there does seem to be a correlation between the direction of strain
and anisotropic shear of the histoblast nest, largely driven by cell elongation and T1
transitions, until the point of tissue growth arrest. However, it seems unlikely that
the T1 transitions are mechanisms of stress dissipation in wild type development,
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as tension increases throughout histoblast development. Possible future
experiments will be to segment longer movies as mentioned earlier, and also to
perform further annular ablations post tissue growth arrest. However, the onset of
cuticle secretion makes laser ablations at later time points problematic.
7.2.7 Spatial differences within the histoblasts remain to be explored in
detail
It is possible to tackle the question of whether there are spatially different cell
behaviours in the histoblasts by separating the histoblast population in different
ways, one of which is by separating the no border ROI into four arbitrary quadrants
(Figure 26, Figure 27). It is clear that the cells behave relatively symmetrically with
regards to tissue growth (Figure 26, Figure 27a). The observed differences in DV
shear could be due to different mechanical forces applied, or different cell
differentiation patterns and thus differential intrinsic mechanical forces and
biological behaviours (Figure 27b).
To analyse spatial differences in more details, I plan to analyse the wild type
movies in two different ways, firstly by separating populations by specifying cell
parameters, another is to separate populations based on GAL4 expression
patterns. One way of separating based on cell parameters is to analyse the
population of cells that leave the cell cycle early, the so-called ‘red cells’ (Figure
23). The most prominent population of these so-called ‘red cells’ is at the anteriormost part of anterior nest (Figure 23). Krzemien et al have shown that cells within
this region act as muscle attachment sites (Krzemien et al., 2012). These cells
have a low generation number, larger apical area, and a larger average cell lifetime
per lineage at 31 h APF (Figure 19, Figure 24).
Other ways of sorting the histoblast population are by cell parameters such as cell
size, cell lifetime per lineage or number of divisions per lineage. Once these cell
populations have been separated, we will then extract information such as
proliferation rate, cumulative isotropic deformation and DV shear to fully
understand the spatial differences between histoblast populations. It is also
possible to separate populations by their position within the nest, such as
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comparing peripheral cells and internal cells. Laser ablation data by John Robert
Davis shows that cells at the periphery are under stronger anisotropic stress than
cells in the centre of the nest, which could be why they have a smaller depth and
larger apical area (J. Davis, personal communication). Other than this there were
no further obvious differences amongst internal or peripheral cells. However, if
interesting differences do arise in these spatial analyses we will consider looking
more carefully at these specific regions.
Another way of sorting histoblast population is by gene expression patterns. There
are multiple regions of the histoblasts that express genes in discrete regions.
Examples of this include omb-GAL4 expression at the posterior of the anterior nest
and the anterior part of the posterior nest, dpp-GAL4 and dad-gal4 expression at
the leading edge of the anterior and posterior nests, ptc-gal4 expression at the
posterior side of the anterior nest, and stripe-GAL4 expression at the anterior side
of the anterior nest (the muscle attachment sites) (Bischoff et al., 2013, Krzemien
et al., 2012).
This provides a guide to regions within the nests where histoblasts that may be
behaving differently in their proliferation rate, isotropic deformation or DV shear due
to different biological properties. Interestingly, according to the quantification of the
cell lifetime in each lineage data set, there is great variation in cell lifetime and
number of divisions within each lineage, suggesting there is no intrinsic genetically
encoded number of cell divisions within each lineage (Figure 22b, c). This also
suggests that any patterns that do emerge could be due to the position of individual
daughter cells within the nest, and the variable mechanical and biochemical
influences depending on that position.
This marks the beginning of further exploration into spatial variations of cell
parameters that can be measured using the cell outline data we have produced. It
will be interesting to correlate these observations with spatial variations in the
growth-promoting transcription factor Yki.
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7.2.8 Dynamic reporter of Yki activity requires further detailed analysis
The novel dynamic reporter of Yki activity that has been developed in the lab will be
essential for further analyses of Hippo signalling and growth control in the
histoblasts (see Discussion 7.4). In the wild type, Yki activity in histoblasts is higher
at the periphery of the nest, which coincides with larger apical cell area and higher
anisotropic tension in those cells (Figure 19, Figure 28 and J. Davis, personal
communication). These possible correlations need to be looked at in detail,
combining cell outline segmentation data with DE-cad::Tom and the Yki reporter.
However, this would be challenging because, particularly at the start of pupal
histoblast development, the nuclei do not lie directly below the cell outline due to
the pseudo-stratified nature of the epithelium, thus making it challenging to assign
a neonGreen (nG) intensity value to a cell ID. The alternative is to express a red
nuclear marker within the histoblasts, and create a nuclear mask for individual cell
IDs. Using this mask, it would then be possible to extract nG values for individual
cells in an easier way, with the drawback that we would obtain limited cell
parameter information. However, it would still be possible to track cells and
measure proliferation rates.
Various constructs have been made to answer the question of whether HRE-4xnG
is indeed more specific and more dynamic than previous Yki activity reporters.
Several cell culture experiments performed by a scientific officer in the lab, Birgit
Aerne, have demonstrated that this construct only responded to Hippo signalling
and Yki activity, and not to changes in Vestigial, another Scalloped regulatory
partner (B. Aerne, personal communication). Birgit Aerne has also created
constructs such as HRE-1xnG and HRE-1xGFP to compare how the signal
changes over time if the number of nGs is reduced, or if the fluorophore is changed
altogether to the more stable GFP. One construct has a stop cassette flanked by
FRT sites in between the HRE enhancer and the 4xnG. Upon heat shocking at a
certain time point, 4xnG will start being expressed under the control of the HRE
promoter. This will enable analysis of the expression pattern when expression is
triggered just prior to histoblast development, removing any residual expression
due to past expression. Furthermore, based on the control construct ubi-4xnG,
another construct has been created by Birgit Aerne to analyse the stability of 4xnG,
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where FRT sites flank the 4xnG region. Upon heat shocking, it will be possible to
observe the speed that the 4xnG signal disappears to analyse the stability of
nGreen, what is the delay between stopping expression of nG and seeing a
decrease in signal intensity.
Once a more detailed characterisation of the novel Yki activity reporter HRE-nG
has been undertaken, it will be possible to measure Yki activity in response to the
factors I have speculated in sections 7.2.2 and 7.2.3 of the discussion. This will
enable us to elucidate the link, if any, between ecdysone, nutrition or cell volume,
and Yki activity.
7.2.9 Variation between wild type movies & temporal alignment issues
Analysis of the wild type has demonstrated that average proliferation rate
throughout the movies oscillates around the same average value of 4 hours.
However, there is some variation between the three wild type movies. Alignment by
anterior proliferation peaks results in WT movie 3 ceasing proliferation earlier. If the
movies are aligned by cell number, all three movies undergo tissue growth arrest at
the same time, but the timing of the proliferation peaks in WT movie 3 occur is
shifted (Figure 15, Figure 16). We have not yet determined which is the most
accurate way of aligning the movies, and intend to also try aligning according to the
appearance of SOPs. While imaging histoblast nests with severe constraints by
overexpressing constitutively active Yki in the LECs, or when blocking TOR
signalling in the histoblasts, it was observed that SOPs always form at the same
time in development (A. Ferreira, personal communication). Thus, we predict that
this will offer the most accurate way of aligning histoblast movies.
The variation observed could be due to a number of reasons. For wild type movies
one and two, we had not taken into account potential sexual dimorphism due to
previous studies by Enrique Martin Blanco that stated there was no difference in
the behaviour of the fourth hemisegment between male and females (Ninov, 2008).
Future work will be to disentangle whether sexual dimorphism can account for
these differences. Rather than perform time-consuming full junction segmentation, I
could examine potential variations between male and female by doing simple
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nuclear tracking to calculate proliferation peaks for multiple male and female wild
type histoblast nests in the fourth hemisegment.
Another potential source of variation is food consistency. The three movies were
taken one year apart, during which time there were many variations with fly food
production and quality. In order to account for variations in food, I could test
proliferation rates of wild type flies raised on different food quality and consistency.
Ultimately, our knowledge about the expected variability of developmental
proliferation rates at the level of spatial and temporal resolution described in this
work is almost non-existent, except in simple organisms such as C. elegans, where
the patterns of proliferation and cell death are highly reproducible (Wagner, 2005).
Therefore, the level of variation I observed could simply be due to inherent
biological stochasticity. Despite these variations, it is clear from this work that the
relative contributions of proliferation, extrusion and apical cell area to nest growth
are consistent across the three wild type movies. Furthermore, it is clear that
proliferation is the main driving force behind tissue growth in both the anterior and
posterior nests across all three movies. Similarly, the relative contributions to DV
shear across the three movies are also consistent. There is greater variation here
than for isotropic growth, however the overall trends are consistent. The variation in
the data set from the anterior nest could be due to a variation in the number of cells
present in field of view.
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7.3 Constraint Experiments
As well as analysing wild type histoblasts, I wanted to manipulate the mechanical
environment of the histoblasts by manipulating the surrounding tissues, the LECs,
and analyse the subsequent effect on tissue growth parameters and Yki activity.
There are clear differences in the way histoblasts react to changing planar and
basal mechanical forces (Figure 30-Figure 39). Future experiments will image and
skeletonise over longer periods of time. The formation of SOPs will also be used to
help with temporal alignment. Other experiments that will be essential in the
interpretation of this data will be to perform annular and junctional ablations similar
to the analysis John Robert Davis has done in the wild type. The annular ablations
will give an indication of the overall strain the histoblast nests are experiencing in
the different mechanical environments. Individual junction ablations will give an
indication of how mechanical forces are changing for each sub-population of cells
within the histoblast nest. Spatial analysis of cell parameters interpreted from the
skeletons will also be useful in these experiments, for example repeating the
splitting of the ROI into quadrants, or comparing internal vs. periphery, to see
where in the anterior nest are these mechanical changes having the most effect.
Given the variation in proliferation peaks over time in the wild type means that any
visible differences in my results have limited potential for analysis and conclusion.
However, I can observe some overall trends, which indicate which avenues are
likely to be interesting for future work.
7.3.1 Changing the mechanical environment of the histoblasts affects tissue
growth
In both the anterior and posterior nests in the constrained nest experiments,
histoblast expansion appears largely unaffected by planar constraint (Figure 31).
Previous studies have shown higher extrusion in these experiments but we found
limited evidence that this contributes to reduced nest expansion (Figure 31) (Ninov
et al., 2007). Pulling the histoblasts does result in an increase in T1 transitions and
cell size, and potentially also cell volume (Figure 31, Figure 32, Figure 34). As
discussed in the introduction, T1 transitions are one of the ways in which a tissue
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can dissipate stress (LeGoff and Lecuit, 2015). This appears to be what is
happening in the anterior histoblasts upon stretching.
Conversely, when degrading ECM earlier or when blocking ECM degradation,
estimated cell volume remains constant, but proliferation rate changes (Figure 35,
Figure 39). Overexpressing MMP and degrading the ECM appears to promote
proliferation initially, whereas overexpressing TIMP and blocking ECM degradation
does the opposite. This could also mean that while a basal ECM is present,
proliferation is limited at this early stage and any tension generated by contraction
of the LECs by MLCK-ct overexpression cannot be dissipated by proliferation. An
interesting experiment to do would be to pull histoblasts in the absence of a basal
ECM, for example by co-expressing MLCK-ct and MMP1 in the LECs to see if it is
possible to increase proliferation further this way. Conversely it would also be
interesting to compress the histoblasts by blocking LEC death while also blocking
basal ECM degradation to see if it is possible to further suppress proliferation in
this way.
A significant limitation of these experiments is the fact that Eip71CD-GAL4 driver is
only active as long as there are LECs (Sekyrova et al., 2010). Although not
quantified, by observation it seems that LECs still extrude from the epithelial layer
when overexpressing TIMP. Therefore, it is likely that the degradation of the basal
ECM is only delayed rather than inhibited altogether.
Furthermore, I will repeat these basal ECM manipulation experiments with a GAL4
line that remains expressed throughout pupal development. For example, teashirtGAL4 (tsh-GAL4) expresses in the entire epithelial tissue throughout histoblast
development, and it will not have the limitation of stopping expression once LECs
undergo extrusion and apoptosis. Therefore, it will be interesting to see if
overexpressing MMP or TIMP with tsh-GAL4 will increase the difference in
proliferation that is already observed. Furthermore, I need more replicates of the
experiments and controls than have been presented here, to get a better idea of
the average values and the true range of the data set. For all future experiments I
will quantify the level of basal ECM in the MMP and TIMP overexpression by
imaging viking::GFP under the same experimental conditions.
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One confounding factor is that, although manipulations of ECM degradation are
predicted to affect the mechanical environment of histoblasts by altering their basal
anchoring, these manipulations will also affect integrin signalling. Although basal
ECM manipulations in the wing have been shown not to affect mechanoregulation
of tissue growth, it will be important to directly manipulate integrin signalling in the
histoblasts and test the effects on proliferation rates (Ma et al., 2017).
7.3.2 Anterior and posterior nests respond differently to changing
mechanical environments
Interestingly, anterior and posterior nests respond differently to different
mechanical environments. It is possible that the difference in nest size leads to a
difference in sensitivity to the surrounding mechanical environment. For example,
cell area is more sensitive to stretching and constraint in the posterior nest than in
anterior nest (Figure 30, Figure 31). I also observed differences in DV shear
between anterior and posterior nests. For example, in the constrained histoblasts,
the posterior nest has a higher DV shear due to higher contribution of oriented cell
division and elongation (Figure 37). This could be due to the fact that the smaller
posterior nest cells are more susceptible to pressure from LECs located anteroposteriorly, resulting in antero-posterior compression force thereby inducing DV
shear in the posterior nest. As discussed earlier, annular ablations will be able to
confirm if this is the case.
DV shear in the anterior nests where the LECs are overexpressing TIMP or MMP1
is difficult to interpret because of the wide variation observed between experiments
(Figure 37). However, in the posterior nests, the differences are clearer, further
supporting the idea that the posterior nest is more sensitive to changes in the
mechanical environment. In the posterior nest, when LECs overexpress MMP, the
cells elongate more in an AP direction, counteracting the DV-oriented cell divisions,
ultimately resulting in an overall reduction in DV shear. When LECs are
overexpressing TIMP, there is no clear effect on the orientation of cell divisions,
however DV cell elongation is on average higher, resulting in an increased total DV
shear (Figure 37). Therefore, it appears that effects on cell elongation are the main
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determining factor of DV shear in the MMP and TIMP expressing epithelia. The
interpretation of DV shear in these experiments is limited until further data can be
gathered regarding the strain on the histoblasts as a result of these changes in the
mechanical environment.
7.3.3 Nest ablations
Ablating surrounding tissues may also reveal differences between anterior and
posterior nests. During 16-24 h APF, proliferation rate, tissue growth and
anisotropic shear of the remaining posterior nest in ablated tissue did not diverge
significantly from the wild type data (Figure 40). Thus, indicating that at this stage,
the presence of surrounding histoblasts does not have a role in regulating tissue
growth and proliferation. However, this may be different if the same experiment
was performed on the anterior nest. Therefore, in order to compare the effects of
changing the mechanical environment in anterior and posterior nests, I will also
ablate all visible nests apart from one anterior nest, and compare cell parameters
to the wild type anterior nest. In future experiments analysing histoblasts in ablated
tissue I intend to image and analyse movies over a longer period of time. For the
anterior nest I will image past the point of tissue growth arrest until approximately
40 h APF, and for the posterior nest until approximately 31 h APF.
Past work examining the effects of cauterisation of the histoblast nests suggests
that the histoblasts are poorly regenerative, and my results seem to confirm that
(Santamaria and Garcia-Bellido, 1972) (Figure 41). This suggests that pupal
development is much more temporally inflexible, unlike Drosophila larvae where
ecdysone secretion can be delayed by Dilp8 to allow tissue repair (Katsuyama et
al., 2015). Therefore, it will be interesting to ablate nests while delaying or blocking
ecdysone signalling to see if the nests then gain more time to undergo
regeneration.
7.3.4 Plans for tackling temporal alignment issues
In analysing movies when the mechanical environment has been altered, temporal
registration is once again an issue. As mentioned above, SOPs always form at the
same time in development even when significant changes are made to the
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epithelial tissue. Consequently, upon repeating these experiments and imaging for
longer with higher quality skeletons, it will be possible to detect the moment of SOP
formation and align movies in this way.
Despite these limitations, a picture is starting to emerge of how tissue growth is
regulated in the histoblasts. Changes in the lateral AP or DV oriented tension
appear to not have any significant effect on proliferation, however perhaps a
combination of the basal ECM, ecdysone signalling and nutrition are responsible
for coordinating proliferation and Yki activity during histoblast development. I hope
to answer these questions in the future work mentioned above. What also remains
to be answered is the biochemical pathway upstream of Yki in the histoblasts.
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7.4 Signalling upstream of Yki
7.4.1 Exploring the role of the core kinase cascade
Clone size experiments suggest that, even though loss of the upstream kinase wts
leads to increased Yki activity as measured by ex::lacZ expression, this is not
sufficient to induce tissue overgrowth or delay cell cycle arrest (Figure 42). Due to
the location of the genetic elements, it was not possible to check Yki activity in
hpo42-47 clones using ex::lacZ, and DIAP1-GFP is problematic as a Yki activity
marker due to the stability and perdurance of GFP. It would be interesting to repeat
mutant clones of the core kinase cascade using the new sensitive Yki activity
reporter HRE-4xnG which is available on both chromosomes two and three, and
see whether it is possible to see a difference within wtsX1 and hpo42-47 clones. As
mentioned in the introduction, there are alternative kinases that can control Yki
activity such as Happyhour, Misshapen, AMPK and Tricornered (Fulford et al.,
2018, Li et al., 2015, He et al., 2005). It is possible that these kinases are
substituting for Wts and Hippo in the histoblasts; therefore, we plan to look at
mutant clones of these kinases, and measure tissue size and Yki activity using
HRE-4nG.
Using the skeletonisation and tracking technology it will be possible to image these
clones using DE-cad::GFP and compare proliferation rate with the wild type sister
clone. It is also possible to create viable wts and hpo trans-heterozygous mutants
using hypomorphic alleles. Federica Mangione has measured abdomen size in
these animals and found that whereas all other tissues are overgrown, abdominal
size is actually reduced. This adds further weight to the argument that Wts and Hpo
are not responsible for tissue growth arrest in the abdomen. The reduced tissue
size may be due to the nutrient limitations where the other overgrowing tissues
(e.g. thorax and wing discs) have taken over using most of the available resources,
restricting the growth of the abdomen. It would also be interesting to test the idea
that the Hippo core kinase cascade might play a role in histoblast growth arrest
when other constraints, such as temporal (ecdysone) or nutritional (TOR signalling)
constraints are lifted. Thus, I will combine disruption of the Hippo kinase cascade
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with the manipulation of other growth control pathways and test the effects on
histoblast growth and proliferation.
7.4.2 Screens with esg-GAL4 and flipout cassettes
The two screens I have described here both come with significant limitations. When
using permanent esg-GAL4 to drive UAS constructs, this means there is
permanent overexpression in multiple tissues in the Drosophila larva and pupa
(e.g. in the imaginal discs), resulting in lethality (Figure 43). This can be improved
in future screens in multiple ways. During the course of the project, Ana Ferreira
has found another esg-GAL4 line, (esg-GAL4NP1248) which has an expression
pattern limited to the histoblasts. Combining this esg-GAL4 line with the genetic
machinery required to make a permanent line, as well as introducing temporal
control with tub-GAL80ts, will enable a more sensitive and more informative
screen.
Furthermore, of the UAS constructs that result in either fewer bristles or lethality,
dia-RNAi, dia::HA, cpa-RNAi, tsr-RNAi and chic-RNAi, UAS-ed, coracle-RNAi,
none gave a change in DIAP1-GFP in flipout clones (Figure 44). This could be due
to the lack of sensitivity of DIAP1-GFP, and also limited time for the RNAi to work
from the moment of inducing flipout clones.
The only result that is consistent between the two screens is when overexpressing
myr::zyx (Figure 44). There is an increase in the number of bristles when
overexpressing with permanent esg-GAL4 and an increase in DIAP1-GFP in the
flipout screen. As Zyxin is an actin-associated protein that is a component of the
hippo signalling pathway, that has also been found to control Yki in a manner
independent of Wts and Hpo, it will be interesting to pursue this further (Gaspar et
al., 2015). As evidenced by the positive result given by mutant clones of exe1 and
exe1/fatGRV, looking at mutant clones is a more fruitful line of enquiry, therefore it will
be very interesting to create mutant clones for zyx and look at Yki activity. The
novel reporter HRE-nG will also enable a more sensitive readout of Yki activity in
this screen. Fat and Ex are also components of Hippo signalling that have been
found to regulate Yki and tissue growth independently of the core kinase cascade
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(Badouel et al., 2009, Oh et al., 2009, Gaspar et al., 2015). This supports the idea
that histoblast growth is independent of the core kinase cascade and is instead
dependent on a pathway involving Fat, Ex and Zyx.

7.4.3 Final remarks
Overall, I believe the work I have performed during my thesis has provided a basis
from which further analysis can be performed in order to elucidate the growth
control mechanism in the Drosophila histoblast system. The segmentation and
tracking pipeline enables highly detailed spatial and temporal analysis of the growth
parameters of the wild type abdomen and upon perturbation of growth regulatory
pathways. Thus far, I have extracted some preliminary data of the wild type nest,
however this data is limited by the period of time over which the entire surface can
be fully segmented, and issues with temporal registration. We will tackle these
issues in the manner I have described above. I believe that separating populations
lineages either by cell position in the nest, by measured cell parameters (e.g. apical
cell size, cell lifetime or dorso-ventral elongation), or by gene expression pattern,
will help identify spatial and temporal differences in proliferation and tissue growth
arrest within the nest. Further examination of the role of ecdysone signalling and
nutrition will allow us to gain further insight into tissue growth control and Yki
activity in the histoblasts. Additionally, my data suggests that the basal ECM may
influence the start of pupal histoblast proliferation, and screening Hippo signalling
components in the histoblasts has provided potential candidates for the control of
Yki and therefore tissue growth control in the histoblasts. Pursuing these different
research avenues should lead to an understanding of tissue size control in this
highly tractable model system.
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8.1 Contents of attached CD-ROM
8.2 Full segmentation and tracking pipeline
Step-by-step instructions for the segmentation and tracking pipeline:
1. Pupa preparation
• Dissection of DE-cad::GFP pupae for live imaging according to protocol
in Ninov & Martín-Blanco 2007
2. Imaging
• On Zeiss Invert 880 microscope
• Two tiles, one z-stack 20-30 µm every 2.5minutes
• From ~16hAPF to ~33hAPF
• Microscope creates .czi file
• Open .czi file in ImageJ and export as .btf (BigTif)
• Output: .czi file, Z-stacks over time
3. Projection
• Input: btf file saved in ImageJ, Z-stacks over time
• Open Andreas Hoppe’s surface projection programme in Matlab
• Use GUI to manually identify the desired projection regions in every 10th
frame
• Projection programme automatically interpolates projection for the
frames in between
• Output: .tif file, single projected slice over time
4. Skeletonisation
• Using Skeletor by John Robert Davis
• Input: tif stack in time from Projection step
• Using Skeletor, set threshold to between 0.2-0.3
• Generates separate files of individual skeletonised frames
• Use ImageJ to concatenate
• Output: .tif file, skeletonised images over time (Skeleton v1)
• ALTERNATIVE using Neural Network AI – use if you have already
created a fully corrected skeleton training data set. See Çicek et al 2016
for how to train the network.
• Input: tif stack in time from Projection step
• Set up Neural Network system on Linux (Once this step is done,
don’t need to do it again):
o TERMINAL CODE:
glxgears
glxinfo |grep version
glxinfo
exit
o Create and go to Neural Network Directory
o TERMINAL CODE:
virtual
169

Appendix

•

virtualenv-3 unet-env
unet-env/bin/activate
python
pip install keras scikit-image
git
git clone https://github.com/euryalus/Unet.git
cd Unet
git checkout mattified
cd sc
. paths
. paths.sh
cd ..
cd ..
pip install tensorflow
Run programme
o Create new Terminal screen
o Go to Neural Network Directory
o TERMINAL CODE
. unet-env
. unet-env/bin/activate
cd Unet
cd src
. paths.sh
o Go to Neural Network Directory, replace “inputfile” with name
of projected image to be skeletonised, replace “outputfile” with
name of skeletonised image
predict_tiff_images_u-net.py min_loss_model.h5
inputfile.tif outputfile.tif
o Exit screen

5. Manual correction using Andreas Hoppe’s manual correction GUI in Matlab
• Input: .tif file, skeletonised images over time (Skeleton #1), and .tif file,
projected slice over time
• Add Matlab files in Manual Correction folder to Matlab file path
• Add projection and skeleton #1 images to Matlab file path
• Run SkeletonStart.m
• Load Projection tiff stack (original microscopy image)
• Click ‘Load Skeleton’
• Load Skeleton tiff stack
• Hotkeys (case sensitive, letters will not work if Caps Lock is on):
o 1 = Projection Image
o 2 = Skeleton
o 3 = Overlay
o d = Drawing
o e = small Eraser
o r = medium Eraser
o t = large Eraser
o z = zoom to centre of rectangle defined by blue dotted lines
o x = zoom to mouse position at centre
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o > = move forward one frame
o < = move back one frame
Manually correct as many missing or extra junctions as possible
Click ‘Export Skeleton’ to save corrected skeleton
Output: .tif file, corrected skeletonised images over time (Skeleton #2)

6. Preliminary tracking and further manual correction using Andreas Hoppe’s
preliminary tracking and manual correction GUI in Matlab
• Input: .tif file, corrected skeletonised images over time (Skeleton v2)
• Add Matlab files in Tracking Correction folder to Matlab file path
• Add projection and skeleton v2 images to Matlab file path
• Run TrackingCorrectionStart.m
• Load Projection tiff stack (original microscopy image)
• Click ‘Load Skeleton’
• Load Skeleton tiff stack
• Click ‘Find cells’, Matlab finds the centroids of uploaded skeleton
• Click ‘Tracking’, preliminary tracking identifies points where track is lost
due to skeleton errors
• Select ‘Problems’ from drop-down menus, this will automatically start
selecting lost tracks
• Hotkeys (case sensitive, letters will not work if Caps Lock is on):
o 1 = Projection Image
o 2 = Skeleton
o 3 = Overlay
o d = Drawing
o e = small Eraser
o r = medium Eraser
o t = large Eraser
o z = zoom to location of lost track
o > = move field of view to location of next lost track
• Manually correct the junction errors identified
• Click ‘Export Skeleton’ to save corrected skeleton #3
• Binarise stack in ImageJ
• Use ‘SaveAsSingleTIFFs’ Matlab programme to separate into individual
tifs
• Output: individual .tif files, corrected binarised skeletonised images over
time (Skeleton #3)
7. Tissue Analyser skeleton processing to make corrected skeleton compatible
with Tissue Miner
• Input: Skeleton #3, individual .tif files, corrected binarised skeletonised
images over time
• Transfer individual tifs of Skeleton #3 into Tissue Analyser
• Use the Detect Bonds (Save Watershed) function in Tissue Analyser to
export Tissue Miner-compatible skeleton into individual folders
• No blur
• No removal of cells with x pixels
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Use Terminal to transfer the individual tiffs in individual folders to the
same folder
• CODE
for d in */ ; do (cd "$d" && pwd && cp handCorrection.tif
"../dv$(basename "$d").tif" ); done;
Concatenate individual tifs to a single tif stack
This creates an RGB tiff stack in time, use ImageJ to create 8-bit image
Check for any new errors that may have been introduced by Tissue
Analyser processing by repeating the preliminary tracking correction
• Correct errors and repeat Tissue Analyser processing
Output: .tif file, corrected skeletonised images over time (Skeleton #4)

8. Tracking using Andreas Hoppe’s Tracker programme in Matlab
• Input: tif file, corrected skeletonised images over time (Skeleton #4)
• Transfer skeleton to folder containing Tracker Matlab programmes, and
make sure AutoTrackingStart.m has correct filename of skeleton #4
• In order to start Tracker, code the following in Terminal:
o cd ~/filepath/Tracker/data
o export
MATLABPATH=/home/ainsli01/Documents/Tracker:/home/ainsli0
1/Documents/Tracker/data
o nohup matlab -nodesktop -nodisplay -noFigureWindows nosplash -r
"cd('/home/ainsli01/Documents/Tracker/data');AutoTrackingStart;
quit" -logfile logfile.out < /dev/null &
• This will generate three .tif stacks over time, TrackedCellsRGB: each cell
coloured with a unique cell I.D., DivisionsRGB: divisions highlighted in
blue, ErrorsRGB: errors highlighted in red
• Output: RGB tiff stacks of Tracked Cells, Divisions and Errors
9. Using ErrorRGB output in to correct skeleton
• Input: skeleton #4 and ErrorRGB tif stack
• In ImageJ, separate red channel from ErrorRGB tiff stack, and subtract
the skeleton resulting in an image with only red cells
• Binarise red cells and use ‘Analyse Particles’ in ImageJ to generate list
of coordinates and time points of red cells
• Save list of red cells as an Excel file
• Open skeleton in Image J, use ‘SpecifyArea’ macro to find errors in list of
particles:
• Macro code
• macro"SpecifyArea [c]"{run("Specify...");}
o Enter x,y,t coordinates, automatically takes you to error
o Annotate list of errors, label as either: tracking, division, skeleton or edge
(edge errors can be ignored)
• Output: Skeleton #5 and a list of annotated errors
10. If skeleton errors above 50, RETURN TO STEP 6
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11. If skeleton errors below 50, correct skeleton errors and divisions in ImageJ
o Correcting missed divisions
o Using the ‘SpecifyArea’ macro go through Divisions tiff stack
finding the errors annotated as ‘Divisions’
o Use ‘pick colour’ to select division blue colour, and use ‘fill’
function (4-connected) to fill just-divided cells that have been
missed
o Correcting skeleton
o Correcting raw skeleton tiff stack using 1-pixel thick paintbrush in
ImageJ, taking care to only generate junctions that are 1-pixel
thick
o Copy-paste new junction into TrackedCellsRGB and Divisions tiff
stacks
o Making sure to correct the colours by using the ‘pick colour’ and
‘fill’ function in ImageJ
12. Use Andreas’s software to make Tracker output compatible with Tissue
Analyser and Tissue Miner
• Input: Projected image stack and TrackedCellsRGB and Divisions
image stacks
• Open ‘SaveAsTissueMiner.m’ and make sure filenames are correct
• Run ‘SaveAsTissueMiner’
• Output: individual folders containing an individual projection,
TrackedCellsRGB and division image for each time point
13. Correct Tracks using Tissue Analyser
• Input: individual folders containing projection, TrackedCellsRGB and
division image for each time point, as well a list of tracking errors
• Transfer folders into Tissue Analyser
• Fix broken and swapped tracks using the tools in Tissue Analyser
• Output: corrected TrackedCellsRGB files
14. Tissue Miner analysis and further Quality Control
• Input: corrected Tracked Cells and Divisions
• Use Tissue Miner to highlight cell I.D.s that disappear in red in final
frame visible, these are either apoptoses or tracking and skeleton errors
• In ImageJ, separate red channel
• Binarise red cells and use ‘Analyse Particles’ in ImageJ to generate list
of coordinates and time points of red cells
• Save list of red cells as an Excel file
• Use ‘SpecifyArea’ macro to find errors and annotate list of particles
• Correct errors as described in Steps 11 and 13
• Output: individual folders containing an individual projection, fully
corrected TrackedCellsRGB and division images for each time point
15. RETURN TO STEP 5 if there are significant remaining skeleton and tracking
errors
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16. Otherwise, continue Tissue Miner data analysis
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